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Chapter 1
An Introduction to Freshwater Wetlands 
and Their Invertebrates

Darold Batzer and Dani Boix

This text assembles prominent wetland ecologists from across the globe to describe 

the ecology of the invertebrates residing in the wetlands they each study. Each of 

their chapters assumes the reader has some basic knowledge about wetland ecology 

and about invertebrates. Because some may not have this background, we have 

prepared a brief introductory chapter to familiarize people with some basic aspects 

of freshwater wetland habitats and provide some foundational information about the 

invertebrate fauna that exploits freshwater wetlands.

 Defining Wetlands

Despite the fact that wetland ecology is now a well-established scientific discipline, 

what defines a “wetland” habitat remains inconsistent worldwide. Perhaps the most 

widely used international definition comes from the Ramsar Convention on Wetlands, 

which reads:

Wetlands are areas of marsh, fen, peatland or water, whether natural or artificial, permanent 

or temporary, with water that is static or flowing, fresh, brackish or salt, including areas of 

marine water the depth of which at low tide does not exceed six metres. (www.ramsar.org)

This definition is very broad and includes many habitats, such as shallow lakes 

and reservoirs, that might not be considered wetlands in many localities. It is 

primarily meant for a nonscientist audience and lacks the functional mechanistic 

aspect attractive to ecologists.

In the USA, the history of wetland definition has had a convoluted past (see 

Sharitz et al. 2014), largely because regulations there confer special protections to 

and restrictions on wetlands. Thus, what is or is not called a wetland can be con-

troversial. A fairly narrow definition has been adopted, coined by the US Army 
Corps of Engineers, the primary agency charged with regulating US wetlands, 

which reads:

http://www.ramsar.org/
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The term “wetlands” means those areas that are inundated or saturated by surface or 

ground water at a frequency and duration sufficient to support, and that under normal cir-

cumstances do support, a prevalence of vegetation typically adapted for life in saturated 

soil conditions. Wetlands generally include swamps, marshes, bogs, and similar areas. 

(http://el.erdc.usace.army.mil/elpubs/pdf/wlman87.pdf)

This definition has been interpreted to mean that appropriate hydrology, 

vegetation, and hydric soils all need to be present at a site for it to be legally 

called a wetland and eligible for certain governmental protections. Like the 

Ramsar definition, it is not an ecological definition, but instead one intended to 

be used for legal purposes and of course only in the USA. However, it does 

address how hydrology, vegetation, and soils interact to produce wetland condi-

tions. But for many, the US definition is unnecessarily narrow as it excludes 

habitats that would be considered wetlands by most ecologists such as non-

vegetated mudflats or floodplain areas that routinely flood but still lack hydric soils 

(e.g., Fig. 1.1).

In Europe, wetland definition is complicated by the diversity of national traditions 

surrounding the habitats. The most widely accepted definition was developed for 

the Water Framework Directive (WFD CIS 2003), which reads:

Wetlands are heterogeneous but distinctive ecosystems which develop naturally or are the 

product of human activities. Their biogeochemical functions depend notably on a constant 

or periodic shallow inundation by fresh, brackish or saline water, or saturation at or near the 

surface of the substrate. They are characterised by standing or slowly moving waters. 

Common features include hydric soils, micro-organisms, hydrophilous and hygrophilous 

vegetation and fauna, adapted to chemical and biological processes reflective of periodic or 

permanent flooding and/or water-logging.

This definition is clearly ecological in nature and expands beyond hydrology, 

vegetation, and soils to also address microbes and animals. The term pond is also 

widely used in Europe, which is defined as “a waterbody with a maximum depth 

of no more than 8 m, offering water plants the potential to colonise almost the 

entire area of the pond” (Oertli et al. 2005). Wetland invertebrate ecologists in 

Europe have embraced this convention because their organisms of interest are 

focal components of pond ecosystems. Shallow ponds would be considered wet-

lands worldwide, but at least in the USA, areas of ponds that are >2 m depth and 

lack macrophytes would be labeled as deepwater habitats rather than wetlands 

(Cowardin et al. 1979).

For this book, our goal is to develop an international flavor to the study of wet-

land invertebrates, and we recognize that what habitats are considered wetlands 

varies worldwide (even beyond the examples we cite). Thus, we do not impose a 

specific definition of what constitutes a wetland, nor what constitutes a wetland 

invertebrate, instead relying on the discretion of the chapter authors. However, 

most ecologists recognize that wetlands are largely defined by climate, hydrology, 

and vegetation and that the resident invertebrate faunas are controlled by these 

factors.

D. Batzer and D. Boix
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 Defining Wetland Invertebrates

Aquatic invertebrates from a number of animal phyla thrive in wetlands including 

Turbellaria (flatworms), Rotifera (rotifers), Nematoda (roundworms), Annelida 

(segmented worms and leeches), Mollusca (snails and clams), and Arthropoda 

(crustaceans, mites, insects). Ecologists studying aquatic invertebrates in wet-

lands tend to focus either on microinvertebrates (microturbellarians, rotifers, 

nematodes, small crustaceans) or macroinvertebrates (large flatworms, annelids, 

mollusks, large crustaceans, mites, insects). These two size-based groupings have 

no scientific standing and to some extent simply reflect how the organisms are 

sampled and habitats they use. By convention a microinvertebrate is <1 mm long, 

and a macroinvertebrate is >1 mm long, and this metric was largely established by 

the mesh size of the nets most often used to sample the organisms (coarse mesh 

for macros and fine mesh (<1 mm) for micros). But obviously, this size-based 

metric is problematic; for example, an early stage macroinvertebrate (e.g., second 

Fig. 1.1 Floodplain of the Oconee River, Georgia. While this habitat floods most years, most of 

its expanse is not considered jurisdictional wetland using criteria of the US Army Corps of 

Engineers (Environmental Laboratory 1987) because most soils are not hydric and flooding occurs 

primarily in winter outside the “growing season” for plants. Reprinted with permission from 

Ecology of Freshwater and Estuarine Wetlands: Second Edition, edited by Darold P. Batzer and 

Rebecca R. Sharitz. © 2014 by the Regents of the University of California. Published by the 

University of California Press

1 An Introduction to Freshwater Wetlands and Their Invertebrates
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instar midge larva) might be <1 mm, but would still be labeled a macro. Possibly 

more important than actual body size is habitat utilization. Planktonic organisms 

are mostly microinvertebrates suspended in the water column, where they are 

sampled using plankton tows or fine- mesh sweep nets. Most macroinvertebrates, 

in contrast, are associated with various substrates, including the bottom sediments 

and plant surfaces (benthos) or the water’s surface (neuston), where they are usu-

ally sampled with corers and coarse- mesh sweep nets. However, numerous excep-

tions to this dichotomy exist. Microinvertebrates such as nematodes and rotifers 

are mostly benthic, as are many species of microcrustaceans. On the other hand, 

several macroinvertebrate species inhabit the water column such as the freshwater 

jellyfish (Craspedacusta sowerbii), fairy shrimps (Anostraca), and phantom 

midges (Chaoboridae). Considering macroinvertebrates and microinvertebrates 

separately is purely arbitrary, and efforts addressing both micro- and macroinver-

tebrates would obviously be optimal. However, such holistic approaches remain 

rare largely due to more extensive sampling and processing costs (almost double) 

and also to a lack of taxonomic expertise by most researchers to deal with the full 

range of organisms.

 The Aquatic Macroinvertebrate Fauna

Batzer and Ruhí (2013) recently assembled data on macroinvertebrates from 447 

freshwater wetlands from across the globe to assess which taxa tended to domi-

nate these habitats, at least in terms of occurrence. Table 1.1 lists the 40 macroin-

vertebrate families that occurred in at least 10 % of those 447 wetlands (another 

135 less common taxa were also recorded). The list of common taxa includes 25 

insects, 5 annelids, 4 crustaceans, 4 molluscans, 1 acarine (water mites), and 1 

turbellarian, indicating that insects are by far the most diverse group in wetlands. 

Among the 25 insect families, 8 families were Diptera (flies), 5 were Hemiptera 

(water bugs), 4 were Coleoptera (water beetles), 4 were Odonata (damselflies and 

dragonflies), 2 were Ephemeroptera (mayflies), and 2 were Trichoptera (caddis-

flies). This is in stark contrast to the aquatic insect faunas in streams, where 

assemblages are dominated by Ephemeroptera, Plecoptera (stoneflies), and 

Trichoptera.

Batzer and Ruhí (2013) found that the Chironomidae (midges) and Dytiscidae 

(predaceous diving beetles) were the only families that were virtually ubiqui-

tous across the 447 wetlands (Table 1.1). Corixidae (water boatmen), 

Hydrophilidae (water scavenger beetles), and Oligochaeta (aquatic worms) also 

occurred in most (>50 %) of the wetlands. Remarkably, most macroinvertebrate 

taxa occurred only in a relatively small subset of available wetlands, although 

where they occurred, these less-widespread taxa can still be very abundant and 

ecologically important.

D. Batzer and D. Boix
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Table 1.1 Forty aquatic macroinvertebrate taxa that had ≥10 % occurrence across a set of 447 

wetlands worldwide (from a meta-analysis by Batzer and Ruhí 2013)

Familya Order/class

Percent 

occurrence

Dry 

phase 

strategy Respiration

Feeding  

functions:  

primary/ 

secondary

Chironomidae Diptera 97.3 D, M C C/P

Dytiscidae Coleoptera 87.5 D, M SA P

Corixidae Hemiptera 69.1 M SA P/C

Hydrophilidae Coleoptera 67.1 M SA/C P

Oligochaetaa Oligochaeta 58.6 D C C

Acarinaa Acarina 49.2 D, M C P/C

Ceratopogonidae Diptera 46.5 D C P/C

Culicidae Diptera 46.5 D, M SA C

Notonectidae Hemiptera 45.9 M SA P

Libellulidae Odonata 45.2 D, M G P

Limnephilidae Trichoptera 41.6 D G/C Sh/P

Haliplidae Coleoptera 39.6 D, M SA/C Sh

Sphaeriidae Bivalvia 38.9 D G P

Physidae Gastropoda 38.3 D SA Sc

Coenagrionidae Odonata 38.0 M G/C P

Planorbidae Gastropoda 37.6 D SA Sc

Baetidae Ephemeroptera 36.0 M G C

Chaoboridae Diptera 33.8 D, M C P

Lestidae Odonata 29.5 D G P

Lymnaeidae Gastropoda 28.6 D SA Sc

Lumbriculidaeb Oligochaeta 28.2 D C C

Turbellariaa Turbellaria 27.5 D C P

Gerridae Hemiptera 26.8 M SA P

Tipulidae/Limoniidae Diptera 26.8 M SA Sh/C

Glossiphoniidae Hirudinea 22.1 D C P

Gyrinidae Coleoptera 20.4 M SA/G P

Aeshnidae Odonata 19.2 M G P

Dixidae Diptera 18.1 D, M SA C

Tubificidaeb Oligochaeta 17.9 D C C

Asellidae Malacostraca 17.4 D C C/Sh

Tabanidae Diptera 17.0 D, M SA P

Stratiomyidae Diptera 16.1 D, M SA C

Erpobdellidae Hirudinea 14.8 D C P

Dogielinotidae Malacostraca 13.8 D G C/Sh

Caenidae Ephemeroptera 11.9 M G C

Lynceidae Diplostraca 11.4 D C C

Leptoceridae Trichoptera 10.7 M C P/C

Pleidae Hemiptera 10.5 M SA P

(continued)

1 An Introduction to Freshwater Wetlands and Their Invertebrates
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 The Aquatic Microinvertebrate Fauna

The microinvertebrates of wetlands are studied less than the macroinvertebrates, 

particularly the meiobenthos. Compositions of microinvertebrates in planktonic 

and benthic habitats differ markedly. In the water column, planktonic rotifers 

and microcrustaceans dominate in terms of biomass and species richness. Along 

wetland substrates, nematodes are the dominant microinvertebrates, although 

microturbellarian flatworms, Gastrotricha (hairy backs), Tardigrada (water 

bears), as well as some rotifers and microcrustaceans can be abundant (Rundle 

et al. 2002) and productive (Anderson et al. 1998). Species richness of nema-

todes is particularly high, with 605, 327, and 160 species being described in 

freshwater of Europe, Africa, and North America, respectively (Traunspurger 

2002), with many more species as yet undescribed. While often considered 

planktonic, most rotifers and cladocerans (water fleas) are actually benthic 

(Margalef 1983; Wetzel 2001).

Ecological roles of planktonic and benthic microinvertebrate communities also 

differ. Feeding by planktonic microcrustaceans and rotifers can control phytoplank-

ton primary production (Scheffer et al. 1993). In turn, planktivorous and piscivorous 

fishes can affect zooplankton productivity either directly or indirectly via trophic 

cascades (sensu Hairston et al. 1960). In this sense, planktonic microinvertebrates 

become focal to pelagic food webs (Angeler et al. 2003). Feeding by meiobenthos 

on microbes in biofilms can affect bacterial composition, biomass, or production, 

again via direct or indirect pathways (Hakenkamp et al. 2002). These impacts on 

wetland bacteria can affect biochemical processes such as cellulose degradation 

(Toyohara et al. 2012).

Table 1.1 (continued)

Familya Order/class

Percent 

occurrence

Dry 

phase 

strategy Respiration

Feeding  

functions:  

primary/ 

secondary

Crangonyctidae Malacostraca 10.3 D G C/P

Belostomatidae Hemiptera 10.3 M SA P

The last three columns indicate (1) each group’s strategy for dealing with drought (D desiccation 

tolerance, M migration), (2) each group’s primary mode(s) of respiration (SA surface air breathers, 

C cutaneous, G gills), and (2) each group’s primary and secondary feeding functions (C collecting, 

P predation, Sc scraping, Sh shredding)
aOligochaeta, Acarina, and Turbellaria are not families, and these categories include all families 

for those groups. These higher taxa were used because many authors do not report the families 

involved
bLumbriculidae and Tubificidae are families in Oligochaeta, so these data also contributed to the 

table under that classification

D. Batzer and D. Boix
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 The Terrestrial Invertebrate Fauna

While the aquatic invertebrate fauna has garnered the most research attention, wetland 

habitats also can support a rich terrestrial invertebrate fauna (myriapods, spiders, 

mites, beetles). The terrestrial faunas in floodplains (see Chaps. 13 and 14) and peat-

lands (see Chap. 7) seem especially well developed. The terrestrial fauna is domi-

nated by plant and soil associates. While caterpillars and other herbivorous insects 

feed on the leaves of wetland macrophytes and trees, the fact that these plants happen 

to occur in wetlands is not particularly relevant to the ecology of these invertebrates; 

thus, we do not expand on these invertebrates here. However, the terrestrial inverte-

brates living in and on the soils of wetlands are subject to periodic flooding and thus 

must be specifically adapted to tolerate inundation to thrive in wetlands. Just as a 

habitat-specific aquatic invertebrate fauna exists in wetlands, a habitat-specific 

terrestrial invertebrate fauna also appears to exist in wetlands (Bright et al. 2010). 

Many nonaquatic invertebrates in wetlands can survive being underwater for 

extended periods (Rothenbücher and Schaefer 2006), and some millipedes and spi-

ders have the ability to respire aquatically (Adis 1986; Pedersen and Colmer 2012).

Complete descriptions of terrestrial invertebrate assemblages in wetlands are 

lacking, and existing research tends to focus on a few groups. Braccia and Batzer 

(2001) described invertebrate assemblages associated with submersed wood in a 

floodplain and found terrestrial mites (especially Oribatida), springtails (Collembola), 

and various wood-associated beetle larvae and adults to be widespread. Mites associ-

ated with wood and leaf litter are very widespread in forested floodplains of the 

Southeastern USA and can readily tolerate flooding. Numerous species of ants 

(Formicidae) occur in wetlands, and the economically important imported fire ant 

(Solenopsis invicta) of South and now North America is a  wetland- associated taxon 

(Ahrens et al. 2005). In peatlands, ant mounds are focal points for the emissions of 

greenhouse gases (carbon dioxide and methane) (see Chap. 7; Wu et al. 2013). 

A diversity of ground beetles (Carabidae) occurs in wetlands, and in Europe carabids 

are being used as bioindicators of the ecological health of floodplains (Greenwood 

et al. 1991; Boscaini et al. 2000) and peatlands (Holmes et al. 1993). Spiders are 

important predators in a host of wetlands (e.g., Jordan et al. 1994; Denno et al. 2002).

 Wetland Hydrology and Invertebrates

Because hydrology, controlled by climate, ultimately structures wetland environ-

ments, specific wetland types can often be categorized by their water budgets 

(Jackson et al. 2014). For any particular wetland, knowing which water inputs and 

water outputs control the hydrology of the habitat can provide useful ecological 

insights. How water enters and leaves a wetland is summarized in Fig. 1.2 and the 

following water budget equation:
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where

P = volume of precipitation falling on the wetland

ET = evapotranspiration from the wetland

GWin = volume of groundwater flow into the wetland

GWout = volume of groundwater flow leaving the wetland

OFin = volume of overland flow into the wetland

SFin = volume of stream/river flow into the wetland

SFout = volume of stream/river flow leaving the wetland

ΔV = change in water volume (or storage) per unit time.

Wetlands in general can be classified into precipitation-, overland flow-, ground-

water-, or stream flow-based habitats. Examples of wetlands highlighted in this 

book that are primarily filled by precipitation include temperate seasonal ponds 

(Chap. 4), Mediterranean climate ponds (Chap. 5), some peatlands (e.g., bogs, 

Chap. 7), and rock pools (Chap. 2). Evapotranspiration tends to be the largest 

avenue of water output from precipitation-based wetlands. Examples of overland 

flow- based wetlands include alpine wetlands (Chap. 3) and northern seasonal ponds 

filled by snowmelt. Examples of groundwater-based wetlands include most perma-

nent and semipermanent marshes (Chap. 8), lakeshore marshes (Chap. 9), some 

peatlands (fens, Chap. 7), turloughs (Chap. 6), and of course groundwater springs 

and seeps (Chap. 11). Permanently flooded wetlands are typically tied to surficial 

groundwater aquifers. Examples of wetlands filled by stream or river flow include 

temperate and tropical floodplains (Chaps. 13 and 14) and beaver wetlands (Chap. 

12). Some wetlands defy simple hydrologic categorization such as the Florida 

Everglades (Chap. 10) where water inputs from direct precipitation, river flow, and 
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Fig. 1.2 Cartoon depicting the major water inputs and outputs to wetlands
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groundwater are all important. Managed wetlands such as constructed wetlands 

(Chap. 15) and managed waterfowl marshes (Chap. 16) often rely on engineered 

water sources that can include precipitation, groundwater, overland flow, and/or 

stream/river flow. Even wetland types dominated by one major source of water usu-

ally also receive water from secondary sources. Because most aquatic invertebrates 

congregate in the lowest-lying areas of wetlands where water persists, the longest, 

secondary sources of water (e.g., groundwater) can often be very important to 

controlling the ecology of the invertebrate fauna.

Besides water budgets, a wetland’s hydroperiod (or hydropattern or hydroregime) 

is an important way to hydrologically categorize habitat (Jackson et al. 2014). 

Hydroperiod refers to the amount of time surficial, standing water is present in a wet-

land, regardless of the source. Because invertebrates primarily live in association with 

the surficial water of wetlands, hydroperiod is an especially important factor control-

ling them. Wissinger (1999) maintained that five different aspects of hydroperiod 

combine to control aquatic invertebrate populations and communities, including:

 1. Water permanence (permanent vs. semipermanent vs. temporary)

 2. Predictability of filling (unpredictably, seasonally, over climatic cycles)

 3. Seasonality of filling and drying

 4. Duration of wet and dry phases

 5. Harshness of wet or dry phases (extremes in temperature and desiccation)

Figure 1.3 summarizes how these various aspects of hydroperiod manifest in dif-

ferent wetland types.

Understanding how each of Wissinger’s five aspects of hydroperiod can affect 

invertebrates yields valuable information about community controls.

 1. Water permanence is a primary control on invertebrates because if a wetland 

dries, the permanent water species are eliminated (although they can recolonize) 

while those with desiccation resistance strategies can persist. Invertebrates in 

permanent waters can be large, slow-developing taxa, while those in temporary 

waters must be smaller, fast-developing taxa (Wellborn et al. 1996). Further, 

water permanence and the presence of invertivorous fish are often correlated.

 2. Predictability is important to invertebrates because if filling or drying is very 

unpredictable and brief (e.g., ephemeral wetlands), only highly opportunistic 

species that can rapidly exploit newly created habitat and develop quickly in 

brief periods of inundation will occur (e.g., floodwater mosquitoes). But if 

patterns of drying and filling are very predictable (e.g., in vernal pools), a 

plethora of invertebrate taxa may adapt their life cycles to match that hydro-

period (e.g., anostracan fairy shrimp, dragonflies and damselflies, limnephi-

lid caddisflies).

 3. Seasonality is important to invertebrates because as ectotherms they are strongly 

regulated by temperature. If a wetland fills in summer when temperatures are 

high, then active flying insects (e.g., odonates, hemipterans) can readily colo-

nize, and all invertebrate types can complete development rapidly. In contrast, if 

a wetland fills in winter when temperatures are low, few aerial colonists would 

1 An Introduction to Freshwater Wetlands and Their Invertebrates
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be active, and development of any invertebrates would be slow, requiring a long 

duration of flooding for them to succeed.

 4. Duration of the wet period is important to invertebrates because some species 

can develop rapidly and exploit even very short duration hydroperiods 

(e.g., microcrustaceans, fly larvae), while others require many months to develop 

(e.g., large dragonfly nymphs and beetle larvae) and are only successful in long 

duration hydroperiods. Similarly, duration of the dry phase is also important 

because if the dry period is very long (months or years), only a few invertebrate 

species may be able to persist, but if short (days or weeks), even species poorly 

adapted to withstand desiccation might still cope.

 5. Harshness of the wet or dry phase may impose additional constraints on 

invertebrates. In warm tropical or subtropical wetlands such as the Everglades 

(see Rader 1999), high water temperatures may stress invertebrates, either 

directly or via reduced oxygen supplies. In cold climates, invertebrates in sea-

sonally dry wetlands in winter must withstand both desiccation and freezing, and 

even if a wetland is not dry in winter, the entire water column may still freeze 

(see Wissinger et al. 1999). In arid or semiarid climates, the substrates of wet-

Fig. 1.3 Schematic showing different patterns of flooding and drying in representative wetlands 

of North America (listed on right side of the diagram). Dark bars indicate periods of flooding, and 

white bars periods of drying over a hypothetical 2 year period. Hatched bars indicate when the 

water column in boreal wetlands might freeze to the bottom in winter. Reprinted with permission 

from Ecology of Freshwater and Estuarine Wetlands: Second Edition, edited by Darold P. Batzer 

and Rebecca R. Sharitz. © 2014 by the Regents of the University of California. Published by the 

University of California Press

D. Batzer and D. Boix
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lands may completely desiccate during dry phases permitting the diapause stages 

of only a few taxa to persist (Anderson et al. 1999). In contrast, in humid envi-

ronments, substrates may remain moist even after surface water disappears, and 

a range of strategies by invertebrates to withstand drying may still be effective 

(see Ruhí et al. 2013).

The classic paper by Wiggins et al. (1980) categorizes how different aquatic 

invertebrates exploit annual temporary pools using as criteria the various strategies 

they employ to deal with wetland drying, including the ways they tolerate or avoid 

drought, how they disperse (passively vs. active aerially), and the seasonality of 

dispersal and oviposition. They devised four types:

 1. Overwintering residents. These organisms can tolerate drought but lack active 

dispersal and thus occur in the wetlands year-round (in some form). Prominent 

examples include flightless invertebrates such as mollusks (clams and snails), 

annelids (worms and leeches), and crustaceans (copepods, cladocerans, ostracods, 

fairy shrimp, clam shrimp, and tadpole shrimp). As wetlands dry, these organisms 

can bury into damp substrates to diapause, but more often produce drought-resis-

tant eggs or cysts (that if needed can persist in dry substrates for years).

 2. Overwintering spring recruits. These organisms can tolerate drought but have 

adults that emerge from the wetlands and aerially colonize new habitat, laying 

eggs on the water. Because water in most annual pools is only reliably present in 

spring, this is the season when oviposition occurs. When wetlands dry, these 

organisms persist as drought-resistant eggs or nymphs/larvae. Prominent exam-

ples include some Dytiscidae beetles and several Chironomidae midges. Some 

parasitic mites (Hydrachnidia) also fit into this group, and they disperse aerially 

attached to their insect prey.

 3. Overwintering summer recruits. These organisms can tolerate drought but have 

adults that emerge from the wetlands and aerially colonize new habitats, laying 

eggs on drying wetland substrates. Because drying substrates develop in sum-

mer, this is the season when oviposition occurs. (Given the relatively minor dif-

ferences with Type 2 organisms, some suggest combining Types 2 and 3). 

Prominent examples include some damselflies and dragonflies (Lestidae, 

Libellulidae), Limnephilidae caddisflies, Aedes and Ochlerotatus floodwater 

mosquitoes, and several Chironomidae.

 4. Non-wintering spring recruits. These organisms cannot tolerate drought, but 

instead work to avoid drought. Adults aerially colonize the wetlands after they 

flood in spring to lay eggs. Immatures then rapidly complete development prior 

to seasonal drying, emerge, and migrate to other water bodies to spend the winter. 

Prominent examples include most water bugs (Corixidae, Notonectidae), several 

beetles (most Dytiscidae and Hydrophilidae beetles), Baetidae mayflies, some 

Chironomidae, and some dragonflies (Aeshnidae, Libellulidae). These insects 

mostly spend the winter in nearby aquatic habitats, but some dragonfly species 

(e.g., Anax junius) migrate to warmer areas in winter to produce another generation 

that then migrate back in spring to oviposit in seasonal ponds as they flood.

1 An Introduction to Freshwater Wetlands and Their Invertebrates
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While devised for the invertebrate fauna in annual temporary pools of Canada, 

the Wiggins categories have broader utility to many kinds of nonpermanent wetlands 

worldwide.

Wissinger (1997) expanded on the Type 4 concept identifying invertebrates he 

called cyclic colonizers, of which some beetles (Dytiscidae) and water bugs 

(Corixidae) are perhaps the best examples. These organisms cycle predictably 

between seasonally flooded wetlands (of all kinds) and permanently flooded wet-

lands (or lakes or rivers). A typical scenario is for reproductive adults to leave 

permanent water refugia in spring to aerially colonize newly filled seasonal wet-

lands and lay eggs. In some cases females will then dissolve their flight muscles 

to provide energy and internal space for additional egg production. After oviposit-

ing, these adults then die. The eggs hatch into a new generation of nymphs or 

larvae which can exploit the food-rich environments of the seasonal wetlands to 

develop. In some cases, these immatures develop into one or more generations of 

flightless short-winged adults that lack flight musculature, diverting that energy 

into further egg production. As the seasonal wetland begins to dry, a generation of 

flight- capable adults is produced which leave the site to return to permanent water 

refugia to spend the dry season. In the following spring, these individuals (or their 

progeny) then migrate back to the seasonal wetlands to begin a new cycle. Cyclic 

colonization permits invertebrates to effectively exploit seasonal wetlands despite 

lacking any ability to tolerate drying. Most cyclic colonizers are predators, and 

the strategy permits them to access the abundant prey that develop in seasonal 

wetlands soon after they fill (crustaceans, mosquito and midge larvae). 

Additionally, because seasonal wetlands are usually fishless, cyclic colonizers can 

operate there without the threat of fish predation. While migrating to and from 

seasonal wetlands is likely very risky, the benefits of cyclic colonization clearly 

outweigh the costs.

Sim et al. (2013) described how climate can influence the relative success of the 

four Wiggins et al. (1980) strategies. Where temporary wetlands occur in high rain 

areas, strong dispersers and those that require water for colonization (Types 2 and 4) 

are favored over weak dispersers and those that lay eggs on dry substrates. In moder-

ately wet climates, most types of taxa can occur, although regular drying facilitates 

the persistence of drought-adapted taxa. Under low rainfall conditions (arid or semi-

arid climates), the Type 1 strategy of desiccation resistance and passive dispersal is 

favored because colonization from the egg bank may be more efficient than coloni-

zation via aerial dispersal. However, under extreme drought conditions, diapausing 

eggs or cysts of Type 1 organisms may lose viability, reducing their prevalence. 

Williams (1985) further elaborates on how an arid climate may affect which inver-

tebrates exploit temporary wetlands, maintaining that Type 3 organisms that lay 

eggs on dry substrates may fair poorly.

Gascón et al. (2008) proposed adding a Type 5 strategy, consisting of organ-

isms that actively disperse between permanent and temporary water bodies via 

swimming or crawling, rather than aerially. Lacking desiccation resistance, they 

(or their progeny) must then migrate back to the source permanent habitats as the 

seasonally flooded habitat dries. Prominent examples include amphipod crustaceans 

D. Batzer and D. Boix
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and snails. In an analogous strategy, leptophlebiid and siphlonurid mayfly nymphs 

actively swim from river channels into floodplain wetlands during high water 

events (e.g., Galatowitsch and Batzer 2011). They complete their development on 

the floodplain, with nymphs often persisting in residual pools of waters long after 

the hydrologic connection between the river and floodplain is cut. Adult mayflies 

emerge from the floodplain and fly back to the river channels to lay their eggs, and 

the cycle repeats.

We categorized the 40 widespread macroinvertebrate taxa in Table 1.1 by whether 

they were desiccation resistant or instead avoided drying via migration (i.e., were 

Type 4 taxa sensu Wiggins et al. 1980 or cyclic colonizers sensu Wissinger 1997). 

Twenty-seven taxa could withstand desiccation and 23 were migratory (with ten 

families having both desiccation-resistant species and migratory species). While 

there is a considerable focus on the ability of aquatic macroinvertebrates in wet-

lands to tolerate drying, it is clear that migratory organisms are also very important 

constituents (e.g., some Chironomidae and Dytiscidae, most Ephemeroptera, 

Corixidae, Notonectidae, and Hydrophilidae).

 Respiration Strategies of Wetland Invertebrates

The hydrology of wetlands, where shallow standing water occurs in highly organic 

settings, leads to inherently low levels of dissolved oxygen developing in most wet-

land waters. Invertebrates from wetlands have developed a particularly wide range 

of adaptations to acquire oxygen. The unique character of aquatic invertebrate fau-

nas in wetlands vs. streams and rivers is largely dictated by oxygen supplies. Some 

aquatic insects and mollusks that thrive in well-oxygenated streams, such as 

Plecoptera stoneflies and non-pulmonate snails, are essentially excluded from many 

wetlands due to oxygen constraints.

Like invertebrates in other aquatic habitats, some wetland invertebrates still use 

gills (highly tracheated plates or membranes) to extract oxygen (Fig. 1.4a), includ-

ing dragonflies and damselflies, mayflies, and some beetles. However, numerous 

wetland invertebrates rely solely on oxygen exchange across the cuticle and might 

seem poorly adapted for life in low-oxygen wetland waters. Some of these  organisms 

have long tubular bodies (Fig. 1.4a, b) that yield high surface area to volume ratios 

to facilitate oxygen transfer (e.g., annelid worms, midge larvae); some beetle larvae 

(Hydrophilidae, Haliplidae) have lateral extensions of the cuticle to increase surface 

area. A few taxa have hemoglobin in their hemolymph (e.g., Chironomidae, 

Tubificidae) that serves a respiratory function (Fig. 1.4b; Resh et al. 2008). Others 

can switch to anaerobic respiration when oxygen supplies become too low 

(Mendelssohn et al. 2014).

Many aquatic invertebrates in wetlands do not extract their oxygen needs from 

the water, but instead directly breathe surface air. Mosquito larvae and most dytiscid 

beetle larvae have terminal siphons that break the water’s surface to access air, often 

ringed with hydrophobic hairs to prevent flooding. Two genera of mosquitoes 

1 An Introduction to Freshwater Wetlands and Their Invertebrates
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(Coquillettidia, Mansonia) have siphons that are adapted to pierce wetland plant 

roots or stems to access the air in open aerenchyma space inside the plants 

(Fig. 1.4c). Adult beetles and water bugs (Corixidae, Notonectidae) capture air 

bubbles and maintain them under their wings or along their body surfaces (Fig. 1.4d). 

They directly breathe the oxygen in these bubbles and also use the additional oxygen 

that tends to diffuse into the bubbles as internal oxygen concentrations are exhausted 

(this phenomenon is called the physical or compressible gill; Resh et al. 2008). 

Snails in wetlands are mostly pulmonates (Physidae, Planorbidae, Lymnaeidae, and 

Fig. 1.4 Different adaptations of aquatic insects to extract oxygen for respiration: (a) damselfly 

nymph with three terminal gill plates on its abdomen (photo by M. Galatowitsch); (b) tubular 

chironomid midge larvae, one with reddish color from hemoglobin; (c) a Coquillettidia mosquito 

larvae with a siphon inserted into a plant rootlet to access internal oxygen supplies; and (d) a 

dytiscid beetle capturing an air bubble at the water’s surface to place under its wings and over its 

respiratory spiracles. Photos b–d reprinted with permission from Ecology of Freshwater and 
Estuarine Wetlands: Second Edition, edited by Darold P. Batzer and Rebecca R. Sharitz. © 2014 

by the Regents of the University of California. Published by the University of California Press
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Ancylidae), derived from terrestrial ancestors and retaining air-breathing “lungs.” 

Pulmonate snails migrate periodically to the water surface and “gulp” air into 

lunglike sacs to then use while underwater. Non-pulmonate snails, that dominate 

non- wetland freshwater habitats, have to extract their oxygen needs from water 

using internal gills that probably function poorly in many wetlands.

Of the 40 most widespread aquatic macroinvertebrate taxa (Table 1.1), 17 rely of 

surface air to satisfy their oxygen needs, 17 on respiration across the cuticle, and 

only 11 on gills (the total is >40 because some groups use multiple strategies). Thus, 

air breathing is a widely used strategy for invertebrates to exploit oxygen-poor 

wetland waters. However, the fact that very rudimentary cuticular respiration is also 

widely used by invertebrates in wetlands is perplexing and as yet unexplained.

 Wetland Vegetation and Invertebrates

After hydrology, the dominant vegetation of a wetland is secondarily used for habitat 

categorization. Wetland floras are comprised of five main categories:

 1. Emergent annual macrophytes (e.g., Bidens, Polygonum)

 2. Emergent perennial macrophytes (e.g., Carex, Phragmites, Typha)

 3. Submersed macrophytes (e.g., Myriophyllum, Potamogeton)

 4. Woody trees (e.g., Populus, Salix, Taxodium) and shrubs (e.g., Alnus)

 5. Algae, including cyanobacteria

Each of these plant types is controlled by hydrology. Emergent annual plants 

thrive in seasonal marshes and wet meadows with short hydroperiods (weeks to 

months), emergent perennial plants thrive in marshes with intermediate hydroperi-

ods (months to years), and submersed plants thrive in ponds and marshes with long 

hydroperiods (usually multiple years). Woody vegetation in forested wetlands 

(often called swamps) tends to occur in short hydroperiod habitat or at least areas 

that are only flooded in winter and spring when trees and shrubs are largely dormant 

(e.g., Southeastern US floodplains). Certain wetland trees such as cypress (Taxodium 

spp.) can tolerate long-term flooding (decades), although successful reproduction 

requires periodic drawdown for seedlings to sprout (Schneider and Sharitz 1988). 

Because algae establish rapidly and can persist under all hydrologic conditions, 

algae tend to thrive in most wetland types, except perhaps heavily shaded forested 

wetlands.

Propagules of most wetland macrophytes persist in substrates as a seed bank, 

which only sprouts after the sediments are exposed during drought events. In the 

Prairie Pothole Region of North America (van der Valk 1981), a predictable pattern 

of vegetative succession occurs in response to drought with:

 1. Annual plants dominating during dry phases and the early stages of reflooding

 2. Perennial emergent hydrophytes dominating in subsequent years, if flooding 

persists

1 An Introduction to Freshwater Wetlands and Their Invertebrates
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 3. Eventually submersed vegetation and algae dominating with prolonged (multiple 

year) flooding

Euliss et al. (2004) suggest that invertebrate succession in prairie potholes will 

track these patterns of hydrologic and vegetative succession.

For wetland invertebrates, plants provide both habitat and food (Batzer and 

Wissinger 1996). Invertebrates colonize living and dead plant leaves and stems to 

forage and hide from predators; moist plant litter protects estivating invertebrates 

from excessive desiccation. Annually senescing emergent macrophytes and trees 

contribute copious amounts of dead leaves to wetlands, and it has long been 

assumed that this detritus provides the major trophic base for resident inverte-

brates. However, only 5 of the 40 widespread macroinvertebrates in wetlands 

(Table 1.1) are shredders (organisms that consume coarse plant matter such as 

dead leaves and wood). Limnephilidae caddisfly larvae are the only shredders 

shown to play major ecological roles in wetlands (Díaz-Villanueva and Trochine 

2005; Klemmer et al. 2012, Chap. 3).

Instead, collectors that consume small particles of organic matter and algae com-

prise the bulk of the invertebrate primary consumers in wetlands (18 of 40 wide-

spread macroinvertebrates, Table 1.1). Most food web studies in wetlands point 

toward algae as being the primary food base for resident invertebrates (see Batzer 

et al. 2014). Besides the macroinvertebrate collectors, snail scrapers and most 

microcrustaceans also feed primarily on algae. A trophic reliance by invertebrates 

on algae makes ecological sense because algae are an energetically superior food to 

macrophyte detritus (Fig. 1.5).

 Predation and Wetland Invertebrates

Predation can be a pervasive influence on invertebrates in wetlands (Batzer and 

Wissinger 1996). Wellborn et al. (1996) argue that aquatic animal communities in 

lentic habitats (lakes and most wetlands) are controlled by two ecological 

transitions

 1. Between temporary and permanent habitats (discussed above)

 2. Between fish-bearing and fishless habitats

They maintained that the presence of fish in wetlands would eliminate large, 

active invertebrates because fish use visual cues to find prey. However, if fish were 

absent, these large invertebrates (along with amphibians) would become the top 

predators in the systems.

However, one should not assume that temporary or even ephemeral wetlands are 

predator-free habitats (Brendonck et al. 2002; Boix et al. 2006). Predators can be 

particularly important to structuring invertebrate communities of temporary 

wetlands because many inhabitants are poorly adapted to withstand predation 

D. Batzer and D. Boix
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(Wilcox 2001; but see Petrusek et al. 2009). Aerially colonizing insects are common 

predators in temporary wetlands (Schneider and Frost 1996; Boix et al. 2011), and 

it has been shown that they can exert significant ecosystem control (Blaustein et al. 

1995; Magnusson and Williams 2009).

A case for macroinvertebrate predators being ecologically important in the 

majority of wetlands is again bolstered by examining which taxa thrive there. In 

Table 1.1, 23 of 40 widespread macroinvertebrate taxa are either primary or sec-

ondary predators. Predation again makes energetic sense because invertebrate prey 

are high-quality foods (Fig. 1.5) (although often more energetically expensive to 

acquire than plants). Midge larvae, being the most widespread and typically most 

abundant invertebrates in wetlands (Table 1.1), are favored foods of virtually every 

predator that lives in wetlands, whether they be invertebrate (Rasmussen and 

Downing 1988; Batzer and Resh 1991), amphibian (Bohonak and Whiteman 1999; 

Wissinger et al. 1999), or fish (Batzer 1998; Batzer et al. 2000). The benefit of 

predation to invertebrates is evidenced by some limnephilid caddisfly larvae in 

high alpine wetlands (Chap. 3) that normally consume plant detritus (i.e., serve as 

shredders), but, as wetlands begin to dry, switch to being predaceous on other 

insects or even conspecifics in order to use the higher-quality foods to accelerate 

growth rates.

Fig. 1.5 Relative caloric and protein contents of various food resources used by invertebrates in 

wetlands, showing how detritus would be the lowest-quality foods and other invertebrates the 

highest-quality foods. Reprinted with permission from Ecology of Freshwater and Estuarine 
Wetlands: Second Edition, edited by Darold P. Batzer and Rebecca R. Sharitz. © 2014 by the 

Regents of the University of California. Published by the University of California Press
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 Importance of Wetland Invertebrates to Society

Wetlands contribute significantly to the biodiversity of the world because so many 

species occur solely in wetlands or at least rely heavily on wetlands to satisfy impor-

tant ecological needs. While most people focus on what is often called the charis-
matic megafauna, such as the mammals, birds, reptiles, and plants of wetlands, in 

terms of sheer numbers of species, most of the biodiversity in many wetlands is 

comprised of invertebrates. It is not unusual to find more than 50 families of inver-

tebrates in individual wetlands (see Batzer and Ruhí 2013), of which some families 

might be comprised of numerous genera and species. For the Chironomidae midges, 

the most widespread family of invertebrates in wetlands (Table 1.1), it is not unusual 

to find more than 50 species in an individual wetland (see Wrubleski and Rosenberg 

1990; Leeper and Taylor 1998; see Chap. 10). In some cases, chironomid species 

richness might exceed the combined number of mammalian, avian, reptilian, and 

amphibian species in a wetland habitat.

Additionally, as already discussed, invertebrates play crucial roles in wetland food 

webs. In many cases, they are the primary trophic link between plants and the char-

ismatic megafauna. Invertebrates feed heavily on living and dead macrophytes and 

algae and in turn are consumed by wetland fishes, amphibians, and birds (Fig. 1.6). 

Waterfowl ecologists have come to realize that most ducks consume invertebrates 

during crucially important periods; nesting hens rely heavily on the protein and lipids 

in invertebrates for egg production, newly hatched ducklings find invertebrates nutri-

tious and easy to capture prey during their initial weeks of development, molting 

birds rely on invertebrates for protein for feather growth, and over- wintering migra-

tory ducks focus on invertebrates to fuel flights back to nesting areas (see Chap. 16). 

Most fishes in wetlands rely on invertebrates as food (see Chaps. 8 and 10), 

and fishes in lakes and rivers will migrate into wetlands to consume invertebrates 

(see Chaps. 9, 13 and 14).

Invertebrates have proved to be useful indicators of environmental health in rivers 

and streams (see Rosenberg et al. 2008), and resident wetland invertebrates may 

show similar promise (see Chap. 15). In the wetlands of the Great Lakes of North 

Fish Amphibians-reptiles Birds

Invertebrates

Algae Dead plant detritus Living macrophytes

Fig. 1.6 Invertebrates as the primary trophic link between plants and higher animals in wetlands
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America (see Chap. 9), invertebrates are widely used as bioindicators in habitat 

assessment programs. However, the fact that many invertebrates in wetlands are 

tolerant of harsh environmental conditions (low oxygen levels, high temperatures, 

fluctuating water levels) might make many taxa of fairly limited use as bioindicators 

(Batzer 2013). As in streams and rivers (Rosenberg et al. 2008), environmentally 

sensitive taxa in the insect orders Ephemeroptera, Plecoptera, and Trichoptera could 

be promising bioindicators in wetlands, although these organisms are not particu-

larly wide spread in many wetlands. A recent meta-analysis suggests that the com-

bined richness of Mollusca, Hemiptera, and Coleoptera might be a useful and 

easy-to-sample surrogate to predict overall invertebrate taxon richness in wetlands 

(Ruhí and Batzer 2014). Microcrustaceans have numerous properties that make 

them useful for water quality assessment (Boix et al. 2005): (a) they are ubiquitous 

in wetland environments and easily captured; (b) assemblages vary according to 

Table 1.2 Significant human diseases associated with invertebrates from wetlands (see Mullen 

and Durden 2009 for more details)

Human disease Wetland invertebrate connection

Schistosomiasis Parasitic fluke (schistosomes) cycle between wetland snails and 

humans in Africa, Asia, and South America

Malaria Anopheles spp. mosquitoes that breed in marshes worldwide can vector 

Plasmodium protozoan parasites

Filariasis 

(elephantiasis)

Various Anopheles, Mansonia, and Culex mosquitoes from marshes in 

Africa and Southeast Asia can vector Wuchereria or Brugia nematode 

parasites

West Nile encephalitis Culex spp. mosquitoes that breed in marshes and wet meadows 

worldwide can vector WNE virus

Japanese encephalitis Culex tritaeniorhynchus mosquitoes that breed in marshes and rice 

fields of Southeast Asia can vector JE virus

Eastern equine 

encephalomyelitis

Culiseta melanura, Coquillettidia perturbans, and Culex spp. 

mosquitoes that breed in forested swamps of the eastern USA can cycle 

the virus through bird populations (Culiseta) or vector EEE virus to 

humans or horses (other species)

Western equine 

encephalomyelitis

Culex tarsalis mosquitoes that breed in marshes and wet meadows of the 

western USA and Canada can vector the WEE virus to humans and horses

Murray Valley 

encephalitis

Culex spp. mosquitoes that breed in marshes of Australia can vector 

MVE virus to humans

St. Louis encephalitis Culex spp. mosquitoes that breed in marshes and wet meadows of the 

USA can vector SLE virus to humans

Venezuelan equine 

encephalomyelitis

Culex spp. mosquitoes that breed in marshes of northern South 

America, Central America and Mexico, and south Florida can vector 

VEE virus to humans and horses

Loiasis (African 

eyeworm)

Tabanid deer flies that breed in damp soils and wetlands of Africa can 

vector the parasitic Loa loa nematodes to humans

Tularemia (deer fly 

fever)

Tabanid deer flies that breed in damp soils and wetlands of Utah and 

Russia can vector the bacteria

Allergies Bites of wetland breeding mosquitoes, deer and horse flies, and biting 

midges (no-see-ums) can induce allergic reactions in sensitized people
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differences in trophic state; (c) assemblages respond to disturbance gradients; and 

(d) relationships between microcrustacean assemblages and both phytoplankton 

and macrophyte communities are well documented. Because resident invertebrates 

are strongly affected by both temperature and hydroperiods, they may be especially 

useful bellwethers of the impacts of climate change on wetlands (Ruhí et al. 2013).

Unfortunately, some wetland invertebrates contribute significantly to human 

suffering. Blood-feeding mosquitoes (Culicidae), biting gnats (Ceratopogonidae), 

and deer and horse flies (Tabanidae) can plague humans and their livestock. Several 

important humans diseases, most notably malaria and schistosomiasis, are associ-

ated with invertebrates from wetlands (see Table 1.2). Because of their roles as 

disease vectors, it can be argued that mosquitoes are the most important animals on 

earth to human well-being. However, it should be noted that not all vector mosqui-

toes are derived from wetlands (e.g., non-wetland container-breeding species vector 

yellow fever and dengue viruses) and not all wetland mosquitoes are involved in 

disease cycles (in fact the vast majority are not).

 Conclusion

Invertebrates of wetlands are uniquely adapted to exploit the highly variable and 

often stressful conditions that develop. Invertebrates comprise much of the biodiver-

sity in wetlands, and invertebrates play focal roles in wetland food webs. A better 

understanding of the ecology of invertebrate fauna in wetlands will lead to a more 

complete understanding of overall wetland ecosystem functions. Toward this end, 

the remainder of the chapters in this book provides detailed and habitat-specific 

ecological information about invertebrates in wetlands from across the globe.
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    Chapter 2   
 Invertebrates in Rock Pools                     

       Luc     Brendonck     ,     Sandro     Lanfranco    ,     Brian     Timms    , 
and     Bram     Vanschoenwinkel   

            Introduction to Rock Pools: Geology, Hydrology, 
Environmental Conditions, Flora, and Fauna 

    Rock Pool Geology and Geography 

 Rock pools are eroded depressions that occur in a matrix  of   bedrock (Fig.  2.1 ). In 
intertidal zones these habitats contain seawater and house communities of marine 
organisms; however, further up the rock platform, rainfall input becomes a more 
important source of water than saltwater spray resulting fi rst in brackish and, further 
inland, in freshwater supralittoral habitats (Ganning  1971 ; Egan and Ferrington 
 2015 ).

   Rock pools are found in different types of  bedrock   but most often in granite, 
sandstone, and limestone. Granite is an intrusive igneous rock which forms at high 
temperatures and under great pressure below the surface. Subsurface weathering 
can fragment the granite, and only the sturdiest fragments, rich in the more resistant 
potassium feldspars and quartz, typically remain when they become exposed after 
erosion of the covering sediments (Campbell  1997 ). This type of  granite outcrop   is 
common in the inland areas of Western Australia. Pools may already be present in 
these rock slabs (Fig.  2.1a ) upon exposure as a  result   of weathering below the sur-
face (Twidale and Bourne  1975 ). Once exposed, corrosion by acidic water along 
near-surface horizontal cracks formed by cycles of hot days and cold nights and rare 
frosts results in a pool basin, with detritus blown away by wind (Timms and Rankin 
 2014 ). 

 Many sandstone  rock pools in   Southern Africa (Fig.  2.1c ) are formed in a 
different way. Here, organic concretions that got locked in the sandstone during 
sedimentation erode faster than the surrounding quartzite. Resulting pool basins 
in this rock often have near vertical walls, while granite rock pools are most 
often pan shaped. For the rock pools in the sandstone of the Colorado plateau in 
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Utah in the USA, it has been suggested that biofi lms of  cyanobacteria   play an 
important role as they may help dissolve the cement between the sand grains 
and ensure that pool basins erode faster than the surrounding matrix. 
Additionally, this fi lm may also help to seal the basins when they hold water 
(Chan et al.  2005 ). 

  Fig 2.1    Examples of rock pool  habitats   around the world. ( a )  Inland   rock pool on a granite out-
crop near Mount Madden, Western Australia; ( b ) 1-m deep pit gnamma in a granite outcrop in 
Zimbabwe; ( c )  sandstone rock pools   on Thaba Phatswa in the Free State, South Africa; ( d )    Rock 
pool in karstifi ed limestone (Malta); ( e ) man-made rock cut structure at Mosta (Malta) functioning 
as a rock pool. (Photos a, b, c by B Vanschoenwinkel; d, e by S Lanfranco)       
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  Limestone   can also hold rock pools (Fig.  2.1d ) but since this rock is more sus-
ceptible to weathering and erosion, rock pools in limestone presumably have a 
younger origin and do not persist for millions of years as granite rock pools do. 
Geological uplifting of ancient limestone reefs, e.g., in coastal areas of the 
Caribbean, can provide a matrix for rock pools to form (Romanuk and Kolasa 
 2002 ). 

 In the  biseasonal Mediterranean climate  , the initial stages of pool formation 
on karstic limestone involve ponding of rainwater and runoff water in small, 
localized sinks. This promotes solutional erosion of the bedrock gradually 
forming basin-like depressions. The sides of these basins are generally steep 
due to undercutting and often display a basal corrosion notch. The gradual 
enlargement of a solution basin modifi es the  microtopography   in the vicinity 
and allows the interception of surface water that would otherwise accumulate 
elsewhere. As such, the formation process tends to develop isolated, relatively 
large basins surrounded by smaller pits. As the basin grows, adjacent basins 
may merge giving the lobed margin of several rock pools. Breaching of the 
walls of these basins arrests their gradual enlargement by forming an overfl ow 
channel that drains the pool and provides hydrological connectivity with other 
basins in the same pool landscape. 

 Rock pools act as traps for material transported by runoff and wind and therefore 
accumulate a layer of unconsolidated bottom sediment that mainly comprises clas-
tic mineral particles and organic detritus that, depending of the age of the basin, is 
mainly from endogenic or exogenic  origin  . The  sediment layer   is a fundamental 
factor in determining the year-to-year persistence of species within these habitats, 
as it provides a matrix for the accumulation of propagules (seeds and spores) and 
resting stages (eggs, cysts) of pool species. This creates a “reserve of dormant 
stages” that could emerge under different conditions (storage effect, cf. Chesson 
 1985 ) and may promote long-term species coexistence. The sediment layer also 
provides a last reserve of moisture for pool biota toward the end of the wet season. 
Exploiting this reserve of moisture may lengthen the time available for reproductive 
cycles to be completed and may be the difference between reproductive success and 
reproductive failure. A study based on 39 pools from six pool landscapes showed 
that as sediment depth decreased, the number of faunal taxa in the pool decreased 
too (Briffa et al.  2014 ). 

 Freshwater rock pools are known under different names: “ oricangas  ” in South 
America, “rock pools” in South Africa, “ gnammas  ” in Australia, “lithothelms” in 
Bulgaria, riverine “potholes” in the USA, “tinajas” in the Western USA and Mexico, 
and “ opferkessel  ” in Germany (Jocqué et al.  2010a ). “Pans or pan  gnammas  ” are 
terms often used for fl at-fl oored, mostly shallow rock pools and “ pit gnammas  ” are 
deep rock pools in Australia that may contain water throughout the year, even in 
very dry regions (White  2009 ; Timms  2013 ). Non-coastal, inland rock pool habitats 
occur worldwide but are most frequently found in arid and semiarid regions where 
the elements are more likely to expose large rock slabs. On the other end of the 
climate spectrum, rock pools also exist in arctic and alpine regions where glaciers 
can expose underlying bedrock (Ghilarov  1967 ; Meier and Soininen  2014 ). Rock 
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pools may hold water from several days up to several months depending on pool 
depth, surface area, and local climatic conditions. In some cases very large or very 
deep rock pools may keep water year-round. Examples of these are the pit gnammas 
which can, for instance, be found in Australia (Timms  2013 ) (Fig.  2.1b ) and 
Zimbabwe (Anusa et al.  2012 ). 

 Not all eroded depressions in exposed bedrock evolve into rock pools. Some 
may fi ll up with soil and house terrestrial plants. A recent study in South Africa 
has shown that the most exposed  depressions   on the edge of a rocky outcrop are 
more likely to lose any sediment and terrestrial vegetation and become pools, 
while less exposed basins situated near the center of outcrops can more easily 
accumulate sediment and evolve into terrestrial “gardens” (Buschke et al.  2012 ). 
The balance between sediment capture and sediment loss determines whether 
the sediment layer is stable or unstable in the long term. If the  autochthonous 
organic component   is disregarded, then the rates of sediment capture and loss 
would mainly depend on wind-borne and waterborne transport of particles. For 
a given basin, these rates depend on the surface area to morphological volume 
ratio ( A:V ) of the basin concerned (Lanfranco and Briffa  2012 ). Pool basins 
with a large surface area are a larger target and intercept a larger volume of sedi-
ment than basins with smaller surface areas.  Deeper basins   are effi cient sedi-
ment traps since captured sediment is less likely to be removed. Basins with a 
low  A:V  may undergo complete infi lling and would not function as an aquatic 
system since the aquatic phase would either be very brief or absent altogether. 
In these situations, the sediment is colonized by  terrestrial macrophytes   and 
further consolidated by the anchorage systems of these plants. Basins with a 
high surface area and shallow depth would not retain a confl uent layer of sedi-
ment since they would be inadequately shielded from outward transport by  wind 
and runoff  . Such basins would not generally be functional rock pools since the 
high surface area to volume ratio would also promote high rates of evaporative 
water loss. 

  Inland   rock pools on granite and sandstone outcrops (inselbergs) typically occur 
in a particular spatial hierarchical structure (Brendonck et al.  2010 ). Not only do 
pools occur in clusters with variable distances between clusters and pools, also the 
inselbergs are dotted in the landscape and add to the overall spatial structure of 
“islands (inselbergs) of islands (clusters) of islands (pools).” 

 A different type of  freshwater   rock pool can be found in or near rocky riv-
erbeds. Water currents moving rocks can erode cylindrical river potholes 
within the riverbed (Springer et al.  2006 ). When the water level of the river 
drops, these habitats can be isolated from flowing water. Particularly old  riv-
erine potholes   are often exposed along the edges of rivers and can rely both on 
riverine and on rainfall input for water. In terms of invertebrate biodiversity, 
these pools are often species poor, particularly when fish are abundant. 
Regular flushing by the river can prevent the establishment of egg banks for 
zooplankton. Additionally, regular colonization by fish may exclude preda-
tion-sensitive taxa. In this chapter, we will focus mainly on the endorheic rock 
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pool habitats, i.e., rock pools that rely solely on rainfall for filling. It is these 
pools that typically contain the most diverse communities including many 
specialized and endemic taxa. 

 Finally, a special type of pool that deserves mentioning is man-made rock pools. 
For instance, a monastery near the town of Montmajour in France has a graveyard 
of tombs excavated in limestone which now form a cluster of temporary rock pools 
(Cher  2008 ). In Malta, in the Mediterranean,  Punic tombs   excavated in rock also act 
as temporary pools (Fig.  2.1e ).  

    Rock Pool  Hydrology      

 The hydrology of rock pools is relatively simple. With limestone as a likely 
exception, most rock pools are not leaky. Rainfall and overflow from neigh-
boring pools are typically the only sources of water input, while it is sensible 
to assume that evapotranspiration is the most important loss factor. This 
assumption, however, no longer holds in areas where large mammals or cattle 
may drink from rock pools. A family of simple models has been developed to 
reconstruct the long-term inundation regime of rock pools based on long-term 
climate data and pool morphometry (Hulsmans et al.  2008 ; Altermatt et al. 
 2009 ; Vanschoenwinkel et al.  2009 ; Lanfranco and Grillas  2010 ; Tuytens 
et al.  2014 ). These models, however, do require some water level time series 
data to calibrate and validate the models for each pool. Applications of these 
models include the possibility of accurately quantifying the long-term hydro-
logical selection regime that has helped to shape rock pool communities as 
well as variation in the evolution of traits in the local populations. For instance, 
it has been shown that long-term hydrological disturbance regimes can better 
predict current community structure than the hydroperiod of the pools as 
observed during sampling (Vanschoenwinkel et al.  2009 ). New model exten-
sions not only assess water levels and the length of aquatic phases, they also 
allow estimations of the number of times a pool overflows or receives over-
flow by neighbors and the volume of water transported. In addition, they gen-
erate proxies for the salinity of the water during inundations (Tuytens et al. 
 2014 ). The latter is relevant since many rock pool invertebrates use low salini-
ties as a cue for hatching from dormant propagules. Low salinities or conduc-
tivities are indicative of heavily diluted water and presumably of a long 
inundation. It should be emphasized that the total annual rainfall is not neces-
sarily a good predictor of hydroperiod characteristics. A simple hydrological 
model for rock pools based on 7 years of baseline data (Lanfranco and Grillas 
 2010 ) predicted that November to December is the key period for pools in 
Malta. Rainfall during this  period      will determine the hydroperiod and, conse-
quently, reproductive success of the pool biota.  
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     Physical and Chemical Environment   of Rock Pools 

 An overview of the chemical and physical conditions in freshwater inland rock 
pools is summarized in Brendonck et al. ( 2000 ) for Southern African rock pools 
and at a global scale by Jocqué et al. ( 2010a ). In general, basins are fi lled with 
rain water, resulting in a highly diluted environment at the start of the inunda-
tion with conductivities below 10 μS cm −1 , approaching those of distilled water. 
At later stages of the inundation, conductivity values of up to about 200 μS cm −1  
were measured. While most western Australian rock pools (gnammas) contain 
very fresh waters, some are so incised they never overfl ow and are hyposaline, 
as in a few on the western Nullarbor Plain (Timms  2012b ). If so they support 
appropriate widespread hyposaline species and not the specialized fauna char-
acteristic of typical gnammas. The generally shallow rock pools also have poor 
buffering capacity to changes in water quality variables such as pH, tempera-
ture, and oxygen. In southern African rock pools, pH values were recorded that 
varied between 4 and 11, depending on time of the day and phase in the hydro-
cycle (Brendonck et al.  2000 ). Pools also closely followed air temperature with 
values between 10 and 40 °C. Dissolved oxygen also follows a strong dial and 
seasonal cycle, with concentrations in South African rock pools fl uctuating 
between 5.8 and 7.9 mg L −1  (De Vries  1996 ). Freshwater rock pools in general 
are rather oligotrophic (Jocqué et al.  2010a ). Enrichment happens mainly 
through bacterial degradation of decaying organisms, fecal input from large 
(terrestrial) vertebrates, and allochthonous organic material (McLachlan  1981 ; 
Osborne and McLachlan  1985 ). Immediately after fi lling, dissolved nitrogen 
and phosphorus concentrations may be quite high, but decline quickly because 
of nutrient uptake by organisms and a reduced rate of nutrient supply from the 
sediment (Osborne and McLachlan  1985 ). Nutrients in the sediment get into the 
water via bioturbation (e.g., by Notostraca and Spinicaudata) (Osborne and 
McLachlan  1985 ). Nutrients are mainly removed from the system by fl ushing  by 
  intense rain, sediment erosion by wind and, to a lesser extent, by terrestrial 
predators and scavengers removing organisms from the pool basins (Osborne 
and McLachlan  1985 ), and possibly also by the emergence of adult insects 
(Jocqué et al.  2010a ). Concentrations of nutrients and dissolved metal ions in 
freshwater rock pools have only occasionally been measured. Two studies by 
Baron et al. ( 1998 ) and Chan et al. ( 2005 ) give measurements of metal concen-
trations and chemical components in sandstone rock pools in Utah. Most of the 
values were normal to low for freshwater habitats, but the NO 3 -N reached high 
concentrations (up to 3184 μg L −1 ) (Chan et al.  2005 ); this was possibly related 
to variation in N-fi xation by cyanobacterial mats, which lined the potholes in 
that particular study. Levels of nitrate and phosphate were found to be relatively 
low in temporary rock pools in Malta, suggesting tight nutrient recycling 
(Lanfranco  1995 ).  
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     Flora and Fauna      of Rock Pools 

 Aquatic fl ora of rock pool systems is often very limited. However, particularly in 
deeper freshwater rock pools, several groups of submerged, fl oating, and emergent 
macrophytes including macroalgae can be found. In many short-lived rock pools in 
Africa and Australia, mats of the fern  Isoetes  can be found. In Western Australia, the 
mudwort ( Glossostigma ) is a common rock pool plant. Several rare endemic 
  Myriophyllum    species are known from the region. Some are known from just one 
type locality (Geldard  2005 ). In Botswana rock pools,   Limosella capensis    occurred 
in more than half of the basins, without clear preference for short- or longer-lived 
pools (Brendonck  2003 , pers. obs.). Mediterranean rock pools are colonized by sev-
eral species from the genera  Damasonium ,  Ranunculus ,  Elatine ,  Crassula , and 
 Callitriche . Aquatic ferns, such as  Marsilea  and  Pilularia , are also associated with 
these habitats. In Australia, Victorian rock pools often support  Callitriche ,  Isoetes , 
and  Crassula  (Bayly  2011 ). 

 A detailed overview of the fauna found in rock pools worldwide has been assem-
bled by Jocqué et al. ( 2010a ). Although there clearly are biogeographic differences 
in the species and genera that inhabit rock pools, there are strong similarities in the 
major phyla, classes, orders, and families of freshwater invertebrates that inhabit 
rock pools in different parts of the world.       The shallowest pools typically lack any 
aquatic vegetation and house communities of very disturbance-resistant taxa such 
as oribatid mites. Short-lived pools also often provide good breeding habitats for 
several groups of dipterans including ceratopogonid and chironomid midges, par-
ticularly for those with larvae that can resist desiccation. Slightly deeper pools with 
hydroperiods typically exceeding 1 week often house specialized temporary pool 
crustaceans belonging to the class  Branchiopoda  . Fairy shrimps (Anostraca), clam 
shrimps (Spinicaudata, Laevicaudata), and water fl eas (Anomopoda) form resistant 
resting eggs and all are relatively common inhabitants of rock pools worldwide. 
Tadpole shrimps (Notostraca) are also occasionally found in rock pools but less 
commonly so (Dodson  1987 ; Vanschoenwinkel et al.  2012 ). Turbellaria may also 
hatch shortly after inundation and often become important predators of branchiopod 
crustaceans (Brendonck et al.  2002 ). Both branchiopods and fl atworms typically 
hatch early after inundation and quickly reach high population densities. Fairy 
shrimp and tadpole shrimp tend to hatch fi rst. The more predation-resistant clam 
shrimp and water fl eas presumably can afford to hatch and mature later. Many pools 
also house diverse assemblages of seed shrimps (Ostracoda). These detritivorous 
organisms can reach high population densities in the sediment layer of rock pools. 
Some ostracods have been observed to hatch within a few hours of wetting at the 
start of the wet season, having survived the summer in a cryptobiotic state (Lanfranco 
 1995 ). 

 Only three species of salamander have been recorded from rock pools: 
  Ambystoma laterale    and   Ambystoma tigrinum   , both from North America (Smith 
 1983 ; Dodson  1987 ), and   Salamandra salamandra    from Israel (Blaustein et al. 
 1996 ,  2004 ). Fourteen species of toads and frogs belonging to several families have 
been found  in      rock pools (Jocqué et al.  2010a ).   
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    Overview of Invertebrate Research in Rock Pools 

      Invertebrate Assemblages of Rock Pools 

 Several rock pool sites around the world have been the subject of long-term studies. 
Excellent examples include the coastal rock pools along the Baltic Sea in Europe 
such as those on the  Tvärmine archipelago   in Finland (Pajunen and Pajunen  2003 ). 
Comparable coastal rock pools can be found on Appledore Island in Maine, USA 
(Simonis  2013 ). In Jamaica a large set of coastal rock pools have been studied on a 
fossil reef in  Discovery Bay   (Kolasa and Romanuk  2005 ). Mediterranean rock 
pools have been studied in Malta (Lanfranco et al.  1991 ; Lanfranco  1995 ) and Israël 
(Blaustein et al.  2004 ). In arid regions, rock pools have been studied on granite 
outcrops in Western Australia (Bayly  1982 ,  1997 ; Pinder et al.  2000 ; Weeks et al. 
 2006 ; Timms  2012a ,  b ,  2013 ,  2014a ,  b ), on three granite hills in Botswana (Riddoch 
et al.  1994 ), the Korannaberg mountain in central South Africa (Vanschoenwinkel 
et al.  2007 ), the rock pools on mountains in Malawi (McLachlan and Ladle  2001 ), 
and the rock pools on the Colorado plateau in Utah, USA (Dodson  1987 ; Graham 
 1994 ; Jocqué et al.  2007a ,  b ,  c ). Studies from  tropical and equatorial regions   are 
underrepresented. At least in part this is likely due to the fact that in moister regions, 
outcropping rock is often covered by vegetation as is the case in the moister SW of 
Australia. It is also possible that rock pools do not form as readily under tropical 
conditions. For instance, the rainforests in SE Cameroon house quite a few granite 
outcrops; however, these do not hold proper rock pools (Vanschoenwinkel pers. 
obs.). Space restrictions prevent us from providing a complete account of rock pool 
research. Instead, we highlight different aspects of rock pool ecology, conservation, 
and evolutionary biology that have been studied in rock pool habitats in different 
parts of the world. 

 To fi ll a gap in integrated knowledge on rock pool ecology, Jocqué et al. ( 2010a ) 
reviewed more than 150 papers on freshwater rock pools around the world spanning 
more than 100 years of research. Besides compiling a list of rock pool animal spe-
cies, in that paper, the authors also present an elaborated and integrated picture of 
global diversity patterns and the most signifi cant  abiotic and biotic processes   and 
also summarize cultural and conservational aspects specifi cally related to rock 
pools. As it is not the intention to repeat that rather complete review, we will restrict 
ourselves here to a summary of the most important patterns in faunal assemblages 
and bring some updated views on important ecological and evolutionary processes 
relevant for rock pool populations. About 460 aquatic animal species were listed 
(Jocqué et al.  2010a ), and   Appendix   provides a truncated list of the invertebrate 
genera. Approximately 213 of these species were permanent inhabitants without an 
active migratory stage (i.e., so-called  passive dispersers  ). As the local environmen-
tal conditions in rock pools can be highly variable and the fl ooding regimes unpre-
dictable, this resident fauna is often composed of specialist and  endemic species   
with a high tolerance to stress. A prominent group of rock pool residents are large 
branchiopods that are especially well represented by  anostracans  . As these organisms 
are large and have many pairs of fi lter-feeding appendages, they are the dominant 
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fi lter feeders in freshwater rock pools. And although these pools are shallow, clear, 
and often devoid of vegetation, populations can be surprisingly dense and egg banks 
vast (Brendonck and Riddoch  2000 ). Of the six  Anostraca genera recorded  , 
 Branchinecta  (USA),  Branchinella  (Australia),  Branchipodopsis  (Africa), and 
 Branchipus  and  Tanymastix  (Europe) are considered rock pool specialists. 
 Streptocephalus  and  Linderiella  generally prefer low-transparency mud pools but 
were occasionally also found in rock pools (De Roeck et al.  2010 ).   Streptocephalus    
species have a slower maturation rate than the typical rock pool species and are 
therefore less likely to be found in rock pools (Belk  1991 ; De Roeck et al.  2010 ). As 
for the small branchiopods (anomopod cladocerans), six out of the nine families 
were recorded from rock pools, with Bosminidae, Ophryoxidae, and Acantholeberidae 
usually absent (Jocqué et al.  2010a ). In terms of species richness, Chydoridae, 
Macrothricidae, and Daphniidae were best represented. Rock pool ostracods are rep-
resented by 35 species mostly belonging to the  Cyprididae and Limnocytheridae   
(Martens et al.  2008 ). The other families are poorly represented, probably due to the 
lack of drought-resistant resting stages (Martens  1996 ). Several rock pool taxa are 
poorly studied and current lists are still an underestimation of the real animal diver-
sity in rock pools. Of the fi ve known  Turbellaria   species from rock pools, for exam-
ple, four were described from a single rock pool site in Botswana (Artois et al.  2004 ). 

 The remaining taxa listed by Jocqué et al. ( 2010a ), and   Appendix  , were so-called 
active dispersers with migration usually restricted to the adult stage. Often these 
taxa were broadly distributed and also occurred in a wide range of temporary habi-
tats besides rock pools. The  Diptera      were mainly represented by Chironomidae, 
Culicidae of the genera  Aedes  and  Culex , and Ceratopogonidae. Almost all 
Hemiptera were Corixidae or Notonectidae. Beetles were represented mainly by 
Dytiscidae and Hydrophilidae. 

 Jocqué et al. ( 2010a ) compared rock pool species richness among different 
regions and continents and drew some general patterns. It is no surprise that the 
highest species richness with a signifi cant endemic component was revealed in 
southwestern West Australia, thanks to the consistent work on the fauna of freshwa-
ter rock pools by Bayly ( 1997 ), Pinder et al. ( 2000 ), and Timms ( 2012a , b ;  2013 , 
 2014a ). At least 230 species have been recorded in the area, with rotifers, branchio-
pods, ostracods, dytiscids, and chironomids well represented (Pinder et al.  2000 ). 
On any rock outcrop, up to about 60–70 species are comprised within one metacom-
munity, though species lists for individual pools usually number fewer than 30 
(Jocqué et al.  2007a ,  2010a ; Timms  2012a ,  b ).  Alpha and gamma diversities   
decrease northward and northwestward due to shorter and less reliable hydroperiods 
(Timms  2012a ,  b ; Brendonck et al.  2014 ); cladocerans and ostracods are particu-
larly affected. Diversity is also lower in the forests of the west coast possibly 
because of increased acidity due to leaf fall input (Bayly  1982 ,  1997 ; Timms  2012b ) 
and the lack of deep pool basins in that area (Vanschoenwinkel pers. obs.). These 
pools are also more shallow and probably of a younger age. Eastward across the 
vast waterless Nullarbor Plain, there is a small area of similar inselbergs with gnam-
mas on the upper Eyre Peninsula in South Australia. These are less species rich than 
the southwestern Australian gnammas, with an average of 18 species present per 
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pool, a diversity per rock outcrop of about 30 species, and an overall fauna of about 
60 species (Timms  2014b ). The pan gnammas in that region have a limited endemic 
list mainly of  chydorid cladocerans  , while pit gnammas have a similar fauna of 
eurytopic species as in southwestern Australia. The iconic large branchiopods are 
represented by just two species,  Eulimnadia  n. sp. in the pans and   Lynceus magda-
leanae    in the pits. When comparing the shallow Australian rock pools (pan gnam-
mas) with the deeper pit gnammas, it is the shallower gnammas that support the 
most diverse and characteristic fauna (Pinder et al.  2000 ). The deeper pit gnammas, 
while largely seasonal, have longer hydroperiods and a less harsh environment 
overall and hence tend to have a widespread and ubiquitous fauna (Timms  2014a ). 
Like pan gnammas, they also have iconic branchiopods, in this case two species of 
the  laevicaudatan clam shrimp  Lynceus   .  

     Metacommunity Dynamics   

 Several studies showed that  species sorting  , i.e., the distribution of species based on 
local environmental conditions, is a dominant structuring process in rock pool com-
munities (Vanschoenwinkel et al.  2007 ; Ng et al.  2009 ; Pandit et al.  2009 ). However, 
species sorting is imperfect, and within pool clusters there are indications for both 
mass effects and dispersal limitation. Pajunen ( 1986 ) wrote that  Daphnia  popula-
tions in certain favorable rock pools were much less prone to go extinct and that 
these pools are likely to be sources for colonization of less suitable marginal rock 
pool habitats from which populations regularly go extinct. Spatial community anal-
yses performed in South African rock pools found that nearby and neighboring 
communities were more similar than would be expected based on similarities in 
environmental conditions (Vanschoenwinkel et al.  2007 ). The dispersal that fuels 
this homogenization over short distances is likely to be mediated by different vec-
tors. First of all,    dispersal via temporary overfl ows or rivulets has been shown to be 
substantial (Hulsmans et al.  2007 ; Vanschoenwinkel et al.  2008b ; Pellowe-Wagstaff 
and Simonis  2014 ), and their homogenizing effect on communities was observed in 
empirical community patterns (Vanschoenwinkel et al.  2007 ). On Appledore Island, 
local differences in the abundance of sea gulls frequenting rock pool clusters were 
shown to have similar homogenizing effects on communities (Simonis and Ellis 
 2014 ). In an inland South African rock pool cluster that is not frequently visited by 
birds, dispersal fl uxes via wind, overfl ows, and amphibian vectors were compared. 
Here, wind was shown to be the dominant dispersal agent (Vanschoenwinkel et al. 
 2008b ). Despite high dispersal rates in this system, there was still dispersal limita-
tion. But this was restricted to pools that were both isolated and highly disturbed. In 
these habitats dispersal can probably not compensate for extinctions mediated by 
frequent disturbances (Vanschoenwinkel et al.  2013 ). 

 Analyses of the genetic structure of fairy shrimp metapopulations in Botswana 
rock pools revealed that even at the scale of several tens of meters, there was genetic 
differentiation with an isolation by distance pattern (Brendonck et al.  2000 ; 
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Hulsmans et al.  2007 ). This supports the presence of genetic regionalism even 
within small pool clusters as also confi rmed in other areas (Vanschoenwinkel et al. 
 2011 ). Over larger spatial scales—among pool clusters on different mountains—
there does not seem to be any gene fl ow. Instead these fairy shrimp metapopulations 
seem to be linked by very rare long-distance dispersal events that occur at a times-
cale of at least tens of thousands of years for mountain populations in South Africa 
(Vanschoenwinkel et al.  2011 ) or even up to several millions of years for certain 
inselberg populations in Western Australia (Zofkova and Timms  2009 ).  

     Daphnid   Rock Pool Community Ecology 

 Several researchers have worked on the coexistence of  Daphnia  water fl ea species 
and corixid water bugs in Finnish rock pools. Pajunen and Pajunen ( 2003 ) assem-
bled data on the occurrence of three  Daphnia  species in 507 rock pools on 16 islands 
over 17 years. Hanski and Ranta ( 1983 ) explained temporal variation in distribution 
patterns of these species in  terms   of differences in dispersal and competitive ability. 
Bengtsson’s ( 1986 ) experiments showed that competitive exclusion did not occur in 
the fi eld. He argued that variable responses to biotic and abiotic gradients could be 
a more likely explanation for variation in species distributions and that, although 
competition can be intense, closely related  Daphnia  may not be able to outcompete 
one another in the fi eld. In later experiments he showed that extinctions were more 
frequent in mesocosms in which all three species were present subscribing the 
importance of interspecifi c competition as a driver of extinction (Bengtsson  1989 ). 
Building further on the same dataset, Altermatt et al. ( 2008 ,  2009 ) noticed that colo-
nization events occurred more frequently in dry years, when many pools were dry. 
This claim is supported by earlier observations in African rock pools. Here, it was 
shown that wind dispersal fl uxes were highest immediately after pools dried out 
(Vanschoenwinkel et al.  2008a ,  b ). Brendonck and Riddoch ( 2000 ) also illustrated 
egg bank erosion in Botswana rock pools that was more signifi cant in shallow pools 
not protected by vegetation. Altermatt and Ebert ( 2010 ) furthermore revealed that 
small and ephemeral pools contributed to more than 90 % of all dormant stages 
(ephippia) exposed during desiccation events in the entire metapopulation. They 
indicated this prominent role of small water bodies as drivers of metapopulation 
dynamics as an “inverse mainland-island type metapopulation.” 

 Another line of research focused on the microparasites of  Daphnia  species 
(Bengtsson and Ebert  1998 ). Among many other fi ndings, it has been shown that 
gene fl ow of rock pool  Daphnia  would be benefi cial for persistence of the meta-
populations because it counteracted the negative effects of inbreeding (Ebert et al. 
 2002 ). Besides the long-term data from Finland, another time series dataset exists 
for the small coastal rock pools (13–200 cm diameter) at Discovery Bay in Jamaica. 
In this system it was shown that more specious communities exhibited less variation 
in total abundances over years than less specious ones, although this pattern was 
initially not observed for individual populations (Romanuk and Kolasa  2002 ) but 
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could only be confi rmed after variation associated with species habitat specializa-
tion was taken into account (Kolasa and Li  2003 ). Additionally, diversity was shown 
to decrease if ponds dried out more frequently (Therriault and Kolasa  2001 ). Egan 
and Ferrington ( 2015 ) compared chironomid communities between two zones of 
freshwater coastal rock pools on Isle Royale (Michigan) in relation to distance from 
the shore. Pools closer to the shore had signifi cantly higher  diversity   and housed a 
totally different community in comparison with more inland pools. 

 The morphometry of rock pools also has an effect on species diversity. Basin 
morphometrics favoring several short hydroperiods resulted in more diverse micro-
crustacean communities (Briffa et al.  2014 ), while life-form diversity of plants was 
positively correlated with morphometric heterogeneity and sediment-depth hetero-
geneity of the basins. While pioneer studies explored the predictive power of using 
a Levins-type metapopulation perspective with identical patches of rock pools 
(Hanski and Ranta  1983 ), more and more evidence has accumulated that even 
seemingly identical rock pools can be much more heterogeneous than one would 
expect.  

     Invertebrate Adaptations   for Rock Pool Conditions 

 A large body of research has focused on life history adaptations of organisms to the 
temporary rock pool environment. In clusters of rock pools in Botswana, the life 
history and diapause ecology of the fairy shrimp   Branchipodopsis wolfi     were stud-
ied. It was shown that the species hatches at reduced electrical conductivities indic-
ative of fresh rains and well-fi lled pools (Brendonck et al.  1998 ). Animals became 
mature in less than 1 week, depending on temperature and the hydroperiod of the 
pool (Brendonck et al.  2000 ). Maturation rate was faster and broods had smaller 
eggs in the more short-lived pools. A similar pattern was observed for anostracans 
in South African rock pools by Vanschoenwinkel et al. ( 2010a ). Several parameters 
were determined that contribute to the egg bank budget in the freshwater rock pool 
system (Brendonck et al.  1998 ; Brendonck and Riddoch  2000 ; Hulsmans et al. 
 2007 ; Vanschoenwinkel et al.  2010a ,  b ). It turns out that many populations of this 
species—with exceptions of those in very ephemeral pools—are remarkably stable 
and, because of the adaptations to this environment, do not frequently go extinct. 
Brendonck et al. ( 1998 ) tested the capacity of egg banks of  B. wolfi   to buffer against 
subsequent population crashes due to early drying of the pools. They discovered 
that the egg bank still served as the source of new cohorts after 16 consecutive wet/
dry cycles with premature drying, spread over 2 years. 

 Although prominent, diapause, of course, is not exclusive to rock pool crusta-
ceans. McLachlan and Ladle ( 2001 ) show that diapause also provides important 
opportunities for certain Diptera to thrive in the most ephemeral rock pools. Many 
aquatic insects, however, do not diapause and have developed keen senses to 
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actively select suitable rock pools for egg deposition. This  has   been investigated in 
detail for mosquitoes in Israeli rock pools (Spencer et al.  2002 ). Among other obser-
vations it was shown that the presence of predatory salamanders affects their choice 
(Blaustein et al.  1996 ). In the coastal rock pools in Maine, prey abundance was 
shown to be a cue for interactive habitat selection in water bugs (Simonis  2013 ). 

 As freshwater rock pools usually hold shallow and clear water, it is expected that 
local populations are exposed to relatively high UV radiation and may require spe-
cifi c adaptations for protection against UV damage (Jocqué et al.  2010a ). Adaptations 
can be behavioral, like the escape behavior observed in  Daphnia  from Scandinavian 
rock pools that stay close to the sediment during the day but are more evenly distrib-
uted during the night (Ranta and Nuutinen  1985 ). Exposed animals can also show 
morphological protective adaptations, such as increased pigmentation (Hebert and 
Emery  1990 ). Some Copepoda (for instance,   Boeckella opaqua    in Western Australia) 
have remarkable red pigmentation, while several Cladocera such as  Daphnia jollyi  
in Western Australian rock pools, and a chydorid ( Leberis  sp.) in southeastern 
Botswana, have black pigmentation, not only in the ephippial capsule but also as 
adults (Jocqué et al.  2010a ).   

    Key Ecological Factors Controlling Invertebrates 
in Rock Pools  

     Hydroperiod      

 Much the same as in other types of temporary aquatic habitats, the  length of the 
inundation  or  hydroperiod  is an important determinant of the species composition 
that can be found in a rock pool at a given moment (Fig.  2.2 ). However, due to 
strong variation in the lengths of inundations of individual rock pools, the long-term 
inundation history, including variation in the length of inundations and the onset 
and the frequency of inundations (often summarized as a multivariate entity known 
as the hydroregime), may constitute a better predictor. This is particularly so for 
organisms with dormant propagules that can be considered permanent residents of 
rock pools, i.e., the Group 1 organisms of Wiggins et al. ( 1980 ). For organisms that 
do not persist in situ during the dry period, past conditions are likely to be much less 
important than current conditions. For instance, actively dispersing insects obvi-
ously use currently available cues to select habitats for oviposition (Spencer et al. 
 2002 ), while for organisms with banks of long-lived propagules, current abundances 
may refl ect both successes and demographic catastrophes experienced during an 
entire sequence of past growing periods. Hydroperiod acts as a life history-based 
selective fi lter. For instance, in Malawi, only Diptera with drought-resistant larvae 
can survive in the most short-lived pools, while those that lack this adaptation 
require longer hydroperiods (Cantrell and McLachlan  1982 ).
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        Competition and Predation   

 There is circumstantial evidence pointing at the importance of a  trade-off between 
competition and predation tolerance  as an important underlying factor  driving   suc-
cession in these systems (Fig.  2.2 ). Three studies have documented succession in 
temporary rock pools in Botswana (30 days) (Jocqué et al.  2007b ), South Africa 
(140 days) (Vanschoenwinkel et al.  2013 ), and Australia (140 days) (Timms  2012a ), 
respectively. While species abundances do change over time, short-lived pools do 
not undergo major successional phases over the time period of 1 month (Jocqué 
et al.  2007b ). These communities were dominated by fairy shrimp and clam shrimp 
as the dominant grazers of algae. In more long-lived pools in South Africa and 
Australia, a second successional phase could be observed. The arrival and popula-
tion increase of many fl ying colonists via active dispersal including many predators 
(notonectids, beetles, dragonfl ies) represents the start of a new successional phase 
(Fig.  2.2b ). The increase in predation ensures that populations of the predation- 
sensitive taxa such as fairy shrimp (Fig.  2.2c ) will crash. This may be exacerbated 

  Fig. 2.2    ( a ) Conceptual diagram of succession in temporary rock pools based on observations in 
Southern Africa (Vanschoenwinkel et al.  2010b ). Depending on the length of the hydroperiod, a 
fi rst group of fast-growing large grazers declines as a result of increasing predation and can be 
replaced by smaller more predation-resistant grazers. ( b ) A unimodal relationship between isola-
tion and alpha diversity was shown for passive dispersers in frequently disturbed pools in a South 
African pool cluster. This shows that location of pools  within   clusters as well as hydrological dis-
turbance regime may determine local diversity patterns. ( c )  Branchinella longirostris , a typical 
early successional large grazing fairy shrimp in Australian rock pools. ( d ) A water scorpion, an 
occasional late successional actively dispersing inhabitant of rock pools in South Africa. (Photos: 
B Vanschoenwinkel)       
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by high densities of predatory fl atworms. The large predation-sensitive grazers are 
replaced by more predation- resistant   grazers such as water fl eas. Competition trials 
have shown that these smaller water fl eas are competitively inferior to the larger 
fairy shrimp (Jocqué et al.  2010b ), suggesting that a trade-off between competitive 
ability and predation resistance could facilitate coexistence of these groups. 
Population dynamics of ostracods and copepods showed variable responses but 
typically also benefi ted from longer inundations. While these observations are 
based on just three fi eld studies, the conclusions might hold for a wider range of 
rock pools as suggested by observations from other habitats in Australia (Brendonck 
et al.  2014 ). Large branchiopods and Turbellaria are typically lacking in the less 
speciose coastal rock pools where  different   successional dynamics are expected. 
Nestedness analyses support that subtropical and semiarid rock pool invertebrate 
assemblages consist of a core of generalist species that occur in both short-lived 
pools and in the early successional stages of long-lived pools (Vanschoenwinkel 
et al.  2013 ). This group is complemented by a second group of taxa that require 
longer inundations. The latter include both taxa that are quite predictably present in 
rock pools but also rarer taxa with longer aquatic life cycles and vagrants that only 
very rarely disperse into rock pools such as water scorpions (Fig.  2.2d ) and 
Trichoptera. 

 While temporary rock pools are typically fi shless, with exception of pools close 
to rivers or to the sea (Pajunen and Pajunen  2003 ), the presence of  keystone preda-
tors  such as salamanders impacts habitat selection by mosquitoes. Variable presence 
of  Notonecta  and  Salamandra  as a top predator had important top-down effects on 
consumers (Blaustein et al.  1995 ,  1999 ) even cascading down to primary producers 
(Arnér et al.  1998 ). In a survey of 45 rock pools in southeast Botswana, Brendonck 
et al. ( 2002 ) revealed a negative association between dragonfl y nymphs and noto-
nectids on the one hand and the anostracan prey populations on the other hand. In 
situ predation experiments revealed the predation effi ciency of these groups that 
were indicated as top predators. Turbellarians are also often quite abundant and 
effective in predating on even much larger prey like fairy shrimp. In addition, they 
hatch at least as fast from the egg bank as their fairy shrimp prey (Brendonck et al. 
 2002 ). De Roeck et al. ( 2005 ) showed that besides impact by direct predation, tur-
bellarians also had an indirect impact on the anostracan population by reducing the 
hatching success of the egg bank. A similar suppression of hatching of zooplankton 
resting eggs by the presence of predatory salamander larvae was suggested by 
Blaustein ( 1997 )    and confi rmed by Spencer and Blaustein ( 2001 ).  

     Spatial Location and Connectivity   

 Pools near the edge of outcrops are more likely to lose sediment (Buschke et al. 
 2012 ). This might increase extinction risk for organisms with dormant egg banks. In 
rock pools in Malawi, McLachlan ( 1983 ) showed that isolation also matters for 
active dispersers. He found that certain chironomids from isolated pools were larger 
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than their counterparts from pools with lots of proximate neighbors, presumably 
because of higher dispersal ability. Within a rock pool cluster in South Africa, it was 
shown that an interaction between pool isolation and long-term disturbance regime 
determined alpha diversity in these pools, as assessed using four sampling periods 
(Vanschoenwinkel et al.  2013 ). A hump-shaped relationship between pool isolation 
and alpha diversity was only detected in passive dispersers in the most frequently 
disturbed pools. This suggests that dispersal was not needed to maintain diversity in 
the least disturbed pools with long hydroperiods (Fig.  2.2b ). In isolated disturbed 
pools it seems dispersal cannot always compensate for local extinctions due to fre-
quent droughts. Lower isolation and increasing connectivity resulted in higher spe-
cies richness. However richness decreased again in the most connected pools, 
possibly due to higher abundance of generalist predators in these habitats. Meier 
and Soininen ( 2014 ) report that spatial distances along water connections were 
more important for explaining similarities in phytoplankton communities than over-
land distances. Interestingly, spatial patterns in community composition, indepen-
dent of measured environmental similarities, were even shown for bacteria in 
coastal pools at small spatial scales, suggesting that history of colonization or local-
ized dispersal dynamics matter even for organisms with such rapid generation 
times. Using long-term observations of three types of ecosystems, including 
Jamaican rock pools, Hammond and Kolasa ( 2014 ) studied the link between spatial 
and temporal variation in ecosystem variables. They revealed a strong quantitative 
link between spatial and regional temporal variation in 136 variables and suggested 
this as a basis for substituting variables, when long-time series are lacking.  

     Local Abiotic Conditions   

 Local abiotic conditions can impose important fi lters in rock pools that affect com-
munity membership. Salinity clearly matters for rock pools in coastal areas (Ganning 
 1971 ), but even minor differences in salinity or electrical conductivity can have 
important consequences for inland temporary pool communities. It has been shown 
that electrical conductivity was an important hatching cue for temporary pool inver-
tebrates (Brendonck  1996 ). In a study on the impact of salinity on  Daphnia  com-
munities (three species) in Swedish coastal rock pools, Liao et al. ( 2015 ) found that 
exposure to the local stressor was more important for stress tolerance than genetic 
diversity or level of isolation in the metacommunity. Little work has been done on 
the importance of nutrient addition in inland rock pool clusters on rocky outcrops as 
most rock pools are very oligotrophic. However, as further discussed below, it could 
be of potential conservation concern. Soininen and Meier ( 2014 ) studied patterns of 
phytoplankton species richness in subarctic Finish rock pools in relation with abi-
otic conditions and pool size. They found a highly signifi cant positive relation with 
total P concentrations and a marginally negative relationship with conductivity, 
while the size of pools was not important. Romanuk and Kolasa ( 2005 ) suggested 
that resource availability (determined by nutrient input and species diversity) may 
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be the principal mechanism determining invasibility at local scales in multi-trophic 
rock pool communities. Beisner et al. ( 2006 ) experimentally tested the invasibility 
of Jamaican rock pools by a competing ostracod in relation to local productivity and 
species richness. High resource availability and low species richness increased 
establishment success of the ostracod species.   

    Conservation and Management Issues of Importance to Rock 
Pool Invertebrates 

 Overall, rock pool habitats are not severely threatened worldwide and are less dis-
turbed by man than many other ecosystems. In part this is likely due to the fact that, 
unlike many temporary wetlands in lowland areas, the robust nature of the rock 
slabs makes these habitats diffi cult to destroy. Additionally, people do not have 
many incentives to interact with these habitats that are often located away from 
human settlements. Their occurrence in rocky terrains also makes them largely use-
less as water sources for agriculture or intensive grazing. Occasionally, local people 
will build huts on top of the rocky outcrops and use the rock pools to wash their 
clothes, as is the case in the Gutu region of Zimbabwe. Even those subject to pres-
sure from tourism like Wave Rock in Western Australia have faunas no less diverse 
than pools on rocks away from the public (Jocqué et al.  2006 ). 

     Direct Human Impacts   

 In the past, native Australian tribes used rock pools as sources of water and marked 
rock pools, and deeper pit gnammas in particular, on maps they painted under over-
hanging rocks and in caves (White  2009 ). For native Australian (aboriginal) people 
in the arid areas of South Australia, gnammas also facilitated access to a wider area 
and a larger range of resources. Aboriginal routes in arid areas were largely gov-
erned by the occurrence and distribution of rock pools with tracks radiating out 
from them. Many of the pit gnammas are currently disturbed partly from natural 
sedimentation due to failure of their former aboriginal custodians to clean them out 
occasionally and thus maintain their value as a water source. However, in some 
areas of the country, there is a reconnection of aboriginal communities to their land 
and appropriate management of their heritage (White  2009 ). Today, the rainwater 
that falls on rocky outcrops is still used by farmers in Western Australia. By build-
ing walls around an outcrop, they can guide the water, which would otherwise drain 
into the sediment around the outcrop, to large collector tanks. This practice does not 
damage rock pools per se since the water in the pools is not harvested. But the walls 
that are put in place might act as migration barriers for amphibians and reptiles and 
may prevent some pool habitats that heavily rely on outcrop runoff to fi ll. Farmers 
often cover pools to keep wandering sheep from drowning, and damage is done by 
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the decaying infrastructure. In earlier times aboriginals covered some pools to 
reduce evaporation, and these covers, plus farmer’s covers, reduce diversity (Timms 
 2014a ). Quantitative studies of the potential effects of such modifi cations on biota 
and pool hydrology are, however, lacking. 

 Whether rock pools or pool clusters are expendable or not depends on the 
regional context. In some cases landscapes may be dotted with hundreds of 
outcrops, each containing clusters of rock pools. However, in other cases 
small  numbers of rocky outcrops with endemic lineages may exist on a single 
outcrop in a region that lacks similar habitats (Vanschoenwinkel et al.  2011 ). 
Community patterns suggest that dispersal among rock pools is often essential 
to maintain local diversity in rock pool patches (Vanschoenwinkel et al.  2013 ) 
and may help to counteract regular extinctions due to disturbance. Therefore 
it would be recommended to conserve entire clusters rather than single 
habitats. 

 Although many rock pool systems are oligotrophic, nutrient enrichment and 
eutrophication can be problematic in some areas. In the Australian outback, feral 
goats often gather  in   substantial numbers around granite outcrops. As a result of 
wind action, dried goat droppings often accumulate in the rock pools on these 
outcrops leading to eutrophic conditions or dead pools, without any sign of inver-
tebrate life. During periods of drought in Australia, kangaroos, emus, and assorted 
reptiles fi nd water in rock pools and can fall in and drown; as a result, their decay-
ing bodies pollute the limited water volume in the pool. Due to the typical oligo-
trophic state and small volume of inland rock pools, one could argue that even 
small additions of nutrients could have important effects on biodiversity, but this 
remains to be studied quantitatively. It has also been hypothesized that nutrient 
enrichment as a result of mass tourism on the sandstone monolith Uluru could 
possibly explain the decline of an endemic rock pool crustacean (Timms pers. 
comm.). Coastal rock pools tend to be more eutrophic. In this case nutrients may 
be added by visiting sea birds. 

 In some cases, rock slabs with rock pools are accessible to all-terrain vehicles. 
Besides damaging the fragile vegetation on the escarpment, vehicles will some-
times drive through rock pools. An experiment by Graham and Wirth ( 2008 ) has 
shown that such physical disturbance of the sediment bank in pools loosens the 
eggs and seeds contained therein that can hence be blown more easily away by 
wind. In a South African pool cluster, it was shown that the dried remains of 
aquatic vegetation that remained during the dry season correlate with the abun-
dance of resting eggs of the fairy shrimp  Branchipodopsis wolfi   that could be 
maintained in these pools (Vanschoenwinkel et al.  2010a ). This was surprising 
since no link could be found with other factors such as hydroperiod that would 
directly be linked to reproductive success. Also Brendonck and Riddoch ( 2000 ) 
found egg bank sizes were more stable in pools where eggs were protected by 
vegetation against wind erosion. These studies indicate that wind erosion during 
the dry season is likely an important factor affecting long-term persistence of 
populations.  
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     Climate Change      

 Given the direct dependence on rainfall and evaporation for fi lling and on the pro-
portion of inundations that will be suitable for reproduction by different species 
(Hulsmans et al.  2008 ; Tuytens et al.  2014 ), it is no surprise that predicted changes 
in the earth’s climate will ensure that certain rock pool habitats will become less 
suitable for certain inhabitants. Simulations of realistic changes in rainfall and 
evaporation for central South Africa revealed that the proportion of inundations 
suitable for the reproduction of fairy shrimp may decrease by up to 21 %. This is 
worrying, since among rock pool inhabitants, fairy shrimps are still among the most 
rapidly reproducing species. Therefore, effects on the reproductive success of most 
other species are likely to be even more detrimental. Given the strong selection for 
rapid reproduction in these systems, it is also questionable whether species can 
adapt to reproduce even faster. It seems more likely that they are already at their 
physiological limit. In Australia, future climate change may act to reduce hydrope-
riods, particularly at northern and northwest fringes of the Wheatbelt and Goldfi elds 
(Timms  2012a ,  b ). It was sometimes stated that Arctic and subarctic rock pool and 
pond ecosystems are in general very sensitive to environmental changes because of 
their small size and high surface area to depth ratios (Smol and Douglas  2007 ). Tuck 
and Romanuk ( 2012 ), however, conducted an experiment to determine whether 
thermal variability of +4 °C leads to consistent changes in community structure, 
temporal dynamics, and ecosystem functioning in  laboratory      analogues of natural 
freshwater supralittoral rock pool communities inhabited by meiofauna and zoo-
plankton collected from subarctic, temperate and tropical regions. Subarctic zoo-
plankton communities proved to be more robust to thermal variability than temperate 
or tropical communities, and this suggests that increasing thermal variability with 
climate change may have the greatest effects on community structure and function 
in tropical and temperate regions. Studies on such rock pools give important insights 
into how future climate changes would affect these sensitive small aquatic ecosys-
tems in polar regions (Soininen and Meier  2014 ). Altermatt et al. ( 2008 ) demon-
strated the effect of weather changes on the metacommunity dynamics of three 
 Daphnia  species in Finnish rock pools. A fourfold increase in colonization rate was 
observed with warm and dry weather conditions, when egg banks were more 
exposed to dispersal by animals and winds. 

 Compared to other temporary aquatic systems, it is likely that given their small 
water volume, rock pools will be the fi rst to experience the effects of climate warm-
ing and changes in the seasonal distribution of water (Hulsmans et al.  2008 ). As a 
result they could  be      considered “sentinel ecosystems.” Overall, species with long 
aquatic life cycles might especially struggle to reproduce in rock pools in the fore-
seeable future. As an alternative tool for long-term monitoring to track differences 
in rock pool plant communities, Lanfranco et al. ( 2015 ) suggested phylogenetic 
clustering. According to this method, following the position of pools along a con-
tinuum of phylogenetic relatedness may reveal the response of local communities to 
climate warming. 
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 Although rock pools are usually small and therefore sensitive to climate 
change, permanent plant and animal inhabitants do show resilience against early 
drying, mainly through the buffering effect of the egg or seed bank in the sedi-
ment. Sediment from Botswana rock pools, for example, still functioned as a 
source of new hatchlings after 16 subsequent wet/dry cycles with simulated popu-
lation crashes and no addition of new eggs (Brendonck et al.  1998 ). Cross et al. 
( 2015 ) performed a similar experiment with plant seed banks from Australian 
rock pools and found that a viable seed bank persisted even after ten consecutive 
wetting events during 3 years.  

     Conservation Strategies   

 As freshwater rock pools are rather unique habitats housing a surprisingly high 
diversity of specialist  and   endemic species, protection of these habitats is essential. 
In Mauritania, mountain rock pools are holding a disproportional high richness (32 
% of all taxa and 78 % of all Mauritanian endemics) in vertebrates in comparison 
with the size of the pools (total: 46 ha), while more than 60 % of these pools are 
currently unprotected (Vale et al.  2015 ). These pools could function as microrefugia 
under climate change and expanding dry regions. 

 Low dispersal among inselbergs, as well as patterns of local endemicity and 
genetic regionalism, underscore the need to implement conservation strategies at 
regional rather than local scales (Jocqué ̀   2006 ,  2007c ,  2010a ). Strong links between 
local hydrological and climatological conditions and diversity patterns also indicate 
the need to conserve pools with different hydrologies and inselbergs in different 
climatological regions (Jocqué et al.  2010a ). The intensive biological surveys on 
granite outcrops in Western Australia highlight the need for conservation of these 
freshwater refuge habitats due to freshwater wetland depletion in the wheat belt 
from salinization (Jocqué et al.  2007c ; White  2009 ). However, very few gnammas 
occur in the nation’s conservation estate, and if so, it is more by accident than 
design, i.e., within reserves established for other reasons. Not one gnamma on Eyre 
Peninsula, South Australia, lies within a National Park, and very few do in Western 
Australia. Many rock pools, though, lie in reserves set aside for water conservation 
and so enjoy a measure of protection. Public education is a key process, and already 
in some local council areas in Western Australia, e.g., at Trayning, tourists are 
encouraged by roadside signage and brochures to visit extraordinary gnammas. 
Another interesting rock pool site offering good opportunities to reconcile tourism 
with conservation of biodiversity is the pilgrimage site of Montmajour near the 
Camargue in France (Cher  2008 ). While  tourists   are in the fi rst place attracted by 
the Medieval monastery (a world heritage site), they also show interest in the 48 
tombs that were cut in the rocks and that became mature rock pools even holding 
 Triops . Suggestions were made to the site manager to produce a brochure to inform 
visitors on the functioning of the rock pool ecosystem.       
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    Appendix 

 Passive ( left columns ) and active ( right columns ) dispersing invertebrate  families   
and genera recorded from rock pools worldwide (adapted from Jocqué et al.  2010a )

 Passive dispersers  Active dispersers 

 Higher taxa  Genera  Higher taxa  Genera 
   Turbellaria      Insecta  
 Rhabdocoela   Ephemeroptera  
 Dalyelliidae    Caliadne     Baetidae   Baetis  

  Gieysztoria    Callibaetis  
 Typhloplanidae   Bothromesostoma    Cloeodes  

  Mesostoma    Cloeon  
  Syrinx    Odonata  

   Nematoda     Aeshnidae   Aeshna  
 Dorylaimidae   Dorylaimus    Anax  
   Mollusca      Hemianax  
 Physidae   Physella    Polycanthagyna  
 Planorbidae   Bulinus   Coenagrionidae   Argia  

  Glyptophysa    Enallagma  
  Isidorella    Ischnura  

   Annelida      Xanthagrion  
 Aeolosomatidae  Corduliidae   Hemicordulia  
 Phreodrilidae   Antarctodrilus   Lestidae   Archilestes  

  Astacopsidrilus    Austrolestes  
 Tubifi cidae  .  Libellulidae   Bradinopyga  
   Tardigrada      Libellula  
 Macrobiotidae    Macrobiotus      Diplacodes  
   Crustacea      Orthetrum  
   Anostraca      Pantala  
 Branchinectidae   Branchinecta    Sympetrum  
 Branchipodidae   Branchipodopsis    Trithemis  

  Branchipus    Hemiptera  
 Chirocephalidae   Linderiella   Belostomatidae   Lethocerus  
 Streptocephalidae   Streptocephalus   Corixidae   Agraptocorixa  
 Thamnocephalidae   Branchinella    Arctocorisa  
   Spinicaudata      Callicorixa  
 Cyzicidae   Caenestheriella    Diaprepocoris  

  Cyzicus    Graptocorixa  
  Eocyzicus    Micronecta  

 Lepthesteriidae   Leptestheria    Sigara  
 Limnadiidae   Limnadia   Gerridae   Aquarius  

   Eulimnadia      Gerris  
   Laevicaudata     Naucoridae   Ambrysus  

(continued)

2 Invertebrates in Rock Pools



46

 Passive dispersers  Active dispersers 

 Lynceidae   Lynceus   Notonectidae   Anisops  
   Notostraca      Buenoa  
 Triopsidae   Lepidurus    Notonecta  

  Triops   Pleidae   Plea  
   Anomopoda     Veliidae   Microvelia  
 Chydoridae   Allonella    Coleoptera  

  Alona   Dytiscidae   Agabus  
  Celsinotum    Allodessus  
  Chydorus    Deronectes  
  Dunhevedia    Dytiscus  
  Ephemeroporus    Eretes  
  Leberis    Hydroglyphus  
  Monospilus    Hygrotus  
  Planicirclus    Hyphydrus  
  Pleuroxus    Ilybius  
   Plurispina      Laccophilus  
  Rak    Lancetes  

 Daphniidae   Ceriodaphnia    Liodessus  
  Daphnia    Megaporus  

 Ilyocryptidae   Ilyocryptus    Necterosoma  
 Macrothricidae   Macrothrix    Neoclypeodytes  
 Moinidae   Moina    Paroster  
 Neothricidae   Neothrix    Platynectes  
 Simocephalidae   Simocephalus    Potamonectes  
   Ostracoda      Rhantus  
 Cyprididae   Alboa    Sternopriscus  

  Amphibolocypris    Stictotarsus  
  Bennelongia    Thermonectus  
  Candonocypris    Uvarus  
  Chlamydotheca   Gyrinidae   Gyrinus  
  Cypretta   Haliplidae   Peltodytes  
  Cypricercus   Hydrophilidae   Berosus  
   Cypriconcha      Enochrus  
  Cypridopsis    Hydrochara  
  Cyprinotus    Hydrophilus  
  Eucyprinotus    Laccobius  
  Heterocypris    Limnoxenus  
  Ilyodromus    Limnoxenus  
  Kapcypridopsis    Tropisternus  
  Potamocypris   Hydraenidae   Tympanogaster  
  Strandesia   Limnichidae 

(continued)
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 Passive dispersers  Active dispersers 

 Cypridopsidae   Sarscypridopsis   Scirtidae 
 Ilyocyprididae   Ilyocypris    Trichoptera  
 Limnocytheridae   Gomphodella   Limnephilidae   Limnephilus  

  Korannacythere   Leptoceridae   Oecetis  
  Limnocythere    Triplectides  

   Copepoda      Lepidoptera  
 Cyclopoida  Pyralidae 
 Harpacticoida        Diptera  
 Parastenocarididae  Culicidae   Aedes  
 Canthocamptidae   Attheyella    Anopheles  

  Elaphoidella    Culex  
  Epactophanes    Culiciomyia  
  Pindamoraria    Culiseta  

 Centropagidae   Boeckella    Mimomyia  
  Calamoecia    Ochlerotatus  

 Cyclopidae   Acanthocyclops    Opifex  
  Cyclops    Theobaldia  
  Diacyclops    Tripteroides  
  Ectocyclops    Uranotaenia  
  Eucyclops   Ceratopogonidae   Atrichopogon  
  Macrocyclops    Bezzia  
  Megacyclops    Culicoides  
  Metacyclops    Dasyhelea  
  Microcyclops    Monohelea  
   Mixocyclops     Chironomidae   Ablabesmyia  
  Paracyclops    Allotrissocladius  
  Stolonicyclops    Alotanypus  
  Tropocyclops    Apedilum  

 Diaptomidae   Diaptomus    Archaeochlus  
  Hesperodiaptomus    Botryocladius  
  Leptodiaptomus    Chironomus  
  Lovenula    Cladopelma  
  Metadiaptomus    Compterosmittia  

   Amphipoda      Cryptochironomus  
 Gammaridae   Gammarus    Dicrotendipes  
   Acari      Gymnometriocnemus  
 Eylaidae   Eylais    Kiefferulus  
 Oribatidae   Aquanothrus    Microsectra  

  Chudalupia    Paraborniella  
  Scapheremaeus    Parakiefferiella  
  Trimalaconothrus    Paramerina  

 Trombidiidae   Paratendipes  

(continued)
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 Passive dispersers  Active dispersers 

 Mesostigmata        Phaenopsectra  
  Phaenopsectra  
  Polypedilum  
  Procladius  
  Tanytarsus  

 Dolichopodidae 
 Ephydridae 
 Muscidae 
 Sciomyzidae 
 Tabanidae   Tabanus  
 Tipulidae 
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    Chapter 3   
 Invertebrate Communities of Alpine Ponds                     

       Scott     A.     Wissinger     ,     Beat     Oertli    , and     Véronique     Rosset   

          Introduction 

 Alpine and subalpine ponds and wetlands (hereafter collectively called “alpine 
ponds”) are small standing water bodies situated in high mountain regions at the 
upper limit of (subalpine) or above (alpine) tree line. Tree line (upper extent of 
 forest) typically marks a transition in the physical environment in mountain ecosys-
tems that is considered a “threshold for high-altitude biota” (Mani  1968 ). This tran-
sition from forest to herbaceous, tundra-like alpine plants is almost always 
accompanied by a shift in animal communities toward species assemblages adapted 
to the harsh conditions of alpine environments. The elevation (hereafter called “alti-
tude” to be consistent with the literature on alpine ponds) at which the transition 
from trees to herbaceous and shrubby, tundra-like vegetation varies considerably 
around the world depending on latitude, climate, soils, tree taxonomy, and north–
south aspect (Körner  2012 ). In general, tree line occurs at a lower altitude on south- 
temperate than north-temperate mountains at a given latitude (Körner  1998 ; Cieraad 
et al.  2014 ). 

 Alpine ponds have been described from nearly every mountainous region in the 
world (Mani  1968 ) including the Andes of South America (e.g., Coronel et al.  2004 , 
 2007 ; Hampel et al.  2010 ; Maldonado et al.  2011 ), Europe (e.g., Alps, Pyrenees, 
Pirin, Tatra; Catalan et al.  2009a ,  b ; Martinez-Sanz et al.  2012 ; Rosset and Oertli 
 2011 ), the Himalayas (Sommaruga  2010 ; Gardelle et al.  2011 ), western North 
America (the Rockies, Sierras: Carlisle and Hawkins  1998 ; Wissinger et al.  1999a ; 
Knapp et al.  2001 ), Australasia (Southern Alps in New Zealand, e.g., Wissinger 
et al.  2009 ; Chagué-Goff et al.  2010 ; and Tasmanian, Blue, Snowy in Australia, e.g., 
Rees and Cwynar  2010 ; Timms et al.  2013 ). Although individually small, alpine 
ponds are often abundant, occur at high densities (e.g., >10 ponds km −2 ), and like 
ponds and wetlands at high latitudes, can have a collective surface area that rivals 
that of deepwater lakes (Downing et al.  2006 ; Smol and Douglas  2007b ; Ewald 
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et al.  2010 ). Despite the ubiquity of alpine ponds in mountainous regions around the 
world, much of the information on benthic invertebrate communities is based on 
research in Europe and North America with fewer studies from Africa, South 
America, and Australasia. Research on invertebrate communities in alpine ponds in 
the Andes is especially focused on  zooplanktonic crustaceans   (de Los  2005 ; 
Declerck et al.  2011 ; Munoz-Pedreros et al.  2013 ). There appears to be a dearth of 
information on benthic invertebrate communities of alpine ponds in the Himalayas, 
Central Asian plateaus, and Western Asia. 

 Alpine ponds are typically located in geomorphologic settings that have been 
infl uenced by past or current glacial activity. Their hydrology is driven mainly by 
the accumulation of water from melting snow and ice and from summer precipita-
tion. They can be situated in depressional features in the hummocky terrain of post-
glacial or periglacial landscapes (e.g., kettles, swales dammed by moraines), in 
cirque basins, in riparian wetland complexes, and in alpine glacial valleys as open 
pools embedded in bog, fen, wet meadow (e.g., Holmquist et al.  2011 ) and marsh 
complexes (compare panels in Fig.  3.1 ). The latter can occur on peatlands formed 
in glacially scoured bedrock depressions or on unconsolidated glacial deposits (e.g., 
Chagué-Goff et al.  2010 ).  Supraglacial ponds   that form on the ice and rock debris 
fi elds of retreating glaciers are among the most ephemeral (in geological time) types 
of alpine ponds (e.g., Röhl  2008 ).

   In all of these geological settings, there is a size/depth gradient of basins that 
ranges from large, deep lakes to relatively small, shallow ponds. At the large end 
of the spectrum, a precise size distinction between “lake” and “pond” is arbitrary 
with large ponds and shallow lakes sharing many structural and functional 
characteristics (Søndergaard et al.  2005 ). The common-language distinction 
between the English words “pond” vs. “ lake  ” and equivalent words in other lan-
guages varies widely across regions of the world, and in some cases a common 
term is used to describe both types of alpine basins (e.g., “tarn” in Australasia). 
Hamerlik et al. ( 2014 ) fi nd an ecologically relevant threshold related to inverte-
brate species turnover rates and species–area relationship at about 2 ha in area that 
has important conservation consequences (see conservation section below). At the 
shallow, small end of the spectrum, “ponds” are sometimes distinguished from 
“pools” (with the latter being temporary; De Meester et al.  2005 ), and in North 
America, shallow ponds fall within the jurisdictional defi nition of wetlands (<2 
depth). Semantics aside, we focus on small (1 m 2  to a few ha), permanent, or tem-
porary shallow basins with at least seasonal surface water that occur at the upper 
limits of tree line (subalpine) and above (alpine). Although there has been research 
on the specialized plant communities of saturated soil wetlands at high altitudes 
(e.g., Central Asian plateau: Zhang et al.  2010 , Northern Andes: Chimner et al. 
 2010 ; Cooper et al.  2010 ), we did not fi nd information on the subsurface, moist-
soil invertebrate communities in alpine wetlands that lack surface water. In sev-
eral instances, we draw from the literature on lakes because (1) in some regions, 
the only invertebrate data are from small, shallow alpine lakes (e.g., in Australia, 
Timms et al.  2013 ); (2) the data from ponds and lakes are combined in the same 
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  Fig. 3.1    Examples of alpine ponds with ( a ) rocky, steep-walled alpine pond in Macun (Swiss 
National Park), 2660 m.a.s.l. (photo hepia); ( b ) alpine pond with adjacent meadow of cotton sedge 
beds (Valais, Switzerland), 2500 m.a.s.l. (photo hepia); ( c ) subalpine pond at upper limit of tree 
line [pond 12 in Fig.  3.2a ] in Colorado, 3400 m.a.s.l. (photo by Angus McIntosh); and ( d ) glacial 
soil and bedrock in tussock meadow in the Southern Alps of New Zealand, 1200 m.a.s.l. (photo by 
Angus McIntosh)         
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studies, e.g., in Europe, lakes and ponds are grouped together in the data reporting 
from several extensive surveys including the IBP, international lakes program 
(Kajak and Hillbricht-Illkowska  1970 ), and subsequent studies (AL:PE1 and 
AL:PE2, MOLAR [MOuntain LAke Research], EMERGE [European Mountain 
lake Ecosystems: Regionalisation, diaGnostic and socio- economic Evaluation]; 

Fig. 3.1 (continued)
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Marchetto and Rogora  2004 ); or (3) because invertebrates in the nearshore littoral 
zones of alpine lakes provide insight into topics that are germane to alpine ponds 
(e.g., climate change, effects of acidifi cation, fi sh introductions, permanence gra-
dients, unique alpine taxa).  

    Physical Characteristics of Alpine Ponds 

  Substrate conditions   in alpine ponds vary depending on their location in the alpine 
landscape (e.g., Fig.  3.1 ). Ponds on the highest and steepest slopes of mountains 
have inclined shorelines with rocky substrates, a narrow littoral zone with minimal 
benthic habitat zonation, few or no aquatic plants, and low terrestrial plant subsidies 
(Figs.  3.1a  and  3.2b ). In contrast alpine pond basins situated in inter- peak meadows, 
swales, or saddles and on mountainside benches occur in relatively fl at settings and 
have assorted substrates, relatively gradual shoreline profi les that can include zona-
tion in submergent (e.g.,  Isoetes  sp.) and emergent wetland plants (e.g., rushes, 
sedges) and detrital subsidies from plants in adjacent alpine meadows (Fig.  3.1b, c ). 
Temporary or extremely shallow (hence rapid aerobic mineralization) basins typi-
cally have a thin organic layer overlying bedrock or glacial soils (Fig.  3.2c ), whereas 
permanently inundated habitats can develop thick accumulations of gyttja and peat 
(Figs.  3.1c  and  3.2d ). Clusters of open pond basins that are embedded in alpine fens 
(e.g., Chagué-Goff et al.  2010 ) and other peatland habitats can be formed by niva-
tional (under snow) processes associated with the weight and movement of snow-
packs (Cooper  1986 ).

    Air temperature   is an extremely important parameter that changes with altitude 
and affects nearly every aspect of the ecology of small ectothermic organisms like 
aquatic invertebrates. Because of the small overall water volume (hence low heat 
capacity) and high surface-area-to-volume ratios in alpine ponds, water tempera-
tures respond quickly to radiative and evaporative heat exchange and solar  irradiance 
(Gerten and Adrian  2001 ). Moreover, because of the short growing season, many 
aquatic invertebrates have rapid life cycles that are sensitive to small changes in  the 
  thermal environment (Adrian et al.  2009 ). Temperature acts directly on aquatic 
invertebrates, driving growth and development rates and determining phenology 
and life-cycle length (Danks  2008 ). 

 Because of recent interest in predicting how climate change will affect the 
ecophysiology and development of species, there has been considerable research on 
thermal adaptation in aquatic insects (e.g., Nilsson-Örtman et al.  2012 ; Stoks et al. 
 2014 ; Rotvit and Jacobsen  2014 ). Intuitively, the lower temperatures and shorter 
growing season at high altitudes should result in slower grow rates and longer devel-
opment times than at lower altitudes. For example, the development of a mosquito 
larva (Diptera) requires only 18 days at 20 °C, but 35 days at 16 °C (Bar-Zeev 
 1958 ). However, studies across latitudinal gradients have shown that at high 
latitudes some species exhibit compensatory responses in physiology that match 
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their thermal environment, i.e., individuals/ecotypes from high latitudes shift their 
physiological rates so that they develop faster at lower temperatures (Sniegula et al. 
 2010 ; Shama et al.  2011 ). Although we do not know of comparable studies along 
altitudinal gradients that compare ecotypes and genotypes, such altitudinal compari-
sons would control for the photoperiod differences that potentially confound studies 
on thermal adaptation along latitudinal gradients (Sniegula et al.  2012 ). Such com-
parisons could also contribute to our understanding of the degree to which absolute 
temperature tolerance vs. acclimatory ability limits the distributional range of wetland 
aquatic invertebrates (Calosi et al.  2010 ).  

 The  hydrology   of alpine ponds varies depending on the dominant sources of 
inputs (direct precipitation, run off, groundwater, and snow and ice melt) and 
outputs (surface outfl ow, groundwater recharge, evaporation). Alpine ponds of 
all types are typically covered by ice and snow for much of the year, and even 
during the summer, surface ice can form and melt multiple times on a daily basis. 

  Fig. 3.2    ( a ) Cluster of 60 alpine (foreground ponds just above tree line at 3450 m.a.s.l.) and sub-
alpine (3400 m.a.s.l.) ponds at the Mexican Cut Nature Reserve in central Colorado; ( b , upper 
right) deep organic substrate (gyttja) with sparse submergent vegetation in permanent subalpine 
pond 5 (photo by Angus McIntosh); ( c , lower right) rocky substrate in alpine pond 53) (photo 
by Angus McIntosh); ( d , lower left) thin organic substrate with sparse submergent vegetation 
(Isoetes bolanderi) in temporary subalpine pond 8 (photo by Angus McIntosh)       
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In winter, shallow alpine ponds often freeze solid, and even relatively deep ponds 
can form “frazil ice” that creates a hostile environment for invertebrates (Daborn 
and Clifford  1974 ; Lee  1989 ; Oswood et al.  1991 ). Even permanent alpine ponds 
that freeze to or into the substrate might be best described as “aestival” in that 
liquid  water is not available for much of the year, and hence overwintering 
requires some adaptation for aestivation (Daborn  1971 ; Daborn and Clifford 
 1974 ; Danks  2008 ). Freezing is a major source of mortality for aquatic inverte-
brates in aestival habitats (Andrews and Rigler  1985 ; Duffy and Liston  1985 ), 
and variation among species in their tolerance to these conditions is likely to act 
as a fi lter on community assembly (e.g., Frisbie and Lee  1997 ; Danks  2008 ). For 
example, high-altitude limnephilid caddisfl ies that live in aestival alpine ponds 
use an adult diapause to delay oviposition until late autumn, when they lay their 
eggs under rocks and wood debris at the margins of pond basins. Experimental 
transfer of eggs to the pond basin results  in   high mortality compared to those in 
the adjacent terrestrial environment where they avoid the damaging effects of ice 
in relatively dry soils insulated by the overlying snowpack (Wissinger et al. 
 2003 ). Egg eclosion is triggered by subnivean water during snowmelt, and fi rst 
instar larvae enter the ponds in the melt water. Species in deep,  permanent ponds 
that oviposit in summer and begin larval development during winter (e.g., the 
phryganeid,  Agrypnia defl ata ) do not survive in adjacent aestival basins 
(Wissinger et al.  2003 ). Danks ( 2008 ) provides a general summary of the differ-
ing conditions and strategies for overwintering in shallow vs. deep ponds at high 
latitudes and altitudes. 

 The  hydroperiod   (schedule of fi lling and drying) of alpine ponds varies across a 
gradient from (1) permanent basins that never dry to (2) semipermanent basins that 
dry late in summer in some but not all years and to (3) temporary basins that dry 
annually after snowmelt waters have evaporated or drained from locally perched 
water tables. The physical conditions in temporary alpine ponds can be quite harsh, 
especially during the latter stages of drying when the high surface-area-to-volume 
ratio provides little buffering from the dramatic daily temperature swings that occur 
even in summer at high altitudes. Drying-pond temperatures can fl uctuate 30 °C or 
more daily, so that organisms spend much of the diel cycle at temperatures that are 
suboptimal (too cold at night and too hot in the day) for growth and development 
(Jannot et al.  2008 ; Lund et al.  2016 ). 

 The water of alpine ponds is usually clear, and high  UV radiation   can be harm-
ful for many species, damaging DNA and proteins (Mitchell and Karentz  1993 ); 
and, in some instances, causing mortality as observed in the phantom midge 
 Chaoborus  (Diptera) (Nagiller and Sommaruga  2009 ). Some species of zooplank-
ton have reduced this problem through  UVR avoidance  ,  DNA repair mechanisms  , 
production of mycosporine-like amino acids (MAAs), pigments (carotenoids, 
melanin), and/or antioxidants (Hairston  1976 ; Zellmer  1995 ; Hansson et al.  2007 ). 
The relative importance of these traits in alpine zooplankton appears to vary in 
different mountain regions of the world (Persaud et al.  2007 ; Sommaruga  2010 ). 
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Compared to deep alpine lakes, zooplankton in clear shallow alpine ponds have 
 less   opportunity to use diel migration as a strategy for avoiding UVR (Fischer 
et al.  2015 ).  

    Chemical Characteristics of Alpine Ponds 

 Because most water in alpine wetlands is from snow and ice melt, summer precipita-
tion, and/or short-distance surface runoff, the chemical composition of the water in 
alpine ponds is primarily determined by the composition and weathering of bedrock, 
and by  soil-forming processes   in the context of glacial geomorphology (Marchetto 
and Rogora  2004 ). Compared to most lowland ponds and wetlands, total dissolved 
solids ( TDS  ) are typically low (<100 mg L −1 ) and vary locally with bedrock compo-
sition. For example, in a cluster of alpine ponds in Colorado that occur in glacial 
depressions in quartzite bedrock,  TDS   values range from <1 mg L −1  during snowmelt 
to <20 mg L −1  in drying pools in late summer. Acid-neutralizing capacity (ANC) 
ranges from ~10 to 300 milliequivalents L −1  (Wissinger and Whiteman  1992 ), with 
that 100-fold difference determined by whether ponds do or do not receive  inputs   
from a fi rst-order bedrock stream that crosses a local outcrop of carbonate-rich rock. 
In general, except in mountainous regions with carbonate-rich sedimentary rocks 
(e.g., Catalan et al.  2009a ,  b ; Santolaria et al.  2015 ), alpine ponds should be poorly 
buffered from acidic inputs (anthropomorphic or natural, e.g., humic or tannic acids) 
compared to most lowland wetlands (Marchetto and Rogora  2004 ). Whether that low 
alkalinity translates into pH that is low enough to affect invertebrate communities 
will depend on levels of acidic inputs from natural (humic and tannic) and anthropo-
genic sources (acid deposition—see Human Impacts below). 

 In contrast to lowland water bodies, alpine lakes and ponds are often oligo-
trophic and co-limited by both nutrients (N and P) (Elser et al.  2009 ). Exceptions 
include those in volcanic mountains with phosphorus-rich rocks and those that 
receive atmospheric inputs of nutrients, especially nitrogen. In the Canadian 
Rockies, ponds are more nitrogen limited than lakes, therefore making them 
more sensitive early warning indicators of the potential effects of anthropogenic 
nitrogen deposition in remote mountainous regions (Murphy et al.  2010 ). 
Oligotrophic alpine ponds typically have low dissolved organic carbon (DOC), 
especially those that have mineral substrates (bedrock, rocky rubble, glacial 
till), and lack vegetation. DOC will be relatively high in  alpine ponds   with 
extensive littoral or terrestrial subsidies of vascular plant detritus or when asso-
ciated with peatland soils. Where a particular pond lies on a gradient from low 
to the high  DOC   (e.g., brown water alpine ponds embedded in alpine fen) will 
have cascading effects on water clarity (hence UVR), temperature, primary pro-
ductivity, and ultimately secondary (invertebrate) productivity. Although many 
alpine ponds have high oxygen levels associated with cold temperatures and low 
levels of microbial respiration, boundary layer anoxic  conditions   should be 
prevalent in those with organic substrates.  
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    Ecology of Alpine Ponds 

    Primary Productivity 

 Compared to low-altitude ponds, area-specifi c primary productivity in alpine ponds 
should be, in the absence of human inputs, low and co-limited by the availability of 
 nitrogen and phosphorus   (Elser et al.  2009 ). For example, ponds that occur on 
quartzite bedrock at 3400 m elev. in Central Colorado are ultra-oligotrophic with 
extremely low, often undetectable levels of water-column nitrogen and phosphorus 
(Harte et al.  1985 ; Wissinger and Whiteman  1992 ). The overall annual primary 
productivity of alpine ponds is further constrained by the relatively short growing 
season, which can range from a few weeks in ponds that only melt for part of the 
summer to up to 4 months at subalpine altitudes. Aquatic productivity is further 
reduced in temporary basins where the time between ice melt and drying can be 
only a few weeks. In arid alpine environments (e.g., Central and Southern Andes), 
annual primary productivity is more likely to be constrained by drying and hypersa-
line conditions than by snow cover (e.g., de Los  2005 ; de Los and Gajardo  2010 ). 
Except in “brown water ponds” embedded in peaty wetlands, alpine ponds are often 
clear with extremely low levels of phytoplankton productivity (e.g., <50 g/cm 3 ; 
Wissinger et al.  1999a ). 

 The relative importance of  algae vs. detrital sources   as primary sources of energy 
and nutrients should vary widely among alpine ponds depending on the extent to 
which there are macrophyte communities in the ponds and on the type(s) and pro-
ductivity of surrounding alpine terrestrial vegetation (compare panels in Figs.  3.1  
and  3.2 ). Although there are few studies to make a formal comparison, one might 
predict major shifts in the types and diversity of aquatic invertebrates depending on 
the degree to which phytoplankton, benthic algae, submergent and emergent macro-
phytes, and/or allochthonous detrital inputs are the dominant types of primary 
energy being harvested at the base of alpine pond food webs. Open, rocky-bottomed 
habitats (e.g., Fig.  3.1a ) with little or no allochthonous or autochthonous detrital 
 inputs   should have very different pathways of energy and nutrient movements than 
those with detrital inputs (Oertli  1993 ; Klemmer et al.  2012 , Fig.  3.1c ). Recent studies 
in oligotrophic shallow lakes and ponds in the Arctic reveal that benthic algal 
 productivity is nearly tenfold greater than that of phytoplankton (Rautio and Vincent 
 2006 ; Cazzanelli et al.  2015 ). Whether this characterizes patterns of algal produc-
tivity in alpine ponds has, to our knowledge, not been studied.  

    Secondary Productivity 

 A direct consequence of the generally low primary productivity in alpine ponds is an 
expected low secondary production of invertebrates (micro- and macroinverte-
brates). In general,  macroinvertebrate   productivity should be low and food-chain 
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length short compared to lowland ponds, both because of low primary productivity 
and because of metabolic constraints associated with cold temperatures (Plante and 
Downing  1989 ; Arim et al.  2007 ). Because of the extremely low levels of water- 
column primary productivity, it appears that epibenthic zooplankton rely heavily on 
benthic resources for growth, development, and survival (Cazzanelli et al.  2012 ). In 
general, because of the shallow nature and low water-column productivity in alpine 
ponds,  benthic–pelagic coupling   should be especially important for energy fl ow 
(Rautio and Vincent  2006 ). One of the main differences between alpine ponds above 
tree line and subalpine ponds at the upper edge of tree line is likely to be the addi-
tional sources of energy and nutrient subsidies from the surrounding forest, which is 
a dominant source of energy in ponds embedded in forested landscapes (Oertli  1993 ).  

    Invertebrate Community Composition 

 In large, permanent alpine ponds in Europe (0.2–2 ha), macroinvertebrate commu-
nities are often dominated in number and biomass by  chironomids      (Fureder et al. 
 2006 ; Fjellheim et al.  2009 ). Oligochaetes are also well represented (Laville  1971 , 
 1974 ), as are mayfl ies, stonefl ies, caddisfl ies, alderfl ies, and beetles. Small lakes are 
dominated by the same  taxa   (e.g., Oertli et al.  2008 ), as well as water boatmen, 
mites, fl atworms, hirudineans, bivalves ( Pisidium  sp.), and snails ( Radix  sp.) (see 
Figs.  3.3 ,  3.4 ,  3.5 , and  3.6 :  Appendix ). Data surveys in small alpine lakes in the 
Pyrenees Mountains in France indicate that chironomids are major contributors to 
 biomass and energy fl ow   (Laville  1971 ,  1974 ; Le Cren and Lowe-McConnell  1980 ). 
Other benthic macroinvertebrates that are major contributors to biomass include 
caddisfl ies, bivalves (e.g.,  Pisidium  sp.), aquatic beetles, mayfl ies, megalopterans, 
stonefl ies, oligochaetes, and hirudineans (Le Cren and Lowe-McConnell  1980 ). The 
data from small mountain tarns included in lake surveys in New Zealand, Tasmania, 
and South Temperate mountains of mainland Australia indicate that the dominant 
contributors to benthic biomass are remarkably similar to each other and to those 
reported in Europe (Timms  1978 ; Wissinger et al.  2006b ,  2009 ; Timms et al.  2013 ). 
As appears to be the pattern in Europe, deep alpine lake benthic biomass is domi-
nated by chironomids and  oligochaetes  , whereas that of small alpine lakes and 
ponds includes a variety of other taxa including caddisfl ies, bivalves, aquatic bee-
tles, water bugs, and odonates (Wissinger et al.  2009 ; Timms et al.  2013 ).

      The cold, oxygen-saturated  conditions   in the highest alpine ponds support a spe-
cialized invertebrate fauna that includes  Ephemeroptera (mayfl ies)  ,  Plecoptera 
(stonefl ies)  , and  Trichoptera (caddisfl ies)   ( EPTs  ). For example, in Europe, the 
stonefl y  Nemurella picteti  (Plecoptera) and the triclad  Crenobia alpina  (Planaria), 
which are usually associated with cold well-oxygenated streams, occur in alpine 
ponds in the Swiss Alps if there are inlet and outlet streams; the predominantly lotic 
caddisfl y  Hesperophylax occidentalis  occurs in fl ow-through alpine ponds in the 
 Colorado Rockies  ; and ephemerellid mayfl ies, chloroperlid stonefl ies, and lotic fl at-
worms are more frequently encountered in alpine fens and wet meadows with than 
without fl ow in the Sierras (Holmquist et al.  2011 ) (Fig.  3.3c ). Similarly, EPTs 
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  Fig. 3.3       Stenothermal taxa present in well-oxygenated streams but also occurring in alpine ponds: 
( a ) Plecoptera:  Nemurella picteti  in the Swiss Alps (photo: J.L. Gatolliat), ( b ) Planaria  Crenobia 
alpina  in the Swiss Alps (© Biopix), ( c ) Trichoptera  Hesperophylax occidentalis  in Colorado 
Rocky Mountains (photo by Susan Washko)       

  Fig. 3.4     A   selection of cold stenotherm species, associated with alpine ponds in Europe: ( a ) the 
beetle  Hydroporus foveolatus  (Coleoptera) (photo: hepia), ( b ) the water bug  Arctocorisa carinata  
(Heteroptera) (photo: hepia), ( c ) the damselfl y  Coenagrion hastulatum  (Odonata) (photo: Antonin 
Jaquet), ( d ) the midge  Pseudodiamesa nivosa  (Chironomidae) (photo: hepia), ( e ) the arctic fairy 
shrimp  Branchinecta paludosa  (alpine ponds from high Arctic; photo: Markus Lindholm)       
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 typically found in streams in New Zealand (e.g.,  Nesameletus ornatus  and 
 Deleatidium  mayfl ies,  Zelandobius furcillatus  stonefl ies, and  Pycnocentrodes aure-
olus  and  Pycnocentria evecta  caddisfl ies) occur along the windswept shorelines of 
rocky and gravel-bottomed alpine lakes and ponds (Wissinger et al.  2009 ). Across 
altitudinal gradients in alpine zones, the relative abundance of eurythermal taxa in 
alpine ponds should decrease with cold-adapted stenotherms (Fig.  3.4 ) dominating 
in the highest and coldest habitats (Rosset and Oertli  2011 ). 

 To compare invertebrate communities in alpine ponds in the Alps (above) to 
those in the Rocky Mountains, we use data collected from a cluster of >60 subalpine 
and alpine ponds in The Nature Conservancy’s Mexican Cut Nature Preserve in 
Colorado (3540–3580 m elev.). These data were collected by multiple investigators 
from the Rocky Mountain Biological Laboratory over the past 40 years (reviews by 
Dodson  1982 ; Wissinger et al.  1999a  and references therein). As in Europe, chirono-
mids and other small Diptera (e.g., ceratopogonids, culicids) are major contributors 
to secondary productivity in North American alpine ponds, although low standing 
stock biomass belies their contribution to productivity except just before pulses of 
emergence in midsummer. Chironomid  diversity   (3–15 taxa) increases with pond 
size and permanence (Wissinger et al.  1999a ). Oligochaetes and  bivalves ( Pisidium )   
are especially abundant in ponds with soft sediments. The mayfl y,  Callibaetis fer-
ruginosa , occurs in permanent subalpine ponds without vertebrate predators (fi sh, 
salamanders), but as is often the case in Europe, alpine pond communities do not 

  Fig. 3.5    Cold    stenothermal benthic taxa common in    alpine ponds above 3100 m in the Rocky 
Mountains in Central Colorado: ( a ) larva of the caddisfl y  Asynarchus nigriculus  (photo by Scott 
Wissinger), ( b ) nymph of the mountain emerald dragonfl y  Somatochlora semicircularis  (photo by 
Ellie Irons), ( c ) adult boreal bluet  Enallagma boreale  (photo by Pierre Deviche), ( d ) adult of the 
water bug  Arctocorisa lawsoni  (photo by Mark Dreiling)       
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typically have mayfl ies or stonefl ies unless they are fl ow- through basins with a 
mixed lotic–lentic fauna. Cased caddisfl ies (Limnephilidae and Phryganeidae) 
(Fig.  3.5a ) can be extremely abundant and dominate the invertebrate biomass 
(>50 %) of subalpine ponds at peak abundance during the growing season (Wissinger 
et al.  2003 ; Klemmer et al.  2012 ). Species of odonates, water bugs, and dytiscid 
beetles with boreal- alpine   distributions (Fig.  3.5 ) (see section “Biogeography of 
Alpine Pond Invertebrates”) are the top predators in fi shless alpine ponds. 

 Alpine ponds typically contain a variety of  small-bodied benthic   and  epibenthic 
crustaceans   including ostracods, bosminids, chydorids, daphniids, and cycloid and 
calanoid copepods that survive drying and freezing in a resting stage in the sub-
strate (Dodson  1982 ; Wissinger et al.  1999a ). In addition to relatively small species, 
temporary alpine ponds in the Central Rockies contain a characteristic assemblage 
of large-bodied epibenthic crustaceans including cladocerans in the  Daphnia pulex  
complex (e.g.,  D. middendorffi ana ), one or more bright-red calanoid copepods 

  Fig. 3.6    Common water-column invertebrates in alpine ponds in the central Rocky Mountains that 
lack fi sh and salamander predators: ( a ) the fairy shrimp,  Branchinecta coloradensis  (photo by 
Susan Washko), ( b ) large-bodied cladocera,  Daphnia middendorffi ana  (photo by James Haney), ( c ) 
UV protective red-pigmented calanoid copepod, Hesperodiaptomus shoshone (photo by Edward 
Maly), and ( d )  Mesostoma  fl atworm predator on zooplankton in alpine ponds (photo by S.E. Thorpe)       
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(e.g.,  Hesperodiaptomus shoshone ,  Leptodiaptomus coloradensis ), fairy shrimp 
(e.g.,  Branchinecta coloradensis ), and epibenthic fl atworm predators ( Mesostoma 
ehrenbergii ) that prey on zooplankters, especially calanoid copepods (Fig.  3.6 , 
Maly  1973 ; Dodson  1974 ; Maly et al.  1983 ). When these large-bodied crustaceans 
seasonally hatch from egg banks in temporary-pond sediments, they increase the 
overall area-specifi c invertebrate biomass to almost twice (1864 ± 630 s.d. mg m −2 ) 
that of adjacent permanent ponds (1002 ± 236 s.d. mg m −2 ; Wissinger et al.  1999a ). 
Adult salamander predators that congregate to feed on this food bonanza serve 
as across- pond dispersal vectors for these crustacean invertebrates (Bohonak and 
Whiteman  1999 ). 

 Temporary habitat taxa are often a nested subset of the invertebrate communi-
ties in adjacent permanant alpine ponds, but species composition between perma-
nent and temporary alpine ponds can also change as a result of the replacement of 
different, closely related species with alternative adaptive strategies for coping 
with drying vs. predator avoidance (Table  3.1 ). For example, species of caddis-
fl ies that occur mainly in temporary alpine ponds exhibit a variety of characteris-
tics (high activity and foraging rates, minimal investment in protective cases, 
intraspecifi c aggression including cannibalism) that all contribute to their ability 
to pupate and emerge before basins dry (Wissinger et al.  2006a ; Greig and 
Wissinger  2010 ). The same traits make those species vulnerable to larval sala-
mander predators, which eliminate them from permanent ponds. In contrast, the 
behavioral and developmental traits of permanent-pond caddisfl ies (low overall 
activity, risk-sensitive foraging, high investment in protective cases) facilitate 
coexistence with salamanders but extend development to the extent that they can-
not complete development before their temporary habitats dry (Wissinger et al. 
 1999b ,  2006a ). Similarly, the large- bodied zooplankters described above are pref-

   Table 3.1    Distributions of detritivorous caddisfl ies in Central Colorado   

 Montane–elevation basins  Subalpine–elevation basins 

 Temporary  Semipermanent  Permanent 
w/ predators 

 Temporary  Semipermanent  Permanent 
w/ predators 

  L. externus  
( LE ) 

  L. externus  
( LE ) 

  L. externus  ( LE )   L. externus  
( LE ) 

 * L. sublunatus  
( LS ) 

 * L. sublunatus  
( 2000 ) 

  H. occidentalis  
( HO ) 

  L. picturatus  
( LP ) 

  L. picturatus  
( LP ) 

 * L. picturatus  
( 1998 ) 

 * L. picturatus  
( 1998 ) 

  L. tarsalis  
( LT ) 

  G. lorretae  
( GL ) 

  G. lorretae  
( GL ) 

 * G. lorretae  
( 2009 ) 

 * G. lorretae  
( 2009 ) 

  L. secludens    L. secludens  
( LSC ) 

  A. nigriculus  
( AN ) 

  A. nigriculus  
( AN ) 

   L Limnephilus ,  A Asynarchus, G  Grammotaulius,  H Hesperophylax . Ranges based on survey data 
from 1990 to 2015 (Wissinger et al.  2003 ; unpublished data).  Bold  indicates dominant species. 
 Asterisk  indicates recent upslope range shift in elevation. Dates show fi rst occurrence at that elevation  
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erentially preyed upon by fi sh and salamanders. As a result, these large tempo-
rary-pond taxa are replaced by small- bodied daphniid cladoceran and copepods 
and their chaoborid predators in permanent alpine ponds (Dodson  1970 ,  1974 ; 
Sprules  1972 ; Maly and Maly  1974 ). All of these zooplankton species can survive 
drying; thus, in this case, the replacement pattern across pond types is driven 
mainly by predators. Such species replacements across “predator-permanence” 
gradients have been documented for species within a genus, and genera within a 
family, for nearly every taxonomic group of aquatic invertebrates (Wellborn et al. 
 1996 ). However, the details of the proximate  mechanisms (different morpholo-
gies, physiologies, and behavior) and evolutionary patterns of diversifi cation 
within taxa are only well understood for odonates (e.g., McPeek and Brown  2000 ; 
Stoks and McPeek  2006 ; McCauley  2008 ) and  caddisfl ies   (see above). For other 
taxa that exhibit species replacements along “predator- permanence” gradients in 
alpine ponds (dytiscid beetles, water bugs, chironomids), the degree to which the 
pattern is driven by predators vs. permanence  per se  has not been studied experi-
mentally. Across all taxa in a cluster of alpine ponds, it appears that a shift in the 
top predator along the permanence gradient is more important than hydroperiod 
(Wissinger et al.  1999a ). They used ordination to rank the (dis)similarity in com-
munity composition for all taxa among ponds and then structured regression mod-
els (path analysis) to tease apart the relative roles of the various factors that might 
explain patterns of community composition (water chemistry, pond area, depth, 
permanence, predators). The most important factor that affected pond community 
composition was the presence or absence of large larval salamander predators, 
which occur only in relatively deep ponds that remain permanent for multiple 
years (Whiteman et al.  2012 ). This is consistent with the prediction that popula-
tion interactions (competition, predation) should be relatively benign in harsh or 
frequently disturbed environments like temporary alpine ponds because low prey 
abundances reduce the likelihood of resource competition and/or because harsh 
environments ameliorate the effi cacy of predation (e.g., Peckarsky  1983 ). In con-
trast, Greig et al. ( 2013 ) found that top-down predator effects are actually weaker 
in permanent than temporary high-altitude ponds in New Zealand and attribute 
this result to nonconsumptive effects of fi sh that weaken predation by invertebrate 
predators in the complex food webs of permanent ponds. They suggest that preva-
lence of generalists (rather than a replacement pattern of specialists) across 
predator- permanence gradients refl ects a balance between strong interactions in 
fi shless permanent habitats and weak predator effects in permanent ponds.

   Because alpine ponds often occur in clusters that include multiple basins that 
differ in  harshness and drying regimes  , they provide an excellent opportunity for 
(1) studying interactions between the relative importance of abiotic and biotic 
fi lters on community organization (also see Brendonck et al.  2002 ; Greig and 
Wissinger  2010 ), (2) the complicated and unresolved role that disturbance and 
predators have on local species diversity (see paragraph above and Hughes et al. 
 2007 ; Dornelas  2010 ; Fox  2013 ; Vanschoenwinkel et al.  2013 ), and (3) the role of 
dispersal in metacommunity dynamics at different scales and elevations (e.g., 
Rundle et al.  2002 ; Declerck et al.  2011 ; De Bie et al.  2012 ; Bertin et al.  2015 ).  
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     Species Richness   in Alpine Ponds 

 At a given altitude, patterns of species richness at different special scales (alpha, 
beta, gamma) have been attributed to a variety of non-mutually exclusive habitat 
characteristics including water chemistry, basin size, vegetation, degree of pond 
permanence, presence and type of predators, pond clustering, and connectivity (De 
Meester et al.  2005 ; reviews by Batzer  2013 ; Ruhí and Batzer  2014 ; Batzer et al. 
 2015 ). Here we summarize the evidence for the role that these factors play in deter-
mining species richness in alpine ponds. 

     Pond Area   

 Across all types of taxa, there is evidence that species richness is strongly affected by 
basin size. For example, in alpine ponds and lakes in the Tatra Mountains in Europe, 
ponds showed lower local diversity (alpha), higher among site diversity (beta), and 
similar regional diversity (gamma) than large lakes. These relationships were attrib-
uted to a combination of the species–area relationship (SAR)  per se , habitat heteroge-
neity, which often covaries with area, and environmental harshness (Hamerlik et al. 
 2014 ). Similarly, in a cluster of ponds (3450–3480 m.a.s.l.) in western North America, 
within-pond species richness ranges from 5 (0.02 ha) to 75 (4.5 ha) invertebrate taxa 
(Fig.  3.7 ). However, these overall trends do not always hold for individual taxa (e.g., 
Oertli et al.  2002 ), and patterns observed at low altitude are not necessarily relevant 
for alpine ponds. For example, in lowland ponds, dragonfl y richness is strongly gov-
erned by pond area (e.g., Oertli et al.  2002 ) but that does not appear to be the case in 
alpine ponds (Hinden et al.  2005 ; Ilg and Oertli  2014 ). This difference could be due 
to the overall decrease in richness with altitude such that it is only at the overall com-
munity level that a species–area relationship can be detected in alpine ponds.

        Vegetation   

 Many studies have linked species richness in ponds to the presence and types (sub-
mergent vs. emergent; stem architecture) of macrophytes (Hinden et al.  2005 ; de 
Mendoza et al.  2012 ; Ilg and Oertli  2014 ). Compared to lowland ponds, aquatic 
macrophyte densities in alpine pines are often relatively sparse, but some basins can 
have dense stands of both submergent and emergent aquatic plants (Fig.  3.1 ). There 
is some evidence that the presence of aquatic vegetation enhances species richness 
in alpine ponds (Wissinger et al.  2009 ), but we do not know of any studies that 
addressed the degree to which that association is related to one of several mecha-
nisms associated with habitat heterogeneity (e.g., niche partitioning, refuge from 
predators) or some aspect of resource productivity (e.g., plants as a substrate for 
biofi lm or as a source of autochthonous detritus). In alpine fen and wet meadow 
complexes in the California Sierras, the presence / absence of sheet fl ow during 
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snow melt in spring has a greater effect on aquatic invertebrate communities than 
did vegetation type (Holmquist et al.  2011 ).  

     Permanence   

 Temporary ponds at low altitudes have lower species richness than permanent ponds 
(e.g., Schneider and Frost  1996 ; Tarr et al.  2005 ; Vanschoenwinkel et al.  2013 ), and 
this same pattern is observed in alpine ponds (Fig.  3.7 ). This result is often con-
founded by pond area because large ponds are more likely to be permanent than 
small ponds. However, even when controlling for pond area, species richness is lower 
in temporary than in permanent basins (Figs.  3.7  and  3.8 ; Vanschoenwinkel et al. 
 2009 ; Wissinger et al.  2009 ). In alpine ponds, the species that occur in temporary 
habitats are often a “nested subset” of those in adjacent permanent habitats that have 
one or more adaptations to cope with drying including (1) the desiccation- tolerant 
stages of epibenthic crustaceans (cladoceran, copepods, brachiopods) that survive 
dry basins for frozen basins; (2) specialized oviposition strategies of aquatic insects 
that facilitate overwintering in dry basins (e.g., endophytic overwintering eggs of 
lestid damselfl ies, semiterrestrial eggs of limnephilid caddisfl ies); (3) rapidly dis-
persing adults that rapidly colonize newly inundated basins through egg deposition 
(e.g., chironomid and culicid dipterans); and (4) taxa with aquatic adults that cycli-
cally move back and forth between permanent and nearby temporary habitats (e.g., 
dytiscid, hydrophilid, and haliplid water beetles and corixid and notonectid aquatic 
bugs). Species that live in alpine temporary ponds face considerable interannual vari-
ation in the time between snow melt and pond drying and, thus, are likely to exhibit 

  Fig. 3.7    Invertebrate species richness as a function of area in a cluster of alpine ponds in the central 
Rocky Mountains of Colorado, 3450–3480 m. Permanent ponds (dark circles) do not dry. Semipermanent 
ponds (gray circles) dry in autumn in some years. Temporary ponds (open circles) dry in early summer 
in most years (updated from Wissinger et al.  1999a ,  b  to include recent upslope immigrants)       
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wide fl uctuations in population sizes, with high levels of recruitment in years in 
which drying occurs relatively late and complete cohort failure when drying occurs 
relatively early (Greig and Wissinger  2010 ). Finally, from a landscape diversity per-
spective, the drying of alpine wetlands can be diversity enhancing because of the 
seasonal replacement of aquatic by terrestrial invertebrate communities.  For exam-
ple, Holmquist et al. ( 2011 ) found that aquatic invertebrate composition and diversity 
during the wet phase of the hydroperiod differed between fens and wet meadows 
with and without sheet fl ow, but that terrestrial invertebrate diversity during the dry 
phase of the hydroperiod dwarfed that of both types of aquatic communities. 

         Elevational Gradients in Alpine Ponds 

    Species Diversity Decreases with Altitude 

 As with latitude,  altitude   is a major factor explaining the spatial heterogeneity of the 
distribution of life. For most biologic groups, species richness decreases with latitude 
toward the North and South Poles. Similarly, species richness for many taxa decreases 
with altitude (e.g., Rahbek  1995 ). The decrease is observed at the regional (regional 
species pool, gamma richness) and at the local scale (alpha richness). The causes of 
the decrease in the regional species pool with altitude are related to ecological and 
evolutionary processes (Graham et al.  2014 ) that include physical (climate, area, 
historical perturbations, geology) and/or biological (primary productivity) factors. 

 Such relations have been described for many ecosystems and taxonomic groups 
especially for  terrestrial biota   (e.g., Gaston and Blackburn  2000 ; Begon et al.  2006 ) 

  Fig. 3.8    Data from montane and subalpine lakes and ponds on the South Island of New Zealand 
indicate that independent of area, temporary basins typically have fewer species than permanent 
ponds (Wissinger et al.  2009 )       
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but rarely with pond invertebrates that nevertheless constitute a perfect research 
model for this aim. Data from alpine ponds from Europe (Switzerland) and North 
America (Colorado) provide evidence for a lower local species richness above than 
below tree line for various invertebrate groups (dragonfl ies, water beetles, caddis-
fl ies, and gastropods; Fig.  3.9 ). Other studies conducted in the North Cascades, 
Washington, USA (Hoffman et al.  1996 ), in European alpine  ponds   and small lakes 
in the Alps (Fureder et al.  2006 ; Fjellheim et al.  2009 ), and in the Pyrenees (de 
Mendoza and Catalan  2010 ) all corroborate the sharp decline in taxon richness with 
increasing altitudes. The latter study cautions that multiple factors underlie these 
patterns and which factor best explains altitudinal changes in diversity will vary 
across taxa and locations.

   The sharp decline in species richness with altitude is not simply a case of there 
being a particularly tolerant subset of  low-altitude species   that also occur in alpine 
ponds. Although there are some generalists with broad altitudinal ranges that extend 
into the alpine zone, the change in community composition is often related to spe-
cies replacements that mirror those observed when moving north or south in lati-
tude. A large proportion of the species from alpine ponds are boreal- alpine    species   
(see section “Biogeography of Alpine Pond Invertebrates”), including many  cold 
stenotherm     al specialists (Figs.  3.4 ,  3.5 , and  3.10 ). The proportion of the invertebrate 
community comprised of stenothermal species increases up to 100 % in the highest 
alpine ponds. The increasing dominance of boreo-alpine species richness with alti-
tude underlines the uniqueness of invertebrate assemblages and supports the notion 
that there is indeed a core set of species (sensu Batzer and Ruhí  2013 ) in alpine pond 
communities ( Appendix ).

       Life Cycles Shift Along Altitudinal Gradients 

 Alpine ponds present a unique set of constraints on the ability of organisms to com-
plete their life cycles because of the short growing season and low metabolic rates 
associated with cold temperatures. Altitudinal shifts in voltinism (generations per 
year) have been described in several groups of taxa. For example, the water boatmen 
 Callicorixa audeni  and  Cenocorixa bifi da  can complete two or more generations in 
ponds at montane altitudes but only one per year in  subalpine and alpine ponds   
(Dodson  1975 ). Similarly, the boreal- alpine   dragonfl y,  Somatochlora semicircu-
laris , can complete development in 2 years at montane altitudes (2500–3000 m elev.) 
in Colorado but takes up to 4 years to complete larval development in alpine (3400–
3700 m elev.) ponds (Wiley  1973 ,  1974 ; Wissinger et al.  1999a ). This change in 
voltinism can have several effects on population and community ecology. First, it 
increases the time that multiple year classes of larvae overlap, which is known to 
affect rates of interference competition, cannibalism, and ultimately cohort survival 
(Crowley et al.  1987 ). Secondly, it can result in the redistribution of a species across 
different types of ponds at a given altitude. For example, at montane altitudes, a 
species that relies on rapid development to complete larval development  in   one 
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  Fig. 3.9    Species richness below and above the tree limit for ( a ) water beetles of Switzerland, ( b ) 
water beetles of USA, ( c ) adult dragonfl ies of Switzerland, ( d ) adult dragonfl ies of USA, ( e ) gas-
tropods of Switzerland, and ( f ) caddisfl ies of USA. Mann–Whitney test results are shown with 
different letters above each altitudinal class. Letters denote groupings based on lack of statistical 
difference among classes. Vertical boxes represent the interquartile range (Q3–Q1), within which 
the line represents the median. Box size is proportional to the number of sites. Whiskers represent 
the largest non-outlier values. Drawn after Ilg and Oertli ( 2014 ), Oertli et al. ( 2008 ), and 
S. Wissinger (unpublished survey data)       
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summer before ponds dry can exploit both temporary and permanent habitats, 
whereas at high altitudes, the multiyear development time will restrict the same spe-
cies to permanent basins. Even in the absence of a change in voltinism, slow growth 
rates at alpine altitudes can affect whether a species can complete development in 
habitats that dry in late summer. For example, the cased caddisfl y  Limnephilus 
externus , which occurs in montane, subalpine, and alpine ponds in the mountains of 
western North America, can complete development in temporary ponds at montane 
altitudes but is restricted to semipermanent and permanent ponds at alpine altitudes 
due to longer development times (Wissinger et al.  2003 ). 

 Life-history shifts with altitude are also well described for newts and salamanders 
that are often the top predators (if there are any) on invertebrates in alpine ponds in 
Europe and North America (Whiteman et al.  1996 ; Denoël and Joly  2001 ). At mon-
tane altitudes, these top predators complete larval development in one summer, but 
in alpine ponds, they require multiple years of growth before they can metamorphose 
and emerge. At subalpine altitudes, growth rates are so slow that they forgo metamor-
phosis and remain in ponds as paedomorphic adults that exert strong top-down preda-
tor effects on invertebrate communities (Denoël et al.  2007 ; Whiteman et al.  2012 ).   

  Fig. 3.10    Percentage of cold stenothermal dragonfl ies present below and above the tree limit in 
Switzerland. Mann–Whitney test results are shown with different letters above each altitudinal 
class. Letters denote groupings based on lack of statistical difference among classes. Vertical boxes 
represent the interquartile range (Q3–Q1), within which the line represents the median. Box size is 
proportional to the number of sites. Whiskers represent the largest non-outlier values. Drawn after 
Ilg and Oertli ( 2014 )       
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    Biogeography of Alpine Pond Invertebrates 

  Arctic/boreal invertebrates   that also inhabit alpine ponds at temperate latitudes are 
of special interest to evolutionary biologists and biogeographers interested in under-
standing macro- and microevolutionary patterns of persistence and  postglacial 
recolonization (Theissinger et al.  2013 ). On average, moving upslope 100 m results 
in a change in climate that is about equivalent to moving 80 km (45 miles or 0.75° 
of latitude) toward the poles. Another way to view this is to consider that on aver-
age, a rise of 122 m in altitude is roughly equal to a 1-°C rise in mean annual air 
temperature (Danks  1978 ). Thus, it is not surprising that many of the species that 
live at low altitudes and high latitudes also inhabit alpine ponds at temperate and 
even subtropical latitudes. For example,  “taiga bluet” ( Coenagrion resolutum )   and 
 “boreal bluet” ( Enallagma boreale )   damselfl ies (Fig.  3.5c ) inhabit lentic habitats 
across a broad range of altitudes across the entire North American continent above 
40°N. However, in the Sierra and Rocky Mountains in western North America, they 
occur in alpine ponds as far south as northern Mexico, a range extension of nearly 
15° in latitude (roughly 1000 km). There appears to be a general biogeographic pat-
tern for alpine pond species in the Northern Hemisphere, especially for taxa with 
boreal centers of biogeographic origin. Among dragonfl ies, species of sympetriniid 
libellulids (e.g.,  Leucorrhinia hudsonica ,  Sympetrum danae ,  S. costiferum ), cordu-
liids (e.g.,  Somatochlora semicircularis ), and aeshnids (e.g.,  Aeshna palmata ,  A. 
juncea ) are among the top predators in alpine ponds in the Southern Rocky 
Mountains, far beyond their trans-boreal distributions at lower altitudes (Dubois 
 2016 ). Similar patterns are observed for European species in the same genera (e.g., 
 Somatochlora ,  Aeshna ,  Leucorrhinia ,  Sympetrum ) where postglacial relict and dis-
junct populations of these boreal-alpine stenotherms occur from the Alps, to the 
Tatras, and to the Urals (Šácha and Bulánková  2006 ; Bernard and Daraż  2010 ; De 
Knijf et al.  2011 ). Other arctic–alpine pond invertebrates with broad (often circum-
boreal) distributions at high latitudes, but restricted alpine distributions further to 
the south in both Europe and North America, include limnephilid caddisfl ies 
(Wissinger et al.  2003 ; Waringer et al.  2011 ,  2012 ) and dytiscid diving beetles 
(Larson et al.  2000 ).  

    Threats and Conservation Issues Associated 
with Alpine Ponds  

    Unique Species Assemblages 

 Ponds in general are considered to have high ecological and conservation value 
(Boix et al.  2012 ), and several aspects of alpine pond invertebrate communities 
present conservation opportunities and challenges. First, although an individual 
alpine pond is likely to contain fewer species than a large lake, these small basins 
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are often quite abundant and occur across multiple ecological gradients (size, degree 
of permanence, substrates, productivity) that affect community composition, diver-
sity, and structure (see above). Thus, as with ponds in general (Oertli et al.  2002 ; De 
Meester et al.  2005 ), differences in the fauna among alpine ponds are an important 
contributor to beta and gamma diversity of aquatic invertebrates in mountainous 
regions (Oertli et al.  2008 ; Hamerlik et al.  2014 ). Secondly, although the overall 
species richness is often lower than that in comparable (same size, permanence, 
etc.) low-altitude ponds, alpine pond communities are often dominated by cold 
stenotherms including endemic or near-endemic species (Oertli et al.  2008 ). Isolated 
alpine populations of these species are often distinctive ecotypes (see section 
“Biogeography of Alpine Pond Invertebrates”) and, compared to individuals and 
populations in the centers of their low-altitude boreal ranges, should be likely to 
have rare combinations of genes embedded in unique community contexts (e.g., 
Kaunisto et al.  2015 ). 

 Biological conservation of alpine pond invertebrates in Europe has been driven 
mainly by three fl agship groups: aquatic plants, amphibians, and dragonfl ies. Other 
invertebrate groups beyond dragonfl ies are also sometimes considered, especially 
when they are targeted on local red lists. In Europe, the NGO EPCN (European 
Pond Conservation Network) identifi ed 30 sites (mostly pond networks) at altitudes 
>1500 m that are particularly important for pond conservation in the Alpine Arc 
(Ewald et al.  2010 ). Their selection was motivated by pond density, services to 
society, threatened species, and the presence of the three fl agship groups described 
above. Targeted species included fi ve boreo-alpine dragonfl ies:  Coenagrion hastu-
latum ,  Leucorrhinia dubia ,  Somatochlora alpestris ,  Aeshna juncea , and  A. caerulea . 

 As exemplifi ed by this EPCN program, the conservation of pond communities 
has largely focused on networks of different types of ponds and therefore high beta 
diversity. The high beta and regional diversity associated with pond clusters has 
been observed in lowland ponds (Oertli et al.  2002 ), mountain ponds (Martinez- 
Sanz et al.  2012 ), and high-altitude bogs (Coronel et al.  2007 ) and is at least in part 
enhanced by the stabilizing effects of metapopulation and metacommunity dynam-
ics. Furthermore, high-altitude ponds provide refugia for threatened species because 
these habitats are often less likely to be directly impacted by human activities than 
those at lower altitudes (Grant and Samways  2007 ). 

 Alpine pond invertebrates, especially boreal- alpine   stenotherms, should be 
especially vulnerable to climate change. Thus, conservation strategies, policies, 
and priorities will need to account for anticipated shifts in species distributions 
(Gillson et al.  2013 ). In the Swiss Alps, Rosset and Oertli ( 2011 ) studied a group of 
alpine pond species potentially endangered by warming and classifi ed them accord-
ing to their resilience to this perturbation. The dragonfl y  Coenagrion hastulatum  
(Fig.  3.4c ), which is presently widely distributed, has a particularly low resilience 
index and should be especially vulnerable to future changes in climate. Climate-
driven local extinction of species and their geographical retraction have already 
been observed in other stenothermic taxa, as, for example, with the arctic fairy 
shrimp  Branchinecta paludosa  (Fig.  3.4e ) in alpine ponds from southern Norway 
(Lindholm et al.  2012 ).  
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    Sentinels for Regional and Global Atmospheric Human Impacts 

    Acid Deposition 

 Alpine ponds, like alpine lakes, are often isolated from local-scale impacts of human 
activities and therefore often considered to be sentinels of regional and global 
changes in the environment (e.g., Adrian et al.  2009 ; Catalan et al.  2009a ; Williamson 
et al.  2009a ,  b ). Early investigations on the effects of humans on alpine ponds and 
lakes focused on their vulnerability to acidifi cation. Basins situated in  unbuffered 
bedrock settings   (igneous, non-carbonate metamorphic, and sedimentary) are vul-
nerable to even low levels of atmospheric acid deposition (Harte et al.  1985 ; 
Camarero et al.  1995 ). Alpine ponds in mountainous regions that are downwind 
from major industrial and urban areas have been affected by both  sulfuric and nitric 
acid   deposition and, in the latter case, the deposition has affected both pond acidity 
and nutrient dynamics (Elser et al.  2009 ; Saros et al.  2011 ). Similarly, it appears that 
the melting of glaciers has affected the nutrient status and the planktonic communi-
ties of alpine ponds and lakes (Saros et al.  2010 ), but there appears to be a dearth of 
information on the impact on benthic invertebrate communities. The pH of rela-
tively unbuffered waters is also vulnerable to increases in temperature (and resulting 
biological activity), which can enhance rates of acidifi cation (Sommaruga et al. 
 1997 ). Acidifi cation reduces  DOC concentrations   in water bodies allowing increased 
penetration of  solar radiation   (Schindler et al.  1996 ), which has cascading effects on 
the entire food web. Many invertebrate taxa are sensitive to acidifi cation including 
microcrustaceans ( Daphnia ,  Hesperodiaptomus ,  Diaptomus ) and aquatic insect lar-
vae (Bradford et al.  1998 ). Molluscans, malacostracans, caddisfl ies, and mayfl ies 
are typically reduced or absent in ponds where pH is under 5.5 (Friday  1987 ). In 
general, species richness is lower in water bodies impacted by acid deposition 
(Bradford et al.  1998 ).  

    Climate Change 

  Global temperatures   are projected to continue to increase during the next century, 
resulting in a dryer, warmer climate in many parts of the world (IPCC  2014 ). 
Climate change impacts on aquatic ecosystems are predicted to be strong at high 
latitudes and high altitudes where the duration and timing of snow cover and melt-
ing can have disproportionately large effects on hydrology and water temperature 
(Heino et al.  2009 ; Post et al.  2009 ; Angeler et al.  2013 ). The most rapid and 
dramatic changes have occurred in shallow, temporary basins, because low water 
volumes and high surface-area-to-depth ratios make them especially vulnerable to 
changes in snowpack, snowmelt, and evaporation (Barnett et al.  2005 ; Corcoran 
et al.  2009 ). Species that inhabit temporary alpine ponds typically have rapid life 
cycles that rely on a variety of timing cues such as photoperiod, temperature and 
heating degree days, water chemistry, and wetting and drying events (Wissinger 
 1999 ; Williams  2006 ). They often exhibit plasticity in these traits in response to 

S.A. Wissinger et al.



79

seasonal, interannual, and long-term changes in temperature and in the duration of 
the wet phase of  hydroperiods   (De Block et al.  2008 ; Stoks et al.  2014 ). Thus, it 
is not clear whether the species that live in temporary alpine ponds will be among 
the winners or among the losers in the face of a changing climate (Rosset et al. 
 2009 ; Rosset and Oertli  2011 ). For aquatic species that live in temporary habitats 
that no longer fi ll annually, the answer is a  fait accompli  (Smol and Douglas 
 2007a ). For species that live in relatively deep alpine ponds that are not likely to 
dry in near ecological time, climate change impacts on growing season, water 
temperature, and hence primary and secondary productivity are more diffi cult to 
predict. For example, some insect larvae should develop faster and emerge earlier, 
which in turn should affect voltinism (e.g., semi-voltine species might become 
univoltine). 

 Distributional range shifts at the regional scale (latitudinal and altitudinal) are 
the most frequently observed effect of climate change (Hickling et al.  2006 ; Chen 
et al.  2011 ), and upslope shifts in distribution are expected for species whose ranges 
are limited by growing season or extreme temperature events. Two separate meta- 
analyses have estimated average altitudinal boundaries have moved upslope 6.1 m 
(Parmesan and Yohe  2003 ) and 11.1 m (Chen et al.  2011 ) per decade. Whether these 
range shifts have negative or positive impact on different species of aquatic inver-
tebrates will depend on the outcome of biological interactions in communities with 
new combinations of species (VanPutten et al.  2010 ). For example, if competitive 
outcomes between low-altitude upslope immigrants and boreal- alpine   stenotherms 
are temperature dependent, or if the latter enjoy an altitudinal (temperature) refuge 
from lower altitude predators or competitors, then those stenotherm taxa could be 
negatively impacted or even eliminated by such shifts in community composition 
(Rahel and Olden  2008 ). Models of the effects of shifting distributions predict a 
balance of colonization and extinction that will result in a marked increase in local 
species richness in alpine ponds (Rosset et al.  2010 ). Research on such topics is still 
in its infancy and predicting effects on particular species will require understanding 
what  abiotic and biotic constraints   limit current distributions along altitudinal gra-
dients, the ability of species to keep pace with a changing climate (Chen et al. 
 2011 ), and the degree to which species range expansions are limited by climate 
sinks (Burrows et al.  2014 ). For alpine ponds, the availability of yet higher basins 
becomes a climate-sink barrier for upslope shifts in the distributions of  cold steno-
therms  . It is unclear how upslope shifts in tree line (see review by Parmesan  2006 ), 
and alpine plant communities in general, will affect alpine pond invertebrates. 
Conservation strategies for protecting the unique assemblages of species in alpine 
ponds will need to be modifi ed to accommodate such shifting distributions 
(Mawdsley et al.  2009 ; Gillson et al.  2013 ). Finally, there is a growing literature on 
the effects of climate change on the expansion of paraglacial lakes and ponds as a 
result of the melting and retreat of glaciers (e.g., Gardelle et al.  2011 ; Komori  2008 ; 
Salerno et al.  2014 ). 

  Paleolimnological studies   from sediment cores provide an important archive of 
past limnological communities that can be used to reconstruct environmental 
changes (Smol and Douglas  2007b ; Saros  2009 ; Sayer et al.  2010 ). Subfossil 
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remains of invertebrates (head shields, postabdomens and claws of cladocerans, 
ostracod shells, freshwater mollusc shells, bryozoan statoblasts, chironomid head 
capsules, and preserved chitinous parts of beetles and caddisfl ies)  constitute   effec-
tive tools for assessing shifts in invertebrate community composition in alpine 
ponds (Smol et al.  2001 ; Luoto and Nevalainen  2012 ).   

    Predation by Introduced Fish 

 Fishes, which are often the top predators in lowland permanent ponds and wetlands, 
were historically absent in many subalpine and alpine ponds because of dispersal 
barriers. Instead, the aquatic top vertebrate predators were typically limited to adult 
and larval  salamanders   [e.g., Pyrenean brook salamander  Calotriton asper  in the 
European Pyrenees; alpine newts,  Triturus alpestris  (Denoël and Joly  2001 ) in 
Europe; and ambystomatid salamander larvae and paedomorphic adults in the 
mountains of western North America (Whiteman et al.  2012 )]. However, over the 
past two hundred years, nonnative salmonid fi shes (trout and salmon) have been 
introduced into high mountain lakes and permanent ponds for sport fi shing through-
out the world (MacCrimmon and Marshall  1968 ; MacCrimmon  1970 ). The effects 
of these fi shes on alpine aquatic communities have been especially well studied in 
Europe, western North America, and Australasia (New Zealand and Australia). 
Impacted invertebrates in alpine water bodies in Europe and North America include 
large zooplankton species (>1 mm; e.g.,  Daphnia  sp.) and large-bodied, conspicu-
ous, and non-burrowing macroinvertebrates (Knapp et al.  2001 ), e.g., water beetles 
(Coleoptera, Dytiscidae), caddisfl ies (Trichoptera), Acari, and water boatmen 
(Corixidae). Swimming taxa, such as dytiscid beetles, appear particularly sensitive 
to fi sh presence (Hinden et al.  2005 ; de Mendoza et al.  2012 ). The loss of large- 
bodied predatory invertebrates appears to benefi t the abundance of other  taxa   
including oligochaetes and  chironomids  . 

 In Europe and North America, the introduction of nonnative salmonids has also 
led to the extinction of native amphibians (frogs, toads, newts, salamanders), 
including those that were the original top predators on invertebrates. The replace-
ment of top native predators by  salmonid trout   has had cascading effects on ecosys-
tem processes (productivity, energy fl ow), prey diversity, and relative abundance 
(Knapp et al.  2001 ; Tiberti et al.  2014 ). Not surprisingly, conservation efforts on 
small lakes and large ponds that support nonnative fi shes have been focused on 
reassessing stocking practices and the removal of fi shes (see section on manage-
ment, below). 

 Unlike at low altitudes, fi sh survival in ponds and other shallow lentic habitats at 
high altitudes will be limited by the degree to which those habitats freeze solid or 
become anoxic and “winterkill.”    For large permanent ponds that do not winter-kill, 
the results from small lakes provide insight into how these introductions have or 
should affect alpine pond communities. For example, the introduction of trout into 
subalpine lakes in New Zealand reduces and often eliminates populations of native 
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galaxiid fi shes (McDowall  1987 ) but does not appear to have a major impact on 
benthic invertebrate communities, perhaps because of the refuge provided by 
 extensive beds of aquatic vegetation (Wissinger et al.  2006a ). Thus, relatively 
 shallow permanent alpine ponds and lakes may provide a regional refuge for taxa 
either because their winterkill or because of the presence of spatial refuges (beds of 
submergent vegetation and/or emergent vegetation on litoral fringes) that are absent 
from many alpine lakes. 

 The effects of  fi sh stocking   in alpine ponds and lakes can extend beyond the 
borders of aquatic basins. For example, in a comparison of fi sh and fi shless lakes in 
the high Sierra Mountains in California, Empanchin et al. ( 2010 ) found that trout- 
induced reductions in the export of adult aquatic insects (especially mayfl ies) had 
a strong negative effect on alpine birds that rely on this food source for feeding 
nestlings. They recommend that terrestrial recipients of aquatic subsidies be 
included in conservation and restoration plans for ecosystems that include alpine 
lakes and ponds.  

    Domesticated  Animal Grazing  ,  Trampling  , and  Eutrophication   

 Although many of the types of land use activities that affect lowland ponds and 
wetlands do not typically threaten alpine ponds, there are several threats that appear 
to be common across different geographic regions including the development and 
expansions of ski resorts, pedestrian traffi c from hikers and campers, water diver-
sions, and domesticated animal grazing (Brinson and Malvárez  2002 ). Perhaps the 
greatest local land use effects of humans on alpine ponds are related to the latter, 
i.e., cattle, sheep, goats, and yaks, and other domesticated mammals across the 
world are herded into alpine meadows to take advantage of the fl ush of terrestrial 
production during the growing season (Holmquist et al.  2010 ). This results in the 
trampling of alpine fen and wet meadow habitats and is of special concern for alpine 
ponds because many of the core set of species are oligotrophic specialists, and even 
low levels of grazing can have a major impact on habitat structure (from trampling) 
and on water quality and water quantity in these small, fragile systems (e.g., Fig. 
 3.11a ). Seasonal grazing in high-altitude meadows should negatively affect the 
nutrient dynamics of alpine ponds (Enriquez et al.  2014 ), and trampling by grazing 
animals can negatively affect riparian plant and animal communities (Wahren et al. 
 1999 ). Ponds are often one of the few sources of water for livestock herded into 
alpine meadows, and herds often frequent or concentrate around these fragile habi-
tats, thus selectively concentrating their nutrient effects in those areas (as in 
Gusewell et al.  2005 ).

   Cattle grazing and alpine pond conservation can be compatible if the shorelines 
of existing and newly created alpine ponds (see below)    can be protected from tram-
pling by livestock (Fig.  3.11 ). Although limited trampling can be sustainable (and 
can even create interesting microhabitats), extensive trampling is destructive, 
impacting the emergent vegetation and hydrologic stability of the pond (Fig.  3.11a ). 
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  Fig. 3.11    Alpine ponds subject of cattle trampling. ( a ) highly eutrophic pond with trampled veg-
etation (Pyrenees, France) (photo: H.J. Oertli) and ( b ) protected river shore (Alps, Switzerland) 
(photo: University of Geneva)       
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The protection of the shore with a simple barrier that encloses the pond (Fig.  3.11b ) 
or a part of it is an inexpensive and  effi cient   management  measure   that can maintain 
the ecological integrity of ponds in grazed alpine meadows.   

    Bioassessment and Monitoring 

    Sampling Protocols 

 Bioassessment and monitoring of alpine ponds have to be conducted for various 
reasons (see section “Management”). Nevertheless tools  specifi c   to alpine ponds are 
missing: Most tools are adopted from lake monitoring programs or have been devel-
oped for ponds in lower altitude. For example, sampling of invertebrates in rela-
tively deep ponds is often conducted with grab (e.g., Ekman) or samples of known 
area collected by snorkeling or  SCUBA  . For small, shallow ponds, a benthic net 
appears to be the most common approach, and semiquantitative samples can be 
obtained by sweeping a known area for a fi xed time/number of sweeps. Because of 
differences in the abundance of large- vs. small-bodied organisms, it is often effec-
tive, when collecting quantitative data in shallow ponds (i.e., numbers or biomass 
per area), to use a relatively large sample device (e.g., hand net across a known area) 
for large taxa and a small area core for small taxa (microcrustaceans, chironomids, 
oligochaetes; Wissinger et al.  2009 ). Complete taxonomic censuses should consider 
the degree to which samples need to be taken in different microhabitats (e.g., depth, 
substrate, vegetation cover). 

 Alpine ponds are often located far from human settlements. Nevertheless, 
human impacts (acidifi cation, climate change, predator introduction, etc.) necessi-
tate their management and/or monitoring. This management needs to be specifi c to 
the alpine environment because the environmental factors driving diversity in 
alpine ponds differ from that in lowland ponds (Ilg and Oertli  2014 ). Research on 
monitoring methods has been conducted on mountain ponds in the Apennines in 
Italy where Solimini et al. ( 2008 ) developed a  multimetric biological index   based 
on macroinvertebrates for detecting impairment through eutrophication. Their fi nal 
index is the summation of seven metrics refl ecting different aspects of the structure 
and function of the macroinvertebrate assemblage: a pollution tolerance metric, 
three metrics based on taxonomic richness (richness of macroinvertebrate genera, 
richness of chironomid taxa, and percentage of total richness composed by may-
fl ies, dragonfl ies, and caddisfl ies), two metrics based on functional feeding groups 
(richness of collector gatherer taxa and richness of scraper taxa), and the habit-
based metric richness of burrowers. In ponds  from   Switzerland, a systematic sam-
pling protocol (aquatic macroinvertebrates, adult dragonfl ies) has been developed 
and coupled with an assessment through a classifi cation system (Oertli et al.  2005 ). 
This approach has been successfully adapted for alpine pond monitoring (Robinson 
and Oertli  2009 ).  
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    Monitoring Approaches 

 The sentinel concept used for alpine lakes and large ponds (Adrian et al.  2009 ) 
applies particularly well to ponds (all sizes) because their small water volume 
responds quickly to perturbation. Although past and present alpine monitoring 
 programs have historically focused on alpine lakes (e.g., Catalan et al.  2009b ; 
Kernan et al.  2009 ), future program should include ponds and wetlands (0.01–0.1 
ha). Because many alpine ponds occur in large clusters, sampling can be done at a 
relatively low cost and encompass a variety of different habitats (e.g., gradient from 
temporary to permanent ponds, fi sh stocked and fi shless, with macrophytes and 
without). Presently there are few monitoring programs targeted per se on alpine 
ponds. One exception is the long-term monitoring of invertebrates being conducted 
in the ponds, lakes, and wetlands in the Mexican Cut Nature Reserve  in   the Colorado 
Rockies (since 1989) (Wissinger et al.  1999a ,  b ), where monitoring has revealed the 
arrival of upslope migrants of species previously found only at lower elevations 
(Wissinger, unpublished data). A second exception is the long-term monitoring in 
the Swiss National Park that includes a network of 25 alpine ponds that are being 
surveyed every 2 years for invertebrate diversity (Oertli et al.  2008 ; Robinson and 
Oertli  2009 ). After only 10 years, Oertli and colleagues have observed several sig-
nifi cant trends including a colonization of species coming from lower altitude (Ilg 
et al.  2013 ) but also a decline in a  biotic index   based on the water beetle community, 
which is sensitive to warming (Fig.  3.12 , Mavel  2014 ). Alpine pond monitoring 
should be coupled with paleolimnological investigations (see details above). The 
joint information  will   provide comprehensive patterns of biotic responses to pertur-
bations like climate change.

        Restoration and Creation of Alpine Ponds 

    Removing Nonnative  Fish   

 As described above, the stocking of previously fi shless alpine lakes and permanent 
ponds with salmonids for sport fi shing has resulted in changes in the community 
structure of those habitats. One approach to restoring the native biota in alpine 
ponds and lakes is to simply remove these fi shes. Gill netting has been used to 
remove fi sh in high mountain lakes in the Sierra Nevada (Knapp and Matthews 
 1998 ), and rotenone is another practice, although this pesticide is also toxic to non-
target native species (see also Meronek et al.  1996  for a review on fi sh-removal 
methods). Fish removal can be quite successful, with recovery facilitated by the 
winged adult stages of many benthic  macroinvertebrates   and by the resting eggs of 
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 zooplankton   (Knapp et al.  2001 ). In larger alpine water bodies, fi sh removal is also 
coupled with zooplankton reintroduction (McNaught et al.  1999 ) with the objective 
of restoring both the planktonic and benthic trophic structure.  

     Designing and Planning   New Alpine Ponds 

 The motivation for the creation and restoration of alpine ponds is typically focused 
on the conservation of the unique fauna in these habitats, but there are coupled ben-
efi ts including water storage (e.g., for cattle or snowmaking at ski resorts) and eco-
tourism (e.g., as a destination and water source for alpine hiking and camping). The 
basic principles and multiple benefi ts for enhancing and creating ponds and wet-
lands at low altitudes are well established (Fig.  3.13 ; see constructed and restored 
wetlands chapter). However these general approaches need to be carefully adapted 
to alpine ponds because of their unique geomorphological and hydrological setting 
(e.g., Oertli et al.  2014 ).

  Fig. 3.12    A  biotic   index ( blue line ) based on the abundance of the water beetles community 
(Coleoptera, Dytiscidae), separated in boreo-alpine species ( brown line ) and other species ( green 
line ). The index is the ratio of the two groups and evidences here a declining trend between 2004 
and 2013 in the alpine ponds from the Swiss National Park (after Mavel  2014 ), potentially linked 
to warming       
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              Appendix 

 Representative invertebrate taxa from subalpine and alpine ponds from study sites in the 
Swiss Alps, Colorado Rockies, and the Southern Alps of New Zealand. Lists are repre-
sentative and not intended to be comprehensive. Colorado taxa from alpine and subal-
pine ponds at >3000 m Elk Mountains near Rocky Mountain Biological Laboratory 
(Dodson  1982 ; Wissinger et al.  1999a ; unpublished data from R. Dubois, W. Brown, 
S. Wissinger). Swiss Alps data from subalpine and alpine ponds >1500 m elevation (Ilg 
and Oertli  2014 ; Oertli et al.  2008 ; Ilg and Oertli  2014 ; unpublished data from B. Oertli). 
New Zealand data from subalpine and alpine ponds >1000 m elevation in central and 
northern inland ranges of the Southern Alps on the South Island (Wissinger et al.  2006a , 

 b ; Wissinger et al.  2009 ; unpublished data from S. Wissinger, M. Galatowitsch, H. Greig) 

  Fig. 3.13    Pond dug in the Swiss Alps (1800 m.a.s.l.). The technical diffi culties are often linked to 
the topography, with machinery having to navigate steep slopes (photos: P.A. Frossard)       
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    Chapter 4   
 Invertebrates in Temporary Wetland Ponds 
of the Temperate Biomes                     

       Michael     J.     Jeffries     ,     Luis     B.     Epele    ,     Jered     M.     Studinski    , and     Csaba     F.     Vad   

            Temperate, Temporary Wetlands: Overlooked but Essential 

 The world’s temperate biomes conjure up iconic and particular visions of land-
scape, ecology and culture: the pampas grasslands of South America; the prairie 
plains and verdant broadleaved forests of North America; the fertile lowlands of 
Western Europe which, eastwards, grade into mighty river basins; and then the 
steppes of Russia through to central Asia. The very names of these regions sug-
gest horizon wide tracts of grassland or sylvan  woodland  . Temporary wetlands 
and ponds do not feature large in any popular images of the temperate biomes, 
compared, for example, to the fl ooded forest of the Amazon tropics or bog pools 
of the Boreal north. This is a shame because temporary wetlands are a consistent 
and distinct feature of  temperate regions  . The very nature of temperate biomes 
with their seasonal rainfall, milder climates and gentler terrain lends itself to the 
formation of small wetlands. Look closely and each temperate region has charac-
teristic wetlands with evocative names: the  mallines of Patagonia  ; prairie potholes 
and seasonal woodland ponds of North America; pingos, soda pans and parkland 
grazing ponds of Europe; and across to the seasonal wetlands of Daurian steppe 
as Mongolia grades into China. 

 These wetlands are often  biodiversity hotspots  , with distinct and rare inverte-
brates. However, they have been overlooked until the last 20 years or so or, worse, 
seen as a nuisance. The world’s temperate lowlands are under great pressure, 
often providing the best  agricultural land  . Our purpose here is to capture the 
importance of temporary wetlands for invertebrates (with occasional examples 
from plants and amphibians too where these are revealing) and explore the chal-
lenging ecology of these superfi cially simple systems so that the mallines, pot-
holes, pingos, fl ashes and slacks can be better appreciated as fundamental to the 
nature of temperate biomes.  
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    From Diseased Miasmas to Biodiversity Hotspots 

 Temporary wetlands and their fauna are not a signifi cant feature of the scientifi c 
literature before the mid-twentieth century, but the limited studies published were 
strangely prescient, identifying themes that have come to dominate contemporary 
research. Much of the early work refl ected fears that small wetlands were a source 
of contagion and disease, from the earliest records in China back to 2700 BC, via 
the Anglo-Saxon epic poem Beowulf, whose monstrous Grendel lurked in the 
swamps, to the assault on “ marsh fever  ” and its mosquito vectors in England during 
the First World War. 

 Wetlands as the source of disease motivated much of the work, in particular the 
 distribution of mosquitoes  . For example, Root ( 1924 ) surveyed ponds and wetlands 
in the state of Georgia. He identifi ed particular  types   of temporary pond, from lime-
stone sinks, and rain or fl ood pools, from open fi elds or wooded habitats. Different 
species of mosquito showed preferences for different wetlands. The presence or 
absence of  Culicidae   in general was attributed to variations in shelter provided by 
aquatic vegetation or the incidence of   Gambusia  fi sh  . Similar detail informed 
Macan’s ( 1939 ) survey of mosquitoes around Cambridge, UK. Small, temporary 
wetlands dominated the mix of habitats, and Macan identifi ed habitat cues that were 
likely to affect oviposition, primarily variations in hydrology and the ability of 
female mosquitoes to gauge these changes. He also identifi ed signifi cant effects of 
land use, notably the  intensive agricultural modifi cation   of fenland which had 
reduced the frequency of some species (e.g.   Aedes cinereus   ), had no discernable 
impact on others and increased populations of some (e.g.   Ochlerotatus rusticus   ) due 
to the creation of ditch habitats. 

 The search for  habitat factors   determining mosquito distributions underpins more 
global reviews too, e.g. wetlands in China and Japan (Lamborn  1922 ) or Ceylon 
(Senior-White  1925 ): although not solely temperate in focus again the role of 
hydrology, oviposition cues and food resources are made clear, even if the ability to 
unravel the invertebrate community provokes Senior-White to write “…the problem 
still remained in the state graphically summed up by Watson ( 1921 ) in this preface 
‘…in a single ravine, the various insect inhabitants may come and go in the won-
drous fashion of a fairy tale’”.  Mosquito ecology   underpinned later studies too, 
which introduced new themes. The seasonal sequence of mosquitoes and their bee-
tle predators in vernal ponds in Ontario were recorded by James ( 1967 ).  Trapping 
Dytiscidae beetles and Hemiptera bugs   revealed a replicable sequence of arrival, 
with the beetles colonising late in spring when mosquito larvae had already hatched. 
The sequence was different from that of permanent ponds, the beetles overwintering 
in permanent sites but then moving into temporary pond to breed. Different species 
of beetles showed different microhabitat preferences with more taxa amongst the 
shallow, vegetated edges. 

 Another disease,  liver fl uke   ( Fasciola hepatica , a debilitating fl atworm primar-
ily infecting sheep), also inspired early studies of temporary wetlands which are 
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the home of its vector, the snail   Galba truncatula   . In the UK, major outbreaks of 
the fl uke were associated with wet years, resulting in  G. truncatula  populations 
increasing to “catastrophic proportions” (Peters  1938 ), whilst the snail could go 
unrecorded in between. Peters’ detailed study included permanent ponds down to 
wet ground pockmarked with hoofprints to identify the snail’s ideal wetland. 
Peters also noted the apparent reluctance of the snail to move far, this limited 
dispersal begging the general question about the dispersal of temporary wetland 
invertebrates. The ability of  freshwater molluscs   to disperse had attracted interest, 
perhaps because it seems superfi cially so limited. The ability of snails to hitch a 
ride on birds and fl ying invertebrates such as beetles and bugs had attracted par-
ticular attention, not least the speed with which they could arrive in newly refi lled 
sites (e.g. Rees  1965 ). 

 Many of the key themes that have inspired contemporary research into the 
invertebrates of temporary  wetlands   are already to be found in this older literature: 
habitat preferences, the role of hydrology, predator impacts, dispersal and behav-
ioural responses to microhabitat. The one theme missing was an appreciation of 
these habitats for their own sake. 

 Scattered studies, usually of small numbers of ponds and focusing on ani-
mals’ adaptations, sometimes compared temporary and permanent ponds (Kenk 
 1949 ; Barclay  1966 ). A rare instance of more systematic studies is the work of 
Mozley who explored the fauna of temporary ponds in several temperate biomes. 
For example, Mozley ( 1937 ) outlined the  freshwater habitats   of the Kirghiz 
steppes, part of the vast grasslands of central Asia. In this classically continental 
landscape, the majority of ponds and wetlands are temporary, fi lled by snow-
melt and dry in summer. He distinguished three types: small depressions within 
the overall grass plains, noting the characteristic presence of  branchiopod 
shrimps     , along with pools on lake beds and intermittent streams, although the 
latter two are described as having only a meagre fauna. Mozley’s studies of 
temporary wetland habitats in many parts of the world culminated in his eulogy 
for temporary wetlands and their invertebrates as globally important but over-
looked (Mozley  1944 ). Invertebrates feature in other early studies of temporary 
ponds, such as Brown’s ( 1951 ) study of  Hemiptera      in ponds in southern England 
and the varying behaviours and wing development of permanent versus tempo-
rary pond species. 

 A sea change in our understanding of temporary ponds and their signifi cance 
as biodiversity hotspots began in the 1980s. In their review of temporary ponds in 
Europe, Williams et al. ( 2001 ) suggested that our understanding of these habitats 
“lags at least 50 years behind those of better known water bodies”. They provide 
some telling details. For example, in an otherwise excellent core review of 
Britain’s habitats, produced to underpin conservation policy, Ratcliffe ( 1977 ) dis-
missed temporary ponds as “not an important water body type in Britain”. The 
 UK’s National Countryside Survey  , a periodic nationwide audit of the condition 
of the landscape and habitats carried out every few years since the 1980s, did not 
record temporary ponds until 1996, when it was estimated that 40 % of ponds 
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(82,000) in lowland Britain were of this type. Unfortunately, conservation advice 
of the time routinely suggested that drying out was a major threat to pond wildlife 
and that digging out ephemeral wetlands was a good starting point for pond 
creation. 

 General surveys of invertebrates in the 1980s and early 1990s focused on perma-
nent ponds (e.g. Barnes  1983 ; Friday  1987 ) or did not include temporary sites at all 
in systematic studies of pond management for conservation (e.g. Gee et al.  1997 ). 
Temporary pond invertebrates were featured more in studies of fundamental ecol-
ogy processes, e.g. seasonal succession and trophic groups in an  Ontario vernal 
pond   (Williams  1983 ) and patterns of community assembly across 30 freshwater 
pools across Scottish wetlands (Jeffries  1989 ). These studies made clear the impor-
tance of species traits allowing them to exploit the ponds: the invertebrates of 
William’s pond showed variable phenologies and growth rates allowing different 
species to exploit and survive at different phases of inundation. The  Scottish wet-
land pool fauna   was clearly structured by the extent of summer dry phases interact-
ing with distance from potential recolonisation sources. 

 In the UK the renaissance in our understanding of the importance of ponds, 
including of temporary ponds, blossomed with the work of Pond Action founded 
in 1989 and recently renamed the  Freshwater Habitats Trust  . Pond Action set 
out to undertake a local pond survey around their Oxford base to develop a 
methodology that could be used for a national survey. No such inventory had 
been undertaken before, and, importantly, temporary ponds were included. 
Collinson et al. ( 1995 ) provided the fi rst detailed analyses of the signifi cance of 
temporary ponds, using  Oxfordshire data   which included 27 permanent ponds, 
six that dried occasionally and six that dried every year over the 6 years of the 
study. Macroinvertebrates were sampled by 3 min of net sweeping, divided pro-
portionately amongst the main habitat types in each pond, e.g. submerged pond-
weeds and emergent plants, a methodology that underpins all their studies, 
creating effective comparisons both amongst pond and management types and 
with other freshwater habitats. The macroinvertebrate data allowed compari-
sons of total species richness, rarity (in particular, a species rarity index based 
on national distributions) and heterogeneity in overall communities. In this 
early study, temporary ponds supported markedly fewer invertebrates, a mean of 
17.1 compared to 35–36 in the permanent or occasionally dry sites. However, 
rarity scores from temporary ponds were as high as those from other ponds; 
indeed four of the fi ve highest indices were from the small number of temporary 
sites, including the rarest species found in the survey, the beetle   Haliplus furca-
tus   , a Red Data Book 1 species, the highest category available. Overall inverte-
brate communities from temporary versus permanent wetlands were not 
distinctly different, although there were a few taxa associated only with the 
temporary sites such as the caddisfl y   Limnephilus auricula    and the snail   Anisus 
leucostoma   . Collinson et al. concluded that we should be careful not to write off 
temporary ponds. Evidence was accumulating from elsewhere in the UK too. A 
survey of invertebrates and plants from ponds from Scottish forestry plantations 
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in 1989 also notes that drying out may not be the problem it was so often seen 
as and that temporary ponds supported specifi c communities “in their own 
right” (Jeffries  1992 ). In the UK, pingo wetlands, essentially shallow, tempo-
rary habitats of the Norfolk Brecklands, created by the melting of buried ice 
lenses left behind as ice age glaciers retreated and perhaps 8000 years old, were 
identifi ed as internationally important for their rare water beetles (Foster  1993 ). 
The invertebrates of “the humble muddy hollow” (Bratton  1990 ) at last had their 
defenders, and these changes were made explicit in new advice on pond man-
agement, busting the myths that drying out was catastrophic and that changes to 
water levels should be minimised (Biggs et al.  1994 ). 

 In 2001 Pond Action organised a conference specifi cally to promote the 
importance of temporary ponds in a European context (Rouen  2001 ), making 
plain the signifi cance of these habitats as being common, natural, widespread 
and persistent but also their vulnerability and the lack of detailed studies. 
Nicolet ( 2001 ) highlighted the growing evidence from Pond Action’s national 
surveys of the importance of temporary ponds for rare species of invertebrate, 
with rare species found in 82 % of 70 temporary ponds surveyed from seminatu-
ral landscapes, although the proportion of rare taxa in permanent and temporary 
pond faunas was much the same, 16–17 %, but higher than in comparable sam-
ples from rivers, 11 %. The same conference emphasised the role of temporary 
wetlands as home for taxa that tend to be neither wholly terrestrial nor aquatic, 
such as  Dolichopodidae fl ies   which court and hunt on wet mud and  Sciomyzidae 
fl ies   whose larvae predate aquatic snails (Drake  2001 ) and  Carabidae and 
Staphylinidae beetles   (Lott  2001 ); these taxa often get overlooked by research-
ers who come from either aquatic or terrestrial  disciplines. The beetles provided 
a particularly striking example of this. From a survey of 30 ponds in 
Leicestershire, England, the species richness of Carabidae and Staphylinidae 
was higher than that of the most diverse aquatic taxa such as Dytiscidae and 
Hemiptera. The amphibious taxa of these transitional liminal habitats remain a 
poorly understood fauna. 

 Pond Action developed their work to include a survey specifi cally of tempo-
rary ponds in England and Wales. The ponds were selected from seminatural 
areas. Invertebrate data from 60 ponds again allowed comparisons of species 
richness, rarity and overall community patterns; 242 species, ~30 % of the UK 
freshwater invertebrate list, were found, with beetles dominant, often making up 
over 50 % of the taxa. Seventy uncommon invertebrates were identifi ed (29 % 
of the national list), and 82 % of the ponds yielded at least one uncommon spe-
cies, although many taxa were also known from permanent habitats. The gen-
eral community types were associated with variations in pH (e.g. acid heaths 
versus circumneutral  grassland  ) and between bare substrate and vegetated 
ponds. The days when a seasonally fl ooded pool would be seen as the ideal tar-
get to dig out were gone: “many temporary ponds are best left alone”, the 
authors concluded. 
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 Box 4.1 The Patagonian Mallines of  Argentina   
    

     The Argentinian Provinces of Neuquén, Río Negro, Chubut, Santa Cruz and 
Tierra del Fuego make up the Argentinian steppe, primarily grassland and rich 
in endemic plants and a characteristic invertebrate fauna. The climate is gen-
erally dry, cold and windy, and the strong west-to-east rainfall gradient has 
created two main phytogeographical provinces: the subantarctic forest and 
Patagonian steppe. On the steppe, precipitation is concentrated in winter and 
declines from 300 mm in the west to <150 mm in the east, increasing slowly 
towards the Atlantic coast. This has created abundant small ponds and wet-
land features called “mallines”, an aboriginal Mapuche word, which means 
swampy area or lowland area where water accumulates. They may be regarded 
as key components of wider landscapes, providing habitat for terrestrial and 
aquatic endemic species (Perotti et al.  2005 ; Kutschker et al.  2014 ). However, 
the mallines are also important as a water supply for livestock and can produce  
10–20 times more forage than other natural pastures, providing an essential 
food source for both domestic stock and wildlife (Gaitan et al.  2011 ). The 
ecological equilibrium of Patagonia is highly susceptible to human impacts, 
and the present methods of natural rangeland management are based on 
extreme overuse in space and time which has induced desertifi cation, one of 
the main environmental threats to Patagonian biomes. The consequences that 
these activities are having on Patagonian mallines are not well known. 

(continued)
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       Temporary Wetlands in the Landscape 

    The Number of Temporary Wetlands 

 Auditing the numbers and size of wetlands, even the largest, remains a challenge: 
the lack of reliable data is itself a threat to the conservation of temporary ponds and 
stymies opportunities for positive protections. Projects such as the Global Lakes 
and Wetlands Database and GlobWetlands have capitalised on advances in remote 
sensing, building on existing databases (see reviews in Lehnner and Döll  2004 ; 
Jones et al.  2009 ). However, the minimum wetland size thresholds in these audits 
are larger than most temporary wetlands, >1 km 2  (Lehnner and Döll  2004 ) or 
0.5–1 ha (Jones et al.  2009 ). Estimating the numbers of ponds and wetlands has 

 Box 4.1 (continued) 

 One example of the impact of different levels of livestock pressure on water 
quality and aquatic invertebrate assemblages comes from a study of 30 mal-
lines from Middle West Patagonia, 15 of them geographically isolated and 15 
connected (Pessacq et al.  2011 ). The analysis of environmental variables 
showed higher nutrient levels (especially ammonium and soluble reactive 
phosphorus) and lower aquatic plant coverage at more disturbed mallines, 
regardless of the mallines’ hydrology. Invertebrate assemblages were domi-
nated by Diptera, Coleoptera, Amphipoda and Hemiptera ( Appendix ), the 
typical core insect fauna of temperate wetlands around the world. Gamma 
diversity was 130 taxa. The isolated mallines supported 88 taxa, whilst 89 were 
recorded from connected sites. Forty-seven taxa were common to both types of 
malline; however, endemic species were only recorded at isolated wetlands 
(ten species) including a previously undescribed species of crustacean,   Lynceus 
mallinensis   . At very disturbed sites, the aquatic invertebrate communities were 
very species poor. Analysis of the invertebrates from disturbed site inverte-
brates distinguished assemblages associated with different levels of distur-
bance (Epele et al.  2013 ).  Oligochaeta   (  Lumbriculus variegatus   ), Copepoda, 
Diplostraca, Coleoptera and Diptera (Syrphidae) dominated mallines subjected 
to high levels of anthropogenic deterioration. 

 Whilst current management of livestock grazing produces changes in the 
physicochemical characteristics and aquatic invertebrate assemblages of mal-
lines, the impact appears to be more pronounced at isolated ones. Moreover, 
given the number of endemic species, these environments would be more vul-
nerable than those wetlands connected to lotic systems.    Some specifi c actions 
for conservation of these environments should include controlled grazing areas, 
alternative sources of water supply and in some cases livestock exclusion. 
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proven very diffi cult, even with advanced remote sensing. Small water bodies, per-
manent or temporary, are routinely missed from audits of global freshwater habitats, 
which degrades the opportunity for statutory protection and management interven-
tions. The fundamental nature of temporary wetlands, the very characteristics that 
make them so biodiverse, such as their small size, cryptic and changeable nature, 
   defi es easy survey (Fig.  4.1 ). Recent attempts to estimate numbers have used fi ne- 
grained remote sensing and intensive ground survey. Remote sensing uses both 
visual imagery such as air photographs or spectra in satellite images and geomor-
phology mapped by airborne radar, e.g. Lidar.

   Even the most detailed national or regional databases miss most small, tempo-
rary sites. For example, the  US Fish and Wildlife Service National Wetlands 
Inventory (NWI)   currently represents one of the fi nest audits but has a minimum 
area for sites of between 0.4 and 1.2 ha, varying with pond type and surrounding 
landscape (Pitt et al.  2012 ). This results in the omission of at least 50 % of tempo-
rary ponds. Pitt et al. tested the difference that local knowledge made to audits of 
ponds amongst wet woodland in South Carolina, compared to remote sensing. 
Detailed satellite data provided resolutions down to 1.0 m 2  and identifi ed 4567 wet-
lands down to 0.0001 ha in area and revealed densities of between 0.33 and 0.53 
ponds per km 2 . However, when local knowledge was used to search for sites across 
just 10 % of the study area, an additional 44 wetlands were found, all shallow, all in 
canopied forest. Their conclusion was that local knowledge was likely to reveal 
signifi cantly more wetlands than remote sensing alone. Air photos have also been 
tested by Calhoun et al. ( 2003 ), again in wooded habitats, in Maine, in northern 
USA. They combined air photos of different scales, with NWI data and ground 
survey. Results varied with the resolution of photos. For their study region, air pho-
tos at a 1:4800 scale suggested 516 potential ponds, 93 % of which were correctly 
identifi ed. However, 1:12,000 photographs suggested only 170 potential ponds, 90 
% of which turned out to be correct. Ponds found by ground truthing were signifi -
cantly shallower than those on the photos. Worse still the density of ponds identifi ed 
by ground transects was markedly higher, between 23.1 and 49.5 ponds per km 2 , 
varying with precise woodland type, compared to 1.1–13.5 ponds per km 2  from the 
air photos. The majority ponds were relatively small, two thirds less than 400 m 2 , 
similar to fi gures reported for other surveys of these American woodland wetlands 
where the majority of ponds are <1000 m 2 . 

 Results from surveys using diverse technologies all suggest that temporary wetlands 
are signifi cantly under-recorded. Estimates from air photos of wet woodland in 
New England suggested that 50 % of the ponds detected in detailed 1:12,000 photos 
were not in the NWI (Baldwin and de Maynadier  2009 ). Gala and Melesse ( 2012 ) 
combined  Landsat satellite images   with Lidar land elevation data to audit wetlands 
in the Prairie pothole region of central Canada. The combination resulted in detec-
tion of substantially more wetlands than recorded on existing maps, the satellite and 
Lidar combination being more effective than either alone, representing a 200–400 
% increase compared to known, mapped numbers. However, there were problems 
even with the detailed remote sensing, in particular the image pre- processing and 
de-speckling interfering with detection of the smallest sites. 
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 The numbers of temporary ponds and wetlands in temperate biomes remain 
largely unknown. The limited evidence suggests that existing audits signifi cantly 
underestimate numbers. More positively, these results show the fundamental nature 

  Fig. 4.1    The impact of  local climate variations   on wetland inundation. A temporary pond in graz-
ing meadows in northeast England photographed in July 2012 ( above ) and July 2014 ( below ). 2012 
was an unusually wet summer, preventing drying out. The wet conditions also resulted in livestock 
being removed from the fi eld. In 2013 the pond is nearly dry, heavily grazed and trampled       
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of these small, cryptic systems within the temperate biomes; woodlands, prairie and 
steppe and riverine wetlands, each has its own spatial and temporal rhythm of ponds. 
Identifying what this pattern is for each habitat would be a powerful addition to our 
understanding of temporary ponds.  

    Temporary Ponds in  Low- and High-Intensity Landscapes   

 Temporary ponds are a signifi cant feature of anthropogenic landscapes where land 
use is low intensity, often creating and sustaining a diversity of habitat types. 
Conversely, many lowland temperate landscapes have long histories of intensive 
agricultural use and increasing urbanisation, which threaten their characteristic wet-
lands, e.g. the lowlands of Eastern Europe (Williams et al.  2001 ). 

 The high species richness and numbers of rare taxa in temporary ponds in 
seminatural and natural landscapes were recognised in the fi rst national survey of 
temporary ponds in the UK, intentionally focusing on minimally impacted ponds 
(Nicolet et al.  2004 ). In this survey, mean numbers (and ranges) of plant and macro-
invertebrate species were 17 (0–36) and 25 (6–50), respectively, notably higher than 
results for previous surveys from wider ranges of habitats. The importance of these 
habitats is made even clearer from detailed surveys of two areas of the UK with 
abundant, often very small, temporary ponds in amongst low-intensity landscapes: 
the Lizard Peninsula in Devon, which is predominantly lowland heath and grassland, 
and the New Forest in Hampshire, a mix of grass, heath and open woodland (Bilton 
et al.  2009 ). In both cases, the pools and wetlands are largely anthropogenic, primar-
ily from quarrying activities on the Lizard Peninsula and cattle watering, water sup-
ply for agricultural mills, and marl (lime-rich soil) excavation in the New Forest. In 
both cases, temporary wetlands became characteristic of the landscapes, a form of 
cultural biodiversity refl ecting local economies. On the Lizard Peninsula, conserva-
tion management now includes trackway and rut sites, even though they are very 
small and anthropogenic. A survey of plants and invertebrates identifi ed signifi cant 
numbers of rare species, 7/119 plants and 25/165 invertebrates. These rare taxa were 
widespread, 59 % of ponds with at least one uncommon plant and 79 % with an 
uncommon invertebrate. At the same time, the overall dispersion of species was very 
patchy with over half the plants and invertebrates found in <10 % of ponds.  The 
  overall message is that these ponds are hotspots for overall species richness and rare 
taxa and that all pond types matter, not just a handful of exceptional sites. 

 Species with different natural histories may be affected differently by surrounding 
land use. In a study of invertebrates from playas in the High Plains of Texas, Hall et al. 
( 2004 ) compared the relative importance of landscape features versus the characteris-
tics within each playa and how these were associated with the presence of (1) drought-
resistant residents not relying on dispersal versus (2) transients lacking a drought-resistant 
stage and capable of active dispersal. Variation in the richness of resident species was 
signifi cantly related to adjacent land use, highest in natural range land and lowest in 
agricultural areas, especially early on during the wet phase. However, numbers of 
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transient species did not vary with land use, although they showed positive associations 
with increased habitat heterogeneity such as emergent plants. 

 The impacts may depend on the local context. In a detailed analysis of food webs 
from playas in the Pawnee National Grassland in Colorado, O’Neill and Thorp 
( 2014 ) expected that sites used by cattle would be impacted due to obvious hoof-
prints and faeces but could not identify any variations in the structures of food webs 
(e.g. simplifi cation due to the signifi cant input of organic matter from dung, from 
grazed versus ungrazed playas). One explanation may be that these wetlands had a 
history of impacts from large mammals such as bison, and therefore the pond fauna 
was well adapted to this disturbance and may be even benefi tting from microhabitat 
created by trampling and the transport of propagules from pond to pond via mam-
mal vectors. Arable cropping can produce more subtle effects. Food webs from the 
playas with corn around in the pond showed more complex food webs, perhaps as 
the corn provided an additional trophic supplement, but the playas lacking any buff-
ering natural vegetation tended to be more similar to each other than those with 
some buffer. A surround of natural vegetation resulted in more varied food webs. 

 Intensively used landscapes can support distinct and valuable temporary wetland 
biodiversity. But these habitats are often shallow, apparently bare fl ashes and hol-
lows (Fig.  4.2 ) and are even more overlooked than temporary wetlands in general, 

  Fig. 4.2    Shallow fl ashes and pools in arable fi elds are often ignored and seen as a problem impact-
ing crop yields. However, these transient habitats support distinct fl ora and fauna, perhaps most 
importantly the richness of beetle species when the sites are dry       
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especially sites that are ploughed and cropped some years. Brose ( 2003 ) focused on 
the diversity of ground beetles (Carabidae) and how this varied with plant commu-
nities from shallow fi eld wetlands. Across 30 such wetlands, 138 Carabidae were 
recorded, ranging between 28 and 58 species per site, along with 92 plant species. 
The study focused on the relationship between the beetles and the fl oristic diversity; 
in particular, did beetle diversity vary with the dominant plant species composition 
or with the structural complexity of vegetation, regardless of the plant species? The 
variety of beetles amongst vegetation plots in which the structural complexity was 
manipulated showed that beetles were more affected by plant architecture than pre-
cise plant species. These arable fi eld wetlands represent a disturbed, early 
 successional habitat offering diverse habitat structure as plants responded to varia-
tion of inundation and ploughing, promoting local beetle diversity. Although studies 
from temporary wetlands in arable landscapes are scarce, the results suggest that 
even the most unprepossessing ponds have their worth. Carabidae are essentially a 
terrestrial family, a good example of the importance of temporary ponds to nona-
quatic taxa.

   Evidence of the importance of temporary wetlands for terrestrial beetles was 
also provided by Lott ( 2001 ) who analysed data for Carabidae and the rove bee-
tles (Staphylinidae), another major terrestrial family. In total eight species of 
Carabidae and 16 Staphylinidae of national conservation status were recorded 
from 31 temporary ponds out of 112 ponds. The temporary pond beetle fauna was 
associated more generally with sites with fl uctuating water levels in general rather 
than the fl ooded ponds themselves; nonetheless, they provide a good example  of   
terrestrial taxa specialising in temporary habitats, often overlooked by freshwater 
ecologists.   

    The Community Ecology of Temporary Pond Invertebrates 

 Where once the invertebrates of temporary ponds were regarded only as the alarming 
vectors of disease, the last 20 years has seen a revelation in our understanding of the 
importance of these habitats. The research which identifi ed the signifi cance of tem-
porary ponds for the richness and rarity of their fauna was complemented by insight-
ful studies to explain the complex patterns and processes driving the assembly and 
dissolution of invertebrate communities.  Hydrology   dominates these habitats, but 
there is much more complexity in the detail and the interplay between different spe-
cies and their varying life histories. In particular, temporary ponds have proved fruit-
ful foci to test different models of animal community assembly. Therefore, we will 
examine hydrology in detail and then the competing concepts of community assem-
bly which add additional processes into the mix: this split is arbitrary, but we hope it 
avoids too much muddling of themes. 
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           The Devil in the Hydrological Detail 

 By the very nature of their habitat, the lives of temporary pond invertebrates are 
dominated  by   hydrology: the length of dry and wet phases, seasonal variation, fre-
quency and intensity of the disturbance both from refl ooding and drying out. Powerful 
syntheses of core processes and outcomes are given by Wiggins et al. ( 1980 ), Batzer 
and Wissinger ( 1996 ), Wellborn et al. ( 1996 ), Schneider and Frost ( 1996 ) and 
Williams ( 1997 ). A general paradigm emerges recognising the interaction between 
the hydrology and various factors, especially predation pressures. The dominant 
hydrological stress on invertebrates of very short wet phases and annual drying 
results in life history traits to either resist desiccation or recolonise rapidly. On the 
other hand, longer wet phases, eventually resulting in habitats that dry out only 
rarely, impose greater impacts of biotic interactions, especially from predators 
(fi sh, amphibians and larger-bodied longer-lived invertebrates). 

 However, as more studies have accumulated, there has been a growing sense that 
identifying any coherent, systematic processes that can be reliably applied to most 
sites has proved diffi cult: “seemingly intractable” as Batzer ( 2013 ) puts it. Outcomes 
of studies are contradictory, site specifi c and hard to replicate between places or over 
time. Even the most obvious likely factor in the lives of wetland invertebrates, hydro-
period length, provides only a coarse guide to species richness: richness increases 
with hydroperiod length but often a simplistic “very short  hydroperiod   versus any-
thing longer” step change. Batzer articulated the challenging outcome of this prob-
lem. Temporary wetland invertebrates may be largely insensitive to the environmental 
variation, the inconsistent outcomes of studies therefore being largely trivial, because 
the animals are highly adapted to thrive in a range of conditions. Alternatively, they 
may be highly sensitive, responding to their environment in ways we may not be 
aware of nor can measure or with a hypersensitivity  analogous to  chaotic systems  . 
This is a dangerous dichotomy if we are to nurture and conserve these vulnerable 
animals and their habitats. Ultimately, it is the striking variations in species responses 
and distributions however inconsistent that lead Batzer to conclude that the inverte-
brates are hypersensitive. “I feel …this review points towards high sensitivity” he 
writes, which is an unusual choice of words for a scientifi c review. However, as the 
many examples cited here show the detail of species responses is compelling and 
Batzer’s “feel” feels justifi ed. 

 Many recent studies include both fi eld survey and experimental manipulations to 
untangle the complexity of processes. The  timing and frequency   of inundation may 
be as important as the overall length. Kneitel ( 2014 ) provides a detailed experimen-
tal example using mesocosms to compare the fauna of 16-week-long inundations 
versus short (8-week) wet phases in either January–February or March–April in 
vernal pools in California. The richness and density of taxa were markedly higher 
in the later short wet phase, with the active dispersers (e.g. Diptera) notably 
increased. Overall length of the inundation was less important. Battle and Golladay 
( 2001 ) showed similar change over time but with the additional complication of 
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variation amongst habitats. Their study focused on  lime-sink wetlands   in southwest 
Georgia, USA, of three types: grass-sedge marsh, cypress savannah and cypress- 
gum swamp. In the early wet phase, the water chemistry was similar in all three. 
However, the  cypress-gum swamp waters   became increasingly nutrient rich, deoxy-
genated and stained from the rich leaf litter. The grass marsh supports an average of 
19.1 taxa in samples at the start compared to 17.0 later, whilst the cypress-gum 
swamp yielded 14.1, declining to 10.3 later. 

 Box 4.2 The Pannonian Plains of Hungary 
        

 The Pannonian Plain is the lowland heart of the Pannonian Basin, a biogeo-
graphically distinctive region of central Europe dominated by the rivers 
Danube and Tisza and including parts of Hungary, Romania, Croatia and 
Serbia. The plain is characterised by  diverse aquatic habitats  . The Kiskunság 
region is an area particularly rich in temporary waters. Boven et al. ( 2008a ) 
identifi ed a number of  temporary pool types  , such as wheel tracks, clay pits, 
meadow pools, pools in arable land and orchard pools, covering a wide range 
of  hydroperiods  . Astatic soda pans are also present in this region. These are 
 shallow saline and alkaline wetlands  , hosting unique invertebrate communi-
ties, mainly dominated by crustaceans (Horváth et al.  2013a ,  2014 ; Boros et al. 
 2014 ; Tóth et al.  2014 ;  Appendix ). They also represent important breeding and 
foraging habitats for  water birds   (Horváth et al.  2013b ). Considering the high 
diversity of temporary habitats, it is not surprising that the Kiskunság was 
identifi ed as a “hotspot” for large branchiopods (Boven et al.  2008b ). 

(continued)
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 Box 4.2 (continued)

An unusual type of temporary aquatic habitats is bomb crater ponds, often 
forming very dense clusters; in Northern Kiskunság, a cluster exists that con-
sists of more than 100 bomb craters, between 3 and 12 m in diameter, within 
an area of approximately 1 km 2  in a  sodic meadow  . They were created by 
mistargeted bombing of the nearby airport during the Second World War. The 
sodic soil results in sodic water. Despite being situated in close proximity, 
they exhibit a range of salinities from hypo- to mesosaline, along with a wide 
range of turbidity, hydroperiod, nutrients and vegetation cover. 

 The communities of invertebrates refl ect this environmental heterogene-
ity, with a high overall regional (gamma) diversity but marked differences 
between individual wetlands. The most diverse invertebrate group is the 
coleopterans with close to 60 taxa. Amongst the most widespread species, 
some typical pond and temporary water species occur such as the  Odonata 
 Lestes barbarus    and   Aeshna affi nis   . The ponds are also home to rare species, 
e.g. amongst fairy shrimps,   Chirocephalus carnuntanus   , a Pannonian ende-
mism, and   Eubranchipus grubii   . Ponds with the highest salinities are less 
diverse, and some of them have communities typical of soda waters, domi-
nated by the calanoid copepod   Arctodiaptomus spinosus   . In Europe soda 
waters are rare so this unusual fauna ( Appendix ) is of high conservation 
value. Therefore, despite their anthropogenic and ominous origin, these 
ponds make an important contribution to regional and continental aquatic 
biodiversity. 

 Thousands of other  bomb crater   ponds are present on other parts of the 
Plain created by military exercises, particularly in the Hortobágy region of the 
Great Hungarian Plain. Because of their origins, they are often considered 
wartime scars, and grassland rehabilitation measures have been applied often 
without a proper evaluation of their contemporary biodiversity. This loss is 
even more signifi cant because, before river regulation, the major part of these 
grasslands comprised temporarily fl ooded areas, creating different water bod-
ies each with their own natural dynamics. Considering the serious losses in 
such aquatic habitats in central European fl ood plains, the crater ponds do not 
deserve their negative reputation which eclipses their value for conservation. 
They are unusual and distinctive hotspots for temporary water biodiversity, a 
replacement for the lost wetlands of the old fl ood plains. 

 Because  the   bomb craters are of the same age and in close proximity, any 
climate and soil-related differences are reduced. Therefore, these areas can be 
considered as “natural labs” with a suffi cient number of replicates exhibiting 
a wide array of environmental gradients. This makes them excellent model 
systems for community ecology studies. 
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  Although the  loss of water   from temporary wetlands was once seen as a problem, 
unusually long wetting may be as destructive a disturbance to temporary ponds as 
the loss of water from normally permanent ponds (Jones  2013 ). Golladay et al. 
( 1997 ) provide a neat example, again from the lime-sink wetlands of Georgia. These 
are seasonal wetlands in woodland, usually wet from late spring into early summer. 
A study of invertebrates from three wetlands in 1994–1995 coincided with unusu-
ally heavy rain in the summer of 1994 so that the sites stayed wet. The extended 
wetting resulted in lower densities of the normally dominant Amphipoda, Isopoda 
and smaller zooplankton. Conversely,  Chironomidae midge larvae and freshwater 
sponges   thrived on the submerged woody debris, perhaps benefi tting from a lack of 
predation. A similar impact occurred in small experimental pools monitored from 
1995 to 1999 in Northumberland, UK. In 1995 and 1996, the pools had a single, 
sustained summer dry phase. In 1997 just as the ponds started to dry very heavy 
rain, a 1 in 300-year event overfi lled them and they stayed wet for 28 months. Some 
widespread invertebrates were lost (e.g. the caddis   Limnephilus vittatus   ), although 
more permanent pond taxa colonised. The pools also became choked with fi lamen-
tous algae which may also have reduced the habitat quality. Summer dry phases 
resumed in 1999, the algal blooms were gone when the pools refi lled, and the 
temporary pool invertebrates reappeared (Jeffries  2005 ). 

 These studies exemplify the complexity of the apparently simple  wet-phase/
dry- phase disturbance  . Studies increasingly try to include multiple stressors in the 
mix to identify their relative importance. Bischof et al. ( 2013 ) review some of the 
uncertainties, for example, the variation between nearby sites, with similar hydrol-
ogy that may be driven by other environmental infl uences and the problem of effects 
only becoming apparent a year or more after the  hydrological disturbance  . They 
addressed these challenges by monitoring the invertebrates of 16 seasonal ponds in 
a forested landscape of Minnesota, sampling every 7 days throughout a 7-week 
period across 2008 and 2009. In addition to measuring the length of hydroperiod, 
the precise hydrological types (e.g. recharge, perched) were characterised using 
wells and other variables such as canopy cover, depth and area included. The fauna 
was dominated by  Diptera   such as Culicidae and Chironomidae, along with small 
Diplostraca and larger shrimps (e.g.  Eubranchipus ). Once again the fi ne-grained 
detail matters. There was a distinct seasonal variation of taxa, such as early season 
detritivore Culicidae.  Canopy cover and depth   were all signifi cant variables in mod-
els to explain the patterns of invertebrate communities. Results varied between 
years; for example,   Eubranchipus    was positively associated with increased depth in 
2008 but the opposite in 2009. Similar outcomes came from a study of snail com-
munities from 43 lakes and ponds in Michigan with a range of hydrologies and 
varying canopy covers, surface area and the presence of fi sh (Hoverman et al.  2011 ). 
Species richness increased with hydroperiod, the classic general pattern, but also 
with wetland area and pH, but decreased with increasing canopy cover. A distinctive 
temporary pond fauna (e.g.   Gyraulus circumstriatus    and   Aplexa elongata   ) was 
identifi ed; these species can aestivate but also are vulnerable to fi sh predation due to 
thin shells. This study also focused on wider questions in community ecology, 
specifi cally the contest between paradigms that emphasise the role of the niche for 
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sorting out which species live where, versus models of nature where dispersal is 
more important, and the precise species and their supposed niches unimportant. 

 These questions lie at the heart of community ecology, and temporary ponds 
have played a signifi cant role in research about the nature of nature.  

    Community Ecology and the Contested  Explanations   of Pattern 
and Process 

 The distribution, diversity and abundance of animals in temporary ponds are a 
specifi c example of the wider enquiry to identify patterns and process in ecological 
communities. To reiterate Robert MacArthur’s ( 1972 ) famous dictum, “to do sci-
ence is to search for repeated patterns”. The trouble is that community ecology, 
which focuses on describing and explaining the richness and variety of life at indi-
vidual sites and times, can seem hopelessly lost in outcomes which are contingent 
on particular local processes and exact scales and “an unsettling morass of theo-
retical models” (Vellend  2010 ), making it hard to decipher any systematic rules 
(Lawton  1999 ). 

 In spite of or perhaps because of this, temporary ponds have proven exemplary 
habitats for community ecology (Wilbur  1997 ). They are widespread, numerous and 
often small. They can be recreated by digging out new ponds (e.g. Jeffries  1994 , 
 2011 ) or using substitutes such as troughs (e.g. Fernando and Galbraith  1973 ) or 
pond liner pools (Croel and Kneitel  2011 ), allowing replication  and   examination of 
multiple factors which drive local community assembly in the fi eld. Field condi-
tions can be replicated in fi nely controlled experiments in laboratory aquaria 
(e.g. Anholt et al.  2000 ). Temporary pond faunas are diverse enough to provide a 
richness of interactions, species’ traits are reasonably well documented in many 
countries, and assemblages can be readily manipulated in experiments. Much of the 
research focuses on apparently alternative processes driving the development of the 
community, e.g. deterministic (following recognisable rules) versus stochastic mod-
els (dominated by chance) or niche-based (where the traits of individual species are 
signifi cant) versus neutral models (which treat all species involved as effectively 
similar in their interaction and fi tness). However, there are increasingly effective 
syntheses of these different versions of how communities work, in particular the 
metacommunity concept (Leibold et al.  2004 ) which brings together local effects 
such as the interactions within a pond and processes that work across the wider 
landscape such as dispersal. 

 Leibold et al. ( 2004 ) identify four broad metacommunity paradigms that apply to 
temporary ponds:

    1.     Patch dynamics . This concept assumes that the ponds (i.e. patches) are identical, 
and, potentially, all the ponds can support the species from the local species pool. 
The presence or absence of a species is driven largely by local colonisations and 
extinctions.   
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   2.     Species sorting . In this case the individual ponds are suffi ciently heterogeneous 
and the species suffi ciently sensitive to these differences to cause differences in 
the presence/absence of taxa. This paradigm emphasises the importance of 
species’ niches, with dispersal playing a role as species move across the land-
scape tracking gradients and the diversity of pond types.   

   3.     Mass effects . The role of immigration and emigration dominates this model. The 
numbers of individuals dispersing are suffi cient to obscure the effects of any 
local interactions or conditions within a pond. Again, niche differences are 
important, but the dispersal overrides their outcomes, e.g. immigration topping 
up populations in poor-quality patches.   

   4.     Neutral model . In this case the differences between individual species traits are 
regarded as insignifi cant; all species are effectively equivalent in their responses 
and needs. Their presence/absence is the outcome of random probabilities of 
emigration, immigration, extinction and speciation.    

  Temporary ponds are patches in both time and space, requiring their fauna to 
disperse across the landscape. Many of  the   individual studies focus on either inter-
actions within a pond or dispersal processes. Keep the metacommunity paradigms 
in mind to navigate the detail.  

    Interactions in the Ponds 

 Within ponds,  intra- and interspecifi c interactions   are powerful and complex drivers 
of species richness. Interactions can be broadly divided between exploitation (e.g. 
predation, parasitism, herbivory), competition, mutualisms and much less well- 
understood processes such as  ecological engineering and commensalism  . Predation 
and competition have been demonstrated in many studies, amongst many taxa. The 
small size of ponds and the race to mature before ponds dry out seem to magnify 
these effects, but they seldom act simply or in isolation. 

 Predation has proven a particularly powerful interaction in temporary wetlands. 
Predation has been singled out as the key interspecifi c interaction, with a gradient of 
predation pressure created by hydrological variation. Permanent ponds are often 
home to fi sh which severely impact invertebrate communities. However, the drying 
out of temporary wetlands often excludes fi sh, and large invertebrates such as 
 Odonata and dytiscid larvae   become the dominant predators. They can signifi cantly 
reduce populations of prey, even cause local extinctions within individual wetlands, 
although across the wider landscape prey survive at sites which the predators have 
not colonised. Predation by invertebrates can be intense and drive complex 
responses. For example, Anholt et al. ( 2000 ) provide a neat example of how differ-
ent species of ranid frog tadpoles reduce their time spent moving and movement 
rates in response to the presence of large dragonfl y predators and the amount of food 
provided. However, the leopard (  Lithobates sphenocephalus   ) and wood frog ( L. syl-
vaticus ) tadpoles, species more characteristic of temporary ponds, responded more 
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to the changes in food resources and showed higher growth even at the lowest food 
provision. Within a species, these processes can produce intraspecifi c outcomes, 
such as smaller tadpoles reducing movement due to predator threat but then losing 
out to competition from larger tadpoles that remain more mobile (Werner and 
Anholt  1996 ). Classic processes of competition and predation create subtle interac-
tions between species. If two species share a predator, then the predator’s impact on 
both may be diluted, so-called apparent mutualism, but if the predator increases its 
population or preferentially chooses one prey item, then the impacts represent 
apparent competition, although these effects may be hard to detect (e.g. Stav et al. 
 2005  experimenting with mosquito larvae and Crustacea from desert pool 
communities). 

 Competition within a species can be important too, and the patchy nature of pond 
habitats may magnify this risk due to inbreeding. The natterjack toad,   Bufo calam-
ita   , is a temporary dune pond amphibian with scattered, often isolated populations 
in the UK. Rowe and Beebee ( 2005 ) showed that the tadpoles of an inbred popula-
tion grew more slowly than those of an outbred group, an outcome made all the 
worse by more prolonged exposure to heavy predation from dytiscid water beetles. 

 The striking examples of signifi cant interactions between pond animals have 
motivated the search for general patterns in pond food webs, often linked to hydro-
logical variation. Pond permanence may affect the proportion of predatory inverte-
brates in the overall community. In the study of Bilton et al. ( 2001 ), 16 ponds on the 
Lizard Peninsula in southwest England were sampled for invertebrates and the com-
munities compared to variations in pond area and permanence. Overall species rich-
ness increased with permanence and so did the proportion of predatory taxa, whilst 
pond area showed no relationship with the proportion. In the  Lizard ponds  , many of 
the invertebrate predators were larger species of diving beetle and dragonfl ies, spe-
cies which are relatively k-selected, i.e. larger, longer-lived and therefore requiring 
a longer wet phase to develop. Schneider ( 1997 ) identifi ed a similar outcome from 
ponds across a wet-phase gradient, with the numbers of predators increasing with 
the duration of the inundation as well as the absolute numbers of links and links per 
taxon in the food webs increasing. Conversely, an unusually severe drought had the 
opposite effect, reducing links and connections in the web; the effects lingered 
where large predators such as  Notonectidae bugs   had been wiped out, allowing very 
vulnerable prey, e.g. fairy shrimp, to fl ourish. Again, the detail matters. In a study of 
playa wetlands in Colorado, O’Neill and Thorp ( 2014 ) showed that food webs were 
more complex in playas dominated by insects, compared to those with large bran-
chiopods such as tadpole shrimps, and that insect diversity increased with playa 
hydroperiod which was a function of depth. Insects had more diverse traits and were 
more specialised, whilst branchiopods all did essentially the same thing, fi lter feed-
ing (i.e. so-called  trophic redundancy  ). 

 The detail can become overwhelming, but the key message from these examples 
is the sheer complexity, intensity and speed of interactions which can determine 
local species richness and population within temporary ponds: hydrological changes 
may dominate and be conspicuous, but much goes on beneath the surface too. 
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 Box 4.3  Forest Wetlands   of the Eastern USA 

    

     Temporary wetlands are a common and often overlooked component of forest 
ecosystems in the deciduous temperate forests of the eastern half of the USA. 
These wetlands are typically small (<1 ha), shallow (<1.5 m deep), nontidal and 
non-fl oodplain systems with considerable canopy coverage and often with live 
trees within the wetland margins. They have a predictable hydrologic regime, 
usually drying in summer and re-wetting in either fall, winter or spring. Whilst 
there may be some primary productivity from algae and submerged macro-
phytes, these wetlands are usually heterotrophic, and the food web is based on 
the allochthonous leaf litter which supports a variety of macroinvertebrate graz-
ers, collectors and fi lterers ( Appendix ). These in turn support macroinvertebrate 
predators which occur low in abundance but are usually the most taxonomically 
diverse functional feeding group. Energy enters these wetlands during fall in the 
form of leaf litter. This energy is returned to the forest ecosystem months later 
in the form of invertebrates and amphibians which serve as prey to terrestrial 
forest organisms, enriching the forest ecosystem as a whole, a good example of 
reciprocal energy subsidies. 

 The macroinvertebrate communities of forested temporary wetlands are 
dominated by insects e.g. Chironomidae, Culicidae, Coleoptera and Odonata, 
along with Asellidae crustaceans in some regions, although molluscs, 
microcrustacea and annelids can be locally abundant (Golladay et al.  1997 ; 

(continued)
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Box 4.3 (continued)

Schneider  1999 ; Batzer et al.  2005 ; Studinski and Grubbs  2007 ;  Appendix ). 
Invertebrate communities of these wetlands vary both temporally and across 
multiple spatial scales. Within the eastern USA, at the very large regional 
scale, shifts in invertebrate communities can be observed from north to south, 
possibly responding to differences in pH (higher in the north) or temperature 
and precipitation (both higher in the south). These physical gradients likely 
create fundamental ecological differences, e.g. whilst insects and crustaceans 
dominate these systems throughout the region, molluscs become more com-
mon in the north, and taxa such as Asellidae are very common in southern 
forested temporary wetlands. At the local scale, invertebrate communities 
appear to be controlled by wetland size, depth and proximity to other aquatic 
habitats. The application of biogeography and metapopulation dynamics has 
been somewhat successful in explaining  the   differences in macroinvertebrate 
assemblages amongst these wetlands (March and Bass  1995 ; Brooks  2000 ). 
However, hardy generalist taxa, random colonisation events and yet unknown 
desiccation resistance strategies complicate efforts to accurately predict mac-
roinvertebrate assemblages, and these forest wetlands are a classic example 
provoking Batzer’s ( 2013 ) exploration of the “intractable ecology” of wetland 
invertebrates. 

 Forested temporary wetlands increase the complexity of forest ecosys-
tems by providing additional habitat, but they are vulnerable partly because 
they appear to be common place. These fi shless wetlands support a variety 
of invertebrates including temporary wetland specialists and are also critical 
habitats for many amphibians. Due primarily to their small size and tempo-
rary nature, it is diffi cult to quantify the recent trends in the loss of these 
wetlands. It is estimated that forested temporary wetlands account for 
approximately half of the wetland area remaining in the eastern USA (Tiner 
 1987 ). There is little conservation effort directed towards forested tempo-
rary wetlands, especially when compared to larger freshwater emergent 
wetlands or to estuarine marshes. The conversion of forested areas for agri-
cultural, residential or commercial purposes is the most obvious threat, but 
shifts in hydrologic regimes due to climate change or increases in primary 
productivity due to timber harvest may also impact these systems. Within 
the eastern USA, best management practices which regulate timber harvest 
near these forested wetlands vary widely from state to state (Aust  1994 ). 
Forested temporary wetlands are the most common yet some of the least 
understood wetlands in the eastern USA: these intriguing systems deserve 
further research. 
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      Dispersal: How, When and Where? 

 All species disperse but the spatial and temporal scatter of temporary wetlands 
makes dispersal a dominating process in the ecology of many of their inhabitants. 
 Hydrological change   is the obvious driver for dispersal, both to escape from sites 
that are drying out and recolonise those that have refl ooded. 

 Whilst drying and inundation are obvious cues for animals to disperse, there is 
evidence of more subtle, and surprising, behaviours. A neat example comes from 
two species of dytiscid water beetle that inhabit temporary prairie ponds in Alberta: 
  Graphoderus occidentalis    and   Rhantus sericans   . Yee et al. ( 2009 ) set up a fi eld 
experiment using different densities of adult beetles and aquatic plants within bas-
kets placed in ponds. More beetles left the baskets as overall beetle density increased. 
The  density of plants   had less effect although beetles dispersed slightly more at 
lower stem densities. The possibility that many invertebrates can assess their envi-
ronment at this level of detail and disperse accordingly suggests that the fi ne-grained 
detail of species-specifi c sensitivities is important before any wider environmental 
drivers such as land use impacts and stresses. Most studies focus on response to 
larger scale hydrological and seasonal variation but still pick up the interspecifi c 
differences. In a careful mark–recapture study that involved gluing tiny number 
labels onto the wing cases of beetles without hindering their ability to fl y, Davy- 
Bowker ( 2002 ) monitored the dispersal of different species across seven temporary 
ponds over a three-year period in northwest England. Whilst all species could fl y, 
one,   Colymbetes fuscus   , did not move out even when ponds dried, whilst   Dytiscus 
marginalis    and   Acilius sulcatus    moved into the temporary sites in spring but 
retreated to permanent ponds when temporary sites dried out in summer. Reviewing 
these types of species-specifi c seasonal variations, Boda and Csabai ( 2013 ) pro-
duced a general scheme characterising beetles from a Hungarian wetland, highlight-
ing spring, summer and autumn dispersal peaks for different species. Dispersal 
events appear to be driven more by the seasonal changes to the habitats themselves 
as they dry or refl ood, rather than broader atmospheric conditions such as tempera-
ture and wind speed (Boix et al.  2011 ). 

 Whether an animal chooses to enter a particular pond, or perhaps colonise by 
laying eggs, is also subject to surprising responses. Many  fl ying insects   such as 
beetles and bugs notoriously land on shiny surfaces such as vehicles, a mistake 
exploited by Boda and Csabai ( 2013 ), who used plastic sheets to lure in  airborne 
insects   for their characterisation of seasonal behaviours. The outcomes, especially 
for oviposition, are more nuanced with evidence of selection based on habitat colour 
and resources, e.g. darker versus lighter backgrounds and decomposing leaves ver-
sus empty tanks (Williams et al.  2007 ); avoidance of predators, e.g. mosquitoes 
avoiding the presence of   Notonecta    predatory bugs (Blaustein et al.  2004 ); and 
avoidance of competitors, e.g.   Chironomus    midge avoiding oviposition into aquaria 
with chemical cues suggesting the presence of large numbers of competing larvae 
(Stevens et al.  2003 ). The diversity of individual species’ sensitivities to habitat 
(e.g. presence of rivals), their responses to these conditions (e.g. fl y or stay) and the 
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changes to habitats will create complex outcomes, but the underlying mechanisms 
are universal. 

 Hydroperiod responses, fl ight behaviour, oviposition cues and predator–prey 
interactions: it is the variety and strength of the individual species sensitivities that 
informed Batzer’s ( 2013 ) gut feeling that the invertebrates are hypersensitive. 
The invertebrates of temporary ponds remain a fascinating biota for challenging 
ecological research tackling fundamental questions about global, regional and local 
biodiversity. Wetlands are also an arena for an increasing number of studies 
responding to a new threat, climate change.   

    Temporary Ponds and Climate Change 

 Given the predominant role of  hydrology   in the ecology of temporary ponds, it is no 
surprise that climate change will have a signifi cant impact on these habitats, often 
harmful, perhaps at times benefi cial.  Freshwater habitats   in general are subject to 
multiple stressors (reviewed Stendera et al.  2012 ), many of them long-standing such 
as nutrient enrichment and land use change, on top of which climate change only 
adds to the pressures (Heino et al.  2009 ). Despite the recognition that small ponds 
and wetlands will be disproportionately vulnerable (Heino et al.  2009 ), they, along 
with ephemeral streams, are often omitted from global and national assessments 
of  climate hazard   (Brooks  2009 ), including some of the rare examples of detailed 
studies of likely impacts on pond fauna (e.g. Rosset et al.  2010 ). Impacts will not 
only be the direct changes to  hydrology  , such as changes to the length of dry and wet 
phases, and the seasonal phenology and intensity of precipitation or drought events, 
but also changes to temperature affecting hatching and development, alterations to 
trophic inputs to and from the surrounding landscape, the breakdown of site net-
works impacting metapopulation dynamics and possible change to anthropogenic 
land use. The existing adaptations of temporary pond biodiversity do seem to confer 
resistance and resilience to changes, at least to drought (Lake  2011 ), but the threat 
arises from changes to the range of extremes, with increased variability and 
increased maxima to precipitation and rainfall, and extremes that reach novel levels 
which the fauna has not encountered and against which their existing adaptations 
are ineffective (Jones  2013 ). 

 Demonstrating the  effects   of climate change is problematic, not just because 
they are complex but also because they may occur across time scales that require the 
sorts of long-term data that we did not begin to collect before changes started or the 
impacts are likely in the future but have not happened yet so we cannot directly 
identify them. Nonetheless, temporary ponds and their fauna are so tied to the local 
and regional climate that these habitats allow a range of approaches to investigate 
climate change risks. At least three approaches, each at different scales, have been 
developed for ponds. First is the  large-scale modelling   of the extent of habitat or 
species distributions and predictions of how these will vary under different climate 
change scenarios. Second is the fi eld studies that  monitor pond hydrology and 
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 wildlife   during extreme climate events that mimic likely changes. Such studies can 
be in response to an extreme event but also where local weather extremes impact on 
sites already being used for long-term monitoring. Third is the use of experimental 
approaches where local conditions, usually hydrology, are purposefully created or 
adjusted to mimic likely climate change outcomes. Experiments have the advantage 
of being much more exactly controlled so that cause and effect can be attributed 
with greater confi dence. Their disadvantage is the usually small spatial scale and 
artifi cial set up. 

 A neat example of the third, experimental, approach comes from Vermont in 
northeastern USA, classic woodland seasonal pond territory. For this experiment, 
Hart and Gotelli ( 2011 ) used mesocosms, essentially small plastic tanks, laid out in 
deciduous forest. The tanks were small (0.5 m 2  surface area, 33 cm depth), but the 
experimental approach allowed precise control of two different aspects of the 
hydrology: the overall water depth and the variation of the depth within each  meso-
cosm  . These two aspects were chosen because of predicted climate change within 
the region, with increased precipitation in winter and less in summer and greater 
variation with more intense deluges and longer droughts. The tanks were set up with 
water and detritus from nearby ponds as well as being open to external aerial colo-
nisation. The populations of juvenile mosquitoes and Chironomidae midges were 
recorded weekly, these two taxa making up ~90 % of the total abundance of inver-
tebrates in the mesocosms and being core groups in the surrounding ponds. The two 
taxa responded differently to the hydrological manipulations. Numbers of mosqui-
toes were higher at low water levels, but the  Chironomidae   were more abundant at 
high water levels with little variation. The mosquito growth rates increased as levels 
declined, whilst for the midges the density-dependent interactions were reduced 
when water level was higher. 

 The second approach relies on recording the changes associated with extreme 
weather events which mimic possible climate change outcomes. This strategy 
requires long-term site monitoring, usually over at least 5–10 years, ideally longer, 
which is hard to sustain. Nonetheless, revealing examples exist which show both the 
predictably intimate relationships between temporary ponds and weather and more 
subtle variations and complexities.  Monitoring wetland invertebrates   over long 
enough periods to include measurable climate variation has also demonstrated sig-
nifi cant impacts, both from drought and unusual rainfall events which stop tempo-
rary ponds from drying out. 

 Jeffries ( 1994 ) used small replicate 1 m 2  ponds (Fig.  4.3 )    created by the removal 
of antitank barriers in a wetland at Aberlady Bay in eastern Scotland, comparing the 
invertebrates in 1986 and 1987 ( Appendix ) to the surviving communities in 1992 
following an unusual period of drought ( Appendix ). Ponds that had retained water 
throughout the study accumulated taxa. However, ponds that had stayed wet before 
the drought but dried during the low rainfall years showed signifi cant loss of spe-
cies, typically down from 20–30 to 10–20. Ponds which had previously dried out in 
the years prior to the drought showed even worse attrition with the already limited 
fauna reduced from 10 to 12 to just one or two very hardy taxa. This approach was 
repeated with a set of 30 ponds dug specifi cally to match the Aberlady ponds, a bit 
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further south in Northumberland and monitored for 10 years from 1995 to 2004 
(Jeffries  2011 ). All ponds dried in summer in 1995 and 1996 but unusually heavy, 
unseasonal rainfall in early summer 1997 kept them fi lled until summer 1999 when 
dry phases resumed. In addition, early spring dry phases occurred in 2003 and 2004, 
followed by a brief late spring refi ll before the main summer dry phase. The 10-year 
time period allowed subtleties to show up. A pioneer fauna, typically  Ostracoda and 
Dytiscidae  , dominated the ponds in 1995 and 1996. The unusual 1997–1999 wet 
phase resulted in many permanent pond species colonising such as   Chaoborus  
midges and  Cloeon  mayfl ies  . With the resumption of summer dry phases, the diverse 
fauna was signifi cantly reduced although this took 2–3 years. Ponds hit by the 
advent of early spring dry phases showed further marked reductions with a remnant 
fauna of  amphibious lumbricid worms and  Helophorus  beetles  . These results sug-
gest that increased length and frequency of dry phases will degrade pond fauna, 
including the characteristic temporary pond species whose resilience is not suffi -
cient when faced with novel extremes and events such as the advent of additional 
spring dry phases in the Northumberland ponds.

   Conversely, extreme inundation can have negative impacts on temporary pond 
wildlife. The 1 in 300-year rainfall event that prevented the ponds undergoing their 
normal summer dry phase resulted in fi lamentous algae smothering the pools, the 

  Fig. 4.3    Small pools used for long-term  monitoring   of invertebrates. These pools were dug in 1994 
at Hauxley Nature Reserve in northeast England. The invertebrates and plants have been monitored 
since then allowing relatively long-term analysis of changes in response to local climate, notably 
unusually wet or dry years       
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growth of other plants such as common water buttercup (  Ranunculus aquatilis   ) 
was restricted, and the diversity of invertebrates was reduced as temporary pond 
specialists were lost (Jeffries  2005 ,  2008 ). In a similar natural experiment, Golladay 
et al. ( 1997 ) monitored the invertebrates of lime-sink wetlands in Georgia during 
which time unusually high rainfall resulted in an extended wet phase. The benthic 
invertebrate community changed signifi cantly, with decreases in density although a 
few taxa, notably chironomids, were unusually abundant afterwards. The changes 
were credited to multiple impacts such as the loss of dry-phase hatching cues and 
reduced oxygen levels in the deeper water. 

 The possibility exists that some invertebrates can benefi t from weather extremes. 
In 2012 the UK had an unusually wet summer. The impact of this on the number, 
area and biodiversity of temporary wetlands was demonstrated on a lowland mixed 
arable and livestock farm in Northumberland, northeast England, which was used to 
monitor the number of small wetlands and how this changed with local  rainfall  . The 
numbers and area of ponds increased markedly in response to the extreme rainfall, 
partly because core sites did not dry out but also because new pools developed in 
hollows and tracks. Vegetation was monitored in 20 ponds, all of which held water 
throughout the wet summer and were luxuriant, primarily because common emer-
gent species grew more extensively and sites were not ploughed or grazed by live-
stock: Figure  4.1  shows one of the ponds in 2012 with verdant vegetation compared 
to the 2013 when grazing resumed. Ponds formed in arable fi elds with a fauna 
of  ostracods  ,  Daphnia obtusa , Chironomidae, Hemiptera and smaller Dytiscidae. 
The following summers of 2013 and 2014 were warmer and drier than the long-term 
average, and the majority of the 20 focal ponds dried out. No plant species were lost 
from across the farm as a whole, but sites with livestock were trampled and grazed, 
and the vegetation cover became sparser and shorter than in 2012. Four ponds were 
ploughed and planted with cereal crops with almost total loss of wetland species. 
The extreme wet summer had benefi tted the fl ora of these shallow sites in this inten-
sively used  agricultural land  . 

 Similar impacts have been demonstrated for amphibians and plants using fi eld 
monitoring or modelling distributions, and again the details are worrying. For 
example, potential habitat range for the fi re-bellied toad,   Bombina bombina   , in 
Brandenburg, northeast Germany, may increase with a warmer climate, so long as 
the climate changes do not simultaneously promote land use intensifi cation which 
would reduce available sites (Dolneger et al.  2014 ). In woodland pools in northeast 
USA, the wood frog   Lithobates sylvaticus    can show a signifi cant advance in egg 
laying date as spring seasons warm earlier, but tadpole metamorphosis only occurs 
one day earlier, exposing tadpoles to cooler temperatures than they would have 
encountered if spawning were later (Bernard  2014 ). 

 The message from all these approaches is the same. Climate change will affect 
the numbers and hydrology of temperate, temporary wetlands with potentially seri-
ous consequences as novel extremes of drought or inundation stress animals beyond 
their natural resilience. Less obviously, the effects may include increases in habitat, 
different responses in different pond types and individual species affected in contra-
dictory ways.  
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    Conclusion 

 Seasonal ponds, pingos, mallines, soda pans, dune slacks, potholes, lime-sinks and 
subsidence ponds are fundamental habitats of the temperate biomes, easy to overlook 
amongst the wider landscape or to dismiss because of their small size and ephemeral 
nature. Their invertebrates are a disproportionately rich and rare mix, whose natural 
history has challenged ecologists to research space and time. Our hope is that this 
chapter does them justice and captures something of the charm of fairy shrimps, the 
fascination of water beetles and the mysteries of midges. Their ecology, Watson’s 
( 1921 ) “wondrous fashion of a fairy tale”, is as fascinating as ever.      

    Appendix 

 Invertebrate taxa  collected   from selected temperate, temporary wetlands from South 
and North America, central Europe and the UK. (Some taxa not recorded from a site 
may simply refl ect that the organism was not effectively collected by the sampling 
programme employed; other taxa may be absent for biogeographic reasons).

 Northwest 
Patagonian 
wetlands 1  

 Central 
Europe 
soda pans 2  

 Forested depressional 
wetlands, Minnesota 3  

 Experimental pond, 
northern England, 
during sustained 
weather extremes 4  

 Inundation  Drought 
  Nematoda   X 
  Cnidaria   X 
  Turbellaria   X  X  X 
  Rotifera   X 
  Mollusca  
  Gastropoda  
 Ancylidae  X 
 Chilinidae  X 
 Hyriidae  X 
 Lymnaeidae  X  X  X  X 
 Physidae  X  X 
 Planorbidae  X  X  X  X 
 Succineidae  X 
  Valvatidae    X 
 Vertiginidae  X 
  Bivalvia  
 Sphaeriidae  X  X  X  X 
  Annelida  
  Oligochaeta   X 
 Alluroididae  X 
 Enchytraeidae  X  X 

(continued)
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 Northwest 
Patagonian 
wetlands 1  

 Central 
Europe 
soda pans 2  

 Forested depressional 
wetlands, Minnesota 3  

 Experimental pond, 
northern England, 
during sustained 
weather extremes 4  

 Lumbricidae  X  X 
 Lumbriculidae  X  X  X 
 Naididae  X  X  X 
 Tubifi cidae  X  X  X 
  Hirudinea  
 Erpobdellidae  X  X  X 
 Glossiphoniidae  X  X  X  X 
 Hirudinidae  X 
  Crustacea  
  Branchiopoda  
  Bosminidae    X 
 Branchinectidae  X 
 Chirocephalidae  X  X 
 Chydoridae  X  X 
 Cyclestheridae  X 
 Daphniidae  X  X  X  X 
 Macrothricidae  X 
 Notostraca  X 
 Sididae  X 
  Copepoda  
 Calanoida  X  X 
 Cyclopoida  X  X  X  X 
 Harpacticoida  X  X  X 

(continued)
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 Northwest 
Patagonian 
wetlands 1  

 Central 
Europe 
soda pans 2  

 Forested depressional 
wetlands, Minnesota 3  

 Experimental pond, 
northern England, 
during sustained 
weather extremes 4  

  Ostracoda   X  X  X  X  X 
  Amphipoda  
 Crangonyctidae  X 
 Dogielinotidae  X 
  Isopoda  
  Asellidae    X  X 
  Arachnida  
  Hydrachnidia   X   X    X   X 
  Insecta  
  Ephemeroptera  
 Baetidae  X  X  X  X 
 Caenidae  X  X  X 
 Leptophlebiidae  X 
 Nesameletidae  X 
 Oniscigastridae  X 
  Odonata  
 Aeshnidae  X  X 
 Coenagrionidae  X  X  X  X 
 Lestidae  X  X  X 
 Libellulidae  X  X  X 
  Plecoptera  
 Gripopterygidae  X 
  Hemiptera  
 Belostomatidae  X 
  Corixidae    X  X  X  X 
 Gerridae  X  X  X 
 Nepidae  X  X 
 Notonectidae  X  X  X  X 
 Pleidae  X  X 
 Veliidae  X 
  Neuroptera  
 Sialidae  X 
  Coleoptera  
 Dytiscidae  X  X  X  X  X 
 Elmidae  X 
 Gyrinidae  X  X 

(continued)
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 Northwest 
Patagonian 
wetlands 1  

 Central 
Europe 
soda pans 2  

 Forested depressional 
wetlands, Minnesota 3  

 Experimental pond, 
northern England, 
during sustained 
weather extremes 4  

 Haliplidae  X  X  X  X  X 
 Hydraenidae  X  X  X  X  X 
 Hydrophilidae/
Helophoridae 

 X  X  X  X 

 Noteridae  X  X 
 Scirtidae  X  X 
  Staphylinidae    X 
  Trichoptera  
 Hydrobiosidae  X 
 Hydroptilidae  X  X 
 Leptoceridae  X  X  X 
 Limnephilidae  X  X  X  X 
 Polycentropidae  X 
  Diptera  
 Ceratopogonidae  X  X  X  X  X 
 Chaoboridae  X  X  X 
 Chironomidae  X  X 
 (Chironominae)  X  X  X 
 (Tanypodinae)  X  X  X 
 (Orthocladiinae)  X  X  X 
 (Podonominae)  X 
 Culicidae  X  X  X  X  X 
 Dixidae  X  X 
 Dolichopodidae  X 
 Empididae  X 
  Ephydridae    X  X  X  X 
 Muscidae  X 
 Psychodidae  X  X 
 Simuliidae  X 
 Stratiomyidae  X  X  X 
 Syrphidae  X  X 
 Tabanidae  X  X 
 Tipulidae/
Limoniidae 

 X  X  X  X  X 

    1 Epele, unpublished 
  2 Wolfram et al. ( 1999 ), Boros et al. ( 2013 ), Tóth et al. ( 2014 ) 
  3 Batzer et al. ( 2004 ) 
  4 Jeffries ( 2011 )   

(continued)
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    Chapter 5   
 Invertebrates of Freshwater Temporary Ponds 
in Mediterranean Climates                     
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         Introduction to Mediterranean Temporary Ponds 

    Long Known But Neglected Until Recently 

 Temporary ponds have long attracted the attention of Mediterranean people. In 
“History of Animals,” Aristotle described the seemingly spontaneous generation 
of life from mud or sand using observations from a  temporary pond   (“fi sh” prob-
ably refers to the aquatic invertebrates, such as fairy shrimp, that he was 
observing):

   The great majority of fi sh ,  then ,  as has been stated ,  proceed from eggs. However ,  there are 
some fi sh that proceed from mud and sand ,  even of those kinds that proceed also from pair-
ing and the egg. This occurs in ponds here and there ,  and especially in a pond in the neigh-
bourhood of Cnidos. This pond ,  it is said ,  at one time ran dry about the rising of the 
Dogstar ,  and the mud had all dried up ;  at the fi rst fall of the rains there was a show of water 
in the pond ,  and on the fi rst appearance of the water shoals of tiny fi sh were found in the 
pond . [Aristotle (350 BC) Book VI. Chapter 15. In: The History of Animals (translated in 
1907 by D’Arcy Wentworth Thompson. London: John Bell)] 

   The lack of scientifi c publications on Mediterranean temporary ponds does not 
refl ect their ecological importance (Grillas et al.  2010 ), and research in these envi-
ronments has increased signifi cantly over the last two decades (Boix et al.  2012 ). 
The absence of comparative studies on  aquatic ecosystems   in regions with a 
Mediterranean-type climate has been reported (Gasith and Resh  1999 ) and par-
tially addressed for Mediterranean-climate streams and rivers (Bonada and Resh 
 2013 ). However, studies have emphasized the importance, abundance, function-
ing, and biodiversity of Mediterranean temporary ponds in the last several decades 
(e.g., Balla and Davis  1995 ; Witham  1998 ; Diget and Rioux  1998 ; Blaustein and 
Schwartz  2001 ), highlighting the need to  develop conservation plans   for these 
systems (Zedler  2003 ; Grillas et al.  2004 ; Fraga et al.  2010 ; Sancho and Lacomba 
 2010 ).  
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    Mediterranean Biome: The Five Mediterranean Regions 

 The term “Mediterranean” as a biome is not recognized in the same way as other 
biomes (e.g., boreal forest, desert, or savannah). Although it is named for a particu-
lar geographic region, the term is used to designate regions with a similar climate 
around the world. Mediterranean climates are typically located in a narrow latitudi-
nal band between 30° and 40°, although in the Mediterranean basin itself the biome 
expands to 45° (Bolle  2003 ). This  habitat   is located on fi ve continents (Eurasia, 
Africa, South and North America, and Australia), and thus fi ve biogeographic 
regions (Palearctic, Afrotropic, Neotropic, Nearctic, and Australasian) (Fig.  5.1 ). 
   The concept of a Mediterranean biome remains controversial (Stamou  1998 ) 
because some defi ne the habitat with a defi nite drought period, while others take 
into account two features:  dry summers and cool winters  . However, biogeographic 
studies have clearly identifi ed Mediterranean forests, woodlands, and scrub, as well 
as wetlands, since they share similar bioclimatic conditions.

   The area covered by the Mediterranean biome is quite small compared to other 
biomes (Olson et al.  2001 ). It covers only 5 % of the earth’s surface (Fig.  5.1 ), and 
the subregions vary tremendously in size (Underwood et al.  2009 ). South and North 
America and South Africa combined are small, roughly 100,000 km 2  each (11 % of 
the Mediterranean area). The south-western Australian Mediterranean-climate 
region covers more than 750,000 km 2  (25 % of this biome) divided into two separate 
areas. However, the biome has its maximum extent (64 % of the total area covered 
by this biome) around the Mediterranean Sea, from which it takes its name. The 
 Circum-Mediterranean region   forms an incomplete belt around the Mediterranean 
Sea (Fig.  5.1 ), with the maximum width of this belt located on the Iberian Peninsula. 

 Temporary water bodies predominate in Mediterranean regions because of their 
typically long, hot, dry summers. Their widespread occurrence and abundance 
therefore make temporary habitats the characteristic wetlands of this biome. In this 
chapter, we use “ Mediterranean temporary ponds  ” in a broad sense, including all 
the temporary freshwater wetlands located in Mediterranean regions, and not 
restricted by any legal defi nition. For example, the European Habitats Directive 
(European Directive 92/43/CEE) considers “Mediterranean temporary ponds” a pri-
ority habitat to conserve, but the Directive defi nes this wetland type strictly by the 
presence of particular plant species (European Commission  2003 ; Bagella et al. 
 2007 ). Curiously, this protected habitat is identifi ed in the United Kingdom 
(McAbendroth  2004 ), outside of the Mediterranean-climate region.  

    Climate: Hot Dry Summers and Mild Winters 

 Mediterranean climates are transitional between  temperate and tropical climates  , 
hence their prevalence between 30° and 40° of latitude (Aschman  1973 ; Daget 
 1984 ). The climate can be summarized as follows:
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    1.    Hot summers which coincide with the dry period   
   2.    Mild, but cool winters   
   3.    High temporal variability (i.e., high intra- and inter-annual differences)    

  These characteristics determine the hydrology and ecological functioning of 
the  wetlands  . The combination of dry weather and high temperatures causes large 
water-level fl uctuations (Álvarez-Cobelas et al.  2005 ; Beklioglu et al.  2007 ) and 
thereby regulates the presence of temporary waters in Mediterranean areas. The 
mild winters mean that most Mediterranean wetlands remain ice-free (Britton and 
Crivelli  1993 ).  Freezing   of wetlands affects both limnological processes (e.g., 
thermal or oxygen vertical gradients in the water column) and the availability of 
habitat and resources for the biota. This particular combination of annual drying 
and the absence of freezing typify Mediterranean wetlands and distinguish them 
from wetlands in most  other   biomes. Moreover, high inter-annual climate vari-
ability is also characteristic of Mediterranean regions (Gasith and Resh  1999 ) 
(Fig.  5.2 ). 

 Despite the narrow latitudinal range and small area of Mediterranean regions, 
extreme gradients of aridity (i.e., duration of the dry period) and temperature 
exist (Bolle  2003 ) (Fig.  5.2 ).    Those gradients have been used to distinguish 
various climate  types   and are used to classify Mediterranean climates (Stamou 
 1998 ):

     1.    Duration of the dry period

    (a)    Perarid: 11–12 months   
   (b)    Arid: 9–10 months   

  Fig. 5.1    World map showing the location of Mediterranean-climate regions. The sites indicated 
on the map correspond to the  ombrothermic diagrams   shown in Fig.  5.2        
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  Fig. 5.2     Ombrothermic diagrams   for eight locations in Mediterranean-climate regions.  Upper  
diagrams correspond to sites in the Mediterranean Basin and  lower  diagrams correspond to sites 
located in other Mediterranean regions. Monthly mean maximum ( red line ) and minimum ( blue 
line ) temperature, and monthly mean rainfall ( bars ) were shown. The high intra-annual variability 
characteristic of mediterranean climates is evident, as well as variability among and within regions 
(i.e., Mediterranean Basin)       
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   (c)    Semiarid: 7–8 months   
   (d)    Subhumid: 5–6 months   
   (e)    Humid: 3–4 months   
   (f)    Perhumid: 1–2 months       

   2.    Mean temperature of the coldest month

    (a)    Warm winter: more than 7 °C (no periods of freezing)   
   (b)    Mild winter: between 3 and 7 °C (freezing is rare)   
   (c)    Cold winter: between 0 and 3 °C (freezing is frequent)   
   (d)     Severe   winter: less than 0 °C (freezing may be extensive)        

  Division of Mediterranean climates into subclasses using a numerical approach 
has been proposed by Nahal ( 1981 ). The use of  Ebergers’ index   of drought ( Q ) is 
the most widely accepted approach:

  
Q

P

M m M m
=

+ -
2

( )( )    

where 
  P  is annual rainfall 
  M  the mean maximum temperature of the hottest month 
  m  the mean minimum temperature of the coldest month 
 Thus, we can distinguish the following  subclasses   of Mediterranean climate:

    1.    Arid:  Q  values between 20 and 30; annual rainfall between 300 and 500 mm   
   2.    Semiarid:  Q  values between 30 and 50; annual rainfall between 500 and 

700 mm   
   3.    Subhumid:  Q  values between 50 and 90; annual rainfall between 700 and 

1000 mm   
   4.    Humid:  Q   values   more than 90; annual rainfall more than 1000 mm    

      Mediterranean regions are characterized by an annual precipitation in the range 
of 275 to 900 mm with over 65% occurring in the 6 colder months (Aschman  
 1973 ). However, Mediterranean areas with annual rainfall less than 275 mm do 
exist (e.g., in Morocco, Spain, and Israel). Two  seasonal patterns   of precipitation 
have been described in Mediterranean regions: (1) a single rainfall maximum in 
winter, and (2) two rainfall maxima, one in spring and the other in autumn. In those 
Mediterranean regions with strong oceanic infl uences, winter rainfalls are heavy 
due to storms moving from high latitudes towards the equator (e.g., southern 
Australia). In contrast, in areas with less oceanic infl uence (e.g., coast of the western 
Mediterranean basin), the storms are weaker, so winter rains are meagre, while 
spring and autumn rains that are generated by cold air masses are more important to 
hydrology (Ferrés  1993 ).  

5 Invertebrates of Freshwater Temporary Ponds in Mediterranean Climates



146

     Hydrology      

 Mediterranean temporary wetlands are usually fl ooded by rainfall and evaporation 
is the primary mechanism of drying (Fig.  5.3a ). However, there are exceptions. 
Groundwater-fed temporary wetlands (Fig.  5.3b ) are abundant in the southern 
Australia (Sim et al.  2006a ; Horwitz et al.  2009 ; Boulton et al.  2014 ) and the 
African Cape (Mlambo et al.  2011 ; de Moor and Day  2013 ) Mediterranean regions, 
and they are present in some areas of the Mediterranean basin (Rodríguez-Rodríguez 
 2007 ). Groundwater-fed temporary wetlands are also found in karstic limestone 
areas (Boix et al.  2001 ). Temporary pools or riverine-fl oodplain wetlands resulting 
from fl ash fl oods (ultimately caused by rains),  or      by springs that vary in output, 
resulting in areas that fl ood (sometimes with fossil water), recede and dry (Issar 
 1990 ) (Fig.  5.3c ).

   Although rain and evaporation are the main inputs and outputs, respectively, 
freshwater temporary ponds rarely accumulate ions in their basins. Runoff of ions 
(on the surface or via ground water) must therefore occur from these waterbodies. 
However, athalassic lakes and ponds (saline water isolated from the sea, sensu 
Williams  1981 ) occur in endorheic basins of the more arid locations of Mediterranean 
climates, such as the Iberian Peninsula, North Africa, California, Australia, and 
South Africa. In these systems, ions accumulate in the basin because water output 
occurs only by evaporation. Groundwater-dependent wetlands have water levels 
that rise and fall seasonally as groundwater tables fl uctuate and thus moderate con-
centrations of ions develop as water levels decline. 

 Several classifi cations for temporary ponds have been proposed using hydrologi-
cal patterns. Duration and predictability of the hydroperiod are frequently used cri-
teria (Comín and Williams  1994 ; Keeley and Zedler  1998 ; Boulton et al.  2014 ; 
Williams  2006 ). Our proposal, following Boulton et al. ( 2014 ), distinguishes fi ve 
types of temporary lentic waters:

    (a)     Ephemeral : Filled only after unpredictable rain and by runoff. The fl ooded area 
dries out during the days following the fl ooding and supports low numbers of 
macroscopic aquatic species.   

   (b)     Episodic : Dries in 9 out of 10 years, with rare and irregular fl ooding (or wet 
periods) which may last for a few months.   

   (c)     Intermittent : Alternating wet and dry periods, but a more irregular fre-
quency of filling  than      seasonal wetlands. Flooding may persist for months 
or years.   

   (d)     Seasonal : Alternating wet and dry periods annually, in accordance with the 
season. Usually fi ll during the wet season of the year, and dry out in a predict-
able way every year. The fl ooding lasts for several months, long enough for 
macroscopic animals and plants to complete their life cycles.   

   (e)     Near - permanent : Predictable fl ooding, though water levels may vary. The 
annual input of water is greater than the losses (does not dry out) in 9 out of 10 
years. The majority of organisms living here cannot tolerate desiccation.    
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  In this chapter we focus on two of these types, intermittent and seasonal, because 
these are the types most commonly found in Mediterranean regions. However, these 
categories represent points along a gradient. For example, some waterbodies dry 
more often than 1 year in 10 (e.g., 1 year in 3). For these types of ponds, the term 
“semipermanent” (dry but not every year) is commonly used (e.g., Stewart and 
Kantru  1972 ; Collinson et al.  1995 ; Gascón et al.  2005 ).   

    Invertebrate Assemblages of Mediterranean Temporary Ponds  

 The similar climatic conditions among Mediterranean regions have led to convergent 
evolution in the fl ora (Matesanz and Valladares  2014 ) characterized in part by remark-
ably high species diversity. However, the regions’ isolation and geologic history have 
resulted in differences in the  aquatic fauna   (Bonada et al.  2008 ). For example,  fauna 

  Fig. 5.3    Water  budget      diagram characteristics of Mediterranean temporary ponds. Model ( a ) rep-
resents rain-dependent temporary ponds such as vernal pools; model ( b ) represents groundwater- 
fed temporary ponds unconnected to rivers commonly found across southern Australia and Cape 
Mediterranean region, and also present in karst geologies; and model ( c ) shows temporary ponds 
fed by fl ash-fl oods (occurring in some countries of the Mediterranean basin (e.g., Israel))       
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groups   (e.g., aquatic coleopterans) are characterized by very restricted distributions 
in the Mediterranean basin region, very likely a consequence of two evolutionary 
processes: (1) the Mediterranean basin as a refugium during the glacial maxima and 
(2) the Mediterranean as an area of endemism during isolation in the glacial cycles 
(Hewitt  2000 ; Ribera et al.  2003 ). Similarly, the south-western Australian 
Mediterranean-climate region has been isolated by surrounding arid zones for millen-
nia, and as a result of this isolation is depauperate in some aquatic fauna, such as 
stonefl ies (Davies and Stewart  2013 ). Therefore, Mediterranean temporary ponds are 
characterized by a unique combination of isolation and connectedness at different 
spatial scales, which can result in the evolution of  endemic species   (Zedler  2003 ). 

 Appendix  1  provides a list of the families of aquatic invertebrates reported from 
the fi ve Mediterranean regions. The list is geographically and taxonomically biased 
due to different research efforts among regions and taxonomic groups. The data 
were obtained in an extensive review of the literature and complemented by unpub-
lished data of the authors (see Appendix  1  for references). Biodiversity (number of 
genera) in Mediterranean temporary ponds is dominated by  arthropods  : primarily 
insects and secondarily crustaceans (Appendix  1 ). In the case of insects, two fami-
lies have the highest biodiversity in all Mediterranean regions: Dytiscidae 
(Coleoptera) and Chironomidae (Diptera). Another six  insect families   possess at 
least ten genera (in decreasing order of genera richness): Hydrophilidae, Corixidae, 
Libellulidae, Ceratopogonidae, Coenagrionidae, and Hydraenidae. Similarly, two 
families of crustaceans have the highest biodiversity in all Mediterranean regions: 
Chydoridae (Branchiopoda) and Cyprididae (Ostracoda). These two families are fol-
lowed by two  copepod families  : Cyclopidae and Diaptomidae. For  non- arthropods  , 
two other families have high genera richness: typhloplanid turbellarians and planor-
bid gastropods. This pattern of richness among taxonomic groups is in accordance 
with published comparisons among temporary ponds around the world, regardless 
of the climate region (e.g., Boix et al.  2001 ; Boix and Sala  2002 ; Williams  2006 ). 

     Large Branchiopods  : Flagship Invertebrate Species 
of Mediterranean Temporary Ponds 

 Large branchiopods are a group of crustaceans that almost exclusively inhabit tem-
porary ponds (Hartland-Rowe  1972 ) and they have a worldwide distribution 
(Brendonck et al.  2008 ). In the Mediterranean they are often considered a fl agship 
group of invertebrates for temporary ponds (Belk  1998 ; Thiéry  2004 ) and they are 
promoted to monitoring ecological status of temporary ponds, since they are very 
sensitive to habitat and landscape degradation (Gascón et al.  2012 ; van den Broeck 
et al.  2015a ,  b ). Appendix  2  provides a list (and references) for the large branchio-
pod species present in Mediterranean ponds to show the high species richness of 
this group and the high level of endemism. We only included species specifi cally 
observed in the temporary ponds located in the Mediterranean biome, below 1500 
m.a.s.l., and in fresh water. Species present in the Mediterranean basin but only 
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located at high altitude (e.g.,  Chirocephalus algidus ,  C. marchesonii ,  C. ruffoi ,  C. 
sibyllae  or  C. tauricus ; Cottarelli and Mura  1983 ; Cottarelli et al.  2010 ) were not 
included, nor were saline species (the genus  Parartemia  in Australia has up to 15 
species in Australian Mediterranean regions, 11 of them being endemic: Timms 
 2014  and references therein). Some early-described species are not included in the 
Appendix because our existing knowledge consists only of very old records, and 
taxonomic revision is probably needed; this is especially true for the Spinicaudata 
(Hartland-Rowe  1967 ; Thiéry  1996 ) and for some Anostraca of the Mediterranean 
basin area (such as  Chirocephalus recticornis  and  Chirocephalus festae ; Brauer 
 1877 ; Colosi  1922 ). Only species that appear in the scientifi c literature during the 
second half of the twentieth century have therefore been included. 

 Large branchiopods are known in four of the fi ve Mediterranean regions (no species 
have been identifi ed from the South American Mediterranean region) and their species 
richness is high (Appendix  2 ). The degree of endemism is also quite high, except in 
South Africa, where only a single endemic species has been recorded. The proportion 
of endemic species is 55 %, 46 %, and 45 % in the Mediterranean basin, southern 
Australia, and North America, respectively. At generic level, the anostracan  Linderiella  
(California and Mediterranean basin) and the  spinicaudatan  Maghrebestheria    
(Mediterranean basin) can be considered as endemic to the Mediterranean regions. 
Some genera have broad distributions across several Mediterranean regions, although 
endemic species within these genera occur. They represent an example of faunal com-
plexes  persisting   over millennia with locally adapted endemic species (Keeley and 
Zedler  1998 ). This is especially evident in the  Notostraca   (e.g.,  Triops ), Spinicaudata 
(e.g.,  Cyzicus ,  Eulimnadia ), and Laevicaudata ( e.g.,Lynceus ), although it also occurs in 
some anostracan genera (e.g.,  Streptocephalus ,  Branchinecta ). It is interesting to note 
that some genera are highly speciose in a particular Mediterranean region, such as 
 Streptocephalus  and  Branchipodopsis  in South Africa,  Branchinecta  in North America, 
 Branchinella ,  Eulimnadia , and  Limnadopsis  in southern Australia, and  Chirocephalus , 
 Tanymastigites  and  Triops  in the Mediterranean basin.   

    Dynamics of Invertebrate Assemblages of Mediterranean 
Temporary Ponds 

    Key  Environmental Factors   

 Hydroperiod is an important factor determining the faunal composition and struc-
ture of Mediterranean temporary ponds (e.g., Boix et al.  2004 ; Ripley and Simovich 
2009; Sim et al.  2013 ; Kneitel  2014 ). However, pond size is also considered a deter-
minant factor (e.g., Ebert and Balko  1987 ; March and Bass  1995 ; Meintjes  1996 ; 
Spencer et al.  1999 ). Indirect effects of pond size on community structure (i.e., 
larger ponds have different environmental characteristics than smaller ones) seems 
to be weak in temporary Mediterranean ponds (Ballón et al.  in press ). The effects of 
both hydroregime and habitat size depend on the dispersal modes of the taxa. 
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 Hydroregime   has been found to be more important for passive dispersers than for 
active dispersers (Vanschoenwinkel et al.  2009 ), for instance, and interactions 
between inundation length and timing can differentially affect dispersal modes 
(Kneitel  2014 ). Further, nested community patterns have been observed in 
Mediterranean temporary ponds and found to be most associated with environmen-
tal variation (hydroperiod and pond size), but the presence of species with poor 
dispersal abilities can also increase nestedness (Ripley and Simovich  2009 ; 
Florencio et al.  2011 ). 

 Water quality has also been related to community structure, although it shows an 
inconsistent pattern over invertebrate successional phases. Water quality fl uctua-
tions probably coincide with changes in invertebrate assemblages, rather than caus-
ing them (Barclay  1966 ; Meintjes  1996 ). The main physical and chemical variables 
related to species richness and community composition in Mediterranean temporary 
ponds are salinity (Boix et al.  2008 ; Waterkeyn et al.  2009 ; Mlambo et al.  2009 ), 
turbidity (Alonso  1998 ; Mlambo et al.  2009 ; Ruhí et al.  2014 ), light (Mokany et al. 
 2008 ) and nutrient concentration (Balla and Davis  1995 ; Mlambo et al.  2009 ). 
Although local pond characteristics, and intra- and inter-annual variability are of 
greater importance than biological factors for shaping the physical and chemical 
 characteristics   of temporary ponds, bottom-up and top-down trophic effects are also 
infl uential (e.g., Magnusson and Williams  2006 ), but few studies have specifi cally 
addressed this topic in Mediterranean temporary ponds (but see Balla and Davis 
 1995 ; Waterkeyn et al.  2013 ).  

    Seasonal Succession 

     Successional Phases   

 Change in community composition during inundation was the focus of early studies 
in temperate temporary ponds of the northern hemisphere (e.g., Murray  1911 ; 
Mozley  1932 ; Kenk  1949 ). These pioneering studies built a general conceptual 
model, which described the seasonal succession of invertebrate communities. This 
model has subsequently been improved and/or validated in studies in temperate 
regions of the southern hemisphere (Barclay  1966 ; Lake et al.  1989 ) and in more arid 
zones with short hydroperiods (e.g., Rzóska  1961 ; Meintjes  1996 ; Lahr et al.  1999 ). 

 Kenk ( 1949 ) identifi ed several different community structures during the 
hydroperiod of temporary ponds in cool-temperate Michigan (USA) and 
described them as “stages or phases.” Two aquatic phases were described based 
on water temperature and season: the cold-water and the spring phase. In the 
southern hemisphere, in New Zealand, Barclay ( 1966 ) also observed similar 
time periods with distinguishable temporary pond communities (autumn-winter 
stage and spring-early summer stage), but described a third phase during drying 
(dry stage). Lake et al. ( 1989 ) constructed a three-phase conceptual model in 
which phases were called: “fi lling,” “middle or aquatic” and “drying.” The com-
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munity dynamics of fi lling and drying phases represent allogenic succession 
driven by environmental processes. During fl ooding, resources become abun-
dant, and biotic interactions have limited effect on community composition. 
During drying, environmental variables change dramatically (e.g., temperature 
increases, dissolved oxygen fl uctuates), and although higher faunal densities 
intensify biotic interactions, changes in community composition are again 
mostly driven by environmental conditions. However, the succession observed 
between these two phases is autogenic, that is, the result of biological processes 
(i.e., predation and competition). Case studies of faunal community succession 
in Mediterranean basin ponds are consistent with the three-phase model 
(Bazzanti et al.  1996 ; Boix et al.  2004 ; Florencio et al.  2009 ; Sahuquillo and 
Miracle  2010 ). Additionally, comparisons among the same phases of different 
hydroperiods suggest that secondary changes in community composition related 
to season exist in Mediterranean temporary ponds (Yaron  1964 ; Boix et al. 
 2004 ; Culioli et al.  2006 ). In these studies, invertebrate species compositions 
for the three successional phases were identifi ed, but species were also identi-
fi ed that only appeared in spring or in autumn-winter hydroperiods. Similarly, in 
a temporary wetland in the south- western Australian Mediterranean region, 
Strachan et al. ( 2014 ) observed  three   distinct phases of invertebrate community 
structure during the process of wetland drying and refl ooding, with an almost 
complete turnover of species between hydrologically defi ned phases (damp 
phase, sediment damp but surface water absent; dry phase, groundwater at its 
lowest level and sediment surface dry; refl ooded phase, surface water had 
returned). These results suggest that groundwater-fed Mediterranean temporary 
ponds are likely to show very large shifts in community composition over short 
time periods driven by the marked hydrological changes that occur there. 

 The study of temporal changes in community structure based on body size is 
complementary, rather than a replacement for the taxonomic approach (Rodríguez 
and Magnan  1993 ). Successional analyses based on taxonomic or functional 
approaches clearly show temporal changes in the community related to different 
life-history strategies of the organisms, such as dispersal or resistance to drought 
(Kenk  1949 ; Wiggins et al.  1980 ). In contrast, succession analyses based on body 
size emphasize the temporal changes in the community related to trophic structure 
(Quintana et al.  2015 ). In Mediterranean temporary ponds, differences in biomass- 
size spectra were observed during succession, while permanent ponds remained 
more static (Solimini et al.  2005 ). Size-based approaches have also been  used   to 
identify successional phases (Boix et al.  2004 ).  

    Mediterranean Versus Cold-Temperate  Regions   

 Although temporary ponds are very important in arid and semiarid areas, such as 
Mediterranean-climate regions, most ecological knowledge, and the resulting 
paradigms are biased by studies developed in cold-temperate areas. The general 
successional models for temporary pond communities may be valid for 
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Mediterranean ponds, but important distinctions must be recognized. First, in con-
trast with the mild winters in Mediterranean region, ponds in cold-temperate regions 
freeze and become snow-covered in winter (e.g., Kenk  1949 ; Wiggins et al.  1980 ; 
Boix et al.  2011 ) (Fig.  5.4 ). Consequently, these colder temperate regions may have 
lower densities of invertebrates and decreases in certain faunal activities, such as 
aerial dispersal, when compared to Mediterranean temporary ponds (see Ruhí et al. 
 2012  for an example in created wetlands). Second, the life-history traits and distri-
bution of species differ in cold-temperate and Mediterranean regions (Ruhí et al. 
 2013a ). Species in Mediterranean regions tend to have narrower thermal tolerances 
and allocate more to reproduction and resistance than species found in colder habi-
tats (Ruhí et al.  2012 ). Third, precipitation, and hence hydroperiod, is more variable 
in Mediterranean ponds: annual rainfall vary markedly in some regions across 
years, and a deviation of 30 %  or   more from a long-term average is not uncommon 
(Gasith and Resh  1999 ; Florencio et al.  2009 ; Sahuquillo and Miracle  2010 ; Chester 
and Robson  2011 ). Moreover, this inter- and intra-annual variability can result in 

Autumn Winter Spring Summer

COLD TEMPERATE ZONE

MEDITERRANEAN ZONE

Vernal pool (short hydroperiod)

Vernal pool (long hydroperiod)

Intermittent 

Wet phase Dry phase

Wet phase

Wet phase

Dry phaseDry phase

Dry phaseDry phase

Dry phase

Snow & Ice

Snow & Ice

Wet phase

Seasonal 

Wet phase Dry phaseDry phase

  Fig. 5.4     Schematic   diagram of temporary pond hydroperiods in cold-temperate and some 
Mediterranean regions (duration of wet phases can be different depending on the geographical or 
inter-annual variability of each site). Shaded area indicates favorable environmental conditions for 
aerial colonizers. In cold-temperate regions, an increase in hydroperiod length implies an increas-
ing number of days with good environmental conditions for aerial dispersers, but this is not the 
case in all Mediterranean regions       
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basins fl ooding in autumn, winter, spring, and occasionally in summer, and ponds 
can also dry in different seasons, sometimes remaining dry for consecutive years 
(Fig.  5.4 ). In contrast, many vernal and autumnal temporary ponds in cold-temper-
ate regions follow a more consistent seasonal pattern, both drying in summer and 
fl ooding in spring or autumn, respectively (Wiggins et al.  1980 ).

        Trait-Based Groups   During Succession 

 In cold-temperate temporary ponds, community structure exhibits consistent tem-
poral patterns of functional-feeding groups. Initially, fi ltering collectors, gathering 
collectors, and shredders dominate followed by increasing predator densities with 
increasing hydroperiod (Wiggins et al.  1980 ; Williams  1983 ). The majority of pred-
ator species cannot persist in the temporary pond during the dry phase. Moreover, 
predation pressure tends to increase with increasing hydroperiod length (Schneider 
and Frost  1996 ). These patterns are commonly associated with changes in resource 
availability (Wiggins et al.  1980 ) and the hydrological limitations imposed on cer-
tain functional-feeding and life-history groups (Schneider and Frost  1996 ; Higgins 
and Merrit  1999 ). There are similarities between cold-temperate and Mediterranean 
temporary ponds, but there are many differences. 

 Temporal patterns of invertebrate composition in temporary Mediterranean 
ponds can be explained by life-history strategies (Wiggins et al.  1980 ; see also 
Chap.   1    ). Passive dispersers that are desiccation-resistant often dominate at the 
beginning of the hydroperiod, whereas taxa that are non-desiccation-resistant active 
dispersers may dominate in both the beginning and in the fi nal stages of the hydro-
period (Culioli et al.  2006 ; Boix et al.  2009 ). The dominance of detritivores at the 
beginning and of predators at the end of the hydroperiod has been observed in many 
Mediterranean and arid ponds (Lahr et al.  1999 ; Culioli et al.  2006 ), although this 
pattern is not ubiquitous (Bazzanti et al.  1996 ; Spencer et al.  1999 ; Boix et al.  2004 ). 
Other sequences have been observed, including the dominance of desiccation- 
resistant taxa at both the beginning (aerially colonizing insects) and in the middle 
(passive-colonizers) of the hydroperiod (Bazzanti et al.  1996 ). An absence of a pat-
tern resulting in similar proportions among all life-history groups can also develop 
(Sim et al.  2013 ). Predators can be present at the beginning of the hydroperiod after 
mild winters, or the dominant predators can emerge from pond sediment rather than 
via fl ight (i.e., they have drought-resistant stages). For example, when Mediterranean 
temporary ponds fi ll in winter, heteropterans (mainly Corixidae) colonize quickly 
(e.g., Bazzanti et al.  1996 ; Boix et al.  2001 ; Florencio et al.  2009 ). Additionally, it 
is known communities in which the main predators, such as the notostracan   Triops 
cancriformis    and the coleopteran   Agabus nebulosus   , are desiccation-resistant and 
become active during initial fl ooding (Boix et al.  2006 ). In these communities the 
highest  p  redation pressure occurred 20–25 days after fl ooding with no increase over 
the rest of the hydroperiod. 

 High inter-annual variability of hydroperiod length in Mediterranean ponds 
causes variability in life-history groups (Boix et al.  2009 ; Sim et al.  2013 ; Kneitel 
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 2014 ). Sim et al. ( 2013 ) proposed a conceptual model of the relationships between 
hydroperiod length, proportions of the different life-history groups, and the domi-
nant recolonization strategy (dispersal or egg-bank hatching). The model showed 
how hydroperiod variability could interact with life-history traits that result in com-
munity structural differences (see also Chap.   1    ). One persistent limitation to prog-
ress in understanding these dynamics is the lack of life-history information for 
many freshwater invertebrates (Robson et al.  2011 ). Recent studies show that inver-
tebrates might be capable of adapting to variable hydroperiods in ways not previ-
ously understood (e.g., Strachan et al.  2015 ).   

    Dry Period: Drought Resistance and Dispersal 

 Drought-tolerance, microrefuges, or high dispersal capacity allow aquatic animals 
of temporary ponds to survive dry periods.  Colonization   from other wetlands and 
persistence in a wetland are not mutually exclusive strategies for some invertebrate 
taxa (Anderson and Smith  2004 ). The dry period is considered a constraint for the 
 aquatic fauna  , causing lower taxa richness in temporary than in permanent ponds. 
Studies (e.g., Wiggins et al.  1980 ; Williams  1996 ; Boulton et al.  2014 ; Strachan 
et al.  2015 ) have shown, however, that a wide variety of invertebrate groups are 
adapted to desiccation. For this reason, some authors consider desiccation a  mythi-
cal constraint   rather than a strong ecological fi lter (Biggs et al.  1994 ). Although 
some evidence shows higher species richness in permanent ponds (Della Bella et al. 
 2005 ; but see Boix et al.  2008 ), this may be caused by single sampling events under-
estimating species richness in temporary wetlands with high temporal turnover in 
species (Robson and Clay  2005 ). However, the duration and the predictability of the 
dry period implies a selection of the fauna, since resistance to desiccation by some 
groups is related to the duration of the dry period and the existence of suitable ref-
uges (Strachan et al.  2014 ,  2015 ). For example, in a temporary pond located in the 
NE of the Iberian Peninsula, three abundant pioneering  macroinvertebrates   ( Physa 
acuta ,  Galba truncatula , and  Berosus signaticollis ) were always present during pre-
vious hydroperiods (dry period length between hydroperiods was less than 6 
months), but became absent after the pond was dry for more than 2 years (Boix et al. 
 2001 ).  Freshwater gastropods   can survive short-term exposure to air (Havel et al. 
 2014 ), resting in  microrefuges   such as surface depressions of temporary ponds dur-
ing the dry period, and some species can also aestivate in the sediment (Strachan 
et al.  2014 ).  Beetles      of the genus  Berosus  rest in the sediment during the metamor-
phosis from larval instar III to imago while waiting for the pond to refl ood (Thiéry 
 1979 ; Barbero et al.  1982 ). Although crustacean eggs may be viable in sediment for 
long periods (300 years in some copepods; Hairston et al.  1995 ), surviving numbers 
decline over time (Jenkins and Boulton  2007 ). Besides drying stress, aestiviating 
crustacean eggs can be consumed by predators (Waterkeyn et al.  2011a ). 

 Studies of  egg-bank dynamics   in Mediterranean temporary ponds are scarce 
(but see Mura  2004 ), but the presence of species in ponds has been related to their 
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optimal water temperatures (Nourisson and Aguesse  1961 ; Waterkeyn et al.  2009 ). 
 Temperature   not only determines the presence of species, but can also determine the 
presence of different clones, as in the case of the ostracod  Heterocypris incongruens  
(Rossi and Menozzi  1990 ). In laboratory experiments, photoperiod variation can 
produce clones with different life-history traits (Rossi and Menozzi  1993 ). In fact, 
both photoperiod and temperature have been identifi ed as cues for diapause in sev-
eral species of  crustaceans and insects   (e.g., Sawchyn and Church  1973 ; Otero et al. 
 1998 ). Temporal hatching patterns, whether bet-hedging or synchronous, can vary 
for invertebrates. Some crustacean species use bet-hedging in more unstable, tem-
porary habitats, and use synchronous hatching in the more stable places (Simovich 
and Hathaway  1997 ; Waterkeyn et al.  2013 ). Other factors playing a role in the 
 hatching process   include salinity (Waterkeyn et al.  2009 ), light (Pinceel et al.  2013 ), 
and predation (Spencer and Blaustein  2001 ), among others. 

 Different temporal patterns should be expected among groups that differ in  dis-
persal abilities  , such as active vs. passive dispersers, aerial vs. terrestrial dispersers, 
or large- vs. small-bodied organisms (Bilton et al.  2001 ; De Bie et al.  2012 ; Ruhí 
et al.  2013b ). For example, large-bodied species are more dispersal-limited if they 
are passive dispersers, whereas the opposite is true for active dispersers (De Bie 
et al.  2012 ). Small organisms producing resting stages have not been considered 
dispersal-limited, under the so-called   cosmopolitan paradigm   , but the generality of 
this paradigm is currently being debated (Incagnone et al.  2015  and references 
therein). Several vectors for passive dispersers have been described, each acting at 
different  spatial scales  : wind (Parekh et al.  2014 ), insects (Van de Meutter et al. 
 2008 ), amphibians (Bohonak and Whiteman  1999 ), fi shes (Beladjal et al.  2007 ), 
birds (Frisch et al.  2007 ), and mammals (Vanschoenwinkel et al.  2008 ) including 
human (Valls et al.  in press ). With  animal dispersal  , eggs can be transported exter-
nally, but there are also cases of dispersal following ingestion and defecation 
(Bohonak and Whiteman  1999 ). Different dispersal abilities among active dispers-
ers interact with local and regional factors resulting in different spatiotemporal 
diversity patterns (Miguel-Chinchilla et al.  2014 ). Insect fl ight may be infl uenced by 
atmospheric conditions (mainly air temperature, wind speed, air humidity; Boix 
et al.  2011  and references therein) as well as landscape type, habitat conditions, and 
biological interactions, such as predation and competition. These factors may also 
act as cues for the initiation of colonization fl ights (e.g., Velasco and Millán  1998 ; 
Pajunen and Pajunen  2003 ; Yee et al.  2009 ), or may be important to insects in their 
selection of a suitable habitat (Blaustein et al.  2004 ).  

    Predation, Competition, and Trophic Webs 

 Along the hydroperiod gradient, the importance of  abiotic and biotic factors   both 
change. In the schematic model proposed by Wellborn et al. ( 1996 ), ephemeral hab-
itats were considered as refuges against predation, while increased hydroperiod 
length led to increased predation pressure. In contrast, permanent wetland 
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invertebrates were viewed as being under higher predation pressure, mainly by fi sh. 
This model is widely accepted, but it also generates misunderstandings. First, it is 
incorrect to assume that predation is absent in temporary ponds, even in those ponds 
with short  hydroperiod   length (e.g., Blaustein  1998 ; Brendonck et al.  2002 ; Boix 
et al.  2006 ; Strachan et al.  2014 ). Second, in Mediterranean temporary waters, lon-
ger hydroperiods are not always associated with the highest predation pressure 
(Spencer et al.  1999 ). Wetlands with short spring hydroperiods can show stronger 
effects of insect predation than wetlands with long autumn-winter hydroperi-
ods (Fig.  5.4 ). Third, autogenic changes at community level (as described in the 
Seasonal Succession section) are caused, at least in part, by predation (Higgins and 
Merrit  1999 ; Boix et al.  2006 ). Fourth, indirect effects of predation were also 
reported in these  habitats  ; for example, bioturbation created by  Triops  negatively 
affected microcrustaceans by impeding fi ltering capacities (Waterkeyn et al.  2011a ) 
and altering water physico-chemistry (Croel and Kneitel  2011 ). Therefore, preda-
tion is particularly important in structuring communities in temporary waters 
because the inhabitants typically lack defences against predation (Wilcox  2001 ; 
Petrusek et al.  2009 ), and the abundance of predaceous insects can be very high in 
short-duration habitats (Batzer and Wissinger  1996 ). 

 From an evolutionary point of view, temporary ponds have been considered fau-
nal refuges from  predation   (Kerfoot and Lynch  1987 ). The reduction of the global 
distribution of branchiopods and the rise of cladocerans (small-sized species) coin-
cided with the increase in fi sh predation during the  Mesozoic  .  Large branchiopods   
now almost exclusively inhabit temporary (fi sh-free) waters (Kerfoot and Lynch 
 1987 ). However, some defences against predators, which are exclusive of tempo-
rary waters (i.e.,   Triops cancriformis   ), have been observed in the invertebrate fauna. 
 Morphological changes   that increase prey survival (i.e., formation of heart-shaped 
lobes armed by long spines in the head shield, increased tail spine length, increased 
body lengths and widths) have been observed in individuals of  Daphnia  spp. when 
those individuals were incubated with chemical cues released by predatory tadpole 
shrimp (Petrusek et al.  2009 ; Rabus et al.  2012 ). 

 Other ways of avoiding or reducing the risk of predation also exist. For example, 
some diel patterns observed in zooplankton species of Mediterranean temporary 
ponds can be interpreted as adaptations to the effects of predators (Compte et al.  in 
press ). In non-Mediterranean fi shless ponds, predatory invertebrates that inhabit 
temporary ponds generate diel responses in zooplankton prey (Neill  1990 ; Gilbert 
and Hampton  2001 ; Trochine et al.  2009 ). In these studies, the diel pattern varied 
markedly among zooplankton-prey species, but examples also exist showing that 
zooplankton diel patterns cannot be explained by predation (Arranz et al.  2015 ). 
Other adaptations that reduce exposure to predators also exist in Mediterranean 
temporary ponds. For example, some culicid (mosquito) females avoid ovipositing 
in pools that contain predators (Blaustein et al.  2004 ). Although the cue for oviposi-
tion avoidance is generally chemical (Blaustein et al.  2004 ; Silberbush et al.  2010 ) 
 mosquitoes   appear to use other cues for detecting predators (odonates; Stav et al. 
 2000 ), or may not avoid certain kinds of predators (urodeles) when ovipositing 
(Blaustein et al.  2014 ). 

D. Boix et al.



157

 Predation can also have population-level effects.  Triops , potentially a keystone 
predator, may selectively prey upon particular sizes or sexes of prey. Populations of 
  Daphnia magna    and the mayfl y   Callibaetis californicus    exposed to  Triops  preda-
tion were size-biased, and characterized by preying on a high proportion of larger 
individuals (Walton et al.  1991 ; Rabus et al.  2012 ). In another study,  Triops  targeted 
male copepods ( Megacyclops viridis ) (Boix et al.  2006 ). The role of predation in 
temporary ponds may therefore be important for population-level, as well as com-
munity, dynamics. 

 Unlike predation, only a few studies have addressed competition in Mediterranean 
temporary ponds. One interesting feature of these studies is the important effect of 
predation interacting indirectly with competition through: (1) keystone predation 
(sensu Paine  1969 ); and (2) intraguild predation. The most competitively dominant 
cladoceran genus,  Daphnia , is also the preferred prey of   Notonecta maculata    (Eitam 
and Blaustein  2010 ), so densities of less competitive and smaller cladocerans increase 
with increasing predator abundance. Consequently species diversity increases, as is 
typical of keystone predation. Two examples of intraguild predation have been 
reported: mosquito versus toad competition in a temporary pool in Israel (Blaustein 
and Margalit  1994 ), and fairy shrimps versus microcrustaceans in French and Spanish 
temporary ponds (Sánchez and Angeler  2007 ; Waterkeyn et al.  2011b ). Mosquito 
 larvae   (  Culiseta longiareolata   ) and toad tadpoles (  Bufotes variabilis   ) compete for 
periphyton food, but late-stage  Culiseta  larvae also prey on  Bufotes  hatchlings. Fairy 
shrimps compete with and potentially also prey on microcrustaceans. 

  Analyses of food web structure   and top-down and bottom-up dynamics are rare 
in temporary ponds, and the few existing examples are from studies performed out-
side the Mediterranean biome (Magnusson and Williams  2009 ; Schriever and 
Williams  2013 ; O’Neill and Thorp  2014 ). These studies illustrate, however, that (1) 
food-chains are short (average of 3.3 trophic levels, range of 1.7–4.6) regardless of 
pond size (Schriever and Williams  2013 ); (2) food-chain length increases as tempo-
rary waterbodies approach the end of the hydroperiod (O’Neill and Thorp  2014 ); 
and (3) strong top-down effects generated by insect predators (Odonata and 
Coleoptera) have been observed, regulating the abundance of dipterans and zoo-
plankton with the effects propagating downwards through the food web to lower 
trophic levels (i.e., trophic cascades; Magnusson and Williams  2009 ). Short food- 
chains and trophic cascades have been also observed in temporary brackish waters 
in coastal Mediterranean ponds (Compte et al.  2012 ).   

    Conservation and Management of Mediterranean 
Temporary Ponds  

 From a global perspective, conservation of temporary aquatic environments is pre-
carious, because historically they have been neglected. For example, degradation 
and disappearance of temporary wetlands and streams progressed continuously dur-
ing the last century (Holland et al.  1995 ; Brown  1998 ), in part due to the negative 
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effects of both intensive (Euliss and Mushet  1999 ; Barry and Davies  2004 ; 
Underwood et al.  2009 ) and expansive (Robson and Clay  2005 ; Sim et al.  2006a ,  b ) 
agricultural practices. Temporary ponds in the Mediterranean basin that were com-
patible with agricultural activity for thousands of years (Grillas et al.  2004 ) are now 
clearly negatively affected by current intensive agriculture (Beja and Alcazar  2003 ; 
Parra et al.  2005 ) as they are in other Mediterranean regions (e.g., southern Australia: 
Robson and Clay  2005 ; Sim et al.  2006a ,  b ).  Remote sensing and historical com-
parison studies   performed in several Mediterranean regions (e.g., De Roeck et al. 
 2008 ; Levin et al.  2009 ; Gómez-Rodríguez et al.  2010 ; Rhazi et al.  2012 ; Tulbure 
et al.  2014 ) reveal degradation (i.e., reduced hydroperiod due to human activities) 
and drastic reduction in the number of temporary ponds. The  shallowness   and the 
small size of many Mediterranean temporary ponds have made them very vulnera-
ble to human impacts: they can easily be drained for agriculture, urbanization, tour-
ism, or industrial purposes (Grillas et al.  2004 ; Zacharias et al.  2007 ). In other cases, 
 temporary waterbodies   have been converted to permanent ones for waste disposal, 
water storage, or (perceived) aesthetics (e.g., Davis et al.  2001 ). Thus, Mediterranean 
temporary ponds are endangered habitats, and consequently the scientifi c commu-
nity has emphasized the need to reverse the situation (Giudicelli and Thiéry  1998 ; 
Boix et al.  2001 ; Horwitz et al.  2009 ; Díaz-Paniagua et al.  2010 ; Zacharias and 
Zamparas  2010 ), so as to restore and preserve these unique and valuable 
environments. 

 Negative impacts continue despite the existence of preservation initiatives for 
Mediterranean temporary ponds and their species (e.g., Europe, European Habitat 
Directive 92/43/CEE; US Federal Register  2003 ; but see Zedler  2003 ). The great 
value of the fl ora of Mediterranean temporary aquatic environments has been widely 
reported (e.g., Holland and Jain  1981 ; Boutin et al.  1982 ; Ferchichi-Ben Jamaa 
et al.  2010 ; Rhazi et al.  2012 ), as well as the importance of these aquatic environ-
ments for  amphibian conservation   (e.g., Beja and Alcazar  2003 ; Gómez-Rodríguez 
et al.  2009 ; Ferreira and Beja  2013 ; Escoriza et al.  2014 ). Invertebrates have received 
less attention, with the exception of some crustaceans (e.g., King et al.  1996 ; Belk 
 1998 ; De Roeck et al.  2007 ). However, the need to protect these environments and 
even to create new ones for the conservation of endangered invertebrate species has 
been noted (Baltanás et al.  1992 ; Valdecasas et al.  1992 ; Fugate  1998 ; Chester and 
Robson  2013 ). In recent years, public perception, scientifi c knowledge, and man-
agement efforts have improved. For example, the number of scientifi c symposia and 
publications for both scientifi c and general audiences has increased signifi cantly in 
the last two decades (Witham  1998 ; Diget and Rioux  1998 ; Blaustein and Schwartz 
 2001 ; Grillas et al.  2004 ; Fraga  2009 ). Pioneering examples of vernal pool restora-
tion, mitigation against damage, and conservation activities were developed in 
California in the 1980s (Black and Zedler  1998 ; Ferren et al.  1998 ), and more fol-
lowed in the other Mediterranean regions. For example, in Europe, local and inter-
national projects to establish the value of Mediterranean temporary ponds, and to 
improve their management, have fl ourished in the last 15 years (including continen-
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tal France, Corsica, Minorca, València, southwest of Portugal, Crete and Sardinia; 
Grillas et al.  2004 ; Fraga et al.  2010 ; Sancho and Lacomba  2010 ). In southern 
Australia, recent research has focused on understanding the effects of water regime 
change on temporary wetlands (e.g., Robson and Clay  2005 ; Chambers et al.  2013 ; 
Chester et al.  2013 ; Sim et al.  2013 ), the biodiversity and recolonization dynamics 
of temporary wetland biota (Horwitz et al.  2009 ; Tuckett et al.  2010 ; Strachan et al. 
 2014 ), and whether artifi cial wetlands can play a role in conservation as more and 
more natural wetlands become drier (Chester and Robson  2013 ; Chester et al. 
 2013 ). Globally, several new tools or methods have been proposed for Mediterranean 
temporary ponds to evaluate the impact of  human socioeconomic pressure   (Zacharias 
et al.  2008 ), estimate their environmental status (Dimitriou et al.  2006 ), establish 
their habitat condition or ecological integrity (Sala et al.  2004 ; Sutula et al.  2006 ; 
Chester et al.  2013 ; van den Broeck et al.  2015a ), assess their water quality using 
invertebrates (Chessman et al.  2002 ; Boix et al.  2005 ), and assess the contribution 
anthropogenic wetlands could make to conservation goals (Chester and Robson 
 2013 ; Chester et al.  2013 ). 

 Common threats to  temporary wetlands   are prevalent among Mediterranean 
regions: habitat loss, hydrological perturbation, disconnection and habitat fragmen-
tation, fi re damage, pollution, eutrophication, sedimentation, physical disturbance 
of the sediment, invasive species, livestock impacts, and climate change (Grillas 
et al.  2004 ; Zacharias et al.  2007 ; Zacharias and Zamparas  2010 ). However, the rela-
tive importance of each differs among countries. For example, increased livestock 
herd size has caused overgrazing and disturbance of sediments in North Africa 
(Bouahim et al.  2014 , but see Ferchichi-Ben Jamaa et al.  2012 ). In contrast, the use 
of  livestock   has been proposed as a management tool to maintain disturbances that 
favor rare plant germination and amphibian reproduction in Europe (Grillas et al. 
 2004 ), and to reduce invasive plant species and promote natives in California (Marty 
 2005 ).  Water extraction and diversion   can dramatically affect the hydrology of tem-
porary ponds in some areas (Serrano and Serrano  1996 ; Levin et al.  2009 ; Sim et al. 
 2013 ; Boulton et al.  2014 ). Habitat loss through drainage appears to be a universal 
issue across Mediterranean-climate regions (e.g., Hambright and Zohary  1998 ; 
Robson and Clay  2005 ; Horwitz et al.  2009 ). Moreover, annual  rainfall   has been 
declining substantially since 1900 in several Mediterranean regions owing to cli-
mate change (IPCC  2007 ) and already dry periods in rivers and wetlands have been 
markedly prolonged (Davies  2010 ; Sim et al.  2013 ). Many formerly perennial wet-
lands are now seasonal, and several formerly seasonal wetlands are now rarely inun-
dated. These changes in  hydroregime   (duration, timing, and frequency of inundation) 
will imply changes in the populations and metacommunities dynamics, and differ-
ent patterns between organisms with different dispersion mode or ability are 
expected (Pyke  2005 ; Sim et al.  2013 ; Kneitel  2014 ; Fig.  5.5 ).

   Although many threats are common among temporary ponds in Mediterranean 
regions, legal protections and conservation plans differ among locations with very 
different  political and social contexts  . However, three fundamental concepts are 
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shared: (1) habitat loss continues to be the primary challenge to conservation and 
management; (2) integration of freshwater and terrestrial biodiversity priorities in 
systematic conservation planning is a major challenge to conservation planners 
(Amis et al.  2009 ; Davies and Stewart  2013 ) and it is especially relevant in areas 
with a high abundance of temporary ponds (Chester and Robson  2013 ); and (3) 

  Fig. 5.5    Schematic diagram showing changes in hydroregime and to  invertebrates   in some future 
climate change scenarios. Three types of Mediterranean temporary ponds are shown: long hydro-
period (LH); short hydroperiod (SH); and ephemeral (EP). The  left panels  represent the present 
situation, the  middle panel  shows moderate effects of climate change and the  right-hand panel  
shows severe effects of climate change along with the expected changes to hydroperiod length for 
each pond type. Larger clouds and suns indicate higher rainfall and temperature, respectively. Each 
panel shows three variables: hydroregime ( a ), organism dynamics ( b ), egg-bank dynamics ( c ). In 
the hydroregime plots ( a ) the  blue area  shows seasonal water levels ( A  autumn,  W  winter,  Sp  
spring,  Su  summer) and hydroperiod length. In the organism dynamic plots ( b ) the bigger the icons 
( red  for passive dispersal invertebrates and  green  for the active ones) the higher the population 
size, and  red  and  green lines  represent the change of population size during the year. Finally, the 
pattern in ( c ) plots identifi es three statuses of the egg-bank:  black , high density and diversity of 
propagules;  dark gray , low density and diversity of propagules;  light gray , depleted egg-bank. 
Rainfall reduction and temperature increase cause shorter hydroperiod lengths with decreased life 
cycle duration and, in turn, a gradual depletion of the egg-bank. For active dispersers, optimal 
dispersal conditions (i.e., late spring) will be decoupled from hydroperiod since these conditions 
would occur when ponds would probably be dry. Thus, metapopulation sizes will decrease in time, 
and taxa presence can be only explained by neighboring ponds ( gray panels )       

 

D. Boix et al.



161

biodiversity protection requires networks of ponds with diverse hydroperiods, 
where the  natural   hydrologic regimes are preserved (Beja and Alcazar  2003 ; Díaz- 
Paniagua et al.  2010 ; Chester and Robson  2013 ; Chester et al.  2013 ; Florencio et al. 
 2014 ). Pond networks in regions under strong human pressure exhibit poorly devel-
oped invertebrate metacommunities (Gascón et al.  2012 ). More knowledge of  plants 
and vertebrates   in these environments means that these organisms are sometimes 
used as surrogates for total biodiversity, but evidence exists that biodiversity pat-
terns and spatiotemporal dynamics of plants, vertebrates, and invertebrates, and 
even among invertebrate groups, are different (Alexander and Schlising  1998 ; 
Gascón et al.  2009 ; Bagella et al.  2010 ,  2011 ; Davies and Stewart  2013 ; Ruhí et al. 
 2014 ; Rouissi et al.  2014 ). Thus the use of surrogates may be ineffective in 
Mediterranean-climate regions. 

 To solve these conservation dilemmas and improve the sustainability of biodi-
versity and ecosystem function in Mediterranean temporary wetlands, much more 
research is needed into the dynamics of populations and communities. 
Comparatively little is known of local and regional patterns of biodiversity, of 
invertebrate population genetics and dispersal (with the exception of some groups 
such as  large branchiopods  ; e.g., Aguilar  2011 ,  2012 ; Simovich et al.  2013 ), and of 
the dynamics of invertebrates in the wide range of habitats and microhabitats pres-
ent in these wetlands. For example, only recently have invertebrate movements 
into  sediment microrefuges   during the drying process been documented in a 
Mediterranean- climate wetland, showing dynamics not previously observed 
(Strachan et al.  2014 ). Finally, progress is being made in elucidating how changes 
in the hydroregime or in the climate characteristics affect community structure 
(Ruhí et al.  2014 ; Kneitel  2014 ), and further research in this subject should allow 
improved conservation management of Mediterranean temporary ponds in future 
 scenarios   (Fig.  5.5 ).     
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         Appendix 1  

 Invertebrate taxa observed in Mediterranean temporary ponds of the fi ve world 
regions (data from published and non-published studies). The fi gures correspond to 
the number of identifi ed genera in each family. The symbol + indicates the presence 
of a certain taxa, but without any genera identifi ed. MED. REG., total number of 
genera identifi ed in all Mediterranean regions. 
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   Main literature sources: 
 MEDITERRANEAN BASIN—Terzian  1979 ; Boutin et al.  1982 ; Metge  1986 ; 

Bazzanti et al.  1996 ; Bazzanti et al.  1997 ; Chaves  1999 ; Fahd et al.  2000 ; Boix et al. 
 2001 ,  2005 ; Eitam et al.  2004 ; Pieri et al.  2006 ; Culioli et al.  2006 ; Carchini et al. 
 2007 ; Marrone et al.  2009 ; Florencio et al.  2009 ; Sahuquillo and Miracle  2010 ; 
Martins et al.  2010 ; Caramujo and Boavida  2010 ; Elron and Gafny  2011 ; Moubayed- 
Breil et al.  2012 ; Tornero et al.  2014 ; Rouissi et al.  2014 ; Gerecke et al.  2014 ; Gilbert 
et al.  2015 ; Escrivà  2015 . NORTH AMERICA—Ebert and Balko  1987 ; Zedler 
 1987 ; King et al.  1996 ; Rogers  1998, 2014 ; Belk  1998 ; Helm  1998 ; Simovich  1998 ; 
de Szalay and Resh  2000 ; Marchetti et al.  2010 . SOUTH AMERICA—Araya and 
Zúñiga  1985 ; Villagran-Mella et al.  2006 ; Figueroa et al.  2009 ; Correa-Araneda 
et al.  2014 . SOUTHERN AUSTRALIA—Williams  1975 ; Davis and Christidis 
 1999 ; Robson and Clay  2005 ; Sim et al.  2013 ; Pinder et al.  2013 ; Strachan et al. 
 2014 . SOUTH AFRICA –De Roeck et al.  2007 ; Day et al.  2010 ; Mlambo et al.  2011 .  

      Appendix 2 

  Large branchiopods species   observed in temporary ponds in four of the fi ve 
Mediterranean regions (data from published studies; no species have been identifi ed 
from South American Mediterranean region).  P  means that this species occurs both in 
and outside the Mediterranean areas, whereas  E  means that it is endemic to one 
Mediterranean area. For the species inclusion criteria see section “Invertebrate assem-
blages of Mediterranean temporary ponds?” means that this taxon cannot be included in 
one of the two previous categories, because taxonomic identity is not at species level.

 Med. Basin  North America  Southern Australia  South Africa 

  O. NOTOSTRACA  

  F. Triopidae  
  Lepidurus apus apus    P   −  −  − 
  Lepidurus apus viridis   −  −   P   − 
  Lepidurus couesii    P   −  −  − 
  Lepidurus lubbocki    P   −  −  − 
  Lepidurus packardi   −   E   −  − 
  Triops    austra    liensis   −  −   P   − 
  Triops baeticus    E   −  −  − 
  Triops cancriformis    P   −  −  − 
  Triops emeritensis    E   −  −  − 
  Triops gadensis    E   −  −  − 
  Triops granarius    P   −  −   P  
  Triops longicaudatus   −   P   −  − 
  Triops mauritanicus    E   −  −  − 
  Triops simplex    E   −  −  − 
  Triops vicentinus    E   −  −  − 
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 Med. Basin  North America  Southern Australia  South Africa 

  O. SPINICAUDATA  
  F. Cyzicidae  
  Cyzicus bucheti    E   −  −  − 
  Cyzicus    californicus     −   E   −  − 
  Cyzicus gihoni    E   −  −  − 
  Cyzicus grubei    E   −  −  − 
  Cyzicus tetracerus    P   −  −  − 
  Eocyzicus saharicus    P   −  −  − 
  Ozestheria mariae   −  −   E   − 
  Ozestheria packardi   −  −   P   − 
  F. Limnadiidae  
  Eulimnadia  sp. 1   ?  −  −  − 
  Eulimnadia feriensis   −  −   E   − 
  Eulimnadia datsonae   −  −   E   − 
  Eulimnadia palustera   −  −   E   − 
  Eulimnadia vinculuma   −  −   E   − 
  Eulimnadia texana   −   P   −  − 
  Imnadia yeyetta    P   −  −  − 
  Limnadia    lenticularis      P   −  −  − 
  Limnadopsis occidentalis   −  −   P   − 
  Limnadopsis paradoxa   −  −   E   − 
  Limnadopsis tatei   −  −   P   − 
  Paralimnadia badia   −  −   E   − 
  Paralimnadia cygnorum   −  −   E   − 
  Paralimnadia sordida   −  −   P   − 
  F. Leptestheriidae  
  Eoleptestheria ticinensis    P   −  −  − 
  Leptestheria dahalacensis    P   −  −  − 
  Leptestheria mayeti    P   −  −  − 
  Leptestheria rubidgei   −  −  −   P  
  Maghrebestheria maroccana    E   −  −  − 
  O. LAEVICAUDATA  
  F. Lynceidae  
  Lynceus  sp.  2     ?  −  −  − 
  Lynceus baylyi   −  −   P   − 
  Lynceus brachyurus   −   P   −  − 
  Lynceus tatei   −  −   P   − 
  Lynceus macleayanus   −  −   P   − 
  Lynceus magdaleanae   −  −   P   − 
  Lynceus susanneae   −  −   E   − 
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 Med. Basin  North America  Southern Australia  South Africa 

  O. ANOSTRACA  
  F. Streptocephalidae  
  Streptocephalus cafer   −  −  −   P  
  Streptocephalus dendyi   −  −  −   P  
  Streptocephalus    gracilis     −  −  −   P  
  Streptocephalus ovamboensis   −  −  −   P  
  Streptocephalus papillatus   −  −  −   P  
  Streptocephalus purcelli   −  −  −   P  
  Streptocephalus torvicornis    P   −  −  − 
  Streptocephalus woottoni   −   E   −  − 
  F. Tanymastigidae  
  Tanymastix    affi nis      E   −  −  − 
  Tanymastix stagnalis    P   −  −  − 
  Tanymastix stellae    E   −  −  − 
  Tanymastigites brteki    E   −  −  − 
  Tanymastigites cyrenaica    P   −  −  − 
  Tanymastigites lusitanica    E   −  −  − 
  Tanymastigites perrieri    P   −  −  − 
  F. Branchipodidae  
  Australobranchipus parooensis   −  −   P   − 
  Branchipodopsis dayae   −  −  −   P  
  Branchipodopsis    hodgsoni     −  −  −   P  
  Branchipodopsis karroensis   −  −  −   E  
  Branchipodopsis wolfi    −  −  −   P  
  Branchipus cortesi    E   −  −  − 
  Branchipus pasai    E   −  −  − 
  Branchipus schaefferi    P   −  −  − 
  F. Thamnocephalidae  
  Branchinella affi nis   −  −   P   − 
  Branchinella australiensis   −  −   P   − 
  Branchinella basispina   −  −   E   − 
  Branchinella complexidigitata   −  −   E   − 
  Branchinella erosa   −  −   E   − 
  Branchinella kadjikadji   −  −   E   − 
  Branchinella halsei   −  −   P   − 
  Branchinella hattahensis   −  −   P   − 
  Branchinella hearnii   −  −   E   − 
  Branchinella    longirostris     −  −   E   − 
  Branchinella lyrifera   −  −   P   − 
  Branchinella nana   −  −   P   − 
  Branchinella occidentalis   −  −   P   − 
  Branchinella papillata   −  −   P   − 
  Branchinella vosperi   −  −   E   − 
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 Med. Basin  North America  Southern Australia  South Africa 

  F. Branchinectidae  
  Branchinecta campestris   −   P   −  − 
  Branchinecta coloradensis   −   P   −  − 
  Branchinecta conservatio   −   E   −  − 
  Branchinecta dissimilis   −   P   −  − 
  Branchinecta ferox    P   −  −  − 
  Branchinecta gigas   −   P   −  − 
  Branchinecta lindahli   −   P   −  − 
  Branchinecta longiantenna   −   E   −  − 
  Branchinecta    lynchi     −   E   −  − 
  Branchinecta mackini   −   P   −  − 
  Branchinecta mesovallensis   −   E   −  − 
  Branchinecta orientalis    P   −  −  − 
  Branchinecta sandiegonensis   −   E   −  − 
  F. Chirocephalidae  
  Chirocephalus anatolicus    E   −  −  − 
  Chirocephalus bairdi    E   −  −  − 
  Chirocephalus brteki    E   −  −  − 
  Chirocephalus diaphanus    P   −  −  − 
  Chirocephalus kerkyrensis    E   −  −  − 
  Chirocephalus murae    E   −  −  − 
  Chirocephalus neumanni    E   −  −  − 
  Chirocephalus salinus    P   −  −  − 
  Eubranchipus bundyi   −   P   −  − 
  Eubranchipus oregonus   −   P   −  − 
  Eubranchipus    serratus     −   P   −  − 
  Linderiella africana    E   −  −  − 
  Linderiella baetica    E   −  −  − 
  Linderiella massaliensis    E   −  −  − 
  Linderiella occidentalis   −   E   −  − 
  Linderiella santarosae   −   E   −  − 

    1 The taxonomic identity at species level of this population in Tunisia (Rabet et al.  2015 ) is not 
determined 
  2 According to Hartland-Rowe ( 1967 ) this species is not the ubiquitous  L. brachyurus  

 Main literature sources: 
 MEDITERRANEAN BASIN—Hartland-Rowe  1967 ; Dimentman  1981 ; Cottarelli 
and Mura  1983 ; Thiéry  1987 ,  1991 ,  1996 ,  2004 ; Brtek and Thiéry  1995 ; Alonso 
 1996 ; Defaye et al.  1998 ; Samraoui and Dumont  2002 ; Brtek and Cottarelli  2006 ; 
Cottarelli et al.  2007 ,  2010 ; Miracle et al.  2008 ; Turki and Turki  2010 ; van den 
Broeck et al.  2015b ; Rabet et al.  2015 . NORTH AMERICA - Helm  1998 ; US Fish 
and Wildlife Service  2008 ; Rogers et al.  2010 . SOUTHERN AUSTRALIA—
 Williams   1968 ; Timms  2002 ,  2005 ,  2006 ,  2008 ,  2009 ,  2012 ,  2013 ,  2015 ; Richter 
and Timms  2005 ; Timms and Richter  2009 ; Rogers and Hamer  2012 . SOUTH 
AFRICA—De Roeck et al.  2007 .   
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    Chapter 6   
 Invertebrates of Irish Turloughs                     

       Julian     D.     Reynolds    

            Introduction to Turloughs 

 Although turloughs are a recognized European habitat (CEC  2007 ; NPWS  2013b ), 
almost all identifi ed turloughs occur in Ireland, and the name is an Irish word usually 
interpreted to mean “dry lake.” Published defi nitions of turloughs differ somewhat, 
depending on the focus or emphasis of study—geology, hydrology, botany, zoology 
or even terrestrial agriculture. One such, responding to the  EU Water Framework 
Directive   (EC  2000 ), is “groundwater-dependent terrestrial ecosystems” (Naughton 
et al.  2012 ; Kimberley and Coxon  2013 ). 

 Limnologically, turloughs are temporary freshwater bodies that form in topo-
graphic depressions in  karstifi ed limestone  , fi lling from subterranean streams in 
response to localized rainfall and emptying, partly or completely, to groundwater 
conduits. The substrate and variable fi lling pattern of turloughs differentiates them 
from other forms of temporary waterbody. Figure  6.1     is a schematic diagram of the 
water budget of turloughs. It indicates that in addition to the main water inputs from 
groundwater, there may be small additional amounts from precipitation and over-
land fl ow. Surface streams may or may not be present. Water is lost by 
  evapotranspiration   as well as through sinks into the underlying karst. The extent and 
duration of fl ooding depends on seasonality, local weather conditions, and water 
table. The substrate in a turlough is usually limestone rock or thin soil, sometimes 
peaty, helping to retain water.

   Karstifi cation of  limestone   was most active in warm or tropical geological peri-
ods when sea-level was lower than that at present, and this resulted in development 
of tunnels and caves within the rock through the action of percolating acidic rainwa-
ter, in which streams fl ow or once fl owed. Karstifi ed limestone underlies some 40 % 
of Ireland. Later erosion and cave collapse has led to their exposure at different 
levels, streams sometimes meeting the surface as springs, resurgences or sinks. Irish 
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turloughs apparently all lie within the zone formerly affected by the last glaciation, 
which stripped off rocks and soil to leave exposed limestone strata. 

 Even if  hydrology and geomorphology   are suitable, with a history of glacial 
erosion, turloughs only develop when climatic conditions permit and rainfall 
exceeds evapotranspiration for at least part of the year (Fig.  6.1 ). In Ireland’s  oce-
anic climate  , turloughs may fi ll and empty at any time of the year, but aquatic 
phases are generally found in winter and are therefore cool water, while terrestrial 
phases tend to occur in the drier, warmer months (Reynolds et al.  2004 ). Some 
turloughs at or near  sea-level   have a lunar tidal pattern infl uenced by tidal pressure 
through rock conduits, superimposed on seasonality (Reynolds  2000 ). 

 Turloughs are largely confi ned to the western third of Ireland, from Sligo to 
Kilkenny and Limerick (Coxon  1987 ; Goodwillie  1992 ), but occur most commonly 
in Mayo, Galway, and Clare, where deep strata of karstifi ed Carboniferous lime-
stone occur in lowlands (NPWS  2013b ). However, turlough-like waterbodies have 
occasionally been described from elsewhere where the environmental conditions 
are right, with one (Pant-y-llyn) known from Wales (Campbell et al.  1992 ; 
Blackstock et al.  1993 ). Others, such as  poljes  , large glacial hollows that may or 
may not fl ood on an annual basis, and dolines, deep, often funnel-shaped sinkholes, 
whose extreme manifestations are called “ tiankengs  ,” occur in warmer climates 
(Gunn  2006 ). Similar karstic wetlands have been described in  Slovenia  , e.g., the 
intermittently fi lling Lake Cerknica (26 km 2 ) (Kranjc  2006 ), eastern Spain (Garcia- 
Gil et al.  1992 ; Boix et al.  2001 ), in North America from Mexico to eastern Canada 
(Coté et al.  1990 ), and also in China and Australia (Waltham  2006 ). However, 
 turloughs differ markedly from these other geomorphological  features   (Coxon 
 1987 ; Naughton et al.  2012 ), and the faunal affi nities of Irish turloughs are more 
northern than Mediterranean or further afi eld. 

Turloughs

ET

Stream
flow

Groundwater

Overland
flow

Precipitation

  Fig. 6.1    Schematic of turlough  water budgets         
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 A complex waterbody usually referred to as a turlough is Rahasane (220 ha) in 
County Galway, atypical in that it fi lls from the adjacent  Dunkellin River   in fl ood. 
The anostracan   Tanymastix stagnalis    has been recorded here (Young  1975 ,  1976 ) 
and in adjacent temporary grassland pools, probably its more typical habitat. The 
species occurs sporadically in Europe, but is more commonly encountered in 
Mediterranean regions, and it has not been re-found in recent years in Ireland 
(Sheehy Skeffi ngton et al.  2006 ). 

 In Ireland, temporary “ winter-lakes  ” on fl ooded grassland show some  similarities 
with turloughs and have been studied with them, principally by Grainger ( 1966 , 
 1976 ,  1979 ), Ali et al. ( 1987 ), and Grainger and Holmes ( 1989 ). While these Irish 
habitats differ from turloughs in that they are not groundwater-fed, they have in 
common a cool-water, winter-fi lling periodicity and show similarities with Nordic 
temporary pools on Ordovician limestone Alvar grassland (e.g., Rosén  2006 ). The 
fi rst unequivocal Irish record of the  calanoid copepod  Diaptomus castor   , previously 
confused with the widespread planktonic  D. gracilis , was made by Grainger ( 1966 ) 
in winter-fl ooded grassland in Mayo.  D. castor  and  D. gracilis  also often occur in 
turloughs. 

  Zonation   of peripheral turlough vegetation has long been noted (Praeger  1932 ; 
Ivimey-Cook and Proctor  1966 ; Proctor  2010 ). Most turloughs fi ll in autumn or 
early winter. In the aquatic phase, turlough vegetation is limited and mostly annual, 
but there may also be some perennials in residual water in  sinkholes   (e.g.,   Elodea 
canadensis   ,   Ceratophyllum demersum   ), or aquatic mosses resistant to desiccation, 
such as   Cinclidotus fontinaloides    (Reynolds  2000 ).  Vascular plants   of wetlands 
such as  Persicaria amphibia ,  Mentha aquatica,  and  Potentilla anserina  
(e.g., Scannell and Webb  1983 ; CEC  2007 ; NPWS  2013a ; Reynolds  2014 ), or the 
turlough form of   Ranunculus repens   , with fi nely divided leaves (Lynn and Waldren 
 2003 ) are also frequent. Such plants are also characteristic of river fl oodplains or the 
 drawdown zone of lakes. 

 As water levels decline, generally in early summer, the substrate becomes 
exposed and starts to dry. Sparse swards of wetland annual plants are fi rst to appear, 
although some perennial marsh vegetation such as   Carex nigra    (Williams and 
Gormally  2009 ) or reedbeds may persist in parts of the basin where the bottom is 
sealed by peat or clay (Goodwillie  2003 ). Depending on time and period of expo-
sure, the terrestrial phase may come to resemble damp limestone grassland, although 
late-draining turloughs may be dominated by an annual   Chenopodion rubri    com-
munity (NPWS  2013b ).  

    Invertebrate Assemblages in Turloughs 

 Numerous authors have written on turlough invertebrates and their ecology, but 
as for many other ecosystems and communities in Ireland, research activity on 
turloughs has been sporadic rather than sustained. Early surveys of  Burren 
vegetation  , including turloughs, were carried out by Praeger ( 1932 ) and 
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Ivimey-Cook and Proctor ( 1966 ), while Scannell and Webb ( 1983 ) and others 
considered plant distribution and phytosociology, including a seminal report to 
the NPWS by Goodwillie ( 1992 ) identifying and categorizing the larger tur-
loughs in Ireland.  Hydrological and geomorphological studies   included Coxon 
( 1987 ) and Drew ( 1990 ). These works have been well reviewed, e.g., by 
Goodwillie ( 2003 ). 

 Turloughs and their invertebrates have been reviewed from different aspects, by 
Reynolds et al. ( 1998 ), Reynolds ( 2003 ), Goodwillie and Reynolds ( 2003 ), 
O’Connor et al. ( 2004 ), Sheehy Skeffi ngton et al. ( 2006 ), Sheehy Skeffi ngton and 
Gormally ( 2007 ), Williams and Gormally ( 2009 ), and Porst and Irvine ( 2009a ,  b ). 
Some studies refl ect an interest in the  Carboniferous limestone   massif of the Burren 
and its biodiversity, while others have concentrated on specifi c taxa or communities. 
Apart from some pioneering invertebrate studies (Lansbury  1965 ; Grainger  1976 ; 
Donaldson et al.  1979 ), aquatic and terrestrial invertebrates have been less com-
pletely studied than has geomorphology and vegetation. 

 The best-known of turlough invertebrates are the crustaceans, including over 40 
cladocerans and 6  copepods  , also gastropod molluscs and certain insect groups 
including 58 aquatic coleopterans, 25 heteropterans, and 9 odonates ( Appendix ). 
Some invertebrate groups found in turloughs have not been investigated, such as the 
rotifers, nematodes and tardigrades, and the  oligochaetes and dipterans   of turloughs 
are, in general, poorly studied. The terrestrial invertebrate fauna has also been 
neglected. Both aquatic and terrestrial turlough invertebrate assemblages are 
addressed in this chapter. 

 Various methods have been used for sampling turlough invertebrates. Sweeping, 
beating, and pitfall traps are all used for collecting terrestrial phases, while in the 
aquatic phase dragging a plankton net or sweeping with a benthic net is common 
(e.g., Porst and Irvine  2009a ,  b ). However a box enclosure  method   was found to 
yield more representative samples of the littoral-benthic fauna than use of a sweep 
net (O’Connor et al.  2004 ). 

    Case Studies of Turlough Invertebrates 

 The following case studies summarize some of the major faunistic fi ndings on 
invertebrates from turloughs.  Appendix  lists most taxa recorded from these 
habitats. 

    Invertebrates of  Burren and Aran   Islands Turloughs 

 Turloughs in the limestone Burren hills of Counties Clare and Galway have received 
considerable study of their invertebrates. Donaldson et al. ( 1979 ) listed the molluscs 
of three Burren turloughs, and a sustained study of aquatic snails (Byrne  1981 ), 
particularly of two  Lymnaea  spp., showed very slow growth in these oligotrophic 
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waters (Byrne et al.  1989 ). Since then, there appears to be some confusion about the 
identity of the lymnaeids  L. palustris  and  L. fusca  in turloughs. Tattersfi eld ( 1998 ) 
summarized work on wetland molluscs from Aran Islands sites, listing 23 wetland 
species from a total of 34 mollusc species. Through ordination Tattersfi eld derived 
a turlough group of molluscs of which  Lymnaea peregra  and  Anisus leucostoma  are 
most characteristic. 

 The characteristic microcrustaceans in Burren turloughs have been docu-
mented (Reynolds  1982 ,  1985b ) while Duigan ( 1992 ) and Duigan and Kovach 
( 1991 )  published detailed distributional surveys of chydorids in Ireland, includ-
ing some  turloughs. Among typical turlough species is the large chydorid cla-
doceran  Eurycercus glacialis  of northern and arctic regions, fi rst discovered in 
Ireland by Duigan (Duigan and Frey  1987a ,  b )  and   later in Scotland; its Irish 
range and ecological requirements were further studied by Reynolds and 
Marnell ( 1999 ). 

 Byrne ( 1981 ) also investigated ephemeropterans and some other insect groups 
of turloughs, and Lansbury ( 1965 ) recorded the heteropterans  Sigara lateralis, S. 
dorsalis  and  Gerris lacustris  from Burren turlough habitats. In total, Lansbury 
( 1965 ) and Reynolds ( 1985a ) recorded 29 invertebrate taxa from turloughs and 
other karstic habitats on the Aran Islands, showing many similarities with the main-
land Burren, but with reduced species richness. A maximum of 11 taxa was recorded 
from turlough sites, compared with four in groundwater-fed wells.  Gammarus 
 duebeni  was found in several habitats, suggesting it may penetrate through fi ssures 
in the limestone (Reynolds  1985a ).  

     Gort   Turlough Flooding 

 Following several exceptional and prolonged fl ooding episodes in the 1990s of a 
series of turloughs lying in the lowlands north of Gort, County Galway and ranging 
in size up to 290 ha, a project was initiated to look into causes and remedial action 
(Southern Water Global  1996 ,  1997 ; Tynan et al.  2002 ). While most attention was 
paid to hydrology, defi ning and delimiting the tracks of subterranean waters 
 discharging into Galway Bay, Reynolds ( 2000 ) characterized the different turloughs 
and summarized the characteristic invertebrate fauna of 15 turlough-associated sites, 
grouped into fi ve districts by their hydrology and apparent drainage relationships. 
Districts yielded between 36 (eastern sites) and 81 (northern sites) taxa. Species 
occurring in all fi ve districts included the microcrustaceans  Daphnia pulex, 
Simocephalus vetulus, Chydorus sphaericus, Polyphemus pediculus, Cyclops agilis  
and  Candona candida , and the macroinvertebrates  Polycelis nigra, Bithynia tentacu-
lata  and  Lymnaea peregra (=Radix balthica) . The characteristic species  Eurycercus 
lamellatus, Diaptomus castor  and  Planorbis (Gyraulus) laevis  were not recorded in 
eastern sites, while  Eurycercus glacialis  was found only in western and southern 
turloughs .  Bond ( 1997 ) listed over 240 lepidopterans from the area, relatively few of 
which had strong turlough links, including  Bactra furfurana, Deltote uncula , and  the 
  scarce  Paraponyx stratiotata .  
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     Terrestrial Invertebrates      of Turloughs 

 Pioneering work by Speight ( 1976 ,  1977 ) identifi ed carabids and other beetles in 
the terrestrial phase of turloughs. More recently, Lott and Foster ( 1990 ) recorded 
terrestrial beetles from wetland sites, including turloughs, and insects of the 
grasslands associated with turloughs have received attention from Good and 
Butler ( 2001 ) and Good ( 2004 ). Hydrology and terrestrial phase insect communi-
ties have been the focus of attention in a series of studies (Moran et al.  2003 , 
 2008 ,  2011 ; Ní Bhriain et al.  2002 ,  2003 ; Sheehy Skeffi ngton and Gormally  2007 ; 
Williams et al.  2010 ). Moran et al. ( 2011 ) working on the 28 ha Skealogan tur-
lough, designated a Special Area of Protection, studied a  Cirsio-Molinietum  com-
munity fl ooded for approximately three months in the year, and a more aquatic 
 Ranunculo-Potentillietum anserinae  sward, fl ooded for about 6 months, and sum-
marized the carabid fi ndings from the two plant communities.  Bembidion aeneum  
and  Agonum muelleri  are characteristic carabids of short-duration fl ooded, grazed 
swards, with  Nebria brevicollis  and  Chlaenius nigricornis  representative of 
grazed swards undergoing longer duration fl ooding. Turlough species survive 
fl ooding by their short life cycle, ability to fl y, and early breeding followed by 
hibernation; species of wetter areas tend to be larger. 

 Williams et al. ( 2009 ,  2010 ) studied the marsh fl ies (Diptera: Sciomyzidae) of 
this and other turloughs. They found a fauna of seven species, 91 % dominated by 
 Ilione albiseta  and other univoltine species, and that microhabitat conditions were 
important in their survival. Univoltine species with aquatic larvae preyed on pulmo-
nates or bivalves; others survived on damp surfaces, or were fully terrestrial. Most 
of the group seem to track hydrological regimes and plant communities rather than 
favoring habitat heterogeneity. In a related study, Williams and Gormally ( 2009 ) 
looked at the role of environmental gradients in turloughs on terrestrial, aquatic,  and 
     semiaquatic molluscs.    

    Ecology and Natural History of Turlough Invertebrates 

    Aquatic Invertebrates 

 Aquatic invertebrates of turloughs fall into two groupings; planktonic or semiplank-
tonic forms (mainly microcrustaceans and dipteran larvae), and littoral-benthic 
forms, predominantly insects, but also many crustaceans, molluscans, and annelids. 
In turloughs, development of aquatic invertebrate communities is controlled by a 
specifi c range of limnological, chemical, and ecological factors. Whether  planktonic 
or littoral-benthic, aquatic turlough invertebrates experience a suite of often harsh 
environmental conditions. The schematic in Fig.     6.2  summarizes the infl uence of 
some major factors on the aquatic biota of turloughs, with the importance of each 
factor explained below.

J.D. Reynolds



197

      Limnological Controls   

 Clearly, important limnological factors to turlough invertebrates include hydrogra-
phy, periodicity of aquatic phase, timing of exposure, and water temperature. Water 
in turloughs is usually temporary or periodic, most often present in cooler winter 
months (see Fig.  6.2 ). As such, the aquatic communities that develop are typically 
dominated by short-lived taxa, often adapted to cool water such as chydorid and 
daphniid microcrustaceans and some insect larvae (e.g.,  Cloeon dipterum ). The 
large chydorid microcrustacean  Eurycercus glacialis  (Duigan and Frey  1987a ,  b ), 
mentioned above, is cold adapted. 

 Hydroperiod will determine the communities that can develop; short 
 hydroperiods tend to limit longer-lived predators, but too brief fl ooding may lead 
to the loss of species before they reach maturity. Turlough aquatic invertebrates 
must survive periods of desiccation, chiefl y in summer, by behavioral or life-his-
tory adaptations (e.g., resistant resting stages such as cladoceran ephippia, or ter-
restrial stages in insects). Drying out in cold seasons can also kill 
desiccation-resistant resting stages. Because the aquatic phase is unpredictable in 
its timing and length, the aquatic invertebrate fauna of turloughs is restricted, and 
may have to recolonize actively or passively (Reynolds et al.  2004 ; O’Connor, 
personal communication 2014). 

 Some longer-lived site-faithful species, such as lymnaeid snails,  Gammarus 
 duebeni  and odonate larvae, may survive dry phases in groundwater or small 
pools, in mud, or under a felt of drying vegetation. Although most insect coloniz-
ers of turloughs are ready fl yers, brachypterous or apterous forms, for example 
among corixids, must be able to survive dry periods in situ (Tobin and McCarthy 
 2004 ). 
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  Fig. 6.2     Factors   infl uencing aquatic phase biodiversity       
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 The plankton is chiefl y affected by limnological factors such as water move-
ment, depth, area, fetch, and exposure, sometimes causing plankters to drift 
onshore with risks of stranding. However, the same factors at the correct time can 
place resting stages such as crustacean ephippia on the shoreline until the next 
major aquatic period. Active or passive dispersal of temporary or isolated pond 
macroinvertebrates is of wide interest, with a general review by Bilton et al. 
( 2001a ,  b ) and more specifi c zooplankton studies by, among others, Louette and 
 De   Meester ( 2005 ). 

 Turlough water chemistry is less variable than among many other types of water-
bodies, being dominated by calcium and carbonate-based chemistry. However, the 
considerable variation in nutrient level in turloughs, from ultra-oligotrophic to 
eutrophic, affects productivity. Dissolved oxygen levels are also important but 
rarely limiting, except under eutrophic summer-fl ooding conditions, when algal 
blooms may decay leading to oxygen defi ciency.  

    Biotic Controls   

 An important ecological factor for aquatic invertebrates is habitat complexity. 
Some complexity relates to the presence of irregularities in the turlough basin, 
where water and aquatic forms may be retained in sinkholes or in marshes. But 
complexity more often relates to biotic interactions with plants, competitors, and 
predators. 

 Microhabitat complexity is primarily related to the presence or absence of 
 vegetation, and its degree or fi neness of branching (Eitam et al.  2004 ). Periphyton 
grows on plant surfaces, which is food for insect and crustacean grazers, and refuge 
from predation. Leaves of the turlough form of  Ranunculus repens  and of the 
 ubiquitous  Potentilla anserina  are both fi nely divided. 

 Available food webs are initially detritus-based and are quickly exploited by 
microcrustaceans and insect larvae. Aquatic invertebrate communities are then 
structured by competition, e.g., between early chydorid colonists for effective 
 dominance (Reynolds et al.  2004 ), and by predation; both factors result in  distinctive 
faunal species lists and specialist taxa. 

 Spencer et al. ( 1999 ) showed that larger pools tend to have higher propor-
tions of predators, and Bilton et al. ( 2001a ,  b ) suggested the pattern was due 
primarily to water permanence. In turloughs invertebrate predators are typi-
cally sparse and may be amphibious (such as diving spiders  Argyroneta aquat-
ica ) or able to fly as adults (Coleoptera, Hemiptera, Odonata). Among 
planktonic predators,  Polyphemus pediculus  is found in many lowland tur-
loughs, where the copepod  Cyclops scutifer  may also be common (Reynolds 
 2000 ,  2003 ). Fish, however, are rarely present in turloughs (Williams et al. 
 2006 ), allowing the  larger   planktonic cladocerans to thrive (Reynolds  1985b ; 
Reynolds and Marnell  1999 ).   
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    Terrestrial Invertebrates 

 In their terrestrial  phase      invertebrate communities of turloughs are structured by 
physical factors and microclimate, including temperature and desiccation, and by 
ecological factors (Regan  2005 ) such as timing of vegetation cover and prevalence 
of predators. The schematic in Fig.  6.3  indicates how spring weather (wet or dry, 
early or late), habitat complexity, and presence of predators affects terrestrial phase 
biodiversity.

   As turloughs dry out, insect larvae that survived submergence (e.g., some 
Coleoptera and Diptera) contribute as adults to a suite of grassland terrestrial detri-
tivores. Chief among terrestrial insect predators are heteropterans and a broad suite 
of staphylinids (Good  2004 ), carabids (Moran et al.  2011 ) and specialized mollusc 
predators such as sciomyzid fl y larvae, which may be terrestrial or aquatic (Ryder 
et al.  2003 ; Williams et al.  2009 ,  2010 ); others include spiders and mites. These may 
be controlled by habitat complexity (some turloughs retain patches of standing 
water or marsh) and by levels of management such as grazing pressure and tram-
pling (Moran et al.  2008 ,  2011 ; Ní Bhriain et al.  2002 ,  2003 ; Regan  2005 ; Regan 
and Moran  2005 ). 

 Different  plant      communities support a characteristic carabid community, e.g., 
the  Cirsio-Molinietum  community (short duration of fl ooding), with 9 carabid spe-
cies in ungrazed habitats, 7 in grazed; and the  Ranunculo-Potentilletum anserinae  
community (long duration of fl ooding), with 10 carabid species in ungrazed and 
7 in grazed habitats. Carabids of turloughs are detailed in Moran et al. ( 2011 ), 
arranged by their plant community and indicator importance.   
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  Fig. 6.3    Three main factors infl uencing terrestrial phase biodiversity       
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    Turlough Invertebrates:  Management and Conservation 
Issues   

 Turloughs are not uniform, and their management must depend on the primary issues 
affecting each and their relative importance, having due regard for the livelihood of 
land owners. Turlough water levels may rise rapidly following local rainfall, e.g., a 
rise of up to 8 m in 24 h is known in Blackrock Turlough, Co. Galway. Excess water 
may then damage houses and farm buildings, and inundate roads. 

 There is now better understanding of the groundwater infl uences of turloughs and 
other “groundwater-dependent terrestrial ecosystems” (Tynan et al.  2007 ; Kimberley 
and Coxon  2013 ). County maps of groundwater vulnerability to contaminants from 
human activities are available (Daly and Warren  1998 ). Stocking with heavier breeds 
of cattle may result in trampling of the soil and permanent sealing of the basin, 
 converting turloughs into ponds. Finally, the degree and timing of drying out affects 
turlough site biodiversity (Collinson et al.  1995 ; Moran et al.  2008 ). 

 Some socioeconomic issues may override conservation priorities; chief among 
these have been structural damage from fl ooding (Ní Bhroin  2008 ) and a growing 
demand for land for grazing (Ní Bhriain et al.  2002 ,  2003 ). Ryder et al. ( 2005 ) and 
Williams et al. ( 2009 ) discuss the implications of farmland management and graz-
ing on terrestrial plant and dipteran communities of turloughs. Curtis et al. ( 2009 ) 
stress the importance of avoiding drainage of the basin while managing for  good 
  water quality (avoiding ploughing, fertilization or enrichment) and periodicity. 
Mitigating actions for potentially damaging fl ood levels, discussed in the Gort 
Flooding reports (Southern Water Global  1996 ,  1997 ) include provision of small 
moveable dams on feeder streams to hold back or divert excess infl owing water. 

 Some turlough conservation issues in aquatic and terrestrial phases have been 
outlined by Reynolds ( 1996 ) and NPWS ( 2013a ), and consultancy reports have iden-
tifi ed others. Turloughs are a priority habitat in the EU Habitats Directive (EEC 
 1992 ) and many turloughs are designated Special Areas of Conservation (SACs) 
under the Directive—some 70 turlough SACs are listed in Tynan et al. ( 2007 ), also 
giving their trophic sensibilities to nutrient enrichment. Others have less statutory 
protection, although they may contain protected species. Annex II in the EU Habitats 
Directive lists priority species, including three species of  Vertigo  snails and the Marsh 
Fritillary butterfl y ( Euphydryas aurinia ); these may occur within turloughs but are 
not characteristic of them. No characteristic turlough species are protected in this 
European directive. The only invertebrates apparently limited to turlough habitats in 
Ireland are the crustacean  Eurycercus glacialis  and the aquatic weevil  Bagous brevis.  
Both are considered rare in Ireland and their protection is important. 

 Biomonitoring, including with invertebrates, is a useful tool to assess turlough 
ecological health. A large-scale turlough project involving many specialists has 
been ongoing since 2005, reporting to government via the National Parks and 
Wildlife Service; some results have been published. Porst and Irvine ( 2009a ,  b ) 
listed invertebrates from lowland turloughs and commented on within-turlough 
habitat variability; this was considered to be less than between turloughs, and Porst 
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and Irvine ( 2009b ) recommended that a single site sample would be an adequate 
metric for the aquatic community for many purposes. Porst et al. ( 2012 ) examined 
the  turlough   recolonization process after fl ooding, highlighting the importance of 
life-cycle strategies to overcome ecological disturbance. Soils and groundwater 
pressures were discussed by Kimberley and Coxon ( 2013 ) and Kimberley and 
Waldren ( 2012 ). 

 Water beetles are increasingly seen as useful for characterizing the conservation 
value of waterbodies, and some detailed surveys of beetles of limestone lakes and 
turloughs have been carried out. Early surveys by Bilton ( 1988 ), Lott and Foster 
( 1990 ) and Bilton and Lott ( 1991 ) identifi ed a suite of beetles associated with the 
mossy shores of limestone lakes and turloughs. Beetle communities were classifi ed 
by Foster et al. ( 1992 ) and these mossy-edge beetles were considered sensitive to 
disturbance. A Red List of Irish beetles was produced (Foster et al.  2009 ), while 
additions to turlough beetle lists were provided by Bradish et al. ( 2002 ), O’Connor 
et al. ( 2004 ), and Reynolds ( 2014 ). The beetles  Agabus labiatus, Bagous brevis, B. 
limosus  and  Berosus stigmaticollis  were found to have particular strongholds in 
turlough habitats. 

 Despite an increasing body of knowledge of characteristic turlough species, 
there is currently no national protection for turlough invertebrates. However, Irish 
Red Lists, particularly those for water beetles (Foster et al.  2009 ) and odonates 
(Nelson et al.  2011 ) identify species largely restricted to turloughs, and describe 
their conservation status. It is to be hoped that with such offi cial recognition, some 
endangered invertebrates of these unique waterbodies will gain appropriate protec-
tion at a national level.      
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       Appendix 

 List of turlough  invertebrate taxa  . Most invertebrate turlough dwellers are 
 typical of, but not restricted to, turloughs in the wet phase (List A) or in the dry 
phase (List B). Where species occur in either phase, or where turloughs do not 
dry out completely, they have been placed in the more characteristic phase 
 habitat. In the list, species in  bold  are typical of turloughs and considered of 
high conservation value (e.g., Reynolds  2000 ; NPWS  2007 ,  2013a ; Porst and 
Irvine  2009a ,  b ). Species in (brackets) have rarely been recorded in turloughs, 
and records may be erroneous.
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 Higher classifi cation  Families  Genus-species  References* 

  A. WET PHASE  
 PHYLUM 
CNIDARIA 
  Class Hydrozoa  
 Order 
Anthomedusae 

 Family Hydridae   Chlorohydra viridissima   1, 40 
  Hydra  sp.  2, 3 

 PHYLUM PLATY
HELMINTHES 
  Class Turbellaria  
 Order Tricladida  Family Planariidae   Polycelis nigra/tenuis   1, 4, 5, 54 

  Polycelis nigra   1, 3, 5, 6, 7, 40 
  Polycelis  sp .   2 

 PHYLUM 
ANNELIDA 
  Class    Oligochaeta     4, 7, 54 
  Class Hirudinea   Family 

Glossiphoniidae 
  Glossiphonia complanata   1, 3, 4, 7, 8, 40, 54 
  Theromyzon tessulatum   7, 54 
  Helobdella stagnalis   40 

 Family 
Haemopidae 

  (Haemopis sanguisuga)   4, 7, 54 

 PHYLUM 
MOLLUSCA 
  Class Gastropoda  
 Order 
Mesogastropoda 

 Family Tateidae   Potamopyrgus antipodarum 
(jenkinsii)  

 1, 3, 4, 7, 53 

 Family Lymnaeidae   Galba truncatula   1, 4, 7, 9, 52, 54 
  (Lymnaea glabra)   4, 54 
  Lymnaea (Stagnicola) 
palustris  

 3, 7, 8, 11, 12 

  Lymnaea peregra (Radix 
balthica)  

 1, 3, 4, 7, 8, 9, 11, 
40, 53, 54 

  Lymnaea palustris   7 
  Lymnaea fusca   52, ml 
  Lymnaea stagnalis   3, 4, 13, 40 
  Myxas glutinosa   4 

 Family Physidae   (Aplexa hypnorum)   7 
  Physa fontinalis   4, 7, 54 

 Family Succineidae   Oxyloma pfeifferi   9 
  Oxyloma elegans   52 
  Succinea putris   3, 40, 54 
  Succinea  sp.  4, 7 

 Family Acroloxidae   (Acroloxus lacustris)   40 

(continued)
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 Higher classifi cation  Families  Genus-species  References* 

   Family Planorbidae   Anisus leucostoma   1, 7, 9 
  Anisus vortex   40 
  Bathyomphalus contortus   3, 4, 40, 54 
  Gyraulus crista   4, 8, 52, 54 
  Gyraulus albus   7, 40 
  Gyraulus laevis   3, 40, 54 
  Planorbarius corneus   54 
  (Planorbis carinatus)   7 
  (Planorbis planorbis)   4, 7, 40, 52 

 Family Bithyniidae   Bithynia tentaculata   3, 7, 8, 40, 54 
 Family Valvatidae   Valvata cristata   1, 4, 8, 52 

  Valvata piscinalis   8, 40 
  Family   Ellobiidae   Carychium minimum   3 
 Family Vertiginidae   Vertigo antivertigo   40 
 Family 
Gastrodontidae 

  Zonitoides  sp.  4, 7, 54 

  Class Bivalvia   Family Sphaeriidae  3, 7, 8, 54 
  Pisidium obtusale   52, 53 
  Pisidium personatum   53 

 PHYLUM 
ARTHROPODA 
 S/PH CRUSTACEA 
  Class 
Branchiopoda  
 Order Anostraca   Family 

  Tanymastigidae 
  Tanymastix stagnalis   14, 15, 16, 17 

 Order Diplostraca  Family Bosminidae   Bosmina longirostris   3, 18, 20, 40 
 Family Chydoridae   Acroperus harpae   3, 18, 19, 20, 21, 

40 
  Acroperus elongatus   20 
  Alona (Biapertura) affi nis   2, 3, 5, 18, 20, 22 
  Alona quadrangularis   3, 18, 19, 20, 22, 

40 
  Alona costata   20, 22 
  Alona guttata   19, 20, 22 
  Alona rectangula   3, 22, 23, 40 
  Alona rustica   5, 22 
  Alonella excisa   5, 18, 19, 20, 22 
  Alonella exigua   22 
  Alonella nana   19, 20, 22 
  Alonopsis elongata   5, 22 
  Anchistropus emarginatus   22 
  Chydorus latus   3 
  Chydorus sphaericus   2, 3, 18, 20, 22, 

23, 24, 40 

(continued)
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 Higher classifi cation  Families  Genus-species  References* 

      Disparalona rostrata   19 
  Eurycercus glacialis   2, 3, 5, 18, 22, 25, 

26, 40 
  Eurycercus lamellatus   2, 3, 18, 20, 22, 

27, 40 
   Graptoleberis     testudinaria   3, 18, 19, 20, 22, 

40 
  Lathonura rectirostris   22 
  Pleuroxus aduncus   22 
  Pleuroxus trigonellus   19, 20, 28 
  Pleuroxus truncatus   19, 20, 22, 28 
  Pleuroxus uncinatus   22 
  Picripleuroxus laevis   22, 28 
  Pseudochydorus globosus   22 
  Rhynchotalona falcata   20 

 Family Daphniidae   Ceriodaphnia dubia   3, 40 
  Ceriodaphnia megops   3, 40 
  Ceriodaphnia quadrangula   3, 20, 40 
  Daphnia hyalina var 
lacustris  

 18 

  Daphnia longispina   2, 3, 18, 40 
  Daphnia magna   18 
  Daphnia obtusa   18 
  Daphnia pulex   2, 3, 18, 22, 23, 

24, 40 
   Daphnia    sp.  2, 22 
  Scapholeberis mucronata   19 
  Simocephalus exospinosus   3 
  Simocephalus vetulus   2, 3, 18, 20, 40 
  Simocephalus  sp.  22 

 Family 
Macrothricidae 

  Macrothrix  sp.  22 

 Family 
Ilyocryptidae 

  Ilyocryptus sordidus   20 

 Family 
Polyphemidae 

  Polyphemus pediculus   2, 3, 40 

 Family Sididae   Latona setifera   20 
  Sida crystallina   20, 22 

  Class Maxillopoda  
 S/Cl Copepoda 
 Order Harpacticoida  Family 

Canthocamptidae 
  Canthocamptus 
microstaphylinus  

 29 

 Order Calanoida  Family 
Diaptomidae 

  Diaptomus castor   2, 3, 5, 30, 31, 40 
  Diaptomus cyaneus   16, 30 
  Eudiaptomus gracilis   32, 33 
   Arctodia    ptomus wierzejskii   16, 30 

(continued)
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 Higher classifi cation  Families  Genus-species  References* 

 Order Cyclopoida  Family Cyclopidae   Cyclops agilis   2, 3, 40 
  Cyclops scutifer   3, 40 

 S/Cl Ostracoda  Ostracoda sp.  4, 54 
 Order Podocopida  Family Candonidae   Candona candida   3, 40 

 Family Cyprididae   Cypris puber   32, 33 
  Class Malacostraca  
 Order Amphipoda  Family 

Gammaridae 
  Gammarus duebeni   1, 2, 3, 7, 20, 27, 

40 
  Gammarus lacustris   4, 7, 40, 54 

 Family Niphargidae   Niphargus kochianus 
irlandicus  

 34, 35 

 Order Isopoda  Family Asellidae   Asellus aquaticus   3, 4, 7, 54 
  Asellus meridianus   1, 4, 7 
   Asellu    s sp.   3, 40 

 S/PH 
CHELICERATA 
  Class Arachnida  
 S/Cl Acari  4, 7, 54 
 Order 
Trombidiformes 

 Family 
Hydrodromidae 

  Hydrodroma  sp.  3 

 Family Pionidae   Piona conglobata   3 
 Family 
Unionicolidae 

  Unionicola crassipes   3 

 Order Araneae  Family Cybaeidae   Argyroneta aquatica   2, 4, 54 

 S/PH HEXAPODA 
  Class Insecta  
 Order 
Ephemeroptera 

 Family Baetidae   Cloeon dipterum   3, 4, 7, 36, 40, 54 
  Cloeon simile   4, 7, 12, 54 

 Family 
Leptophlebiidae 

  Leptophlebia vespertina   4 

 Family Caenidae   Caenis horaria   4 
 Family 
Siphlonuridae 

  Siphlonurus alternatus 
(linneanus)  

 3, 36, 40 

  Siphlonurus armatus   36 
 Order Odonata  Family Lestidae    Lestes     dryas   4, 5, 37, 54 

  Lestes sponsa   54 
  Lestes  sp.  4, 54 

 Family 
Coenagrionidae 

  Pyrrhosoma nymphula   13 
  Coenagrion pulchellum/
puella  

 54 

  Coenagrion sp.   8, 10, 54 
  Ishnura elegans   13, 54 

 Family 
Calopterygidae 

  Calopteryx splendens   13 

(continued)
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   Family Libellulidae   Sympetrum sanguineum   4, 5, 13, 37, 54 
  Sympetrum striolatum   13 
  Libellula quadrimaculata   1 

 Order Plecoptera  Family Nemouridae   Nemoura cinerea   3, 4, 40 
 Order Trichoptera  Family 

Limnephilidae 
  Grammotaulius 
nigropunctatus  

 7 

  Limnephilus auricula   4, 7, 54 
  Limnephilus    affi nus    /incisus   7, 40 
  Limnephilus binotatus   7 
  Limnephilus centralis   4, 54 
  (Limnephilus decipiens)   7, 54 
  Limnephilus fl avicornis   7, 40 
  Limnephilus lunatus   4, 54 
  Limnephilus marmoratus   4, 54 
  Limnephilus rhombicus   7 
  Limnephilus vittatus   7 
  Limnephilus sp.   40 

 Family 
Leptoceridae 

  Mystacides longicornis   8, 54 
  Phagopteryx brevipennis   4 
  Triaenodes bicolor   54 

 Order Hemiptera  Family Corixidae   Arctocorisa germari   7 
  Callicorixa praeusta   7, 38, 39, 40, 54 
  Corixa affi nis   1, 38 
  Corixa panzeri   7 
   Corixa     punctata/iberica   4, 38, 54 
  Corixa wollastoni   40 
  Cymatia bonsdorffi    39 
  Hesperocorixa castanea   38, 39 
  Hesperocorixa linnei   39, 54 
  Hesperocorixa sahlbergi   39, 54 
  Sigara concinna   1, 7, 39, 40 
  Sigara dorsalis   1, 7, 39 
  Sigara falleni   4, 7, 39, 40 
  Sigara lateralis   7, 39, 40 
  (Sigara scotti)   7, 40 

 Family Gerridae   Gerris lacustris   3, 40, 41 
  Gerris argentatus   40 
  Gerris lateralis   1, 3 
  Gerris costai   1 

 Family 
Notonectidae 

  Notonecta glauca   4, 7, 40, 54 

 Family Veliidae   Microvelia reticulata   7 
   Velia     caprai   1 

 Family Nepidae   (Nepa cinerea)   7 
 Family Saldidae   Saldula opacula   5 

  Saldula saltatoria   41 

(continued)
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 Higher classifi cation  Families  Genus-species  References* 

 Order Coleoptera  Family 
Chrysomelidae 

 4, 54 
  Donacia clavipes   41 
  Donacia  sp.  4 
  Galerucella lineola   41 
  Platyeumaris sericea   41 

 Family 
Curculionidae 

 4, 54 
  Bagous brevis   5, 42 
  Bagous limosus   5, 42 

 Family Dryopidae   Dryops luridus   43 
  Dryops similaris   5, 55 
  Dryops  sp.  4, 7, 54 

 Family Dytiscidae   Agabus bipustulatus   1, 4, 7 
  Agabus labiatus   4, 5, 7, 40, 42, 43, 

54 
  (Agabus melanocornis)   7 
   Agabus     nebulosus   4, 5, 7, 40, 43, 54 
  Agabus  sp.  3, 4, 54 
  Colymbetes fuscus   7, 54 
  (Dytiscus circumcinctus)   7 
  (Dytiscus sulcatus)   7 
  Dytiscus  sp.  4, 54 
  Graptodytes bilineatus   4, 5, 7, 40, 54, 55 
  Graptodytes granularis   40 
  Hydaticus sp.   4, 54 
  Hydroporus 
erythrocephalus  

 4, 7, 40, 54 

  (Hydroporus memnonius)   7 
  Hydroporus palustris   1, 4, 7, 40, 54 
  (Hydroporus pubescens)   4, 54 
  Hygrotus inaequalis   4, 7, 54 
  Hygrotus 
impressopunctatus  

 4, 5, 7, 54, 55 

  Hygrotus quinquelineatus   4, 7, 54, 55 
  Hygrotus  sp. larvae  4 
  Hyphydrus ovalis   54 
  (Ilybius fuliginosus)   7 
  Ilybius  sp.  4, 54 
   Laccophilus     minutus   4, 54 
  Laccophilus  sp.  4 
  Porhydrus lineatus   7, 40, 54 
  Porhydrus sp.   40 
  Rhantus exsoletus   4, 54 
  Rhantus frontalis   5, 43, 54 
  Rhantus  sp.  4, 54 
  (Suphrodytes dorsalis)   7 

(continued)
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 Higher classifi cation  Families  Genus-species  References* 

   Family Hygrobiidae   (Hygrobia hermanni)   7, 54 
 Family Elmidae   Oulimnius sp.   54 
 Family Haliplidae   Haliplus confi nis   1, 7, 40 

  Haliplus fulvus   4, 7 
  Haliplus inaequalis   40 
  Haliplus lineolatus   40 
  Haliplus lineatocollis   7 
  Haliplus obliquus   5 
  Haliplus rufi collis  group  7, 54 
   Haliplus     15-lineatus   40 
  Haliplus variegatus   5, 7 
  Haliplus  sp.  4, 40, 54 

 Family 
Helophoridae 

  Helophorus aequalis   43 
  Helophorus brevipalpis   1, 4, 7, 43, 54 
  Helophorus grandis   7, 43 
  Helophorus minutus   5 
  Helophorus nanus   5 
  Helophorus obscurus   1 
  Helophorus  sp.  3, 54 

 Family Noteridae   Noterus clavicornis   54 
 Family 
Hydraenidae 

  Ochthebius minimus   43 
  Ochthebius dilatatus   4, 5, 7, 43, 54 
  (Ochthebius nilssoni)   44 

 Family 
Hydrophilidae 

  Berosus signaticollis   4, 5, 7, 42, 54, 55 
  (Cercyon tristis)   4 
  (   Hydrobius     fuscipes)   1, 4 
  Laccobius biguttatus   54 
  Laccobius colon   5 
  Laccobius minutus   5 

 Family Carabidae   Agonum afrum   45 
  Agonum marginatum   45 
  Agonum piceum   5, 45 
  Bembidion clarkii  agg.  45 
  Blethisa multipunctata   5, 45, 46 
  Carabus granulatus   45 
  Chlaenius nigricornis   5, 45 
  Dyschirius globosus   45 
  Elaphrus cupreus   45 
  Loricera pilicornis   45 
  Nebria brevicollis   45 
   Pelophila     borealis   5, 45, 46 
  Pterostichus gracilis   45 
  Pterostichus minor   45 

 Family 
Staphylinidae 

  Carpelimus impressus   47 
  Philonthus furcifer   5 
  Stenus Kiesenwetteri   47 
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 Higher classifi cation  Families  Genus-species  References* 

 Order Diptera  Family 
Ceratopogonidae 

 4, 54 

 Family 
Chironomidae 

 8, 10, 54 
  Calopsectra  sp.  8 
  Cladotanytarsus  sp.  8 
  Dicrotendipes  sp.  8 
  Micropsectra  sp.  8 
  Parachironomus  sp.  8 
  Paratanytarsus  sp.  8 
   Phaenopsectra    sp.  8 
  Polypedilum  sp.  8 
  Tanypus  sp.  8 

 Family Culicidae  4, 54 
 Family 
Psychodidae 

 4, 54 

 Family 
Sciomyzidae 

  Colobaea distincta   5 
  Hydromya dorsalis   10 
  Ilione albiceta   5, 10, 48, 49 
  Ilione lineata   10, 48 
  Limnia unguicornis   48 
  Pherbellia nana   5, 48 
  Pherbina coryleti   5, 10, 48 
  Pherbina schoenherri   10 
  Sepedon spinipes   10 
  Sepedon sphegea   10 
  Tetanocera arrogans   10, 48 
  Tetanocera hyalipennis   10 
  Tetanocera elata   48 
  Tetanocera sp.   10 

 Family 
Stratiomyidae 

 4 

 Family Tabanidae  4 
 Family Tipulidae  4, 54 

 Order Lepidoptera  Family Pyralidae    Acentropus     niveus   8 
  B: DRY PHASE  
 PHYLUM 
ANNELIDA 
 Order Oligochaeta  4 
 PHYLUM 
MOLLUSCA 
  Class Gastropoda   Family 

Gastrodontidae 
  Zonitoides  sp.  4, 7 

 Family Ellobiidae   Carychium minimum   3, 52 
 Family Valloniidae   Vallonia pulchella   52 
 Family 
Agriolimacidae 

  Deroceras laeve   52 
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 PHYLUM 
ARTHROPODA 
  Class Insecta  
 Order Orthoptera  Family Tetrigidae   Tetrix subulata   5, 41 

  Tetrix undulata   41 
 Family Acrididae   Chorthippus 

albomarginatus  
 5 

 Order Hemiptera  Family Saldidae    Saldula     opacula   5 
 Order Coleoptera  Family 

Chrysomelidae 
 4 

  Donacia  sp.  4 
 Family 
Curculionidae 

 4 
  Bagous brevis   5, 42 
  Bagous limosus   5, 42 

 Family Dryopidae   Dryops  sp. larvae  4 
  Dryops similaris   5 

 Family Carabidae   Agonum marginatum   45 
  (Agonum gracile)   45 
  Agonum muelleri   5, 45 
  Agonum livens   46 
  Agonum lugens   5, 46 
  Agonum piceum   5, 45 
   Agonum     viduum   45, 56 
  (Agonum thoreyi)   45 
  (Acupalpus consputus)   45 
  (Amara communis)   45 
  (Amara similata)   45 
  (Anisodactylus binotatus)   45 
  Badister anomalus   47 
  Badister meridionalis   5, 46 
  Badister peltatus   5, 45 
  Bembidion aeneum   5, 45 
  Bembidion clarkii   5, 45 
  Bembidion doris   45, 56 
  Bembidion gutulla   45 
  (Bembidion lampros)   45 
  (Bembidion mannerheimii)   45 
  (Bembidion tetracolum)   45 
  Blethisa multipunctata   5, 45, 46, 56 
  Carabus granulatus   5, 45 
   Chlaenius     nigricornis   5, 45 
  (Clivina fossor)   45 
  Dyschirius globosus   45, 56 
  Dyschirius luedersi   45, 56 
  Elaphrus cupreus   45, 56 
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      (Harpalus rufi pes)   45 
  Loricera pilicornis   5, 45, 56 
  Pelophila borealis   5, 45, 46 
  Platynus livens   5 
  (Platynus dorsale)   45 
  (Pterostichus anthracinus)   45 
  (Pterostichus crenatus)   45 
  (Pterostichus versicolor)   45 
  Pterostichus diligens   45 
  Pterostichus minor   45 
  Pterostichus melanarius   45 
  Pterostichus niger   45 
   Pterostichus     nigrita   5, 45 
  Pterostichus strenuus   45 
  (Stenolophus mixtus)   45 

 Family 
Staphylinidae 

  Philonthus furcifer   5 
  Philonthus quisquiliarius   56 
  Atheta elongatula   56 
  Atheta graminicola   56 
  Atheta hygrotopora   56 
  Atheta melanocera   56 
  Carpelimus rivularis   56 
  Gnypeta carbonaria   56 
  Stenus binotatus   56 
  Stenus boops   56 
  Stenus fuscipes   56 
  Stenus juno   56 
  Stenus umbratilus   56 
  Tachyusa atra   56 

 Family Silphidae    Thanatophilus     dispar   5 
 Order Diptera  Family 

Sciomyzidae 
  Colobaea distincta   5, 49 
  Ilione albiceta   5, 48 
  Ilione lineata   48 
  Limnia unguicornis   48 
  Pherbellia nana   5, 48 
  Pherbina coryleti   5, 48 
  Tetanocera arrogans   48 
  Tetanocera elata   48 

 Family 
Stratiomyidae 

  Odontomyia angulata   50 

 Order Lepidoptera  Family 
Glyphipterigidae 

  Odontognophos dumentata   bn 

 Family Gelechiidae   Monochroa lutulentella   5 
 Family Crambidae   Paraponyx stratiotata   5, 57 
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 Higher classifi cation  Families  Genus-species  References* 

   Family Pyralidae   Acentrotus niveus   8, 10 
  Acentria ephemerella   54 

 Family Noctuidae   Deltote uncula   5, 57 
 Family Pieridae    Gonepteryx     rhamni   51 
 Family 
Nymphalidae 

  Anthocharis cardamines   51 
  Hipparchia semele   51 

 Family Tortricidae   Bactra furfurana   5, 57 

   *1. Reynolds ( 1985a ); 2. Reynolds and Marnell ( 1999 ); 3. Reynolds ( 2000 ); 4. 
Porst and Irvine ( 2009a ,  b ); 5. NPWS ( 2013a ); 6. Reynolds ( 1996 ); 7. O’Connor 
et al. ( 2004 ); 8. Byrne and Reynolds ( 1982 ); 9. Tattersfi eld ( 1998 ); 10. Williams 
et al. ( 2010 ); 11. Byrne et al. ( 1989 ); 12. Byrne ( 1981 ); 13. Ní Bhroin ( 2008 ); 14. 
Young ( 1975 ); 15. Young ( 1976 ); 16. Grainger ( 1979 ); 17. Grainger ( 1991 ); 18. 
Reynolds et al. ( 2004 ); 19. Kane ( 1903 ); 20. Reynolds ( 1985b ); 21. Reynolds and 
Marnell ( 1999 ); 22. Duigan ( 1989 ); 23. Duigan ( 1988 ); 24. Duigan ( 1987 ); 25. 
Duigan and Frey ( 1987a ); 26. Duigan and Frey ( 1987b ); 27. Reynolds ( 1982 ); 28. 
Duigan ( 1992 ); 29. O’Connor and Holmes ( 1990 ); 30. Ali et al. ( 1987 ); 31. Grainger 
( 1966 ); 32. Grainger in Reynolds ( 1996 ); 33. Reynolds et al. ( 1998 ); 34. Hazelton 
( 1974 ); 35. Knight and Penk ( 2010 ); 36. Kelly-Quinn and Regan ( 2012 ); 37. Nelson 
et al. ( 2011 ); 38. Tully et al. ( 1991 ); 39. Tobin and McCarthy ( 2004 ); 40. Reynolds 
( 2003 ); 41. Morris ( 1966 /1967); 42. Foster et al. ( 2009 ); 43. Reynolds ( 2014 ); 44. 
O’Callaghan et al. ( 2009 ); 45. Moran et al. ( 2011 ); 46. CEC ( 2007 ); 47. Owen 
( 1994 ); 48. Williams et al. ( 2009 ); 49. Ryder et al. ( 2003 ); 50. Gittings ( 2007 ); 51. 
Nash et al. ( 2012 ); 52. Williams and Gormally ( 2009 ); 53. Tattersfi eld ( 1998 ); 54. 
Porst and Irvine ( 2009a ,  b ); 55. Bilton ( 1988 ); 56. Lott and Foster ( 1990 ); 57. Bond 
( 1997 ); bn. B. Nelson personal communication (2014); ml. M. Long personal com-
munication (2015).   
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    Chapter 7   
 Peatland Invertebrates                     

       Darold     Batzer     ,     Haitao     Wu    ,     Terry     Wheeler    , and     Sue     Eggert   

            Introduction to Peatlands 

 Peat can develop in any wetland area where plant production exceeds decompo-
sition. Peatlands are most prevalent in fl at landscapes at high latitudes (tundra, 
boreal zones) where  coo  l temperatures, low evaporation rates, water-logging, 
and low pH combine to retard plant decomposition (Vitt  1994 ; Rochefort et al. 
 2012 ). Although much less expansive, peatlands can also occur under other 
climatic conditions provided decomposition is still slow (see the below section 
on the Okefenokee Swamp). Peatlands are often classifi ed as either bogs or fens, 
with bogs receiving nutrients almost exclusively from precipitation (i.e., ombro-
trophic) and  fens   also receiving nutrients from surface or subsurface inputs of 
water (minerotrophic) (Bridgham et al.  1996 ; Wheeler and Proctor  2000 ; 
Rochefort et al.  2012 ; Fig.  7.1 ). However, most peatlands are not exclusively 
ombro- or minerotrophic, and exist along a gradient from bog to fen (e.g., poor 
fens). Due to the lack of mineral inputs and active acidifi cation by   Sphagnum  
mosses  , bog-type peatlands tend to be highly acidic (pH < 5). Fens can range 
from being acidic (pH ~ 5) to circumneutral to basic (pH > 8), depending on 
hydrology and climate.

   The study of invertebrates in peatlands has been unique from other types of 
wetlands (e.g., other chapters in this book) in that there has been a much stronger 
emphasis on the terrestrial and semiaquatic fauna (Annelida, Arachnida, 
Carabidae, brachyceran Diptera, Lepidoptera, Hymenoptera; e.g., Blades and 
Marshall  1994 ; Finnamore and Marshall  1994 ; Marshall et al.  1999 ; Koponen 
 2002 ; Spitzer and Danks  2006 ) rather than just the aquatic fauna (Odonata, 
Dytiscidae, nematoceran Diptera, e.g., Rosenberg and Danks  1987 ). This is prob-
ably because dense carpets of vegetation and peat above the waterline provide 
ample habitat for terrestrial invertebrates (plant and soil dwellers, and their preda-
tors), while areas of open, standing water can be  limited   in many peatlands. The 



220

terrestrial invertebrate fauna of a peatland and the adjacent upland can overlap to 
some extent, but many terrestrial taxa are unique to peatland habitats (Spitzer 
et al.  1999 ). 

 For aquatic invertebrates, peatlands can be challenging places to live. On one 
hand, peatlands rarely dry completely due to close proximity of water tables, 
whether perched (bogs) or groundwater ( fen  s), or to water retention by peat 
soils (Rochefort et al.  2012 ), and thus  desiccati  on is not a strong constraint on 
peatland invertebrates. On the other, peatland waters tend toward anoxia, and in 
the case of bogs can be highly acidic. These chemical conditions prevent certain 
aquatic organisms from becoming well established across peatlands habitats 
(Mendelssohn et al.  2014 ). In this chapter, we fi rst review peatland areas across 
the globe where invertebrate ecology has been a major focus of research includ-
ing Europe, Canada, the United States, and China. We then look for emerging 
themes from that body of research to generalize about how invertebrates func-
tion across varying peatland habitats.  

Minnesota
(MEF) Bog

Pr
ec

ip
ita

tio
n

ET

Stream
flow

Overland
flow

Groundwater

Minnesota
(MEF) Fen

Stream
flow

Groundwater

Overland
flow

Pr
ec

ip
ita

tio
n

Okefenokee
Swamp

Pr
ec

ip
ita

tio
n

ET

Stream
flow

Groundwater

Overland
flow

a b

c

  Fig. 7.1    Examples of  water budgets   quantifi ed from different peatlands: ( a ) Minnesota bog (Bay 
 1968 ,  1969 ; Boelter and Verry  1977 ); ( b ) Minnesota fen (Verry and Boelter  1975 ; Boelter and 
Verry  1977 ); ( c ) Okefenokee Swamp, Georgia (Rykiel  1984 )       
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    Focal Areas of Research for Peatland Invertebrates 

    European Peatlands 

    Peatland Habitats of Europe 

 Most European peatlands occur across the northern and western regions (Scandinavia, 
Great Britain, Ireland, Netherlands) (Verhoeven  2014 ). As  else  where, bog peatlands 
(often called mires in Europe) are dominated by  Sphagnum  mosses and ericaceous 
shrubs, with the most acidic and least fertile habits being fairly open. In  fen  s, woody 
trees ( Betula ,  Salix ,  Alnus ) and sedges and grasses becoming more prevalent as pH 
and nutrient levels rise (Wheeler and Proctor  2000 ; Hájek et al.  2006 ). 

 In terms of invertebrates, the peatland fauna of the United Kingdom and Ireland 
is perhaps the best known, but excellent recent work has also been conducted in 
peatlands of Sweden, Finland, Germany, the Netherlands, the Czech Republic, and 
Spain. Emerging areas of research emphasis include investigating how hydrologic 
variation affects invertebrate distributions, and  especi  ally how peatland inverte-
brates can be used as bioindicators of human land-use and a changing global cli-
mate. Basic ecological work in Europe focuses mostly on the aquatic fauna, while 
impact assessment work relies more heavily on terrestrial and semiaquatic groups.  

    Basic Invertebrate Ecology in European Peatlands 

 Distinct communities of ground-dwelling invertebrates occur  a  cross different peat-
land sites of northern England (e.g., oligotrophic mires, blanket bogs, mixed moor; 
Coulson and Butterfi eld  1985 ). Similarly the compositions of these communities 
vary greatly seasonally. Thus, both spatial and temporal factors affect invertebrate 
faunistic diversity of peatlands (Coulson and Butterfi eld  1985 ). Invertebrate  com-
munity composition can   also vary across a single peatland, with distinct invertebrate 
assemblages in bog margins (i.e., laggs) versus bog centers (Bezd k et al.  2006 ; 
Mieczan et al.  2014 ). 

 As is the case for most kinds of wetland, hydrologic variation is considered a 
primary control on the aquatic invertebrate fauna in European peatlands. Downie 
et al. ( 1998 ), Standen ( 1999 ), and Hannigan and Kelly-Quinn ( 2012 ) all compared 
the aquatic invertebrate faunas in permanent pools and temporary pools/hollows of 
peatlands (Scotland and Ireland), and found taxonomically richer communities in 
the permanent water sites. Larger predatory invertebrates (species of Odonata, 
Hemiptera, Dytiscidae) were restricted to the permanent pools, and Hannigan and 
Kelly-Quinn ( 2012 ) surmised that their presence or absence may serve to structure 
overall invertebrate communities in peatland pools. Carroll et al. ( 2011 ) found that 
low soil moisture levels, induced by peatland drainage, decreased the abundance of 
soil-dwelling tipulidae crane fl y larvae. Nilsson and Svensson ( 1995 ) looked at for-
ested and open (logged)  Arctic swamp pools  , and found the open pools to be con-
siderably warmer and to support a richer and more abundant dytiscidae and culicid 
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fauna than the forested pools. The study of Hannigan and Kelly-Quinn ( 2012 ) 
addressed mostly acidic bogs, but they also sampled a  fen   habitat; the community in 
that fen was dramatically different from the bog-type habitats, being much more 
taxonomically rich (see taxa lists in the  Appendix , and discussion below). 

 Carrera et al. ( 2009 ,  2011 ) focused on how enchytraeid worms in peatlands were 
controlled by temperature and moisture levels in the peat, and how in turn the activi-
ties of the worms controlled peat breakdown and carbon fl ux (see also below con-
sideration of climate change). In one study (Carrera et al.  2011 ), they conducted 
laboratory incubations of soils from a  Spanish peatland   under ambient moisture and 
temperature conditions crossed with elevated temperature or reduced moisture con-
ditions. They further introduced enchytraeid worms to half of the replicates from 
each treatment. Neither temperature nor moisture level by itself affected CO 2  fl ux 
from these soils. However, under moist conditions, higher temperatures induced 
worm populations to increase, which resulted in greater loss of dissolved organic 
carbon from the soils, suggesting an important role of enchytraeids in peat decom-
position. A companion study focusing solely on temperature (Carrera et al.  2009 ) 
also pointed to the importance of the worms to peat breakdown, and suggested that 
worm activity resulted in a lower release of H+ ions, possibly reducing the effects 
of acidity in limiting peat decomposition.  

    Conservation and Invertebrates of European Peatlands 

 Invertebrates are being increasingly used in Europe to monitor the  ecos  ystem health 
of peatlands. Groups considered useful as bioindicators include Annelida (Carrera 
et al.  2009 ,  2011 ), Arachnida (Scott et al.  2006 ; Wi cek et al.  2013 ), Acarina 
(Wi cek et al.  2013 ; Lehmitz  2014 ), Collembola (Krab et al.  2013 ,  2014 ), Odonata 
(Drinan et al.  2013 ), aquatic Hemiptera (Downie et al.  1998 ; Drinan et al.  2013 ), 
Lepidoptera (Spitzer et al.  1999 ), Tipulidae (Carroll et al.  2011 ), Formicidae 
(Vepsalainen et al.  2000 ), and various Coleoptera (e.g., Carabidae, Dytiscidae: 
Nilsson and Svensson  1995 ; Downie et al.  1998 ; Spitzer et al.  1999 ; Drinan et al. 
 2013 ), as well as whole invertebrate assemblages (Standen  1999 ; van Duinen et al. 
 2003 ; Hannigan and Kelly-Quinn  2012 ). 

 Drinan et al. ( 2013 ) assessed impacts of forestry practices on macroinvertebrate 
assemblages in blanket bog lakes. The combination of conifer planting and clear-cut 
harvesting affected invertebrates most, presumably due to eutrophication. Peatland 
lakes affected by clear-cuts supported larger dytiscid beetle species and greater 
corixid water boatmen abundance than the natural, more-oligotrophic lakes. Nilsson 
and Svensson ( 1995 ), working in northern Sweden found a similar Dytiscidae 
response to tree harvest. Vepsalainen et al. ( 2000 ) found that clear-cutting and 
drainage of Finnish bogs increased overall ant species richness, but these practices 
apparently eliminated habitat for a few bog-specialist ant species. 

 Peat extraction and drainage (e.g., Fig.  7.2 ) have signifi cantly  imp  acted many 
European bogs, and efforts to restore the habitats are being conducted, using inver-
tebrate response as a metric of success (van Duinen et al.  2003 ; Hannigan et al. 

D. Batzer et al.



223

 2011 ; Wi cek et al.  2013 ). In some rehabilitated raised bogs in the Netherlands, van 
Duinen et al. ( 2003 ) found limited evidence that the restoration strategies being 
used were enhancing rare and bog-characteristic invertebrate species. In contrast, 
Hannigan et al. ( 2011 ) found that aquatic invertebrate communities were very simi-
lar between pools of a restored bog, where some limited peat extraction and ditching 
had been conducted, and a largely intact bog, suggesting that here signifi cant prog-
ress towards reestablishing natural conditions had been achieved. Wi cek et al. 
( 2013 ) similarly found that water mites, which have very complex life cycles 
 (parasitic larvae, predaceous nymphs and adults), making them especially useful 
bioindicators, had made signifi cant reestablishment progress in some  German peat-
lands   where natural hydrology had been restored after past ditching and peat extrac-
tion. Finally, integrating microbial and aquatic invertebrate metrics may provide 
more insight into environmental responses to anthropogenic impacts than inverte-
brates alone (Whatley et al.  2014 ).

   It is predicted that climate change may dramatically affect European peatlands 
through desiccation and warming. Invertebrate responses may be useful in detecting 
 ch  anges, and invertebrate responses may in some ways contribute to any changes in 
the ecological structure and function of affected peatlands. As mentioned above, 
Carrera et al. ( 2009 ,  2011 ) found that enchytraeid worms will be harmed by drying, 
but enhanced by warming conditions, and changes in worm populations may functionally 

  Fig. 7.2     Ditched peatland   at Marcell Experimental Forest, Minnesota. Photo by Sue Eggert, 
USDA Forest Service, Northern Research Station       
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alter carbon cycles in some peatlands. Krab et al. ( 2013 ) found that experimental 
warming of a Swedish subarctic peatland reduced densities of collembolan spring-
tails, another important decomposer, potentially reducing the importance of these 
invertebrates to peat breakdown. Similarly, drying of a Welsh peatland resulted in 
declines in tipulidae crane fl y larvae populations (Carroll et al.  2011 ). Invertebrates 
in peatlands should respond to climate change, although the ecological conse-
quences of invertebrate change will probably be complex.   

    Canadian Peatlands 

     Canadian Peatlan  d Habitats 

 Canada has more peatland habitat than any other country (Vitt  1994 ). Peatlands 
occupy 12 % of Canada’s landmass and the great majority (97 %) is in the  bore  al 
and subarctic regions (Tarnocai  2006 ), although there are isolated temperate outliers 
as far south as 42° in Ontario. Most northern peatlands in Canada are fens, usually 
dominated by brown mosses,   Sphagnum   , and sedges (Vitt  1994 ). Some arctic wet 
tundra meadows have many characteristics of fens although they are underlain by 
permafrost and have shallower accumulations of peat (Vitt  1994 ). Bogs dominated 
by  Sphagnum  mosses, ericaceous shrubs, and spruce ( Picea )/tamarack ( Larix ) for-
est are widespread in the mid to southern boreal, as well as temperate outliers (Vitt 
 1994 ; Rochefort et al.  2012 ). Because most of Canada was glaciated during the 
Pleistocene, most extant Canadian peatlands date from the early to mid Holocene, 
within the last 9000–6000 years (e.g., Vitt  1994 ; Lavoie et al.  1997 ).  

    Diversity and Ecology of Canadian Peatland Invertebrates 

 Although most Canadian peatlands are boreal or subarctic, much of the  rese  arch on 
peatland invertebrates has focused on temperate outliers in southern Canada, espe-
cially in Ontario and Quebec. This is likely partly due to accessibility, but also to the 
perceived higher conservation relevance of these southern sites relative to more 
extensive and contiguous northern peatlands. Arthropods have received consider-
ably more attention than other invertebrate taxa. 

 Most research on Canadian peatland arthropods has been  s  pecies inventories. 
The most intensive early research was a series of natural history studies of Byron 
Bog, in London, Ontario by W.W. Judd, beginning in the late 1950s (Judd  1957 ) and 
continuing with a long series of papers, many of which focused on insects, over 
subsequent decades (e.g., Judd  1975 ). Judd’s efforts resulted in probably the most 
comprehensive inventory of a Canadian peatland at that time. 

 To address the lack of baseline data, the  Biological Survey of Canada   launched an 
initiative in 1981 to document Canadian peatland arthropods. This effort produced 
two volumes on aquatic (Rosenberg and Danks  1987 ) and terrestrial arthropods 
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(Finnamore and Marshall  1994 ). Many of the chapters were inventories of selected 
taxa or sites, although there were some focused ecological studies. 

 Rosenberg and Danks ( 1987 ) summarized knowledge of aquatic arthropod taxa in 
Canadian peatlands and marshes, with species lists and ecological  overviews   of water 
mites (Smith  1987 ), Ephemeroptera, Trichoptera (Flannagan and Macdonald  1987 ), 
Odonata (Hilton  1987 ), Hemiptera (Scudder  1987 ), Coleoptera (Larson  1987 ), biting 
fl ies (Lewis  1987 ) and Chironomidae (Diptera) (Wrubleski  1987 ). Overall, the diver-
sity of aquatic insects in peatlands was considered low, with approximately 11 % of 
the 4000 aquatic species recorded in Canada found in these habitats, although in 
many cases it was not possible to distinguish peatland-restricted from peatland-asso-
ciated or generalist species. Many of the chapters emphasized the need for additional 
research on geographic distribution and natural history of the taxa. 

 A subsequent volume on terrestrial arthropods (Finnamore and Marshall  1994 ) 
included species-level inventories of selected taxa, often in more geographically 
 l  imited regions. Aitchison-Benell ( 1994 ), Dondale and Redner ( 1994 ), and Koponen 
( 1994 ) documented arachnids, primarily spiders, in Manitoba, Ontario, and Quebec 
peatlands; Cannings and Cannings ( 1994 ) reviewed Odonata of northwestern cor-
dilleran peatlands; Finnamore ( 1994 ) provided a checklist and analysis of 
Hymenoptera in Wagner Fen in central Alberta. Behan-Pelletier and Bissett ( 1994 ) 
and Marshall ( 1994 ) provided Canada-wide overviews of peatland oribatid mites 
and sphaerocerid fl ies, respectively. Blades and Marshall ( 1994 ) summarized results 
of a broader taxonomic survey from isolated peatlands in southern Ontario. 

 In contrast to the aquatic fauna, species richness of terrestrial arthropods in 
peatlands is high. Finnamore ( 1994 ) recorded 1410 species of Hymenoptera from 
Wagner Fen, Alberta and Blades and Marshall ( 1994 ) recorded more than 2000 
species of arthropods from southern Ontario peatlands. Savage et al. ( 2011 ) and 
Grégoire Taillefer and Wheeler ( 2012 ) identifi ed 381 and 699 species of higher 
Diptera, respectively, from bogs in southern Quebec. Despite the fact that these 
sites are small habitat fragments, they clearly support high species diversity. One 
challenge to drawing conclusions about peatland  biodiversity   from these invento-
ries is that comparable efforts in sampling and identifi cation are often lacking for 
other habitats in the same regions. Thus it is diffi cult to determine which species 
are peatland-specialists or primarily peatland-associated, especially in taxa for 
which ecological knowledge at the species-level is lacking, such as Diptera 
(Blades and Marshall  1994 ; Spitzer and Danks  2006 ; Savage et al.  2011 ). Based 
on available knowledge, the percentage of terrestrial arthropods that are peatland-
specialists (10 %) is higher than in the aquatic fauna (1 %) (Marshall and 
Finnamore  1994 ). 

 Several papers, cited previously, in Rosenberg and Danks ( 1987 ) and Finnamore 
and Marshall ( 1994 ) discussed ecological aspects of focal taxa in addition to 
 presenting species checklists. This treatment was, in most cases, more developed 
in aquatic taxa, probably because of a longer history of ecological studies in 
aquatic entomology, but also because lower diversity, more defi ned habitats, and 
higher available taxonomic resolution make community-level analyses more 
tractable.  
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    Conservation and Invertebrates of Canadian Peatlands 

 Some recent ecological studies of terrestrial peatland arthropods in  Canad  a have 
focused on applied questions in conservation and land-use. Peatland conservation 
efforts, especially in southern Canada where remaining peatlands are small rem-
nants, focus, appropriately, on habitat-level conservation. However, some arthro-
pods restricted to peatlands have been the focus of species-level assessments under 
federal species-at-risk legislation. Examples include the Bogbean Buckmoth 
( Hemileuca  sp., Lepidoptera: Saturniidae) in eastern Ontario, which is listed as 
Endangered (COSEWIC  2009 ) and the Georgia Basin Bog Spider ( Gnaphosa sno-
homish , Araneae: Gnaphosidae) in southern British Columbia, which is a species of 
Special Concern (COSEWIC  2012 ). 

 There is a need for studies of peatland  biodiversity   in the context of climate 
change, especially on boreal and subarctic peatlands, where impacts may be par-
ticularly pronounced (Tarnocai  2006 ). Most subarctic and arctic peatlands overlie 
permafrost and thawing may have major impacts on hydrology, carbon sequestra-
tion and, in turn,  biodiversity  . Much of the current research on northern peatlands 
focuses on their roles as carbon sinks and landscape elements, but research on peat-
land species lags behind. Ongoing research on arthropods in wet tundra (TA 
Wheeler, unpublished data) shows that taxonomic and ecological diversity of peat-
land arthropods in the arctic is much higher than documented. Given the suitability 
of arthropods as bioindicators (McGeoch  1998 ), further studies of arctic peatland 
arthropods may provide valuable insights into climate change impacts in the north. 

  Horticultural peat extraction   is one of the major threats to temperate peatlands in 
eastern Canada. Drainage ditches (e.g., Fig.  7.2 ) are dug to lower the water table, 
herbaceous vegetation is removed, and a thin upper layer of dried peat is removed 
by vacuuming each year (Gorham and Rochefort  2003 ). Once the usable supply of 
peat has been exhausted the site is usually abandoned but restoration efforts have 
been implemented for some sites that are no longer being used for industrial extrac-
tion. The restoration process involves restoring the hydrological balance and seed-
ing plant fragments and propagules from nearby undisturbed peatlands, along with 
mulching and fertilization (Gorham and Rochefort  2003 ). Restoration success in 
these sites has primarily been assessed using plants, but some recent studies have 
also examined the recolonization of insects. 

 Mazerolle et al. ( 2006 ) assessed recolonization of aquatic  arth  ropods in bog 
pools created as part of restoration efforts and found that species diversity was lower 
than in natural pools. Assisted restoration of vegetation had a positive effect on 
arthropod colonization, but aquatic insect diversity was still considerably lower in 
newly created pools 4 years after restoration. However, most of the species that did 
colonize successfully were peatland-associated species that are probably adapted to 
dispersal between isolated bog pools. 

 Grégoire Taillefer and Wheeler ( 2012 ) focused on the response of terrestrial 
Diptera to restoration of peatland sites in the lower St. Lawrence region of Quebec. 
They compared higher Diptera diversity in three treatments: natural bogs, abandoned 
bogs that had been used for peat extraction and left to recover on their own, and bogs 
that had been restored 7 years earlier. Although overall community structure in 
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restored sites approached that of natural bogs, some functional groups of Diptera 
(small species, some trophic groups) had not yet recovered. These results suggested 
that assisted recolonization may be required for small insects in restored sites, much 
as for plants. Grégoire Taillefer and Wheeler ( 2013 ) subsequently found that the 
usual method for gathering and preparing plant material for restoration (chopping 
and spreading) did not introduce signifi cant numbers of insects, so that other methods 
of collecting and introducing arthropods from natural donor sites may be necessary. 
These studies demonstrate that, despite high species diversity in peatland terrestrial 
insects, these assemblages may not be resilient to environmental perturbations, and 
that recolonization to restored and damaged sites may be diffi cult because of disper-
sal limitation of the arthropods and fragmented distribution of peatland sites. 

 Grégoire Taillefer and Wheeler ( 2010 ) assessed the role of drainage ditches origi-
nally excavated to lower water tables in Johnville Bog in southern Quebec. The pres-
ence of ditches (e.g., Fig.  7.2 ) signifi cantly altered the community structure of 
terrestrial Diptera at the scale of a few meters from the ditch, suggesting that fi ne- 
scale heterogeneity and habitat alteration may have an impact on insect diversity in 
small peatlands. On a larger scale, Savage et al. ( 2011 ) examined the effect of peat-
land size, vegetation, and surrounding land-use on higher Diptera in six isolated bogs 
in southern Quebec and northern Vermont. Although peatland size (ranging from 12 
to 900 ha) had no measureable impact on  commu  nity structure, vegetation cover in 
the sites and surrounding land-use patterns exerted signifi cant infl uences on the struc-
ture of insect assemblages in the peatland. The presence of a forest buffer surrounding 
these southern sites seemed especially important in maintaining species diversity.   

    Minnesota Peatlands 

    Peatland Habitats of Minnesota 

 Northern peatlands of North America extend into the northern tier of the  Un  ited 
States, with Minnesota supporting the greatest area (over 3 million ha; MN DNR 
 1980 ). Most are found in the northern half of  Min  nesota in the lower Glacial Lake 
Agassiz Region, which extends up into the Great Slave/Great Bear Lake region and 
the Hudson Bay lowlands of Canada (Glaser  1987 ; Wright et al.  1992 ). While the 
hydrology, chemistry, and vegetation of Minnesota’s northern peatlands have been 
extensively studied (e.g., Heinselman  1970 ; Boelter and Verry  1977 ; Glaser et al. 
 1981 ; Wheeler et al.  1983 ), faunal studies are limited to amphibians and reptiles 
(Karns  1992 ) and mammals (Berg  1920 ; Niemi and Hanowski  1992 ; Nordquist 
 1992 ). Little is known about the invertebrate communities inhabiting northern 
Minnesota’s peatlands (Gorham  1990 ; Wright et al.  1992 ). 

  Marcell Experimental Forest (MEF  ) in north central Minnesota has been a focus 
of peatland research for decades (e.g., Kolka et al.  2011b ). Forested bogs and fens 
at MEF formed from ice-block depressions that fi lled with peat ranging in depths of 
1–8 m in bogs to 1–6 m in fens (Bay  1967 ; Verry and Janssens  2011 ). Sedge and 
forested peats accumulated in regions where calcium-rich groundwater seeped into 
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depressions forming minerotrophic fens (Boelter and Verry  1977 ).   Sphagnum  peat   
accumulated in depressions that were infl uenced more by low ionic precipitation 
yielding ombrotrophic bogs. 

 Bogs at MEF are perched above the aquifer and are primarily precipitation driven 
(e.g., Bay  1968 ,  1969 ; Boelter and Verry  1977 ) (Fig.  7.1a   water budget of MN bog ). 
Centers of MEF bogs are raised and surrounded by lagg zones (Sebestyen et al. 
 2011 ). Water from the uplands fl ows into the laggs and drains from the bogs through 
short outlet  strea  ms. At the single fen monitored at MEF, the outlet stream is peren-
nial, a result of continuous groundwater inputs and precipitation (e.g., Verry and 
Boelter  1975 ; Boelter and Verry  1977 ) (Fig.  7.1b   water budget of MN fen ). Bogs at 
MEF are ion-poor and acidic with pH from 3.7 to 4.9, while groundwater-based fens 
are ion-rich with water pH ranging from 6 to 7.5 (Boelter and Verry  1977 ). 

 Topography, hydrology, and water chemistry infl uence bog and fen vegetation. 
Bogs are dominated by black spruce ( Picea mariana ), eastern tamarack ( Larix lar-
icina ), and northern white cedar ( Thuja occidentalis ),  Sphagnum  mosses, and eri-
caceaous shrubs (Sebestyen et al.  2011 ). Speckled alder ( Alnus incana ) is common 
in laggs. Fens contain a higher diversity of understory species including speckled 
alder, sedges ( Carex  spp.), marsh marigold ( Caltha palustris ), ferns, mosses, and 
trees (black spruce, balsam fi r ( Abies balsamea ), northern white cedar, eastern tam-
arack, and white birch ( Betula papyrifera )) (Bay  1967 ).  

   Invertebrate Diversity and Ecology in Minnesota Peatlands 

 Current knowledge of the aquatic invertebrate  com  munity composition in northern 
Minnesota peatlands is limited to an inventory conducted at two bogs and one rich 
fen at MEF. Twenty-four family or higher-order invertebrate taxa were found in 
fi shless MEF bogs ( Appendix ). Predators (e.g., Dytiscidae:  Dytiscus  spp., and 
Cordulidae:  Somatochlora  spp.) and collectors (Culicidae:  Culex ,  Ochlerotatus , and 
 Aedes  spp., and Chironomidae:  Chironomus  spp.) were more common than other 
functional feeding groups, although shredder caddisfl ies (Limnephilidae: 
 Limnephilus submonifer , and  L. indivisus ) were locally common in lagg habitats 
(Fig.  7.3 ) where speckled alder trees were abundant. Mitchell et al. ( 2008 ) described 
hotspots of  methylm  ercury production in lagg zones that were related to upland 
runoff of solutes. Nitrogen-rich leaves from speckled alder trees in laggs may also 
serve as a high-quality food resource for shredder caddisfl ies and create hotspots of 
invertebrate productivity in bog laggs (Fig.  7.3 ). Multiple individuals of  Philarctus 
quaeris , a caddisfl y species thought to be extirpated from Minnesota (Houghton 
 2012 ) were found in the lagg of a MEF bog during the survey. Despite low pH in the 
bog water, fi ngernail clams were present in the lagg habitats and their empty shells 
are used as case building material by  P. quaeris . Most bog taxa complete their life 
cycles in a 2–3 month period since surface water runoff usually ends by mid-June, 
bog water levels drop, and hollows and lagg habitats become dry.

   The fen invertebrate community was somewhat more diverse (33 taxa) than in 
bogs (24 taxa) ( Appendix ). Invertebrates in the fen were similar in taxonomic and 
functional composition to those in bogs, with additional crustaceans ( Hyalella ), 
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snails ( Fossaria ,  Armiger , and  Gyraulus ), leeches, a mayfl y ( Leptophlebia ), and a 
caddisfl y ( Ptilostomis ) found in the permanent outlet stream.  Chilostigma itascae , 
an endemic and endangered caddisfl y species in Minnesota was not found in peat-
lands at MEF, although it has been found in similar habitats in the region. Phantom 
crane fl y larvae ( Bittacomorpha ) were common in an iron seep associated with the 
fen. Several fi sh species [central mudminnow ( Umbra limi ),  br  ook stickleback 
( Culaea inconstans ), and fi ne-scale dace ( Phoxinus neogaeus )] were present in the 
outlet stream which was linked to a downstream lake via a tributary stream. The 
continuous, nutrient-rich groundwater inputs likely allow for longer invertebrate 
life cycles, higher animal productivity, and more frequent predator interactions in 
the fen, although studies of invertebrate life history and trophic interactions in fen 
and bog food webs at MEF are lacking.  

   Conservation Biology and Invertebrates of Minnesota Peatlands 

 For invertebrates, the main thrust of conservation  resea  rch in Minnesota peatlands 
has focused on impacts of  mercury   toxicity. Peatlands are sources of mercury to 
downstream lakes and rivers via export from outlet streams (Grigal et al.  2000 ; 
Kolka et al.  2011a ).  Methylmercury (MeHg)   is produced by microbial processes 
that respond to the availability of sulfate. To determine the effects of increased 
atmospheric sulfate deposition on rates of methylation of mercury in MEF 

  Fig. 7.3    Lagg habitat 
along upland periphery of 
a  Minnesota peatland   
(Marcell Experimental 
Forest). Photo by Sue 
Eggert, USDA Forest 
Service, Northern Research 
Station       
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peatlands, sulfate was added through a network of PVC pipelines and sprinklers 
encompassing the downstream half of a bog for 5 years and compared to an upstream 
control section (Jeremiason et al.  2006 ). Percent MeHg increased in the treatment 
section of the bog and in stream water (Jeremiason et al.  2006 ; Coleman-Wasik 
et al.  2012 ). After sulfate addition ended, %MeHg declined in the recovery section 
relative to the treatment section, but remained higher than the control section. 
Concentrations of total  mercury   in mosquito larvae collected in each experimental 
treatment paralleled MeHg levels in bog water of treatment sections. Study results 
suggest that reductions in sulfate emissions could result in reductions of MeHg 
contamination in aquatic food webs in the Upper Midwest United States (Coleman- 
Wasik et al.  2012 ).   

     Northeastern China P  eatlands 

   Peatland Habitats of Northeastern China 

 Northeastern China (from 38° to 53°N, and 115° to 135°E) is one of the most impor-
tant areas of peatland wetlands distribution, including Heilongjiang, Jilin and 
Liaoning Provinces, and the northeast portion of the Inner Mongolia Autonomous 
Region. This high latitude area, located at the southern margin of the permafrost 
region of Asia, is conducive to peatland formation due to cold temperatures (mean 
annual air temperature <1 °C), ample precipitation (400–630 mm, mostly falling 
from July to September), relatively low evaporation rates, and seasonally frozen 
soils (Jin et al.  2007 ). Water and soils in the active permafrost layer (from 45 to 
50 cm depths) freeze from October to April. 

 Peatlands in Northeastern China include both bogs and fens. Bogs are mainly 
distributed in mountainous areas (e.g., Da Hinggan Mountain with 485 km 2 , Xiao 
Hinggan Mountain with 727 km 2 , and Changbai Mountain with 463 km 2  of peat-
land) (Ma  2013 ). Fens are most  w  idespread across the Sanjiang Plain, with 350 km 2  
of remaining peatland (Ma  2013 ). Many peatlands of Northeastern China are 
ombrotrophic, being fed primarily by direct precipitation (Fig.  7.1 ). Permafrost 
peatlands typically occur in broad valleys, where frozen soils and fl at topographies 
retain rainwater and surface fl ow, and prevent water from percolating into the sub-
stratum underground (Sun et al.  2011 ). The peat thickness of both bogs and fens 
typically ranges from 50 to 60 cm above the permafrost layer (Wang et al.  2010 ), but 
can be 1–3 m thick in some places. 

 Mountain peatlands of northeastern China are vegetatively diverse (700 plant 
species), with larch ( Larix gmelinii ) being the major tree species (Sun et al.  2011 ) 
and the understories being dominated by various shrubs ( Betula fruticosa , 
 Chamaedaphne calyculata ,  Ledum palustre ,  Vaccinium  spp.), grasses and sedges 
( Calamagrostis angustifolia, Carex  spp.,  Eriophorum vaginatum ), and mosses 
( Sphagnum  spp.,  Polytrichum ). Peatland surfaces are a mosaic of microforms, 
including  Sphagnum   hum  mocks with woody shrubs (see above), mossy hollows 
( Polytrichum juniperinum ), and sedge tussocks ( Eriophorum vaginatum ) (Miao 
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et al.  2012 ). Marsh develops across some peatlands in Sanjiang Plain, where open 
water is interspersed with sedges ( Carex schmidtii, C. meyeriana ,  C. appendiculata, 
C. lasiocarpa ,  C. appendiculata ), grasses ( Calamagrostis angustifolia ), and other 
emergent and submersed plants ( Equisetum heleocharis ,  Menyanthes trifoliate , 
 Potentilla chinensis ,  Iris laevigata ,  Utricularia minor ) (Zhao  1999 ; Wang et al. 
 2013 ). Almost 10 % of the total area of fen peatland on the Sanjiang Plain is classi-
fi ed as marsh (Liu and Ma  2000 ), and given the presence of ample open water, these 
marshes are likely important habitats for aquatic invertebrates (Fig.  7.4 ).

      Invertebrate Diversity and Ecology in Northeastern China Peatlands 

 The vast majority of work on invertebrates in Chinese peatlands has focused on the 
terrestrial and soil faunas, rather than the aquatic fauna. To some extent, this is logi-
cal because bogs  and   fens of the region lack extensive open water, and the dense 
vegetative cover and often non-saturated surface soils provide ample habitats for a 
terrestrial and semiaquatic fauna to develop. In fact, the list of taxa (49 families) 
in the  Appendix  of this chapter represents the only known community inventory of 
aquatic invertebrates from Chinese peatlands (collected from nine fen peatlands in 
the Sanjiang Plain). Obviously, if basic descriptions of the aquatic fauna are lack-
ing, essentially nothing is known about the ecological dynamics of aquatic inverte-
brates in Chinese peatlands. 

 Yin et al. ( 2003 ), Zhang et al. ( 2006 ,  2008 ), Wu et al. ( 2008 ,  2009 ), and Bao et al. 
( 2009 ) each provide descriptions of the terrestrial and semiaquatic invertebrate fau-

  Fig. 7.4    Marsh-type habitat in a fen peatland of Northeast China (Honghe National Preserve). 
Photo by Haitao Wu       
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nas of Chinese peatlands. The soil invertebrates of peatlands are mainly distributed 
in the surfi cial layers (Yin et al.  2003 ; Zhang et al.  2006 ; Wu et al.  2008 ), much as 
they are in terrestrial forests and grasslands. In many cases, this terrestrial fauna is 
both taxonomically rich and highly abundant. For example, Zhang et al. ( 2006 ) 
found that soil invertebrates in bogs of Da Hinggan Mountain reached densities of 
170,000 individuals/m 2 . This fauna was comprised of 4 phyla, 7 classes, 23 orders, 
and 54 families, with Enchytraeidae worms and Formicidae ants being the numeri-
cally dominant families (Huang and Zhang  2008a ). From a fen wetland of Sanjiang 
Plain, Wu et al. ( 2008 ) collected 5 phyla, 12 classes, 27 orders and 46 families of 
soil invertebrates, with mites (Acarina), beetles (Coleoptera), and worms 
(Enchytraeidae) dominating. In the peatlands of the Xiao Hinggan Mountains, Yin 
et al. ( 2003 ) and Wang et al. ( 2014 ) also found that worms (Enchytraeidae) and 
mites (Acarina), plus springtails (Collembola), were numerically dominant. In 
terms of biomass, Lumbricidae and Enchytraeidae worms contribute the most 
(Huang and Zhang  2008b ; Zhang et al.  2008 ). In fens of Sanjiang Plain, Wu et al. 
( 2009 ) found that soil invertebrate densities peaked in spring. Bao et al. ( 2009 ) sam-
pled insects living on fen plants (using sweep nets and yellow-pan traps), and found 
that Diptera and Hemiptera were numerically dominant, followed by Hymenoptera, 
Thysanoptera, Collembola, Coleoptera, and Orthoptera. 

 At local scales, the main environmental factors impacting soil  inver  tebrates in 
peatlands include temperature, water conditions, soil quality, and vegetation (Zhang 
et al.  2001 ). Zhang et al. ( 2014 ) found that soil temperature was the main factor 
affecting the distribution of soil invertebrates across different types of tundra peat-
lands, and further found a relationship between litter biomass, soil organic matter 
content, and nutrient content and the distribution of soil macrofauna. In the Changbai 
Mountains, peatland soil invertebrate densities and community complexities 
decreased with increasing altitude, mirroring vegetative patterns (Wang et al.  2014 ). 
Xin et al. ( 2009 ) found that densities of the soil mesofauna were higher in forested 
bogs than wetland meadows. Zhang and Zhang ( 2006 ,  2013 ) showed that the diver-
sity of the soil macrofauna signifi cantly decreased from continuous to patchy tun-
dra, while the mesofauna and microfauna exhibited the opposite pattern. Water 
conductivity, pH, soil organic matter content, and water depth all signifi cantly infl u-
ence water beetle communities (Wei et al.  2002 ; Dong et al.  2008 ). 

 Decomposition is a key process in nutrient recycling  and   energy fl ow in peat-
lands, and studies from Northeastern China on the ecosystem functions of peatland 
soil faunas have focused on their impacts on leaf litter decomposition. Wu et al. 
( 2009 ) examined the impacts of soil invertebrates on leaf litter decomposition rates 
and nutrient fl uxes at three successional stages of fen wetland using litterbags with 
different mesh sizes to include or exclude organisms. Overall, litter breakdown by 
soil invertebrates was 35.4 % of the total. In coarse mesh bags (4 mm) where most 
invertebrates had access, litter breakdown was 0.3–4.1 times higher than in fi ne 
mesh bags (0.06 mm) where most invertebrates were excluded. Breakdown rates 
varied among litter from different plants, ranging from 32.9 % for  Carex meyeriana  
to 38.2 % for  Calamagrostis angustifolia ; prevalence of these plants in regional 
peatlands changes with successional status. Litter quality as refl ected by carbon (C), 
nitrogen (N), and phosphorus (P) contents, and C:N and C:P ratios also infl uence 

D. Batzer et al.



233

breakdown rates by invertebrates. Variation in invertebrate community composi-
tions and season further infl uenced litter breakdown. 

 Ants are very prevalent in fens of the Sanjiang Plain (Wu et al.  2010b ,  2013b ), 
and their impacts on soil nutrient pools and cycling are excellent examples of  ho  w 
wetland invertebrates can affect ecosystem function. Wu et al. ( 2010a ,  2013a ) found 
that mounds of  Lasius fl avus ,  Lasius niger , and   Formica candida  ants   had greater 
concentrations of organic C, dissolved organic C, total N, NO 3  − , and NH 4  +  than the 
surrounding peatland soils. Nutrient pools in ant mounds comprised from 5.3 to 7.6 
% of the total in peatland soils overall. Importantly, ant mounds increased the spa-
tial heterogeneity of these nutrient pools.  

   Conservation and Invertebrates in Northeastern China Peatlands 

 The major focus of conservation-related research on invertebrates in Chinese peat-
lands has focused on issues of climate change. Ant mounds also alter the spatial and 
temporal  pattern  s of gas emissions from peatland soils. Wu et al. ( 2013b ) showed 
that ant mounds in a Sanjiang Plain fen serve as hot spots for CO 2  emissions, con-
vert soils from being CH 4  sources to CH 4  sinks, and amplify seasonal fl uctuations 
for N 2 O emissions. Overall, ant mounds contributed measurable amounts to soil gas 
emissions from the wetland, averaging 7.0 %, −4.3 %, and 3.4 % of total soil CO 2 , 
CH 4 , and N 2 O emission, respectively. Laboratory studies suggest that altered gas 
emissions from ant mounds occur both from changed soil conditions and from ant 
respiration (Wu et al.  2015 ). Thus, for a complete understanding of peatland C and 
N cycles and balances, ant mounds should be considered. 

 Forest fi res happen frequently in the mountains of Northeastern China, and in 
May 1987 a large fi re (known as the Black Dragon Fire) swept across Da Hinggan 
 Mountai  n forests destroying almost 10,000 km 2  of timber. After the fi re, the number 
of Enchytraeidae in peatlands gradually increased until becoming stable after about 
fi ve years. The meso- and  microfau  na was restored after about seven years, while 
Protura populations did not reappear in burned areas for 16 years (Zhang et al.  2006 ; 
Zhang and Zhang  2009 ).   

    Subtropical Peatlands of the Southeastern United States 

   Southeastern US Peatlands 

 Although most prevalent in cold climates, peatlands also  exist   in tropical and sub-
tropical climates, despite warm temperatures and high evaporation. In the 
Southeastern United States, peatlands mostly occur on the Coastal Plain, such as 
pocosins, a handful of Carolina bays, the Okefenokee Swamp, and the Everglades 
(see chapters in Batzer and Baldwin  2012 ). Why these particular  wetlan  ds retain 
peat is not clear, as formative processes, hydrology, pH, and plant communities can 
all vary widely. Of these Southeastern peatlands, the invertebrates have only been 
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investigated in detail in the Okefenokee Swamp and the Everglades (and the 
Everglades is the subject of its own chapter in this book, and so not covered here). 

 The 200,000 ha Okefenokee Swamp in southeastern Georgia and northeastern 
Florida is among the largest freshwater wetlands in North America (Batzer et al. 
 2012 ). The name is aboriginal meaning “land of trembling earth,” presumably due 
to the presence of peat. Deposits of peat up to 4.5 m thick occur across much of the 
Okefenokee (Cohen et al.  1984a ), derived mostly from remnant water lily or cypress 
debris, and to a lesser extent from  Sphagnum  mosses and sedge. 

 Hydrology in the  Okefenokee   is typical for an ombrotrophic peatland (Fig.  7.1c ). 
Water input is dominated by direct rainfall (70–90 %), with some minor infl ows 
from small tributary creeks and off uplands (Rykiel  1984 ; Brook and Hyatt  1985 ). 
Water output is dominated by evapotranspiration (~85 %), with most remaining 
water losses from stream fl ow-out of the Suwannee and St. Mary’s Rivers to the 
south. Connection to groundwater, either via discharge or recharge, is considered 
negligible (<3 %). Early efforts to drain the Okefenokee failed (Izlar  1984 ), and thus 
water levels and hydrologic variation remain largely natural. Water pH is acidic 
(3.5–4.5) (Blood  1980 ). Mineral concentrations (Ca, Mg, Na, K, Cl) are low, even 
more so than in many northern bogs (Rykiel  1984 ). Levels of dissolved carbon are 
high (46–58 mg C L −1 ) (Bano et al.  1997 ), due to organic acids from plant decom-
position, which gives the water a characteristic “tea” colored appearance. 

 Major plant communities of the Okefenokee include forested swamp, scrub- 
shrub thickets, emergent (grasses, sedges) marsh, and water lily ( Nymphaea , 
 Nuphar ) beds (McCaffrey and Hamilton  1984 ; Fig.  7.5 ). In peatland forests, bald 
cypress ( Taxodium distichum ), and pond cypress ( T. ascendens ) are dominant over-
story trees (Fig.  7.5 ). Herbaceous wetland (grass, sedge, and water lily marsh) is 
locally called “prairie.” For more detailed overviews of the Okefenokee see Cohen 
et al. ( 1984b ) and Batzer et al. ( 2012 ).

      Invertebrate Community Composition and Ecology in the Okefenokee 

 Kratzer and Batzer ( 2007 ) identifi ed 103 aquatic  macroinv  ertebrate taxa across the 
Okefenokee (see list of 52 families in the  Appendix ). Chironomid midge larvae by 
 themselves   comprised 66 % of abundance. Mollusks were very rare. Most taxa lack 
seasonality (Kratzer and Batzer  2007 ), although microcrustaceans decline in winter 
from cool temperatures, and in summer from fi sh predation (Schoenberg  1988 ). 
Ecological research on invertebrates of the Okefenokee has focused primarily on 
natural variation across the mosaic of plant communities and trophic relations. 

 Kratzer and Batzer ( 2007 ) also assessed spatial and temporal variation in macro-
invertebrate communities across the Okefenokee Swamp, examining communities 
in forested, scrub-shrub, prairie, and deepwater (lakes and canals) habitats across 
different sub-watersheds and in different seasons (29 total locations). They, how-
ever, discovered remarkably few invertebrate community patterns across the differ-
ent plant communities, sub-watersheds, or seasons. A handful of individual taxa 
exhibited some specialization for particular plant types or seasons, although 
responses were largely unique for each taxon. Kratzer and Batzer ( 2007 ) concluded 
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that the  macroinvertebrate communities in t  he Okefenokee were dominated by gen-
eralist taxa able to exploit the full range of habitat available. 

 Taylor and Batzer ( 2010 ) used stable isotope analyses (C, N) to assess diets of 
midge larvae in forested and prairie habitat of the Okefenokee. These larvae 
appeared to be generalist feeders, simply focusing on foods as they were available. 
 Cypress wood   was important in forested habitats, and algae and herbaceous plants 
in marsh prairies; sediment was an important midge food in both habitat types. 

 Aside from midges, the aquatic invertebrate  communit  y of the Okefenokee is 
dominated by a plethora of large predators (odonates, hemipterans, coleopterans) 
(Kratzer and Batzer  2007 ). The presence of so many predatory invertebrates seems 
at odds with the fact that fi sh productivity in the Okefenokee Swamp is high 
(Freeman and Freeman  1985 ); fi sh typically exclude predatory invertebrates 
(Wellborn et al.  1996 ). However, most fi sh production is from small-bodied species 
such as killifi sh ( Fundulus  spp.), pygmy sunfi sh ( Elassoma  spp.), and mosquitofi sh 
( Gambusia  spp.). These small fi shes feed primarily on microcrustaceans and midge 
larvae (Freeman and Freeman  1985 ; Oliver  1991 ), and probably cannot tackle the 
larger invertebrate taxa. In much of the Okefenokee (deepwater habitats with large 
fi shes excepted), invertebrates may actually hold a higher position in the food web 
than fi shes. For example, dragonfl y nymphs in the Okefenokee frequently have 
small fi sh in their guts (B. Freeman, unpublished data).  

  Fig. 7.5    Marsh prairie, scrub-shrub thickets, and cypress forest of the Okefenokee Swamp, 
Georgia. Photo by Mark Galatowitsch, Univ Georgia       
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   Conservation Biology and  Okefenokee In  vertebrates 

 Fire, integrated with drought, is considered the most important factor controlling the 
structure of Okefenokee plant communities (Schlesinger  1978 ). Fire is believed to 
maintain open prairie habitat, which otherwise would convert into woody vegeta-
tion. Deeper “lakes” scattered across the Okefenokee may have developed where 
fi re burned deep into the peat deposits. Large fi res occur every few decades (Yin 
 1993 ). A particularly large fi re occurred in 2007, and burned >75 % of the Okefenokee 
(Fig.  7.6 ). Beganyi and Batzer ( 2011 ) assessed invertebrate response to that fi re, 
contrasting burned and non-burned prairie, scrub-shrub, and cypress-forest habitats. 
Only in cypress forest was signifi cant invertebrate response detected, with popula-
tions of leptocerid caddisfl y larvae ( Oecetis  sp.) and coenagrionidae damselfl y 
nymphs ( Ishnura  sp.) declining, and populations of corixid water boatmen ( Sigara  
sp.) increasing in burned cypress. The rest of the invertebrate community in cypress 
forest did not appear to numerically respond to fi re. In prairie and scrub- shrub thick-
ets, no invertebrate responses to fi re were detected. In prairies, fi re burned quickly 
through the habitats; fl ooded and moist sediments did not burn and herbaceous 
plants grew back rapidly, likely precluding any invertebrate response. While fi re 
may be a crucial control for plant communities in the Okefenokee, it appears to have 
a much lesser role in controlling invertebrate community structure (mirroring the 
lack of plant control on invertebrate communities previously described).

  Fig. 7.6    Wildfi re in the  Okefenokee Swamp   (2007). Photo from US Fish Wildl Serv, Okefenokee 
National Refuge       
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   Problems with heavy metals are also a concern in the Okefenokee, and human 
consumption advisories due to  mercury   exist for some fi sh. Anoxic, high tempera-
ture conditions in sediments are conducive to mercury methylation, the form of the 
metal that is most toxic and most likely to bioaccumulate. Mercury levels in 
Okefenokee macroinvertebrates are unusually high, especially in   Crangonyx  amphi-
pods   (George and Batzer  2008 ; Beganyi and Batzer  2011 ) (levels in alligators, how-
ever, are typical for the Southeast; Jagoe et al.  1998 ). Levels of  mercury   in 
invertebrates are similar across the range of available habitats (plant types, sub- 
watersheds) in the Okefenokee, suggesting that mercury is being introduced via 
aerial deposition (Jackson et al.  2004 ; George and Batzer  2008 ). Beganyi and Batzer 
( 2011 ) assessed whether the 2007 wildfi re magnifi ed  mercury   levels in macroinver-
tebrates, but did not fi nd this to be the case.    

    Synthesis 

 Perhaps the most telling fi nding of our review was the dearth of detailed  inf  ormation 
about the ecology of invertebrates and about invertebrate functional roles in peat-
lands, despite these habitats being the most expansive and potentially most impor-
tant wetlands on earth. Many of the published studies simply inventory the fauna or 
describe basic life histories. However, those studies may suggest why so little is 
known about the ecology of peatland invertebrates. First, unlike many other wetland 
types, the terrestrial fauna is especially well developed in peatlands. As noted above, 
Finnamore ( 1994 ) reported 1410 species of the single-order Hymenoptera, in a sin-
gle Canadian peatland (studies of Hymenoptera are essentially nonexistent in any 
wetland type, except peatlands). If the goal is to establish the overall importance of 
invertebrates in peatlands, the terrestrial fauna clearly must be considered, a daunt-
ing task. Comparatively, the aquatic invertebrate fauna in peatlands is depauperate, 
although likely still very important. Despite being easier to work with, studies of 
aquatic invertebrates in peatlands are few; remarkably this chapter provides the fi rst 
inventories of aquatic invertebrate from peatlands of Minnesota and China, other-
wise fairly well-known habitats. 

 Although our knowledge remains limited, this review provided some valuable 
preliminary evidence on the primary ecological controls for peatland invertebrate 
and the major ecological roles invertebrates play in peatlands, and how invertebrates 
can be useful in assessing emerging environment threats to peatlands. 

    Invertebrate  Community Ecology in Pea  tlands 

 In the  Appendix , we report 79 aquatic invertebrate groups from peatland habitats 
across the globe. These aquatic faunas are moderately diverse compared to other 
types of wetlands (Batzer and Ruhí  2013 ), with from 24 to 52 families recorded per 
location. Some of these variations may simply refl ect sampling effort, as the most 
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taxonomically rich peatland habitat, the Okefenokee Swamp, was also the most 
intensively sampled. Faunas are highly variable from place to place, with only six 
groups being ubiquitous across all habitats: Branchiopoda (specifi cally cladocer-
ans) and Copepoda microcrustaceans; Dytiscidae and Hydrophilidae/Helophoridae 
beetles; and Ceratopogonidae and Chironomidae fl y larvae. These same aquatic 
organisms also tend to dominate other kinds of wetland habitat (Batzer and Ruhí 
 2013 ). Overall aquatic invertebrate faunas of peatlands seem to be comprised mostly 
of generalist organisms, i.e., ubiquitous families. 

 We saw no obvious gradient in the total taxon richness between bogs (pH < 5) or 
fens (pH > 6). However, mollusks (Gastropoda, Bivlavia) and leeches (Erpobdellidae, 
Glossophoniidae) were rarely encountered in low pH habitats (see also Wheeler and 
Proctor  2000 ; Hájek et al.  2006 ), while these groups were widely distributed across 
fen habitats with more circumneutral pH ( Appendix ). At least for the mollusks, a 
lack of calcium carbonate for shell development may exclude many taxa from acidic 
habitats. However, most aquatic insects and crustaceans appeared to be tolerant of 
low pH conditions in peatlands, at least as refl ected by family-level distributions. 
Perhaps more sensitivity might become evident in these groups if generic or species- 
level analyses were possible. 

 For aquatic invertebrate communities in peatlands, as for most wetlands, water 
permanence infl uences compositions, with longer hydroperiods promoting greater 
taxon richness, especially large predators. Although hydrology likely affects plant 
community compositions,  simil  ar aquatic invertebrate assemblages may occur across 
a diversity of plant communities, further suggesting that habitat generalists prevail. 
In northern bogs, however, peripheral lagg habitats appear to be hot spots for aquatic 
invertebrates, perhaps due to infl uences of upland water runoff, more open water, or 
the growth of nitrogen-rich plant foods (e.g., alder leaves). For terrestrial inverte-
brates, damper soils enhance terrestrial diversity and abundance. Variation of inver-
tebrates related to plant community change is more pronounced for terrestrials, 
probably because the plants themselves serve as food (herbivores) or habitat. 

 Fire appears a pervasive infl uence on peatlands. However, the aquatic inverte-
brate community was minimally affected by a large wildfi re in the Okefenokee 
Swamp, further evidence of a generalist tendency for that fauna. The terrestrial 
invertebrate fauna appears more dramatically infl uenced by fi re, likely because the 
ecological infl uence of fi re is more pronounced above the water line. 

 Decomposition is likely the most important ecosystem  proce  ss affected by peat-
land invertebrates. Invertebrates tend to track the quantity and quality of organic 
matter in peatlands. In northern peatlands, aquatic limnephilid caddisfl y larvae are 
likely important shredders of organic material (leaves). However, the terrestrial 
invertebrate fauna probably plays the most important role in decomposition, with 
ants and annelid worms being key. The fact that these organisms can affect emis-
sions of greenhouse gases from peatlands make them perhaps among the most 
important wetland invertebrates known. 

 Predaceous invertebrates, both aquatic and terrestrial, are widespread in peat-
lands. Most of the 1410 species of Hymenoptera reported by Finnamore were para-
sitic wasps. The prevalence of predators/parasitoids suggests ecological importance, 
but we found no studies quantifying their impacts.  
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    Conservation Issues and Peatland Invertebrates 

 Multiple threatened invertebrate species occur in peatlands,  suggest  ing these habi-
tats are at risk. Researchers frequently mentioned climate change as a major threat, 
given that northern peatlands primarily exist due to regionally cold temperatures. As 
mentioned, peatland invertebrates may play key roles in enhancing peat decomposi-
tion and gas fl ux, and as ectotherms their activities are controlled by temperature. 
This combination could lead to them exacerbating the impacts of climate change. 

 Drainage, logging, and peat mining are pervasive threats to peatlands. Invertebrates, 
both aquatic and terrestrial, have proven to be useful indicators of environmental 
impacts and of the success of restoration efforts, especially by workers in Europe. 
However, the terrestrial fauna might prove to be superior indicators, given that terres-
trials tend to be more specialized than aquatics (e.g., associated with particular plants) 
and the terrestrial fauna appears to affect crucial ecosystem functions (decomposition, 
gas fl ux). Peatland habitats are foci of  mercury   methylation, and bioaccumulation of 
mercury in aquatic invertebrates may  t  ransfer this heavy metal up food chains.   

    Conclusion 

 This review establishes that invertebrates are very diverse and ecologically important 
components of peatland habitats. However, our review also exposes some real inade-
quacies in our knowledge. The terrestrial invertebrate fauna has been shown to be espe-
cially diverse, and numerous taxa appear to be valuable environmental indicators. 
However, the ecological and functional roles of terrestrial invertebrates remain poorly 
known; and this kind of knowledge is sorely needed to understand how these organisms 
affect peatland ecosystems and why this fauna has tangible value for peatland bioas-
sessment. Even less is known about the aquatic fauna. Basic inventories are lacking, the 
functional importance of the aquatic fauna to ecosystem processes remains essentially 
unknown, and their value, if any, to bioassessment is still largely undeveloped. The situ-
ation in Europe appears somewhat better than for other parts of the world, and the 
knowledge about arthropods is somewhat better developed than for the non-arthropod 
fauna. Because of the extent and importance in climate change scenarios, the virtual 
dearth of knowledge about invertebrates in Arctic peatlands is of special concern.      

           Appendix 

  Aquatic invertebrate taxa   recorded from peatlands across the globe, arranged from 
bogs (lower pH) to fens (higher pH). Dark shading of cells indicates ubiquitous taxa, 
medium shading indicates sporadic occurrence of taxa, and light shading indicates taxa 
reported from only a single location. Different sampling techniques and sampling 
intensities were utilized at each location; hence the absence of a taxon from a particular 
site may be a sampling artifact. (Genus level classifi cations are available from the appli-
cable references or from S. Eggert or H. Wu for their previously unpublished data.)
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    Chapter 8   
 Invertebrates in Permanent Wetlands (Long- 
Hydroperiod Marshes and Shallow Lakes)                     

       Kyle     D.     Zimmer     ,     Mark     A.     Hanson    , and     Dale     A.     Wrubleski   

            Introduction to Permanent Wetlands (Long-Hydroperiod 
Marshes and Shallow Lakes) 

    Habitat Attributes 

 Permanent wetlands are probably best viewed as waters  existin  g along a continuum 
resulting from gradients of biological, chemical, and physical features and occur-
ring between shallow wetlands that periodically dry and deeper lakes. Rigorous 
global classifi cation of permanent wetlands has proven diffi cult for many reasons 
(Finlayson and Van der Valk  1995 ). Classifi cation systems allowing for regional or 
even national inventories are often impossible to apply internationally due to broader 
patterns of habitat variability and unique nature of regional aquatic systems. Also, 
shallow freshwaters have highly variable origins, geomorphology, nature and extent 
of ground-water interactions and fl ow networks, and often comprise portions of 
larger more complex lake and wetland habitats. Still, it is worthwhile to apply clas-
sifi cation systems to link waters defi ned here, because classifi cation approaches are 
widely applied by habitat managers, and because we believe it is important that 
practitioners understand which aquatic habitats support the invertebrate communi-
ties we describe. 

 For this review, we are narrowing our focus to permanently fl ooded wetlands, 
and defi ning these as lentic freshwaters with relatively shallow maximum depth 
(usually <4 m, Scheffer  2004 ), yet presence of standing water during all but extreme 
droughts (such as that experienced in North America during the 1930s). Lakeshore 
marshes are covered in another chapter of this book, but we do include some exam-
ples of habitats that exchange waters with, and comprise portions of, much larger 
systems, but are of suffi cient size or isolation to develop unique characteristics mak-
ing them distinct from adjacent lakes. 

 The classifi cation system described by Cowardin et al. ( 1979 ) is especially 
useful here because it recognizes a continuum of waters and has application to 
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 shallo  w ecosystems worldwide. Our focus here is on palustrine and lacustrine 
systems, but we limit these to include only waters defi ned as littoral (not lim-
netic) in the Cowardin approach (hereafter permanent wetlands). From an inter-
national perspective, these are the habitats classifi ed as lacustrine or shallow 
water marshes by Warner and Rubec ( 1997 ) or as permanent fresh marshes/
pools following the international Ramsar Convention (Matthews and Townsend 
 1993 ). These permanent wetlands include a wide range of substrates from 
unconsolidated organic matter to rocky bottoms, emergent and submergent 
aquatic macrophytes, and a wide range of adjacent upland vegetation from 
grassland to coniferous forest. Our defi nition also includes a range of conditions 
with respect to hydrologic exchange with underlying groundwater, but hydro-
logic relationships are often poorly known, even for permanent wetlands that 
have received considerable study. 

 Our habitat defi nition is also guided by our conviction that what  m  akes biologi-
cal communities in these waters unique is the infl uence of three fundamental prop-
erties; together, these attributes establish ecosystem characteristics of permanent 
wetlands. First, these waters are relatively shallow, in many cases mean depths are 
<1.5 m. This contributes to the second major property; shallow depth prevents strat-
ifi cation so these waters remain polymictic throughout open-water periods in north- 
temperate regions, and year-round in mid- and southern latitudes. And fi nally, 
sunlight reaches large portions of substrates at levels suffi cient to stimulate growth 
of submergent and emergent vascular plants across the majority of the basin. A 
grouping of waters based on these features results in a habitat category that spans an 
extraordinarily wide range of size, geomorphology, and origins, and general exam-
ples of these are explained in more detail below. However, we emphasize that under-
standing factors affecting aquatic invertebrate communities in these ecosystems 
requires a functional classifi cation that relies heavily on depth, polymixis, and 
potential for colonization by aquatic macrophytes. In a sense, this is a broad perma-
nent wetland classifi cation with ragged ecological edges, but such an approach is 
necessary in order to elucidate common factors structuring ecological communities 
in these waters. 

 We also recognize that, as Wiggins et al. ( 1980 ) and Wellborn et al. ( 1996 ) sug-
gested, freshwaters may be ranked along a continuum of habitat permanence and 
predation potential, and that these two factors work concurrently to establish the 
importance of other environmental and biological variables structuring resident 
communities. Following the conceptual framework of Wellborn et al. ( 1996 ), we 
further defi ne permanent wetlands as freshwaters with suffi cient depth to sustain 
permanent aquatic communities, yet encompassing a key ecological transition: 
these areas may or may not support populations of fi sh. Here then, permanent wet-
lands are waters supporting aquatic invertebrate communities that are subject to a 
variety of predation conditions ranging from only invertebrate predators, to habitats 
that occasionally include fi sh, to waters that support permanent fi sh communities. 
Throughout north-temperate regions, many of these areas are ice-covered for up to 
5–6 months each year. Winter conditions favor prolonged periods of under-ice 
hypoxia and this sometimes reduces, or even eliminates, fi sh populations (Peterka 
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 1989 ). Still, fi sh predation is among the most important properties structuring 
aquatic invertebrate communities in permanent wetlands (Zimmer et al.  2000 ; 
Hanson et al.  2005 ).  

    Geographic Distribution of Permanent Wetlands 

 Freshwater permanent wetlands are widespread, and the  scien  tifi c literature 
indicates that these areas comprise a major global habitat resource for aquatic 
invertebrates. Permanent wetlands in modern landscapes have been formed by a 
wide variety of physical processes operating at different temporal and spatial 
scales. Many permanent wetlands are the direct result of anthropogenic activi-
ties; some of the best known of these are  we  tlands formed by fl ooding in ancient 
excavations in the Netherlands, or from water fi lling ditches and abandoned 
mining sites in the United Kingdom (Moss et al.  1996 ; Scheffer  2004 ). On the 
other hand, naturally occurring permanent wetlands are probably far more wide-
spread and are a result of a variety of natural processes ranging from precipita-
tion and groundwater fi lling depressions left behind by retreating glaciers in 
North America (Kantrud et al.  1989 ) to extreme fl ooding events that perma-
nently inundated a vast area previously comprising coastal lowlands in south-
eastern China (Qin et al.  2007 ). 

 As with other freshwater wetlands, characterizing permanent wetland fea-
tures is diffi cult because regionally unique combinations of climate, water avail-
ability, soils and underlying geological substrates, and other factors contribute 
to extreme variability in biological, chemical, and physical features of these 
waters worldwide. Comprehensive descriptions of permanent wetlands from 
many geographical settings are beyond the scope of this chapter, but examples 
are useful to illustrate variability and to show how environmental variables may 
structure aquatic invertebrate communities in these habitats. As a starting point, 
hydrology is a common  structuring factor and a key determinant of wetland 
characteristics. Hydrology, in turn, interacts with other local, regional, and even 
continental infl uences. Resulting among-wetland variability is extraordinary 
and invertebrate communities may differ sharply in response to water quality 
and chemistry gradients resulting from different hydrologic relationships 
(Kantrud et al.  1989 ) (Fig.  8.1 ).

   For example, throughout the  Prairie Pothole Region (PPR)   of north-central 
United States and south-central Canada, thousands of permanent wetlands 
remain within depressions underlain by soils originating from variable depths of 
till left behind by retreating glaciers (Kantrud et al.  1989 ). A negative water bal-
ance characterizes most of the region, as annual rates of evapotranspiration usu-
ally exceed precipitation. Along with highly variable morainic topography, 
partially impermeable glacial till (up to 250 m deep in some locations) contrib-
utes to complex fl ow networks and intense interactions between surface and 
underlying groundwater with combinations of recharge, fl ow-through, and dis-
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charge in shallow waters throughout the region (Winter and Rosenberry  1995 ). 
Across the central portion of this area, many small waters were originally iso-
lated and surface connectivity had been a relatively minor factor in water 
exchange, but this seems to be changing with increasing anthropogenic activity 
(wetland draining, ditching) and extreme precipitation cycles (Hanson et al. 
 2005 ; Herwig et al.  2010 ). 

 Vast numbers of permanent wetlands in other regions of the United States and 
Canada are also of glacial origin. Permanent wetlands are widespread throughout 
western boreal portions of north-central Alberta, Canada (Bayley et al.  2013 ). Here, 
poorly drained outwash plains, moraines, and fl at lacustrine plains are prevalent, 
with wetland water chemistry infl uenced by relatively thick underlying peat layers 

  Fig. 8.1    Generalized factors responsible for water  mov  ements in permanent wetlands.  Arrow  
weights depict relative magnitude of water exchange by individual pathways.  Dashed arrows  indi-
cate relationships of minor importance, but these are often poorly known       
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in some areas (Bayley et al.  2013 ). Abundant sediment organic matter and adjacent 
peatlands contribute to low alkalinity, high levels of total phosphorus (TP) and phy-
toplankton biomass, and high productivity which often support well-developed 
communities of plankton and submerged aquatic vegetation ( SAV  ) (Bayley and 
Prather  2003 ; Bayley et al.  2013 ). 

 Some of the most-studied permanent wetlands (or shallow lakes) in the world 
are those within lake districts of the northern and western Netherlands and the 
Norfolk Broads of the United Kingdom. Many of these waters formed following 
peatland excavations during the seventeenth century (Gulati and Van Donk 
 2002 ). Other waters are the result of centuries-old networks of dykes and dams 
which impounded inland waterways and produced permanent wetlands (or 
“broads,” Moss et al.  1996 ). Subsequently these wetlands became important 
habitat for fi sh production and recreational use, and sometimes supplied water 
for irrigation of agricultural fi elds. Prior to the mid-twentieth century, many of 
these shallow waters exhibited oligotrophic conditions with low nutrient levels, 
clear water, and lush communities of SAV. With increasing external nutrient 
loading, many sites transitioned to turbid conditions with  poo  r water quality, 
further resulting in loss of SAV, declining habitat for piscivorous fi sh, and 
diminished recreational value. 

 Permanent wetlands also occur widely in Mediterranean climates. On the Iberian 
peninsula in central Spain, permanent wetlands are common. Cladoceran zooplank-
ton communities, especially  Daphnia  spp., have been the focus of studies in these 
waters due to concerns about lake responses to agricultural chemicals and encroach-
ment, nutrient loading, introduction of non-indigenous fi sh stocks, and  po  ssible 
effects of climate change (Romo et al.  2004 ; Fernández-Aláez et al.  2004 ). Most 
natural lakes in Greece are shallow waters <1000 ha in size and would be consid-
ered permanent freshwater wetlands in our context. These waters have become 
increasingly valued for recreation and wildlife values, but are threatened by dra-
matic water-level reductions, eutrophication, and chemical contamination (Coops 
et al.  2003 ). 

  Lake Apopka   is a subtropical freshwater wetland in Florida (United States), cov-
ering 124 km 2  and averaging 1.7 m depths (Carrick et al.  1993 ). This wetland over-
lies clastic, calcareous soils and is characterized by high alkalinity, extreme 
wind-induced turbidity, and poorly consolidated muck-like sediments. Due to low 
water clarity, sparse SAV, and declining fi sh populations, the site has been the sub-
ject of one of the most costly rehabilitation efforts in North America (Scheffer 
 2004 ). Tropical and subtropical permanent wetlands are well known from South 
America and Africa. Kosten et al. ( 2012 ) surveyed water quality parameters in 83 
wetlands along the eastern coast of South America. These waters had a mean depth 
of 1.9 m, but varied widely in surface area from 0.6 to 27,000 ha. Lake Naivasha 
near Nairobi, Kenya is a premier destination for bird watching, but its ecological 
health has declined dramatically due to surrounding urbanization and agriculture, 
nutrient loading, altered hydrology, and introduction of non-indigenous fi sh, rusty 
crayfi sh ( Procambarus clarkia ), and other invasive species (Harper and Mavuti 
 2004 ). 

8 Invertebrates in Permanent Wetlands (Long-Hydroperiod Marshes and Shallow Lakes)



256

 Permanent wetlands are sometimes large and can be prominent landscape fea-
tures. For example, Lake Arres ø  is the largest waterbody in Denmark (approxi-
mately 40 km 2 ) and has an average depth of only 3 m. Lake Taihu, the third largest 
waterbody in China, consists of a vast shallow basin (surface area of 2338 km 2 , 
mean depth = 1.9 m) with extensive submerged, emergent, and fl oating-leaf vegeta-
tion and associated marshlands (Qin et al.  2007 ). Forty million people live within 
this lake’s watershed (Qin et al.  2010 ), and the lake provides numerous economic, 
recreational, and transportation benefi ts. 

 Despite extreme variability in formation processes, geomorphology, and 
hydrology, it is possible to characterize some key features of these habitats, many 
of which affect aquatic invertebrate communities. These waters are permanently 
fl ooded yet shallow enough to permit polymixis throughout open-water periods, 
and usually allow considerable light penetration to substrates over large areas. 
Permanent fl ooding and well-lighted substrates allow for extensive development 
of emergent and submergent vascular plant communities over a majority of the 
basin. Thus, permanent wetlands are characterized by a high intensity of physical 
processes and biological interactions, and biological, chemical, and physical 
aspects are profoundly affected by complex infl uences of polymixis, high light 
availability, and shallow water columns. Organisms (including aquatic inverte-
brates) often coexist in close proximity with one another and food-web interac-
tions along with water-sediment exchanges are particularly intense (Jeppesen 
et al.  1997 ). Physical properties such as light, wind-induced resuspension of sedi-
ments, and internal nutrient loading often play larger roles here than in deeper 
counterparts (Scheffer  2004 ). As will be elaborated later, permanent wetlands 
also have a propensity to exhibit alternative stable equilibria (Moss et al.  1996 ; 
Romo et al.  2004 ; Fernández-Aláez et al.  2004 ; Scheffer  2004 ; Zimmer et al. 
 2009 ). One stable state has low water transparency and sparse SAV (turbid state) 
while the other has clear water and abundant SAV (clear state). Among freshwa-
ters, permanent wetlands are uniquely affected by this propensity for transitions 
between clear- and turbid-water states, and aquatic invertebrates both infl uence, 
and respond to, these ecological dynamics (Fig.  8.2 ).

       Aquatic Invertebrate Taxa of Permanent Wetlands 

  The appendix  provides a list of the families of  aquatic   invertebrates reported from 
a variety of permanent wetland and shallow lake habitats. Permanent wetlands that 
are covered by other chapters in this book (e.g., lakeshore or riverine marshes, 
temperate and tropical fl oodplain wetlands, beaver ponds, Everglades) were not 
included in this Appendix. Also excluded were taxa from study site descriptions 
lacking suffi cient information to properly defi ne the habitat, or taxa lists that did 
not distinguish among habitats when several types were sampled. Where more than 
one habitat type was surveyed (e.g., temporary and permanent wetlands), only 
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those invertebrates identifi ed as coming from the permanent habitats were included 
in our list. 

 A total of 176 families have been reported from permanent wetlands around the 
world, based on the 27 publications used to assemble our list. Of this number, 75 
families were reported from only one continent, with North America and Australia 
having the largest number of restricted families at 21 each. Only two macroinverte-
brate families, Chironomidae and Coenagrionidae, and three microcrustacean fami-
lies, Cyclopidae, Daphniidae, and Chydoridae, were ubiquitous.   

    Key Factors Controlling Invertebrates in Permanent Wetlands 

    Hydrology Controls 

 In non-permanent wetlands,  hydroperiod  , along with  underl  ying hydrology, is 
usually the most fundamental determinant of invertebrate community structure 
(e.g., how does shortening the inundation period of seasonal wetlands infl uence 
invertebrate communities?). In contrast, constant inundation, often with only 
nominal water-level fl uctuations in a single growing season, is typical for many 
permanent wetlands, where standing water usually persists year-round. In 

  Fig. 8.2    Permanent wetlands exhibit two alternative stable states in many parts of the world. One 
state is the clear-water condition dominated by submerged aquatic macrophytes with low phyto-
plankton abundance (background  above ), and the other state a turbid-water condition dominated 
by phytoplankton with low abundance of submerged aquatic plants (foreground above). Aquatic 
invertebrates play a key role in stabilizing both states, and also in inducing shifts from one state to 
the other. Photo by Brian Herwig (used with permission)       
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permanent wetlands, research on hydrology and invertebrates has focused on a 
suite of factors that become more important with extended inundation. Along a 
hydroperiod continuum, abiotic factors (e.g., desiccation) are most infl uential in 
non-permanent wetlands, while biotic interactions (e.g., predation, competition) 
become increasingly important in permanent wetlands (Wellborn et al.  1996 ). 
The roles of predation and other biotic factors have emerged as key proximate 
drivers, contributing to the high variability often observed among permanent 
wetlands, even within a given geographical region such as the PPR in North 
America (Hanson et al.  2005 ; Anteau et al.  2011 ). Fish predation is one of the 
most important determinants of  inver  tebrate community structure in permanent 
wetlands, and fi sh presence/absence and community composition are infl uenced 
by wetland depth, overland fl ooding, and connectivity to other waterbodies. 
Thus, wetland and watershed hydrology have strong indirect infl uences on 
invertebrate communities in permanent wetlands via infl uences on fi sh distribu-
tion and abundance. 

 At the same time, certain abiotic factors, infl uenced by hydrology, remain 
important in permanent wetlands. For example, interactions among underlying 
soils and geology, ground water, and  clim  ate can result in permanent wetlands 
that range from fresh to saline (Kantrud et al.  1989 ). Salinity can impact the 
aquatic invertebrate community indirectly through impacts on aquatic plants 
(Lacoul and Freedman  2006 ) or through direct osmoregulatory toxicity (Bayly 
 1972 ). Salinity tolerance varies among aquatic invertebrates. Hammer et al. 
( 1990 ) noted that species richness of macroinvertebrates decreased rapidly at 
salinities greater than 15   %. Pinder et al. ( 2004 ) found salinity to be the primary 
infl uence on the distribution of aquatic invertebrates in wetlands of the wheat belt 
region in Western Australia.  

    Interactions with Plants and Algae 

 In wetlands with greater depths and relatively stable water  le  vels, aquatic macro-
phytes with emergent and submersed growth forms become prominent features and 
critical habitat for many types of aquatic invertebrates. Aquatic plants increase sur-
face area and habitat complexity, providing additional living space and food within 
the water column (Cyr and Downing  1988 ). Both diversity and abundance of aquatic 
macrophytes increase macroinvertebrate taxon richness and abundance (Zimmer 
et al.  2000 ; Hassall et al.  2011 ), and invertebrate communities often vary among 
different plant species or communities (Bazzanti et al.  2008 ). Aquatic plants serve 
as sites for oviposition, emergence, pupation, attachment, respiration, and as build-
ing materials and food (reviewed by Newman  1991 ). Moreover, presence of aquatic 
macrophytes contributes to changes in the physical and chemical environment of 
wetlands, and modifi es infl uences of predator–prey interactions (Carpenter and 
Lodge  1986 ). 
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 Given the strong relationship between aquatic plants and invertebrates, grazing 
of aquatic plants by vertebrate herbivores can indirectly infl uence invertebrate com-
munities. Muskrats ( Ondatra zibethicus ) are important herbivores in permanent 
wetlands and shallow lakes (Fritzell  1989 ). Through their consumption of emergent 
macrophytes, and harvest of plant material for use in the construction of lodges, 
muskrats dramatically modify wetland habitats. Such activities have been found to 
alter abiotic conditions and wetland invertebrate communities (de Szalay and 
Cassidy  2001 ). Similar effects have been found for waterfowl that graze submersed 
macrophytes. Wrubleski ( 1989 ) observed contrasting Chironomidae communities 
in areas where waterfowl had consumed the submersed aquatic macrophytes rela-
tive to areas where the plants were protected from grazing. 

 Research has historically focused on the infl uence of macrophytes on aquatic 
invertebrates. However, recent work has shown that invertebrates may  convers  ely 
also affect submerged macrophytes, indirectly, by controlling abundance of phyto-
plankton and epiphyton (Scheffer  2004 ). Epiphyton (and other types of periphyton) 
and phytoplankton are readily consumed by aquatic invertebrates, and high inverte-
brate grazing rates can reduce the abundance of both phytoplankton (Hanson and 
Butler  1994b ) and periphyton (Jones and Sayer  2003 ). Alternatively, low grazing 
rates of invertebrates can permit periphyton and phytoplankton to accumulate, and 
resulting light limitation can reduce macrophyte abundance (Sand-Jensen and 
Borum  1991 ). Reduced macrophyte abundance, in turn, feeds back to the inverte-
brate community as described above. Thus, interactions among aquatic inverte-
brates, epiphyton, phytoplankton, and submersed macrophytes become very 
complex in permanent wetlands, and play key roles in generating alternative stable 
states (as elaborated below). 

 Investigators have also explored the functional importance of invertebrates in 
processing detritus in wetland food webs, helping to clarify relationships among 
organic matter, litter decomposition, nutrient cycling, and functional feeding groups 
of invertebrates in freshwater marshes (Wissinger  1999 ; Murkin and Ross  2000 ). 
Some of this research suggests that macroinvertebrates may play relatively minor 
roles in nutrient processing (Murkin and Ross  2000 ), but other studies indicate that 
zooplankton and macroinvertebrates have potential to translocate sediment-bound 
nutrients to overlying waters (Fukuhara and Sakamoto  1987 ), or to excrete nutrients 
directly to the water column (Vanni  2002 ).  

    Interactions with Predators 

    Fish Predation 

 Permanent hydroperiods greatly increase the  likeli  hood that wetlands will sustain 
fi sh populations, although many remain fi shless. The transition from fi shless to fi sh 
presence represents one of the largest changes in invertebrate community structure 
in permanent wetlands. Planktivorous and benthivorous fi sh reduce 
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community- scale biomass, production, and taxon richness of aquatic invertebrates 
(Batzer  1998 ; Zimmer et al.  2001b ), and also have negative infl uences on individual 
taxa via predation or other indirect effects (Zimmer et al.  2000 ; Hanson et al.  2005 ). 
Fish also alter invertebrate behavior, including foraging activity (Johnson  1991 ), 
diel migration patterns (Burks et al.  2001 ), and patterns of oviposition (e.g., females 
detect chemical cues from fi sh and avoid laying eggs in basins with fi sh) (McPeek 
 1990a ; Åbjörnsson et al.  2002 ).  Planktivorous and benthivorous fi sh   also infl uence 
invertebrate communities indirectly by favoring shifts to turbid-water states with 
low abundance of submerged macrophytes and high abundance of phytoplankton. 

 The importance of fi sh as a driver of invertebrate community structure in perma-
nent wetlands is supported by both comparative fi eld studies and  controll  ed experi-
ments. For example, Zimmer et al. ( 2002 ) compared natural fi shless wetlands to 
wetlands with fathead minnows ( Pimephales promelas ), and found that large- bodied 
cladocerans and aquatic insects were up to 41-fold and fourfold more abundant in 
fi shless sites, respectively, compared to sites with fi sh. Hanson and Riggs ( 1995 ) 
also compared invertebrate communities in Minnesota wetlands with and without 
fathead minnows and reported that invertebrate taxon richness, along with abun-
dance and biomass of aquatic insects and crustaceans, were reduced in the presence 
of fi sh. Using experimental mesocosms, Åbjörnsson et al. ( 2002 ) reported that pres-
ence of fi sh reduced both biomass and  species diversity   of aquatic insects, but 
argued that diversity of large predatory insects may be lower in wetlands with fi sh 
because some free-fl ying insects detect and avoid waters with fi sh. At the commu-
nity scale, Zimmer et al. ( 2000 ) used a multivariate approach and found that 19 
invertebrate taxa (out of 32) occurred more frequently and in higher abundance in 
fi shless wetlands, while only one family (Corixidae) was more abundant in  wetlands 
with fi sh. Changes in invertebrate behavior between wetlands with and without fi sh 
have also been documented in several diverse taxa, with behaviors often focused on 
minimizing risk of predation by fi sh. For example, in the absence of fi sh, damsel-
fl ies are active, mobile predators, but switch to lie and wait foraging to reduce their 
predation risk when fi sh are present (Johnson  1991 ).   Daphnia    detect chemical cues 
when fi sh are present, and undergo diel horizontal migration, moving to macrophyte 
beds during the day to reduce predation risks, then migrating back to open water at 
night when the risk of predation is lower (Burks et al.  2001 ). Several studies have 
shown that fi sh effects can exceed infl uences of abiotic factors (Tangen et al.  2003 ; 
Hanson et al.  2012 ). 

 Most studies of factors controlling wetland invertebrates have focused on rela-
tively few variables (which is often necessary for large-scale research efforts). 
However, this  li  mits interpretation and application of results because infl uences of 
many factors remain unaccounted for, some of which may be more important than 
variables included in simple models (Hanson et al.  2012 ). Relatively little research 
has assessed concurrent infl uences of a wide range of factors on wetland inverte-
brate communities, but available data shed some light on the relative magnitudes of 
biotic and abiotic infl uences. For example, Tangen et al. ( 2003 ) tested for relation-
ships between land use and invertebrate community structure, but failed to fi nd 
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strong associations. Instead, fi sh presence/absence showed the strongest relation-
ship to aquatic invertebrate communities. Similarly, Hanson et al. ( 2012 ) assessed 
relationships between invertebrate abundance and several watershed-scale and 
within-lake variables, and found that characteristics of the fi sh community were 
stronger predictors of invertebrate abundance than any measured variable at the 
watershed scale. Moreover, they also reported that invertebrate abundance was 
infl uenced  m  ore by simple fi sh presence/absence than by summed biomass of 
planktivores and benthivores, suggesting invertebrate communities exhibited a 
stronger categorical response to fi sh presence than to density-dependent predation. 
Further, Hanson et al. ( 2015 ) measured community correspondence to relate aquatic 
invertebrates to a broad suite of environmental variables measured in 104 perma-
nent wetlands within the prairie, parkland, and forested regions of Minnesota. 
Results indicated that, after controlling for variability attributable to fi sh abundance, 
other biotic and abiotic variables were poor predictors of the remaining variation in 
zooplankton and macroinvertebrates. Overall, available data indicates that perma-
nent wetlands with and without fi sh are very different ecologically, and that fi sh 
presence itself represents a major source of variability in abundance, species com-
position, and behavior of aquatic invertebrates in permanent wetlands. 

 It’s worth emphasizing that presence of fi sh in wetlands is naturally variable both 
temporally and spatially. Many studies emphasize impacts of fi sh using fi sh- 
enclosure experiments in single waterbodies, but this approach may have little rel-
evance to  natural fi sh-bearing systems   where fi sh presence doesn’t vary so 
dramatically. In contrast, studies assessing direct and indirect infl uences of  fi sh 
  presence–absence on invertebrates across multiple permanent wetlands probably 
have more ecological relevance because results better mimic natural ecological 
responses to spatial and temporal variability in communities among these ecosys-
tems (Zimmer et al.  2001a ). 

 We believe there are several major reasons why fi sh have such strong ecological 
infl uences on aquatic invertebrate communities in permanent wetlands. First, in 
both spatial and temporal contexts, fi sh presence in permanent wetlands functions 
as a dynamic categorical variable, with some basins fi shless, others with high densi-
ties of fi sh, and still other waterbodies switching from fi sh to fi shless due to coloni-
zation or extinction events such as winterkill (Zimmer et al.  2001a ; Herwig et al. 
 2010 ). Attributes of wetlands and their fi sh communities may also cause higher fi sh 
predation pressure on invertebrates compared to other lentic systems (i.e., deeper 
lakes). Jeppesen et al. ( 1997 ) argued that top-down effects of fi sh on invertebrates 
are particularly strong in permanent wetlands because, compared to other systems, 
(1) fi sh biomass per unit volume of water is higher, (2) piscivores represent a smaller 
proportion of the fi sh community, (3) benthic invertebrate abundance is higher and 
more accessible to fi sh, so fi sh predators rely less on zooplankton prey, and (4) verti-
cal migration of invertebrates to deeper refuge areas is not possible. 

 Broad diets and high consumption rates also  co  ntribute to strong infl uences of 
fi sh on invertebrates in permanent wetlands. Analysis of diets from fi sh in perma-
nent wetlands confi rms that fi sh consume a wide spectrum of invertebrates, ranging 
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in body size from rotifers to Odonata, and constituting all functional feeding groups 
(Herwig and Zimmer  2007 ; Verant et al.  2007 ). Even fi sh typically considered 
piscivorous, such as walleye ( Sander vitreus ), consume numerous invertebrates in 
permanent wetlands (Ward et al.  2008 ). The wide spectrum of diet often causes fi sh 
predation to have nearly community-wide suppression of invertebrate abundance 
(Zimmer et al.  2000 ). Moreover, consumption rates of invertebrates by fi sh can be 
very high. Several studies have used bioenergetics modeling to estimate consump-
tion rates of invertebrates by fi sh, and have found that consumption rates approxi-
mate or even exceed production rates of invertebrates during the peak growing 
season (Duffy  1998 ; Herwig and Zimmer  2007 ). 

 Fish predation on invertebrates is also  intensifi   ed in permanent wetlands because 
many invertivorous fi sh species are not themselves vulnerable to predation by pisci-
vores. In wetlands, benthivorous taxa often outgrow  the   threat of predation by gape- 
limited piscivores, and many benthivorous and planktivorous fi shes have spines and 
barbs that defend against predation (e.g., yellow perch  Perca fl avescens ). The net 
result is piscivores are unable to reduce the abundance of invertivores in diverse fi sh 
communities, and invertebrate abundance in those wetlands remains low even in 
presence of piscivores (Friederichs et al.  2011 ). Finally, fi sh can infl uence inverte-
brate communities indirectly by inducing major changes in abundance of primary 
producers (Zimmer et al.  2009 ). High densities of planktivorous and benthivorous 
fi sh tend to favor shifts to turbid states with low abundance of submerged macro-
phytes, which has major impacts on many aquatic invertebrates by changing habitat 
complexity and the dominance of primary producers (Scheffer  2004 ). 

 While many studies from permanent wetlands have reported that fi sh reduce 
invertebrate abundance across a variety of taxa, trophic relationships are complex 
and several studies have reported some apparently contradictory relationships. For 
example, McParland and Paszkowski ( 2006 ) found that gastropods decreased fol-
lowing introduction of fi sh, while abundance of  amphip  ods and chironomids 
increased. These authors hypothesized that amphipods and chironomids increased 
because fi sh reduced the abundance of their gastropod competitors. Batzer et al. 
( 2000 ) reported similar results, where fi sh reduced the abundance of competitors 
and predators of midge larvae, resulting in a positive overall effect of fi sh on midge 
abundance. Moreover, several studies in the PPR of North America have found 
positive relationships between presence of fi sh and abundance of Corixidae (Zimmer 
et al.  2000 ; Tangen et al.  2003 ). The mechanisms for this relationship are unknown, 
but Corixidae may be less sensitive to fi sh predation, or may benefi t from reduced 
competition when other invertebrates are suppressed by fi sh. Batzer ( 1998 ) sug-
gested that the importance of fi sh predation on benthic midges varied seasonally, 
with minimal infl uences in early summer but more pronounced effects evident dur-
ing mid-late season. It is perplexing why some studies have found positive effects 
of fi sh on select taxa, while others have found consistent negative effects across 
nearly all taxa. However, variation in fi sh abundance, the taxonomic  c  omposition of 
fi sh communities, habitat complexity, and methodological approaches probably all 
contribute to the range of fi ndings.  
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    Other Predators 

 Besides fi sh, other predatory vertebrates may also have important infl uences on 
invertebrates, via both direct and indirect effects, especially in fi shless habitats. In 
northern PPR wetlands, gray tiger salamanders ( Ambystoma mavortium diaboli)  
can be very abundant, reaching densities of 5000 ha −1  (Deutschman and Peterka 
 1988 ). These salamanders consume a variety of  inve  rtebrates, particularly larger 
prey such as amphipods and chironomids (Olenick and Gee  1981 ). Benoy ( 2008 ) 
reported that as tiger salamander abundance increased across 45 PPR wetlands, 
aquatic insect abundance declined and phytoplankton standing crop increased. 
These results support the idea that tiger salamanders mimicked the effect of plank-
tivorous fi sh, inducing cascading effects on the trophic structure of prairie 
potholes. 

 In the absence of fi sh or other vertebrate predators, large-bodied invertebrate taxa 
such as Odonata, Dytiscidae, and Notonectidae function as top predators (reviewed 
by Batzer and Wissinger  1996 ). Many studies have documented the importance of 
invertebrate predation on invertebrate prey in littoral-type habitats (McPeek  1990b ; 
Åbjörnsson et al.  2002 ), and invertebrate predators such as  Chaoborus  also have a 
strong infl uence on zooplankton communities in fi shless water columns (Arnott and 
Vanni  1993 ). Similar to fi sh, invertebrate predators in fi shless habitats infl uence 
community assemblages (McPeek  1990b ), abundances of individual taxa 
(Åbjörnsson et al.  2002 ), and the outcomes of competitive interactions (Blois- 
Heulin et al.  1990 ). 

 Invertebrate predators consume not only other invertebrates, but they sometimes 
alter the presence or behavior of vertebrates. For example, gray treefrog ( Hyla 
chrysoscelis ) tadpoles reared with predatory dragonfl y ( Aeshna umbrosa ) larvae 
differ in shape and color from tadpoles reared in the absence of dragonfl ies 
(McCollum and Leimberger  1997 ). Smith ( 1983 ) reported that in permanent forest 
pools, dragonfl y larvae ( Anax junius ) eliminated chorus frog tadpoles ( Pseudacris 
triseriata ) when they occurred together in the same pool. While most research on 
predation in freshwaters has focused on clarifying patterns in response to fi sh, work 
to date shows that invertebrate predators likely have important roles structuring 
invertebrate communities in permanent wetlands, and elucidating those role merits 
much more study.    

    A Conceptual Framework for Invertebrate Communities 
in Permanent Wetlands: Hydrogeomorphology 
and Alternative Stable States 

 Permanent wetlands worldwide have been shown to exist in two or more alternative 
stable states, with the two most common states comprised of a phytoplankton domi-
nated, turbid-water state, versus a submerged macrophyte-dominated, clear-water 
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state (Scheffer  2004 ) (Fig.  8.2 ). Both states are relatively stable, although wetlands 
can shift back and forth between these  contr  asting conditions (Scheffer et al.  1993 ). 
Aquatic invertebrates have been shown to be important for both stabilizing the 
clear-water state and for inducing shifts between states (Hanson and Butler  1994b ; 
Jones and Sayer  2003 ). Because of the strong infl uence of fi sh on aquatic inverte-
brates, the importance of invertebrates for stabilizing the clear-water state, and the 
management emphasis on maintaining clear water (Scheffer et al.  2006 ), recent 
research on aquatic invertebrates in permanent wetlands has been focused on under-
standing the complex relationships among fi sh, aquatic invertebrates, and alterna-
tive stable states at the ecosystem scale. 

 Aquatic invertebrates stabilize the clear-water state in permanent wetlands two 
ways. First, zooplankton like  Daphnia  maintain low phytoplankton abundance in 
spring and early summer while aquatic macrophyte and epiphyton biomass is rela-
tively low (Scheffer  2004 ). Grazing rates of zooplankton can be very high. For 
example, Hanson and Butler ( 1994a ) estimated fi ltration rates of 100–200 % in a 
large permanent wetland (Lake Christina, MN) following a fi sh die off. Resulting 
spring “clear-water phases” may be short-lived, but elevated light levels to wetland 
sediments are often none-the-less suffi cient to trigger growth of submerged macro-
phytes and epiphyton. This new growth (especially epiphyton) sequesters nutrients 
from the water column which then helps maintain low phytoplankton abundance for 
the remainder of the growing season (Scheffer  2004 ). However, low densities of 
zooplankton can also induce shifts from clear to turbid states. For example, if densi-
ties of planktivorous fi sh are high during early spring, abundance of zooplankton 
may be too low to control phytoplankton abundance, leading to high turbidity with 
low macrophyte abundance, shifting a wetland to the turbid state. Wetlands usually 
remain in a turbid condition until abundance of planktivorous fi sh declines to levels 
low enough to allow zooplankton to again reduce phytoplankton abundance, facili-
tating a shift back to the clear-water condition (reviewed by Scheffer  2004 ). As in 
deeper systems, high densities of planktivorous fi sh in permanent wetlands induce 
size-selective predation on zooplankton, resulting in a shift from large-bodied forms 
like  Daphnia  to small-bodied forms like  Bosmina  (Hanson and Butler  1994a ). 
Although densities of the small-bodied zooplankton can be relatively high, their 
capacity to control phytoplankton is far lower than large-bodied forms (Lynch and 
Shapiro  1981 ) and phytoplankton abundance remains high. Also, if wetlands are 
suffi ciently shallow, submerged macrophytes may persist even in turbid-state condi-
tions because short water columns allow some light penetration to plants growing 
near the sediment surface. 

 A second way aquatic invertebrates stabilize clear-water states in wetlands is by 
exerting suffi cient grazing pressure on epiphyton, essentially increasing survival 
and growth rates of submerged macrophytes by reducing the shading otherwise due 
to an overgrowth of surface-associated algae. Here the key invertebrates are littoral 
and benthic forms, especially epiphyton grazers such as  gastropods and 
Ephemeroptera  . Jones and Sayer ( 2003 ) showed that at high densities invertebrate 
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grazers have potential to reduce epiphyton and prevent shading out of submerged 
plants. However, suffi ciently high densities of insectivorous and molluscivorous fi sh 
can reduce epiphyton grazers, allowing epiphyton abundance to increase, favoring 
large-scale macrophyte declines and triggering transitions to turbid conditions 
(Jones and Sayer  2003 ). Thus, the clear-water state in temperate wetlands is stabi-
lized by two different groups of invertebrates, with zooplankton grazing on phyto-
plankton important in spring and early summer, and littoral-benthic epiphyton 
grazing becoming more important through the rest of the growing season. 

  Aquatic invertebrates   play a prominent role in inducing state shifts in many per-
manent wetlands, but other factors can also cause a shift from a clear to turbid state. 
Nutrient loading can decrease the stability of the clear-water state to the point that a 
shift occurs to the turbid state, and the turbid becomes the only stable state (Moss 
et al.  1996 ). Research has shown that fi sh are one of the best predictors of shifts to 
the turbid state, with increasing likelihood of turbid lakes with elevated biomass of 
planktivorous and benthivorous fi sh (Zimmer et al.  2009 ; Nolby et al.  2015 ). Fish 
can induce shifts to turbid states via predation effects on invertebrate grazers of 
phytoplankton and epiphyton, but they can also induce shifts by direct disturbance. 
Large-bodied benthivores like common carp ( Cyprinus carpio ) uproot submerged 
macrophytes (Crivelli  1983 ), and many benthivores may also increase turbidity by 
disturbing sediments with their feeding activities (Breukelaar et al.  1994 ), resulting 
in lower water transparency for submerged plants. Lastly, benthivorous fi sh may 
increase internal nutrient loading to the water column by disturbing sediments or by 
feeding on detritus and translocating nutrients to the water column via excretion 
(Zimmer et al.  2006 ). Overall, benthivorous and planktivorous fi sh favor shifts to 
the turbid-water state, with subsequent impacts on aquatic invertebrates. Thus, fi sh 
impact invertebrate communities both directly via predation and indirectly by favor-
ing the turbid-water state. 

 Shifts to the turbid-water state infl uence aquatic invertebrates in multiple ways. 
First, primary production shifts from submerged macrophytes and epiphyton to 
phytoplankton and perhaps to sediment-associated algae growing in shallow water 
with suffi cient light (Vadeboncoeur et al.  2003 ). This shift at the base of the food- 
web changes the competitive advantage among invertebrate grazers, shredders, and 
collectors to species benefi tted by high abundance of phytoplankton (Hargeby et al. 
 1994 ). Loss of submerged macrophytes also reduces habitat complexity and preda-
tion refuge for invertebrates, resulting in increased vulnerability to fi sh predation 
(Crowder and Cooper  1982 ) and altered predator–prey relationships among the 
invertebrates (Burks et al.  2001 ). 

 Fish have strong infl uences on invertebrates, but not all permanent wetlands have 
fi sh, so understanding factors driving fi sh distributions is necessary for understand-
ing variability in invertebrate communities. A permanent  hydroperiod   does not 
ensure a wetland basin will support fi sh and the status of fi sh populations in perma-
nent wetlands is quite variable, both within and among wetlands. In the southern 
PPR of Minnesota, for example, approximately 93 % of permanent  wetla  nds had 
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fi sh populations (Herwig et al.  2010 ). On the Canadian side of the PPR, Lawler 
et al. ( 1974 ) found that only 10–20 % of wetlands in southwestern Manitoba sup-
ported fi sh. More recently, Anteau and Afton ( 2008 ) reported that 31–45 % of wet-
lands they sampled in central North Dakota contained fi sh and that fi sh populations 
occurred in 74–84 % of semipermanent and permanent wetlands they sampled in 
Minnesota and Iowa, along the southeastern margin of the Prairie Pothole Region 
(PPR) of central North America. These data are consistent with those of Hanson 
et al. ( 2005 ) who suggested that ecological infl uences of fi sh in permanent wetlands 
may increase along a northwest to southeast gradient in the PPR. Even in north- 
temperate permanent wetlands, fi sh communities can be surprisingly diverse. 
Herwig et al. ( 2010 ) sampled fi sh populations in >70 permanent wetlands in 
Minnesota and reported that 22 fi sh species occurred in more than one of these sites. 
They reported that fi sh species richness averaged 3–4, and that richness was posi-
tively correlated with wetland size and watershed area. Large permanent wetlands 
in North America and elsewhere support diverse, perennial fi sh populations and 
several fi sh feeding guilds (planktivores, benthivores, piscivores) sometimes occur 
in these systems (Herwig et al.  2010 ; Friederichs et al.  2011 ). Although our review 
indicates that summaries of fi sh population data from tropical wetlands are limited, 
fi sh assemblages in these waters can be much more diverse, especially given effects 
of repeated introduction of exotic fi sh species (Jeppesen et al.  2007 ). While status 
of  fi sh   populations in permanent wetlands is often unknown and probably fl uctuates 
over time, this constitutes a critical ecological threshold that must be considered 
along with other factors structuring invertebrate communities. 

 What drives the variability in fi sh presence among permanent wetlands? At large 
scales, such as the contrast between the northwestern and southeastern portions of 
the PPR described above, differences are likely due to variability in climate and 
wetland morphometry (Hanson et al.  2005 ). At local scales, classic  island biogeog-
raphy   principals appear to be important (Scheffer et al.  2006 ). Lack of surface-water 
connectivity and isolation decrease the likelihood that a wetland will be colonized 
by fi sh, while reduced wetland depth increases the probability of extinction for 
existing populations due to winterkill or other factors (Herwig et al.  2010 ; Nolby 
et al.  2015 ). Herwig et al. ( 2010 ) studied permanent wetlands along the eastern 
margin of the PPR in Minnesota and reported that all sites connected to potential 
sources of fi sh (e.g., streams and other permanent wetlands) supported fi sh, as did 
all unconnected basins with maximum depths greater than 2.15 m. In those wet-
lands, fi sh occurred in connected basins because these populations recolonized 
yearly even if they were eliminated by winterkill. Fish populations also occurred in 
isolated, but relatively deep basins. This probably refl ects the fact that greater water 
depth reduces frequency (and extent) of winter hypoxia and winterkill, allowing fi sh 
populations to persist over long time periods. Fish populations in isolated, deep 
basins in the PPR may result from rare fl ooding events allowing periodic coloniza-
tion in these permanent habitats. 

 Similar to deeper lakes (Hershey et al.  1999 ), landscape and wetland basin 
hydrogeomorphology (wetland depth, connectivity, etc.) appear to have indirect 
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effects on invertebrate communities in permanent wetlands via infl uences on fi sh 
distribution.  Hydrogeomorphology   is probably even more infl uential for inverte-
brates in wetlands relative to deeper lakes due to intense fi sh predation and the 
tendency of planktivorous and benthivorous fi sh to induce turbid-water states. In 
complex ways,  hydroperiod  , maximum depth, and surface connectivity all infl uence 
aquatic invertebrate community structure in permanent wetlands through physical 
processes, but also indirectly by interacting to determine spatial and temporal pat-
terns of fi sh presence (Fig.  8.3 ).

   Abundance, community composition, and behavior of aquatic invertebrates in 
permanent wetlands are controlled by a suite of factors that vary in importance from 
one basin to the next. However, our review suggests that abiotic factors always 
remain important. Salinity has direct infl uence on invertebrate communities, but 
also has indirect infl uences via limiting distribution of fi sh and other predators. 
Wetland depth, wetland connectivity, and nutrient levels are important, but may 
operate indirectly by infl uencing the likelihood a wetland will have fi sh populations, 
and whether a wetland will be in a turbid or clear-water state. The net result is that 
invertebrate communities in permanent wetlands are controlled by a series of com-
plex interactions involving both abiotic and biotic variables (Fig.  8.4 ).

  Fig. 8.3    Relationships infl uencing  aquatic invertebrate biodiversity   in permanent wetlands (based 
on Nolby et al. 2015). Solid lines indicate a positive relationship; dashed lines are negative rela-
tionships. Lake size and connectivity have a positive infl uence on planktivore + benthivore bio-
mass. Planktivore + benthivore biomass have negative infl uence on biodiversity of macrophytes 
and invertebrates, while total phosphorus and planktivore + benthivore biomass favor turbid states 
which also has negative impacts on diversity of macrophytes and invertebrates. Although classic 
island biogeography predicts positive relationships among biodiversity, wetland size, and extent of 
surface connectivity, infl uences of planktivorous and benthivorous fi sh uncouple submerged mac-
rophytes (1) and aquatic invertebrate communities (2) from positive effects of lake size and con-
nectivity. Submerged macrophyte (3) and invertebrate (4) richness are also reduced following 
transitions to turbid-water states       
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       Management and Conservation Issues 

    Current Management and Conservation Issues 

 Research and management of aquatic invertebrates in permanent wetlands was his-
torically directed toward wetland wildlife, and was mostly focused on understand-
ing invertebrates in the context of their importance as food resources for 
wetland-dependent vertebrates. For both researchers and managers, we advocate a 
broader valuation of the roles of aquatic invertebrates in maintaining high water 

Fishless wetlands in
clear-water state

Wetlands with fish

Wetlands in clear-
water state (well

developed submerged
plant communities)

Wetlands in turbid-
water state (sparse
submerged plant

communities)

Low nutrients?
Natural hydrology?
High abundance of piscivores?
Low abundance of planktivores
Low abundance of benthivores?

?

YesNo

Connected to other permanent waterbody?
Deep maximum depth?

No Yes

High salinity?

Yes
No

Invertebrate communities:
- stenohaline species
- lowest diversity
- biotic interactions weak
- abiotic factors important

Invertebrate communities:
- highest diversity
- highest abundance
- active behaviors
- large body size
- biotic interactions strong
- invertebrate predation 

important
- other vertebrate predators 
may be important

Invertebrate communities:
- moderate diversity
- moderate abundance
- cryptic behaviors
- small body size
- biotic interactions strong
- fish predation important, 
but buffered by SAV

Invertebrate communities:
- low diversity
- lowest abundance
- cryptic behaviors
- very small body size
- biotic interactions strong
- fish predation very 
important

  Fig. 8.4    Conceptual model summarizing broad relationships among fi sh, submerged macro-
phytes, aquatic invertebrates, and other characteristics of permanent wetlands       
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quality and healthy ecological communities in permanent wetlands and shallow 
lakes. 

 Perhaps the best conceptual framework illustrating the need for incorporating 
aquatic invertebrates in wetland management strategies comes from recent work 
showing the importance of invertebrate communities in the alternative stable state 
model. As described in detail above, understanding alternative states in permanent 
wetlands is key to understanding the basic ecology of those ecosystems, and inver-
tebrates play key roles. Many of the conservation issues facing permanent wetlands 
are important because they infl uence the stability of alternative stable states and 
aquatic invertebrates and other wildlife are impacted as wetlands shift states. 
Management efforts in permanent wetlands often focus on maintaining the clear- 
water state due to its perceived higher value as habitat for wetland-dependent spe-
cies (Hanson and Butler  1994a ; Scheffer et al.  2006 ) and greater aesthetic appeal 
(Moss et al.  1996 ). Understanding the roles of aquatic invertebrates in controlling 
abundance of  periphyton and phytoplankton  , and appreciating the infl uences of fi sh 
on aquatic invertebrates, are key to anticipating whole-ecosystem changes as wet-
lands transition between clear- and turbid-water states. Studies of invertebrate com-
munities in permanent wetlands identifi ed primary drivers of invertebrate abundance, 
diversity, and community structure, but also clarifi ed the importance of zooplank-
ton, benthic, and littoral macroinvertebrates in promoting high water clarity and 
diverse macrophyte communities in the clear-water state. Along with better-known 
roles in food chain support for waterfowl and other wetland wildlife, this emerging 
understanding of ecological relationships among water quality, SAV, and alternative 
stable states points to the need for conservation of aquatic invertebrate communities 
to favor healthy macrophyte communities and clear-water states in permanent wet-
lands worldwide (Moss et al.  1996 ; Scheffer  2004 ; Zimmer et al.  2009 ). 

 Our experience and literature review indicates that several issues are among the 
most pressing for management of permanent wetlands. Importance of these factors 
was illustrated by historical research, but subsequent work has clarifi ed the roles of 
invertebrates in the broader ecological dynamics and alternative ecosystem states of 
permanent wetlands. Recent efforts also underscore the need for attention to these 
issues in order to facilitate conservation of aquatic invertebrates and to preserve 
their functional roles in shallow waters. 

 First, introduction and proliferation of invasive (albeit sometimes native) fi sh 
populations is a critical conservation issue because they often threaten communities 
of wetland aquatic invertebrates in both north-temperate and tropical regions. The 
transition from fi shless to fi sh-bearing in permanent wetlands induces a major reor-
ganization of invertebrate behavior and community structure due to direct and indi-
rect effects of predation (Wellborn et al.  1996 ) and this threshold has been shown to 
be important in permanent wetlands (Zimmer et al.  2000 ; Hanson et al.  2012 ). Both 
 planktivorous and benthivorous fi sh   favor shifts to the turbid state, with subsequent 
negative effects on most invertebrates due to reduced abundance of SAV (Zimmer 
et al.  2009 ; Nolby et al.  2015 ). Not surprisingly, shallow lake management efforts 
have traditionally included measures to limit or eliminate dense, undesirable fi sh 
populations. Strategies often involve the use of fi sh toxicants to remove as many fi sh 
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as possible from deteriorated shallow waters (Hanson and Butler  1994a ,    b ; Zimmer 
et al.  2001c ). In some cases, piscivore stocking has also been used to limit popula-
tions of undesirable fi sh in North America and Europe (Potthoff et al.  2008 ). These 
efforts are costly and labor-intensive, but often produce dramatic short-term 
improvements in water quality and invertebrate communities (Hanson and Butler 
 1994b ; Søndergaard et al.  2007 ). Unfortunately, target fi sh populations are rarely 
eradicated and can recover quickly (Duffy  1998 ). In our experience, improvements 
in permanent wetlands following fi sh removals rarely persist more than 5–10 years. 
Even when complete fi sh kills are achieved, migration corridors often allow fi sh to 
recolonize permanent wetlands within short periods (Zimmer et al.  2001a ). 

 While management of fi sh has focused on population control via piscicides or 
limiting fi sh access via fi sh barriers on a basin-by-basin basis, we encourage manag-
ers to supplement these tactics with broader approaches where fi sh dispersion and 
colonization are addressed at a landscape scale. Installation of culverts and drainage 
tile, digging of ditches, and integration of wetlands and deeper basins across large 
spatial scales favors persistent populations of fi sh in wetlands (Hanson et al.  2005 ; 
Herwig et al.  2010 ). Additionally, increased connectivity also favors dispersal of 
invasive species among wetland basins, and several studies have documented the 
impacts of invasive species on invertebrate communities in permanent wetlands 
(Harper and Mavuti  2004 ; Rodríguez et al.  2005 ). Limiting these landscape modifi -
cations may help preserve natural variability in community composition among 
multiple wetland basins, potentially alleviating the need for intensive site-by-site 
management. Preserving fi shless wetlands seems especially important for maintain-
ing aquatic invertebrate diversity at a landscape scale, as many taxa are found more 
often and in higher abundance in fi shless sites relative to those with fi sh (Wellborn 
et al.  1996 ; Nolby et al.  2015 ). Moreover, fi shless wetlands may be uncommon in 
some parts of the world, and are likely threatened by surface connections to basins 
with fi sh. In the PPR of Minnesota (USA), for example, just 7 % of permanent wet-
lands are fi shless, and during a 5-year study of 10 fi shless wetlands, two were con-
nected to basins with fi sh via ditching (Zimmer, personal observation). 

 The potential for competition between fi sh and  wate  rfowl for invertebrate prey 
also highlights the importance of controlling unnatural fi sh distributions in perma-
nent wetlands. Invertebrates have long been recognized as important prey for many 
species of waterfowl, especially for females during egg laying (Swanson and 
Duebbert  1989 ; Krapu and Reinecke  1992 ), and interest in waterfowl management 
stimulated many of the earlier studies on aquatic invertebrates in permanent marshes. 
Moreover, considerable diet overlaps between fi sh and many species of waterfowl- 
spurred- related work to clarify potential for resource competition for invertebrate 
prey. Early work identifi ed the importance of a wide range of aquatic invertebrates 
as food for breeding waterfowl and other aquatic birds (Swanson and Duebbert 
 1989 ; Krapu and Reinecke  1992 ). Aquatic insects, crustaceans, snails, and other 
invertebrates were clearly shown to be required seasonally by breeding waterfowl 
foraging in temporary or seasonally fl ooded wetlands. Authors also acknowledged 
that permanently fl ooded wetlands were important, especially during drought, when 
small wetlands are unavailable (Swanson and Duebbert  1989 ), or as foraging areas 
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for some species like canvasbacks and lesser scaup in North America (Hanson and 
Butler  1994b ). Thus, fi sh management may be an important component for optimiz-
ing waterfowl habitat, especially in areas with limited numbers of temporary and 
seasonal wetlands. 

 A second major conservation need is maintenance of natural water-level fl uctua-
tions and hydroperiods (duration). Because communities here are comprised of both 
“wetland” and “lake” species, it might appear that conservation of natural  hydrope-
riods   is less critical for these areas; we reject that notion. In North America, altered 
hydrology usually results in increased maximum depths, stabilized water levels, and 
in some cases, longer hydroperiods, with permanent fl ooding of many areas that 
previously held water only seasonally. Marsh ecologists have shown that vegetation 
in shallow fresh waters is strongly infl uenced by fl ooding depth, frequency, and 
duration (van der Valk and Davis  1978 ). Water-level fl uctuations, and especially 
increased water depth, infl uence virtually all aquatic vascular plants in freshwater 
wetlands including emergent and submergent forms (van der Valk  2005 ). Given 
these relationships, it is not surprising that hydrologic alterations affect vascular 
plant communities, nutrient cycling, and other properties in permanent wetlands 
and that natural  water-level fl uctuations   are essential for maintaining wetland pro-
cesses and biotic communities (Chow-Fraser  2005 ). Research has shown that per-
manent wetlands with natural hydroperiods show more diverse plant and animal 
communities than those with modifi cations to maintain more stable water levels 
(van der Valk  2005 ). Beyond direct implications for aquatic vascular plants, 
increases in depth and  hydroperiod   have other interrelated consequences including 
increased permanence for aquatic organisms (including fi sh), lower light levels at 
the sediment surface and ultimately conditions that favor transitions to turbid states 
(Scheffer  2004 ). Sustained high-water levels are almost certain to favor loss of SAV 
and may induce transitions to turbid states, at least in lakes with highly productive 
populations of benthivorous and/or planktivorous fi shes (Coops et al.  2003 ; Hobbs 
et al.  2012 ). Similar to fi sh  distribution  s, hydroperiod management must be 
addressed using landscape-level approaches to counter negative consequences of 
ditching, culvert installation, and consolidation of wetland basins outside an indi-
vidual wetland’s immediate watershed. Despite jurisdictional impediments to wet-
land drainage and changes to natural water regimes, these practices continue to be 
widespread throughout North America and elsewhere. Permanent wetlands have 
been drained less frequently than shallower basins with shorter hydroperiods due to 
logistical and legal impediments (Oslund et al.  2010 ), but modifi cations and even 
losses still occur in North America and loss rates are much higher in many other 
parts of the world (Dahl  2014 ). 

 Finally, invertebrate communities in many permanent wetlands around the world 
face severe threats from eutrophication and nutrient loading which affect aquatic 
invertebrate communities several ways. Higher nutrient levels increase abundance 
of inedible cyanobacteria (Kosten et al.  2012 ), favor winter hypoxia in lakes subject 
to ice cover (Meding and Jackson  2003 ), and reduce abundance of submerged mac-
rophytes which increases potential for shifts to the turbid state. Nutrients have long 
been recognized as a primary driver of the stability of alternative states in perma-
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nent wetlands, with resilience of turbid states positively related to nutrient levels 
(Scheffer  2004 ). Moreover, at higher nutrient levels, greater reductions in fi sh bio-
mass are needed to induce shifts to clear-water states (Gorman et al.  2014 ), making 
management of many turbid waters far more diffi cult. High external loading of 
nutrient levels can also have a “legacy” effect on permanent wetlands, where nutri-
ent levels in the water column remain high and the turbid state remains stable long 
after external loading is reduced due to internal loading of nutrients from wetland 
sediments (Hobbs et al.  2012 ). Given the importance of nutrients for inducing tran-
sitions to turbid states and the prevalence of internal nutrient loading in permanent 
wetlands, managers should make control of eutrophication a top priority for conser-
vation of aquatic invertebrates. 

  Eutrophication   seems to be an even greater problem for permanent wetlands at 
lower latitudes because macrophyte abundance appears to decline at lower levels of 
nutrients compared to higher latitude wetlands (Kosten et al.  2009 ). It is important 
to recognize that trophic relationships among nutrients, water quality, aquatic inver-
tebrates, and macrophytes are more variable and poorly known for tropical wetlands 
than for north-temperate sites. For example, Bachmann et al. ( 2002 ) reported no 
associations between water column nutrient levels and macrophyte abundance at all 
but the highest nutrient levels when macrophytes declined and phytoplankton 
became predominant in permanent wetlands in Florida. Broadly, we think tropical 
wetland resources need urgent attention from researchers and managers because 
ecological relationships are poorly known, and because exotic species, eutrophica-
tion, demographics, and economics are contributing to extreme pressure on these 
shallow permanent waters (e.g., Harper and Mavuti  2004 ). Managing external load-
ing remains paramount yet is diffi cult due to the ubiquitous use of fertilizers in and 
around aquatic areas in many regions of the world, and due to the fact that nutrient 
reduction is a watershed-level issue that often involves multiple stakeholders with 
confl icting priorities.  

    Emerging Issues and Information Needs 

 Several other factors appear to be emerging conservation issues; research to date 
points to needs for management, yet these issues have received less study than those 
discussed above. Chemical pollution, defi ned broadly as pesticides, herbicides, 
heavy metals, and endocrine disrupting compounds, is an emerging concern for 
waters at the global scale, yet effects are poorly quantifi ed (Rockström et al.  2009 ). 
The same is true for chemical pollution in permanent wetlands, along with impacts 
on invertebrate communities. Mesocosm and microcosm research have documented 
the potential toxicity of several commonly used pesticides on aquatic invertebrates 
found in permanent wetlands (Johnson  1986 ), and have shown that herbicides may 
alter relative abundance of primary producers and favor shifts to turbid states in 
wetlands (Vera et al.  2010 ). Additionally, researchers have documented pesticide 
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levels in wetlands that exceed thresholds set for maintaining aquatic life by govern-
ment agencies (Donald et al.  1999 ). New agricultural chemicals are being devel-
oped and those with high effi cacy soon are used widely. Pesticides might be 
especially harmful to wetland invertebrates because applications often occur in 
close proximity to aquatic habitats, and many target arthropods. Main et al. ( 2014 ) 
recently reported that  neonicotinoids   are widely used in production of canola, corn, 
and soybeans across Canada’s portion of the PPR. Transport of neonicotinoids into 
wetlands is likely, where the chemicals may persist for many months. Extensive 
application of this chemical is relatively new across the North-American prairies, 
but elsewhere data indicate that toxicity for aquatic invertebrates may be high, espe-
cially with prolonged exposure (Main et al.  2014 ). Additional work on occurrence 
rates and concentrations of pesticides in wetlands in agricultural areas is clearly 
needed (Goldsborough and Crumpton  1998 ). 

 Research is also needed to clarify the infl uences of invasive species on wetland 
invertebrates. Invasive species are known to be a major threat to biodiversity, per-
haps second only to habitat destruction (Simberloff et al.  2005 ), and wetlands are 
especially prone to colonization by invasive species due to their function as land-
scape “sinks” (Zedler and Kercher  2004 ). Information about invasive species effects 
on aquatic invertebrates in permanent wetlands is relatively scarce, but available 
evidence suggests the impacts can be large. For example, introduced crayfi sh in 
Lake Naivasha, Kenya, reduced macrophyte biomass with impacts cascading to the 
native invertebrate communities (Harper and Mavuti  2004 ). More broadly, loss of 
submerged plant biomass due to invasive species has been shown to induce shifts to 
turbid states in wetlands, with subsequent impacts on aquatic invertebrates and 
other organisms (Rodríguez et al.  2005 ). Threats to conservation of wetland inver-
tebrates from invasive species seem likely to accelerate with an increasingly global 
society and as urbanization encroaches on remaining permanent wetlands. 
Urbanization itself also appears to be an emerging threat to conservation of aquatic 
invertebrates in wetlands. In a study of smaller wetlands spanning a range of wet-
land types, Holland et al. ( 1995 ) found that urbanization and drought eliminated 40 
% of wetlands in a rapidly developing area of Portland, USA. Of those remaining, 
25 % were severely degraded by human activities. Permanent wetlands may be less 
vulnerable to draining than basins with shorter  hydroperiod  s, but they are certainly 
susceptible to degradation from other urban infl uences. 

 Lastly, wetlands are especially vulnerable to climate change due to their rela-
tively shallow depths and high evaporation rates (Johnson et al.  2010 ). Infl uences of 
climate change on wetland ecosystems is an active area of research, with studies 
often using either simulations and model forecasting (Johnson et al.  2010 ), or com-
parisons among basins across a latitudinal gradient to mimic changes in climate 
(Kosten et al.  2012 ). While these are powerful approaches, we agree with Conly and 
Van der Kamp ( 2001 ) that careful monitoring of individual wetland ecosystems 
through time is also critically needed in our efforts to assess changes and preserve 
wetland communities in the face of climate change.  
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    Looking Ahead 

 Future conservation strategies should include measures to preserve diverse, healthy 
faunas of aquatic invertebrates in permanent wetlands because this helps to ensure 
that these areas will continue to provide benefi ts to wetland wildlife species, but 
also because invertebrates are necessary in order for permanent wetlands to provide 
a rich suite of ecosystem services (Hanson et al.  2012 ). We agree with the broad 
view of Euliss et al. ( 2008 ) who emphasized that future wetland conservation strate-
gies must transition from the traditional focus on wildlife values to comprehensive 
approaches that strive toward ensuring that permanent wetlands—and invertebrate 
communities—continue to provide ecosystem services that meet biological, social, 
political, and even economic needs. We suggest that future management frame-
works must retain elements of the traditional emphasis on wildlife, yet be diversi-
fi ed to incorporate the roles of aquatic invertebrate communities in providing 
ecosystem services not historically associated with invertebrates. This broader para-
digm requires a whole-wetland approach where invertebrate communities are 
better- integrated into studies and management at the scale of the entire wetland. 
Moreover, several management issues for permanent wetlands, such as increasing 
distributions of fi sh and altered  hydroperiod  s, are infl uenced by factors operating 
outside wetland watersheds and at landscape scales. Thus, conservation of aquatic 
invertebrate communities in permanent wetlands will often require that manage-
ment measures be directed at the wetland-watershed scale. 

 Our review indicates that increasing demands of agriculture and food produc-
tion, urbanization, demographics, and economics are contributing to rapid declines 
in invertebrate communities and other ecological characteristics of permanent wet-
land habitats. Although permanent wetlands and shallow lakes may be drained and 
eliminated less frequently than smaller waters, we believe the larger,  more   perma-
nently fl ooded wetlands remain vulnerable in temperate and tropical regions world-
wide. We challenge wetland scientists and managers to explore new approaches that 
may help clarify roles of aquatic invertebrate communities in maintaining water 
quality and ecological integrity of permanent wetlands so these functions will be 
more widely perceived and valued by an increasingly diverse, urban society.       

     Appendix 

    Taxa of Permanent Wetlands 

 List of aquatic (A) macroinvertebrate and (B) microcrustacean  famili  es reported 
from permanent wetlands. Numbers refer to citations listed in table footnote. Full 
citations are given in the literature cited. Due to a lack of published information, 
lists of macroinvertebrates for Africa and microcrustaceans for South America were 
not compiled.
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 Taxa  Family 
 North 
America 

 South 
America  Europe  Asia  Australia 

  A. Macroinvertebrates  

  Mollusca  
 Bivalvia  Corbiculidae  22, 

23 
 Mycetopodidae  21 
 Pharidae  23 
 Sphaeriidae  1, 2, 4, 8  15  23  26, 27 
 Unionidae  23  26 

 Gastropoda  Acroloxidae  10, 12, 
14 

 Ampullariidae  21 
 Ancylidae  8  21  12  25 
 Bithyniidae  12, 14, 

15 
 22, 
23 

 Cochliopidae  12 
 Ellobiidae   12   
 Hydrobiidae  10, 12, 

15 
 26, 27 

 Lymnaeidae  1, 2, 4, 5, 
8 

 10, 14  22, 
23 

 Melanopsidae  12 
 Neritidae  12 
 Physidae  1, 2, 4, 5, 

8 
 21  12, 14  26 

 Planorbidae  1, 2, 4, 5, 
8 

 21  10, 12, 
14, 15 

 23  25, 26 

 Pleuroceridae  23 
 Pomatiopsidae  25, 26, 27 
 Stenothyridae  23 
 Valvatidae  2, 4  14, 15 
 Viviparidae  14  22, 

23 
  Annelida  
 Oligochaeta  Aeolosomatidae  12 

 Enchytraeidae  15  25, 27 
 Lumbricidae  12 
 Lumbriculidae  4  12 
 Naididae  4  12, 15  23  25, 26 
 Phreodrilidae  25 
 Tubifi cidae       12, 15  22, 

23 
 25, 26, 27 

(continued)
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 Taxa  Family 
 North 
America 

 South 
America  Europe  Asia  Australia 

  A. Macroinvertebrates  

 Hirudinea  Erpobdellidae  2, 4  10, 15 
 Glossiphoniidae  2, 4  21  10, 15  23  25 
 Haemopidae  4 
 Piscicolidae  15 

 Polychaeta  Nephtyidae  23 
  Chelicerata  
 Acari  Arrenuridae  3 

 Eylaidae  3  26 
 Hydrachnidae  3 
 Hydrodromidae  3 
 Hydryphantidae  3 
 Limnesiidae  3       25 
 Limnocharidae  3  25 
 Mideopsidae  3 
 Oxidae  3  25 
 Pezidae  25 
 Pionidae  3 
 Unionicolidae  3 

  Crustacea  
 Decapoda  Atyidae  12  26 

 Hymenosomatidae  26, 27 
 Palaemonidae  21  12  23 
 Parastacidae  25 

 Anaspidacea  Koonungidae  26 
 Amphipoda  Ceinidae  25, 26, 27 

 Corophiidae  12 
 Crangonyctidae       10 
 Dogielinotidae  2, 4  21 
 Gammaridae  2, 4  10, 12, 

15 
 22, 
23 

 25 

 Isopoda  Anthuridae  12 
 Asellidae  1, 8  10, 15 
 Janiridae  27 
 Scyphacidae  27 
 Sphaeromatidae  12 

 Tanaidacea  Leptocheliidae  12 
  Hexapoda  
 Collembolla  Entomobryidae  8 

 Isotomidae  1, 8  26 
 Sminthuridae  8 

  Insecta  

(continued)
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 Taxa  Family 
 North 
America 

 South 
America  Europe  Asia  Australia 

  A. Macroinvertebrates  

 Odonata  Aeshnidae  1, 2, 3, 4, 
8 

 19, 21  11  25 

 Calopterygidae  1, 8 
 Coenagrionidae  1, 2, 3, 4, 

8 
 19, 20, 
21 

 10, 11, 
12, 15 

 23  25, 26 

 Dicteriadidae   21   
 Corduliidae  2, 3, 4  12  25 
 Gomphidae  3  19 
 Lestidae  1, 2, 3, 4, 

8 
 19, 21  11, 12  25 

 Libellulidae  1, 2, 3, 4, 
8 

 19, 20, 
21 

 11, 12  25 

 Perilestidae  21 
 Protoneuridae  21 

 Ephemeroptera  Baetidae  1, 2, 3, 4, 
8 

 19, 20, 
21 

 10, 12, 
15 

 25 

 Caenidae  1, 2, 3, 4, 
8 

 19, 20, 
21 

 10, 12, 
15 

 27 

 Heptageniidae  3 
 Leptohyphidae  21 
 Leptophlebiidae  3  19, 21 
 Polymitarcyidae  19 
 Siphlonuridae  4 

 Hemiptera  Belostomatidae  1, 3, 8  18, 20, 
21 

 Corixidae  1, 2, 3, 4, 
8 

 18, 20, 
21 

 10, 12, 
15 

 25, 26 

 Gerridae  2, 3, 4  10, 12 
 Hebridae  3,  8    18, 21 
 Hydrometridae  3  18  25 
 Mesoveliidae  2, 3, 4, 8  21  12 
 Naucoridae  3  21  12 
 Nepidae  3  18, 20 
 Notonectidae  1, 2, 3, 4, 

8 
 18, 20, 
21 

 10, 12  25, 26 

 Pleidae  1, 3, 8  18, 20, 
21 

 12  25 

 Rhyparochromidae  18 
 Saldidae  25 
 Veliidae  1, 3, 4  18  12  25 

(continued)
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 Taxa  Family 
 North 
America 

 South 
America  Europe  Asia  Australia 

  A. Macroinvertebrates  

 Coleoptera  Chrysomelidae  1, 2, 3, 4, 
6, 8 

 21 

 Curculionidae  2, 3, 4, 6  21 
 Dytiscidae  1, 2, 3, 4, 

6, 7, 8 
 18, 20, 
21 

 10, 12  25, 26, 27 

 Dryopidae       20  12 
 Elmidae  2  21 
 Gyrinidae  1, 2, 3, 4, 

7, 8 
 15 

 Haliplidae  1, 2, 3, 4, 
6, 7, 8 

 21  10  25 

 Helophoridae  4  10 
 Heteroceridae  18 
 Hydraenidae  2, 3 
 Hydrochidae  18  26 
 Hydrophilidae  1, 2, 3, 4, 

6, 7, 8 
 18, 20, 
21 

 10, 12  25, 26, 27 

 Hygrobiidae  25 
 Lampyridae  21 
 Limnichidae  18 
 Melolonthidae  21 
 Noteridae  3  18, 20, 

21 
 Scirtidae  3, 4  18, 21  25 
 Staphylinidae  21  26 

 Neuroptera  Sialidae  10 
 Trichoptera  Apataniidae  2 

 Atriplectidae  26 
 Brachycentridae  2 
 Calamoceratidae  19 
 Ecnomidae  12  25, 27 
 Helicopsychidae  26 
 Hydroptilidae  3, 4  19, 21  25 
 Leptoceridae  1, 2, 3, 4, 

8 
 19  10, 15  25, 26, 27 

 Limnephilidae  2, 3, 4  10, 15 
 Molannidae  3 
 Philorheithridae  26 
 Phryganeidae  1, 2, 3, 4, 

8 
 Polycentropodidae  3, 4  21  15 

(continued)
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 Taxa  Family 
 North 
America 

 South 
America  Europe  Asia  Australia 

  A. Macroinvertebrates  

 Lepidoptera  Crambidae  8 
 Noctuidae  21 
 Pyralidae       21 

 Diptera  Ceratopogonidae  1, 2, 3, 4, 
8 

 21  12, 15  25, 26, 27 

 Chaoboridae  1, 2, 4, 8  21  15  26 
 Chironomidae  1, 2, 3, 4, 

8 
 19, 20, 
21 

 12, 15  22, 
23 

 25, 26, 27 

 Culicidae  2, 3, 4  21  15  25 
 Dixidae  2, 4  21 
 Dolichopodidae  25 
 Empididae  2  21 
 Ephydridae  8  20, 21  12  25, 27 
 Muscidae  20, 21  25 
 Psychodidae  2, 8  25 
 Ptychopteridae  15 
 Scatopsidae  25 
 Sciomyzidae  4  21 
 Stratiomyidae  1, 2, 4, 8  21  12  25 
 Syrphidae  2  21  26 
 Tabanidae  1, 3, 4, 8  21  25 
 Tipulidae  2, 4, 8  21 

 Taxa  Family 
 North 
America  Africa  Europe  Asia  Australia 

 B. Microcrustaceans 

 Diplostraca  Bosminidae  9  16  13  24 
 Chydoridae  9  16, 

17 
 13  24  25 

 Daphniidae  9  16, 
17 

 13  24  25 

 Ilyocryptidae       17 
 Lynceidae  4 
 Macrothricidae  9  16, 

17 
 25 

 Moinidae  9  17  24 
 Polyphemidae  9  13 
 Sididae  9  16, 

17 
 13  24 

(continued)
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 Taxa  Family 
 North 
America  Africa  Europe  Asia  Australia 

 B. Microcrustaceans 

 Copepoda  Ameiridae  25 
 Canthocamptidae  16, 

17 
 25 

 Canuellidae  16 
 Centropagidae  24  25 
 Cletodidae  17  25 
 Cyclopidae  9  16, 

17 
 13  24  25 

 Diaptomidae  9  16, 
17 

 Laophontidae  25 
 Oithonidae  24 
 Pseudodiaptomidae  24 
 Sulcanidae  25 

 Ostracoda  Candonidae       16  25 
 Cyprididae  16, 

17 
 25, 26, 27 

 Cytherideidae  17 
 Ilyocyprididae  17  25, 26 
 Limnocytheridae  25 
 Notodromadidae  25 

    Citations : 1 Hentges and Stewart ( 2010 ); 2 Silver et al. ( 2012 ); 3 Rosenberg and 
Danks ( 1987 ); 4 Hornung and Foote ( 2006 ); 5 Stephen ( 2006 ); 6 Lillie ( 1991 ); 7 
Hanson and Swanson ( 1989 ); 8 Maurer ( 2013 ); 9 Norlin et al. ( 2006 ); 10 Collinson 
et al. ( 1995 ); 11 Carchini et al. ( 2007 ); 12 Sahuquillo et al. ( 2007 ); 13 Timms and 
Moss ( 1984 ); 14 Brönmark ( 1985 ); 15 Mason ( 1977 ); 16 Samraoui et al. ( 1998 ); 17 
Ramdani et al. ( 2001 ); 18 Fernández and López Ruf ( 2006 ); 19 Maltchik et al. 
( 2012 ); 20 Fontanarrosa et al. ( 2013 ); 21 Krawczyk et al. ( 2013 ); 22 Cai et al. 
( 2011 ); 23 Cai et al. ( 2012 ); 24 Guijun et al. ( 2012 ); 25 Cale et al. ( 2004 ); 26 Khan 
( 2003 ); 27 Timms  (1983) .    
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    Chapter 9   
 Invertebrates in Great Lakes Marshes                     

       Matthew     J.     Cooper      and     Donald     G.     Uzarski   

            Introduction 

 These habitats form  where   hydrologic energy sources, such as waves and lake cur-
rents, are reduced to the point that macrophytes can establish and persist and where 
sediment is conducive to  macrophyte growth  . While marshes form along the shore-
lines of many large lakes globally, this chapter focuses primarily on marshes of the 
 Laurentian   Great Lakes in North America (Fig.  9.1 ). These are some of the best- 
studied freshwater  coastal wetland  s in the world, and much of the research on Great 
Lakes marsh invertebrate ecology is applicable to other global lakeshore wetlands.

   The Laurentian Great Lakes system includes Lakes Superior, Michigan–Huron 
(hydrologically a single lake), Erie, and Ontario as well as their connecting water-
ways (Fig.  9.1a ). The Great Lakes extend from 41°20′N latitude (the southern shore 
of Lake Erie) to approximately 49°N latitude (Nipigon Bay on the north shore of 
Lake Superior), representing approximately 800 km of latitude. The Great Lakes 
span 1200 km of longitude, from approximately 76°W (eastern Lake Ontario) to 
92°W longitude (western Lake Superior). The Great Lakes have over 17,000 km of 
shoreline, which is greater than the total length of the United States’ east and west 
coasts, combined. This immense  freshwater system   contains approximately 21 % of 
the world’s surface freshwater supply and 84 % of North America’s surface fresh-
water. Over 2000 coastal wetlands occur along the Great Lakes shoreline (Fig.  9.1b ). 
In this chapter, “lakeshore marsh” refers to a coastal wetland that contains at least 
some habitat that is dominated by herbaceous vegetation, though these wetlands 
often contain areas that are dominated by woody vegetation (i.e., swamp) as well. 

 Lakeshore marshes of the  Laurentian   Great Lakes are important habitats for fi sh, 
amphibians, reptiles, wading birds, and waterfowl (Harris et al.  1983 ; Jude and 
Pappas  1992 ; Prince et al.  1992 ; Maynard and Wilcox  1997 ; Weeber and Vallianatos 
 2000 ; Uzarski et al.  2005 ). Invertebrates make up a large component of the diets of 
these wetland fauna, thus linking algal and detrital energy sources to higher trophic 
levels. These energy pathways—from primary producers to invertebrate consumers 
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to fi sh and other macrofauna—support important functions of  coastal wetland  s in 
the broader lake  ecosystem   (Brazner et al.  2004 ; Sierszen et al.  2012a ). Therefore, 
because invertebrates represent key trophic linkages in wetland food webs, envi-
ronmental drivers of invertebrate community structure have ecosystem-level 
implications.  

    Climate and Its Infl uence on Invertebrate Assemblages 

 In general, the Great Lakes region has a temperate climate with pronounced  season-
ality  . Three primary factors infl uence the region’s  climate  : air masses that originate 
in other areas, the continental location of the basin, and the effect of the Great Lakes 
themselves. In the summer, conditions in the northern portion of the basin are most 
infl uenced by cold dry air from the Canadian northwest while the southern portion 
of the basin receives warm moist air from the Gulf of Mexico. The balance of these 
different air masses largely dictates local conditions over relatively short times-
cales. Average July daytime high temperatures are typically around 25 °C in the 
northern Great Lakes basin and around 30 °C in the southern portion of the basin. 
In winter, the region is most frequently infl uenced by Arctic air from the northwest 
of the continent. Average January nighttime lows are typically around −15 °C in the 
northern part of the basin and −5 °C in the south. Great Lakes water temperatures 
continue to drop throughout the winter. Ice frequently covers all of Lake Erie by late 
winter. The other lakes rarely are fully ice-covered but coastal ice is common. 
Because  coastal wetland  s occur in shallow protected bays and inlets, they are usu-
ally ice-covered throughout the winter on all of the Great Lakes. Shifting ice along 
the coast creates an “ice foot” that redistributes sediment and rhizome mats in 
coastal wetlands. This physical disturbance is an important driver of spatial  hetero-
geneity   in lakeshore marsh vegetation communities, which leads to heterogeneity in 
the resident invertebrate communities (Burton  1985 ). 

 Spring and autumn in the Great Lakes region are characterized by highly variable 
weather. The lakes are slower to warm than the land in the springtime, which tends 
to keep coastal areas cool well into the spring. In most years, this delays the leafi ng 
and blossoming of plants and protects wetland vegetation from late frosts. The lakes 
are also slow to cool in the autumn, keeping coastal areas warmer than inland 
regions of the same latitude. These moderating effects of the lakes on coastal cli-
matic conditions also infl uence wetland invertebrate phenology and the timing of 
emergence relative to more inland wetlands. 

 The temperate climate and strong  seasonality   of the Great Lakes region have 
signifi cant implications for invertebrate life histories. Most invertebrates cope with 
the freezing temperatures and ice cover in winter by entering into a dormant stage 
in the autumn and reemerging the following spring or summer when conditions are 
once again favorable. Dormancy may involve either quiescence or  diapause  . 
Quiescence is the slowed or completely halted development that results as a direct 
response to the onset of unfavorable conditions, with development resuming when 
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  Fig. 9.1    ( a ) The  Laurentian   Great Lakes and the Great Lakes drainage basin. Select coastal cities, 
political boundaries, major tributaries, and interconnecting channels are also included ( source : US 
Army Corps of Engineers, Detroit District). ( b ) Locations and hydrogeomorphic types of Great 
Lakes coastal wetlands identifi ed by the Great Lakes  Coastal Wetland  s Consortium       
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conditions improve. Diapause is an arrested state of development triggered by spe-
cifi c physiological stimuli. Major environmental cues that induce and/or terminate 
diapause include temperature, photoperiod, moisture, pH, and changes in dissolved 
oxygen, among others. The ability to overwinter in a dormant stage and then rapidly 
recolonize habitats when conditions are favorable is a key adaptation for marsh 
invertebrates in temperate climates, including those in the Great Lakes. Patrick et al. 
( 2014 ) noted dramatically increasing invertebrate diversity and density from May to 
August in a Lake Michigan drowned river mouth wetland and attributed this to taxa 
coming out of resting stages as conditions became increasingly favorable and to the 
developing aquatic vegetation communities that provide physical habitat for 
invertebrates. 

 Strong  seasonality   in the Great Lakes region also infl uences the number of gen-
erations that invertebrate species can produce in any given year (i.e., voltinism). 
Many invertebrate taxa inhabiting Great Lakes  coastal wetlands   are univoltine, 
emerging as adults to reproduce only once per year, often during the warm summer 
months. However, many other taxa, especially insects in the order Diptera, are able 
to reproduce multiple times throughout the growing season (i.e., multivoltine), with 
the number and timing of generations dictated by local conditions. Kovalenko et al. 
( 2014 ) compiled voltinism information for 77 insect taxa collected from Great 
Lakes littoral habitats (including lakeshore marshes) and found that 48 of these 
were univoltine, with an additional 10 taxa representing combinations of bi-, uni-, 
semi-, and merovoltinism. These 58 non-multivoltine taxa represented a majority of 
insect taxa that were evaluated (75 %) and belonged primarily to the orders Odonata, 
Trichoptera, and Ephemeroptera, along with a few other rarely occurring groups.  

    Hydrology 

 One of the greatest effects of climate on lakeshore marshes is its infl uence on lake 
water levels. Water levels of the Great Lakes represent a dynamic balance between 
inputs from tributaries, precipitation, and groundwater versus losses through con-
necting channels, evaporation, and withdrawal. Humans exert some control over 
these fl uxes, especially through connecting channels with control structures and via 
withdrawals and diversions (see “Conservation and Management” section below). 
However, most variability in water levels of the Great Lakes remains the result of 
factors out of human control.    Fluctuations in Great Lakes water levels occur over 
varying timescales—from hourly to decadal—and cause coastal habitats to fl ood 
and dry as water levels rise and fall. 

 Pronounced intra-annual (i.e., seasonal) water-level fl uctuations result from dif-
ferences in lake inputs and outputs that occur throughout any given year. Water 
levels in Lake Michigan–Huron, for example, typically reach an annual maximum 
in August while Lake Superior reaches its maximum in September, after the previ-
ous winter’s snowmelt and spring rains have had suffi cient time to accumulate. 
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Annual water-level minima generally occur in late winter when evaporation coin-
cides with reduced tributary inputs. Over broader timescales, variation in basin 
inputs and outputs from 1 year to the next can cause dramatic interannual water- 
level fl uctuations, often on the order of 1–1.5 m over decadal periods (Fig.  9.2 ).

   Water-level fl uctuations are a natural part of the Great  Lakes   ecosystem. 
Accordingly, plant and animal  species   inhabiting lakeshore marshes are uniquely 
adapted to survive and even fl ourish in habitats with cyclical wetting and drying 
(Wilcox  1995 ; Keough et al.  1999 ; Mayer et al.  2004 ; Albert et al.  2005 ; Uzarski 
et al.  2009 ). For example, many wetland plants that cannot establish under perma-
nently  fl ooded conditions   are able to germinate in seasonally fl ooded habitats that 
maintain a non-fl ooded, aerobic environment during the spring and early summer. 
Seedlings of many wetland plants can then survive as water levels rise (Gathman 
et al.  2005 ), which results in the productive and diverse vegetation assemblages 
found in lakeshore marshes. These macrophytes, which often exhibit “zonation” in 
lakeshore marshes due to physical factors (e.g., depth and wave energy), in turn, 
form the physical habitat template that invertebrate communities assemble within 
(Burton et al.  2002 ; Gathman and Burton  2011 ). 

 Superimposed on the seasonal and interannual water-level variation are short- 
term fl uctuations caused by wind-driven or atmospheric pressure-induced seiches. 
Seiche period depends on basin morphology and wind direction but periods from 2 
to 10 h are typical. Seiche amplitudes of 10–20 cm are most common across the 
Great Lakes (Trebitz  2006 ), though seiches over 1 m are possible and are generally 
associated with  strong storms  . Seiche action causes the shallow marsh habitats at 
the land–water interface, such as meadow marsh, to cyclically fl ood and drain sev-
eral times per day. This is especially pronounced in marshes with gently sloping 
bathymetry, such as those around Saginaw Bay, Lake Huron. Typical bathymetric 
slope for Saginaw Bay marshes is approximately 0.25 cm per 1.0 m (M.J. Cooper, 
unpublished data). Thus, a 15 cm seiche, which is common for Saginaw Bay, will 
cause the water’s edge to move 60 m shoreward and lakeward during a single seiche 
cycle. The unique inter-seiche meadow marsh habitat is home to invertebrate taxa 
that are adapted to tolerate such dynamic conditions and exploit the detrital food 
resources commonly available within these habitats (Burton et al.  2002 ). For exam-
ple, collector/gatherer and detritivore crustaceans such as  Gammarus ,  Hyalella , and 
 Caecidotea  are often found in  high densities   within seiche-infl uenced wet meadow 
zones (Cardinale et al.  1998 ; Burton et al.  2002 ). 

 The regular water-mixing action induced by seiche activity also helps to distrib-
ute nutrients and other dissolved materials within and among lakeshore wetlands 
(Trebitz  2006 ). Large storm-driven seiches, particularly when combined with high- 
energy waves, can serve as a strong physical disturbance in lakeshore marshes, 
causing sediment redistribution and even destruction of emergent vegetation, with 
concomitant impacts on resident invertebrate communities. Large-amplitude seiches 
can also cause vast areas of some marshes to be fl ooded at highly irregular intervals, 
especially in marshes with gently sloping bathymetry such as those on Saginaw Bay 
and western Lake Erie.  
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    Lakeshore Marsh Hydrogeomorphic Types 

 In 2002, the Great Lakes Coastal Wetlands Consortium developed a hydrogeomor-
phic wetland classifi cation system to characterize  coastal wetland  s of the  Laurentian   
Great Lakes (Albert et al.  2005 ). The classifi cation system separates wetlands into 
three broad types—lacustrine, riverine, and barrier-protected—based on geomor-
phology of the shoreline, primary water source, and hydrologic connectivity to the 
lake. The scheme includes fi ner-resolution classifi cation as well and refl ects numer-
ous elements of  wetland   hydrology and geomorphology that collectively infl uence 
the structure of fl oral and faunal communities. 

    Lacustrine 

  Lacustrine mar  shes are adjoined directly to waters of the Great Lakes and are 
strongly infl uenced by lake water levels, nearshore currents, and ice scour (Albert 
et al.  2005 ). The primary water source for lacustrine marshes is the adjacent lake, 
though groundwater, tributary streams, and direct precipitation can also contribute 
to lacustrine marsh hydrology (Fig.  9.3 ). The main form of water loss is direct out-
fl ow to the adjacent lake, though evaporation and evapotranspiration also result in 
water loss from lacustrine marshes (Fig.  9.3 ). Geomorphic features along the shore-
line such as headlands, embayments, and bathymetry (e.g., sandbars, shallow slope) 
provide varying degrees of protection from wave energy and coastal currents and 
allow wetland habitat to develop and persist. Lacustrine marshes can be further 
subdivided into open and protected embayments, sandspit embayments, and open 
shoreline wetlands. Invertebrates inhabiting the lakeward margin of lacustrine 
marshes must be tolerant of wave energy, while those inhabiting wet meadow habi-
tats at the  shorew  ard margin must be tolerant of seiche-induced drying and rewet-
ting cycles.

       Riverine 

  Riverine   wetlands occur along the margins of and within tributary streams and 
rivers and along the margins of large connecting channels between lakes (Albert 
et al.  2005 ). Riverine wetlands often occur in deltaic or fl uvial habitats at the con-
fl uence of rivers and the receiving lake. Water quality, hydraulic processes, and 
sediment input are controlled in large part by the individual drainages; however, 
water levels and fl uvial processes in these wetlands are directly or indirectly 
affected by the downstream lake as lake waters fl ood back into the lower portions 
of tributary marsh systems. Accordingly, the primary source of water to riverine 
coastal marshes is direct inputs from tributary streams (Fig.  9.3 ). The primary 
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outfl ow is to the receiving lake, though hydrologic inputs and outputs related to 
atmospheric and groundwater exchange can also occur. Protection from lake 
waves and coastal currents is provided by sand and gravel bars near river outlets 
and by channel morphology. Riverine wetlands can be further subdivided into 
open and barred drowned river mouth wetlands, delta wetlands, and connecting 
channel wetlands, all of which generally contain herbaceous marsh habitat. 
Lakeshore riverine wetlands encompass a wide variety of habitat types, from fast-
fl owing channels to quiet backwater areas with deep organic sediment deposits. 
Accordingly, a diverse array of invertebrates inhabit these marshes, from rheo-
philic mayfl ies in the family Heptageniidae, to sediment-burrowing mayfl ies in 
the family Ephemeridae, to grazing snails, shredding and collecting crustaceans 
(Amphipoda and Asellidae), and surface-dwelling hemipterans in the families 
Gerridae and Mesoveliidae (Cooper et al.  2007 ).  

    Barrier-Protected 

  Barrier-protected   wetlands form as a result of either coastal or fl uvial processes 
that create barriers that separate wetland habitats from the lake (Albert et al. 
 2005 ). Barriers may be active or may be the result of some past process that leaves 
behind the barrier as a relict coastal feature. These wetlands are completely 

  Fig. 9.3    Conceptual models demonstrating the relative magnitudes of water infl ows and outfl ows 
for the three main hydrogeomorphic types of Great Lakes coastal marshes.  Dashed arrows  repre-
sent known but minor fl ows       

 

M.J. Cooper and D.G. Uzarski



295

protected from lake waves and currents but may be connected to the lake by one 
or more channels through the barrier. Water budgets in barrier-protected lakeshore 
marshes are highly variable and complex, including inputs from precipitation, 
groundwater, streams, and surface fl ow and outputs to the atmosphere via evapo-
ration or evapotranspiration as well as outputs to the adjacent lake through tempo-
rary channels or shallow subsurface fl ow (Fig.  9.3 ). When connected to the lake, 
water levels refl ect those of the adjacent lake because lake water either fl ows into 
the marsh or creates suffi cient hydraulic head pressure to keep marsh water at the 
same elevation as the lake. Channels connecting barrier-protected marshes to the 
lake may be permanent or ephemeral as coastal sediment transport can intermit-
tently close off connecting channels. Invertebrates inhabiting barrier- protected 
lakeshore marshes must be tolerant of the dramatically fl uctuating hydrology that 
often occurs in these habitats. Strategies to withstand dry periods, such as dia-
pausing eggs or pupae, or the ability to cyclically colonize ephemeral aquatic 
habitats are common among taxa found in barrier-protected lakeshore marshes 
(Burton and Uzarski  2009 ).   

    Basic Invertebrate Research in Great Lakes Marshes 

 Our understanding of Great Lakes marsh invertebrate communities has grown 
considerably in recent years. For example, the structure of these communities has 
been related to vegetation zonation (Cardinale et al.  1997 ; Merritt et al.  2002 ), 
   fetch and wave exposure (Burton et al.  2002 ,  2004 ; Cooper et al.  2014 ), benthic 
substrate (MacKenzie et al.  2004 ; Cooper et al.  2007 ), water-level fl uctuation 
(Gathman and Burton  2011 ; Cooper et al.  2014 ), water quality and surrounding 
land use (King and Brazner  1999 ; Schneider and Sager  2007 ; Cooper et al.  2014 ; 
Kovalenko et al.  2014 ; Schock et al.  2014 ), invasive plants (Kulesza et al.  2008 ; 
Holomuzki and Klarer  2010 ), and habitat fragmentation (Uzarski et al.  2009 ; 
Cooper et al.  2012 ). These drivers are not mutually exclusive of one another, and 
invertebrate assemblages are often infl uenced by several of these variables 
simultaneously. 

    Indices of Biotic Integrity 

 In addition to traditional community assembly research, invertebrate-based 
 Indices of Biotic Integrity (IBIs)      have been developed and currently are being 
used throughout the Great Lakes to assess  coastal wetland   health (Uzarski et al. 
 2004 ). The approach leverages the information contained in invertebrate commu-
nity structure to detect anthropogenic disturbances that may not be discernible 
with traditional water quality monitoring (Burton et al.  1999 ; Uzarski et al.  2004 ). 
The applicability and performance of  IBI-type   assessment tools relies on a 
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thorough understanding of invertebrate community responses to both natural and 
anthropogenic drivers. 

 An important step in developing wetland IBIs is to partition variability in com-
munity structure that is due to natural factors from variability that is due to human 
disturbance. For Great Lakes coastal wetlands, this has been achieved by develop-
ing IBIs for specifi c wetland types (e.g., lacustrine, riverine, barrier-protected) and 
vegetation types within wetlands (Burton et al.  1999 ; Uzarski et al.  2004 ). Because 
vegetation structure tends to correlate with hydrology in Great Lakes coastal wet-
lands (Albert et al.  2005 ; Gathman et al.  2005 ), this approach controls for much of 
the overriding infl uence of hydrology and macrohabitat structure on IBI metrics. 
For example, separate sets of IBI metrics have been developed for bulrush- dominated 
zones and wet  meadow zones   in Great Lakes lacustrine wetlands (Burton et al. 
 1999 ; Uzarski et al.  2004 ). Stratifying IBIs by vegetation type also allows the pro-
tocols to be used at various Great Lakes water levels because vegetation zones move 
upslope and downslope as water levels fl uctuate. Therefore, invertebrate sampling 
and subsequent IBI metric calculations can “follow” the vegetation zones over time 
as they move upslope and downslope. 

 Invertebrate IBI metric identifi cation has been accomplished by comparing 
community structure in reference wetlands to community structure in impaired 
wetlands. Attributes of the community that differ between these disturbance cat-
egories then have the potential to become IBI metrics. For example, the relative 
abundance of  sphaeriid clams   has been shown to decline with increasing human 
disturbance in Lake Huron lacustrine wetlands, and accordingly, sphaeriid abun-
dance was incorporated into the IBI for these systems (Uzarski et al.  2004 ). An 
alternative approach is to quantify anthropogenic disturbance using a multivariate 
index and then identify invertebrate community metrics that vary predictably 
along this disturbance gradient. After candidate metrics are identifi ed, metric 
scoring schemes must be derived to translate metric values into scores for the fi nal 
IBI determination. Final IBI results are then derived by summing the component 
metric scores. While the IBI approach is common in lake and stream monitoring 
and management, it has been used infrequently in wetlands. However, current 
broadscale monitoring and use of invertebrate-based IBIs in Great Lakes  coastal 
wetland  s have become valuable tools for prioritizing wetland restoration projects 
and tracking restoration outcomes.  

    Lakeshore Marsh Taxa 

 Given the immensity of the Great Lakes system, constructing a truly exhaustive 
list of taxa would be a diffi cult undertaking. However, several Great Lakes 
basin-scale invertebrate sampling efforts have occurred or are currently under-
way in Great Lakes marshes, and these can be used to create a preliminary 
inventory of taxa. These efforts were conducted in an ecosystem monitoring 
context, either to develop or test monitoring protocols, or in fully implemented 
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monitoring programs. The Great Lakes Environmental Indicators ( GLEI)      proj-
ect (Niemi et al.  2009 ) sampled invertebrates at 101 coastal wetlands along the 
US shoreline of the Great Lakes in 2002 and 2003. This program identifi ed 222 
invertebrate taxa—most at the genus level (Kovalenko et al.  2014 ). The Great 
Lakes Coastal Wetlands Consortium ( GLCWC)      sampled invertebrates in 67 
coastal wetlands in all fi ve Great Lakes in 2002 (Cooper et al.  2014 ) and identi-
fi ed 215 taxa, mostly at the genus level. In 2011, the GLCWC, along with sev-
eral researchers from the GLEI group, and others initiated a monitoring program 
that included sampling invertebrates in lakeshore marshes across the Great 
Lakes basin. For this effort, over 100 marshes are being sampled each year in 
the initial 5-year sampling rotation (2011–2015). This monitoring effort is 
sponsored by the US EPA for the purpose of supporting wetland restoration, 
protection, and other management activities. More specifi cally, data and IBI 
scores are being used to select wetlands for restoration and to track restoration 
outcomes. While many studies of invertebrate community structure have 
occurred in Great Lakes coastal marshes in recent decades, the  GLCW  C effort 
is the single largest coordinated effort to occur in these systems. In addition to 
invertebrates, the monitoring program is collecting data on fi sh, birds, amphib-
ians, vegetation, and water quality in each marsh. 

 To collect invertebrates, GLCWC researchers use D-frame dip nets to sweep 
through the water column and vegetation and then “ fi eld pick  ” organisms from the 
gathered plant matter and detritus. Samples are returned to the laboratory for iden-
tifi cation to lowest operational taxonomic unit (usually genus or species) under 
magnifi cation. 

 A number of general characteristics of the invertebrate assemblages inhabiting 
Great Lakes coastal marshes can be gleaned from this large dataset. First, in the 
initial 3 years of sampling (2011–2013), in which 319 unique marshes were sam-
pled and >270,000 organisms were collected, 331 genera were identifi ed, along 
with an additional 102 taxa identifi ed at a  coarser resolution   ( Appendix ). Second, 
similar to the fi nding of Cooper et al. ( 2014 ), a small subset of taxa tend to be 
numerically dominant in the overall assemblage, with the ten most abundant taxa 
representing 61 % of the organisms collected (Fig.  9.4 ). Accordingly, the vast 
majority of taxa could be considered “rare,” resulting in a very hollow species- 
abundance curve (Fig.  9.4 ). Third, these data reveal that the majority of observed 
taxa tend to be cosmopolitan, occurring in more than one Great Lake ( Appendix ).

       Environmental Drivers of Invertebrate Communities 

    Great Lakes Water Levels 

 The  natur  al fl uctuations in water levels of the Great Lakes have important implica-
tions for lakeshore marsh invertebrate communities. Perhaps most importantly, 
intra-annual low-water periods allow  macrophyte seeds   to germinate and 

9 Invertebrates in Great Lakes Marshes



298

seedlings to develop before the wetlands fl ood again later in the year. Interannual 
low-water periods (i.e., “low-water years”) allow for replenishment of the seed-
bank. Also during low-water years, the upland portion of meadow marsh is invaded 
by woody plants, while true marsh (i.e., herbaceous) communities shift lakeward. 
When water levels rise again, woody species retreat upslope and the emergent marsh 
and wet meadow communities also move shoreward. Long-term water-level fl uctua-
tions, therefore, cause long-term movement and alteration of marsh vegetation 
zones (Burton  1985 ; Gathman and Burton  2011 ). Invertebrate community structure 
is infl uenced strongly by structural composition of vegetation (e.g., Voigts  1976 ; 
McLaughlin and Harris  1990 ; Batzer and Resh  1992 ) as well as sediment character-
istics (e.g., Nelson et al.  1990 ; Cooper et al.  2007 ). Therefore, maintenance of 
marsh vegetation structure and sediment  characteristics   by Great Lakes water levels 
has a strong infl uence on invertebrate community structure. Correlations between 
water levels, marsh vegetation, and invertebrate assemblage structure demonstrate 
these linkages (Burton et al.  2002 ; Uzarski et al.  2004 ; Gathman and Burton  2011 ). 

 Lakeshore marsh invertebrate communities appear to also be infl uenced directly 
by water levels. Cooper et al. ( 2014 ) evaluated a 1997–2012 time series of inverte-
brate community data from bulrush (  Schoenoplectus    spp.)-dominated habitats at 
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three representative Saginaw Bay wetlands. Their analysis revealed substantial 
shifts in community structure throughout the period, especially from 2001 through 
2004. This period followed a 1 m decline in Lake Huron water levels that occurred 
between 1997 and 2000. For example, from 2002 to 2004, gastropod relative abun-
dance increased dramatically at all three wetlands, and at one wetland, gastropods 
increased from just 3 % of the community in 2002 to approximately half of the 
community in 2004. Over about the same period, insects—especially chirono-
mids—declined substantially at all three  wetlands  . This decline was particularly 
evident at one wetland, where chironomids fell from roughly half to just 10 % of the 
community between 2002 and 2004. Crustaceans declined at all three wetlands 
beginning in 1999, reaching minima in 2002–2004. Coarse-level community met-
rics (e.g., % insects, % crustaceans, % gastropods, etc.) correlated with the prior 
year’s water level suggesting a lagged response of communities to the water level 
decline. Burton et al. ( 2004 ) and Uzarski et al. ( 2004 ) noted that marsh invertebrate 
communities in Lake Huron changed surprisingly little during the 1998–2000 water 
level decline. This observation is consistent with the conclusion of Cooper et al. 
( 2014 ) that the response to water level was delayed by one to several years follow-
ing the major decline. 

 Gathman and Burton ( 2011 ) reported changes in invertebrate community struc-
ture in a Lake Huron marsh for a 3-year period in which water levels increased 
approximately 30 cm from year 1 (1996) to year 2 (1997) and then declined again 
in year 3 (1998). Sampling occurred at fi xed stations along transects perpendicular 
to the shoreline. Multivariate analyses indicated that during the high-water period, 
assemblages became more homogenized (e.g., wet meadow assemblages resembled 
emergent marsh assemblages). This was driven by increased dominance by a subset 
of taxa throughout the marsh, especially   Caecidotea   , Chironomidae, Caenidae, and 
Amphipoda. Gathman and Burton ( 2011 ) also identifi ed four categories of responses 
to water levels: (1) high-elevation specialists, which were generally restricted to the 
upper portion of the marsh regardless of the water level; (2) rapid, reversing taxa, 
which rapidly occupied the wet meadow under high-water conditions, but then 
retreated back to lower positions as water declined in year 3; (3) time-lagged 
responders, which expanded upslope as water levels rose, but in a time-lagged 
nature; and (4) low-elevation specialists, which always remained most common in 
the emergent marsh, showing little indication of upslope spread with rising water 
levels. Consistent with Cooper et al. ( 2014 ), Gathman and Burton ( 2011 ) demon-
strate the profound infl uence of water levels on lakeshore marsh invertebrate com-
munities and provide a framework for evaluating taxonomic responses to interannual 
water-level fl uctuations.  

    Hydraulic Energy 

 An important driver of invertebrate community structure in lakeshore marshes is 
hydraulic energy and its infl uence on chemical, physical, and biological condi-
tions. Wave energy affects shoreline vegetation by uprooting seedlings, damaging 
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mature plants, and eroding fi ne sediments around roots and rhizomes (Keddy 
 1982 ; Riis and Hawes  2003 ). Accordingly, plant biomass and wave energy are 
negatively correlated along most vegetated shorelines, and a threshold exists 
where rooted vegetation can no longer persist (Keddy  1982 ; Azza et al.  2007 ). 
   Effects of wave energy on sediment conditions are complex in lakeshore marshes 
since the plants themselves attenuate wave energy and affect sedimentation rates 
(Cooper et al.  2012 ). In general, however, increased wave energy results in 
increased particle size and decreased sediment organic content (Keddy  1982 ; 
Cooper et al.  2012 ), which infl uences basic biogeochemical conditions, including 
community  metabolism   (Cooper et al.  2013 ). Not surprisingly, therefore, expo-
sure to wave and current energy infl uences faunal community structure in lake-
shore marshes, especially for invertebrate communities (Burton et al.  2004 ; 
Cooper et al.  2014 ). 

 Cooper et al. ( 2014 ) analyzed invertebrate data from 67 lakeshore marshes from 
across the Great Lakes and found that fetch (i.e., potential wave energy) was one of 
the most important drivers of community structure among 16 candidate variables. 
The relationship between fetch and community structure was evident in whole- 
assemblage analyses, though a subset of taxa appeared to drive the observed gradi-
ents. For example, Oligochaeta and  Bezzia  were among the dominant taxa in the 
wave-exposed marshes of Saginaw Bay, while  Gammarus  and   Caecidotea    (both 
crustaceans) were much less abundant in Saginaw Bay compared to low-fetch 
marshes such as drowned river mouths of eastern Lake Michigan and protected 
embayments of northern Lake Huron. These results are largely consistent with 
Burton et al. ( 2004 ) who found that a majority of invertebrate taxa were generalists, 
occurring in wetlands across varying degrees of exposure, yet subsets of taxa were 
associated with either low-fetch or high-fetch marshes. Burton et al. ( 2004 ) reported 
higher  densities   of  Gammarus ,  Crangonyx ,  Caecidotea , Chironomini, and 
Tanytarsini in low-fetch wetlands and higher densities of  Sigara ,  Trichocorixa , 
Oligochaeta, and  Bezzia  in high-fetch wetlands, which partially overlaps with fi nd-
ings of Cooper et al. ( 2014 ). 

 Specifi c mechanisms linking wave exposure and invertebrate community structure 
are unclear; however, a combination of physical disturbance of organisms, the 
infl uence of wave energy on sediment organic matter, and the effect of wave-induced 
turbidity on visual predators are likely all important (Metzler and Sager  1986 ; 
Burton et al.  2004 ; Schneider and Sager  2007 ). Cooper et al. ( 2006 ,  2007 ) noted that 
sediment organic content was the best predictor of invertebrate community structure 
in drowned river mouth wetlands of eastern Lake Michigan. Similarly, MacKenzie 
et al. ( 2004 ) found that in the Peshtigo River wetland, a riverine wetland on the 
western shore of Lake Michigan, abundances of several invertebrate taxa varied 
predictably along gradients of sediment organic matter from the river channel into 
wetland vegetation. Taken collectively, these fi ndings suggest that interactions 
between wave exposure or other hydraulic forces, sediment organic content, and 
turbidity are important in structuring invertebrate communities along gradients of 
hydrologic energy in lakeshore marshes.  
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     Vegetation Zonation   

 Macrophytes comprise much of the physical habitat that invertebrate communities 
assemble within. Therefore, differences in vegetation, either different component 
species or different plant morphotypes, can infl uence invertebrate community 
structure. While few studies have investigated the infl uence of vegetation on 
invertebrate community structure directly, available evidence suggests that vege-
tation zonation plays a role in structuring these communities. Burton et al. ( 1999 ) 
suggested that stratifying invertebrate-based indices of biotic integrity by vegeta-
tion type would improve the performance of the index. This was later confi rmed 
by Uzarski et al. ( 2004 ) who found that stratifi cation by vegetation zone was 
indeed necessary to account for variation in habitat structure and to allow the 
index to be used at varying water levels as vegetation zones move upslope and 
downslope. However, given that vegetation communities are infl uenced by near-
shore hydraulic forces (e.g., wave energy) and Great Lakes water levels, it has 
been diffi cult to partition these interacting drivers of invertebrate community 
structure. For example, Gathman and Burton ( 2011 ) found that invertebrate com-
munity composition was infl uenced more by fl ooding conditions than by vegeta-
tion, though vegetation structure is also infl uenced by fl ooding regime. Additional 
experimental research is needed to partition these infl uences, especially in regard 
to the effects of nonnative vegetation (e.g.,  Phragmites australis  and  Typha  X 
 glauca ) on  invertebrat  e communities.    

    Conservation and Management 

 Lakeshore marshes provide critical habitat for many species of birds, mammals, 
reptiles, and amphibians (Austen et al.  1994 ; Hecnar  2004 ; Hanowski et al. 
 2007 ; Wieten et al.  2012 ). These wetlands also provide essential spawning and 
nursery areas for many fi sh species of ecological and economic importance 
(Chubb and Liston  1986 ; Klarer and Millie  1992 ; Uzarski et al.  2005 ). 
Additionally, lakeshore marshes trap, process, and remove nutrients from Great 
Lakes nearshore waters, and their effects on drainage patterns can help recharge 
groundwater supplies (Burton  1985 ; Heath  1992 ). These functions reinforce the 
notion that conservation and restoration of  lakeshore marshes   are vital elements 
of long‐term management of the Great Lakes (Sierszen et al.  2012b ). 
Unfortunately, approximately half of the  coastal wetland   area that was present 
before European settlement has been converted to other land uses, especially in 
the lake plains of western Lake Erie and Saginaw Bay where large tracks of 
wetland were ditched and drained for agriculture and urban development. The 
majority of remaining wetlands are affected to varying degrees by numerous 
anthropogenic disturbances. 
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     Water-Level Regulation   

 Outfl ow regulation of Lakes Superior and Ontario has altered water-level dynamics 
within these lakes. On Lake Ontario, sustained deviations from the overall mean 
water level are noticeably infrequent after the Moses–Saunders Power Dam began 
its operation in 1958 (Fig.  9.4 ). The range of fl uctuations was approximately 2 m 
prior to regulation, but this has been reduced to approximately 1 m since regulation 
began. As a result, cattail ( Typha  spp.) stands spread dramatically in Lake Ontario’s 
marshes, often replacing other more diverse habitat types such as sedge/grass 
meadow marsh (Wilcox et al.  2008 ). Invertebrates and other fauna that utilize the 
dynamic meadow marsh were undoubtedly affected by this change in hydrology 
and vegetation. Regulation of Lake Superior, which began in the early 1920s, had 
less of an effect on water levels and Lake Superior reached a near-record high in 
1986 and a near-record low in 2007. However, regulation of Lake Superior outfl ow 
does dampen seasonal and interannual variability somewhat, with consequences to 
wetland habitat structure and resident fauna (Ciborowski et al.  2008 ). Given the 
importance of natural water-level fl uctuations for maintenance of marsh vegetation 
community structure, it is critical that water-level management policies incorporate 
natural variation to the  greate  st extent possible (Ciborowski et al.  2008 ).  

    Anthropogenic Nutrient Pollution 

  Hum  an-derived nitrogen (N) and phosphorus (P) enter aquatic ecosystems from 
point and nonpoint sources. Runoff from agricultural and urban landscapes is a 
common source of these nutrients to streams, lakes, and wetlands. Anthropogenic 
nutrients can impact lakeshore wetlands in dramatic ways, particularly by stimulat-
ing excessive primary production (i.e., eutrophication). This production can be in 
the form of phytoplankton or macrophytes, which can subsequently alter organic 
matter dynamics as the plants or algae senesce. Organic detritus can be a food 
resource for invertebrates but excessive organic matter accumulation can cause 
hypoxic or even anoxic conditions. Thus, nutrient loading has the potential to dra-
matically alter both the physical habitat and chemical conditions in lakeshore 
marshes, which can then impact invertebrate communities. 

 In lakeshore marshes, the response of invertebrates to anthropogenic nutrient 
loading is perhaps most apparent in relationships between surrounding land use and 
community structure. Cooper et al. ( 2014 ) found that while invertebrate community 
structure responded most strongly to hydrologic factors (e.g., wave energy, water 
levels), watershed percent agriculture was also highly correlated with community 
structure across the Great Lakes basin. These results suggest that at the Great Lakes 
basin-scale, invertebrate communities respond to the suite of impacts brought about 
by agricultural runoff, including nutrient loading. Marshes of Saginaw Bay and 
western Lake Erie, in particular, receive considerable nutrient loads from surrounding 
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agricultural lands (Danz et al.  2007 ; Dolan and Chapra  2012 ; He et al.  2013 ). Others 
have reported similar relationships between watershed agriculture and coastal wet-
land invertebrates. For example, Burton et al. ( 1999 ) and Uzarski et al. ( 2004 ) iden-
tifi ed coastal wetland invertebrate community shifts that correlated with surrounding 
land use in Lake Huron, including Saginaw Bay. Schneider and Sager ( 2007 ) 
reported that agriculturally derived nutrient and sediment loading to Green Bay 
(Lake Michigan) determined trophic state and light attenuation in Green Bay’s 
coastal wetlands. They further proposed that these variables drove epiphytic inver-
tebrate community structure by infl uencing food resources. Given the apparent 
impacts associated with nutrient-laden runoff on lakeshore marsh invertebrates, res-
toration and protection efforts  should   identify and ameliorate sources of nutrient 
pollution when designing projects and programs.  

    Invasive Species 

 One of the most serious threats to the biotic integrity of lakeshore marshes is the 
establishment and spread of nonnative organisms. Pathways of introduction include 
intentional release, the live bait trade, aquarium trade, ballast water of ships, escape 
from cultivation, and migration  along   human corridors such as highways and rail-
roads where natural barriers would have existed otherwise. Because macrophytes 
form the physical habitat and infl uence organic matter dynamics in lakeshore 
marshes, nonnative plant invasions can be particularly detrimental to invertebrates. 
Examples of invasive macrophytes that dominate in marshes throughout the Great 
Lakes include submersed  aquatic species   such as Eurasian water milfoil 
( Myriophyllum spicatum ), curly leaf pondweed ( Potamogeton crispus ), and slender 
naiad ( Najas minor ) and emergent plants such as purple loosestrife ( Lythrum sali-
caria ), reed canary grass ( Phalaris arundinacea ), and common reed ( Phragmites 
australis ). It is likely that many invasions around the Great Lakes would not have 
been successful in healthy marsh ecosystems. However, prior physical habitat dis-
turbances, alteration of natural water-level regimes, and anthropogenic nutrient 
loading can facilitate the establishment and spread of nonnative plants. 

 Attempts to control invasive vegetation, especially common reed, often include 
glyphosate herbicides such as Roundup (Monsanto Corporation) or Glypro (Dow 
AgroSciences). Effects of these herbicides on non-macrophyte aquatic organisms 
are not straightforward. Some reports suggest that glyphosate is not harmful to 
aquatic invertebrates, fi sh, or algae (USDA  1997 ; Kulesza et al.  2008 ) while others 
show variable toxicity to these taxa (Chen et al.  2004 ; Relyea  2005 ). As the use of 
glyphosate herbicides to treat common reed and other invasive plants continues to 
increase in lakeshore marshes, additional research on the short- and long-term 
impacts to nontarget organisms is needed. 

 Direct impacts of invasive vegetation on invertebrates in lakeshore marshes are 
equally complex. For example, the extremely  high density and biomass   of common 
reed can reduce available nutrients and light and the accumulation of reed detritus 
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can affect system hydrology, can cause sediment anoxia and phytotoxin buildup 
(e.g., hydrogen sulfi de, acetic acid), and can kill the roots of native plants (Armstrong 
et al.  1996 ). These effects on native plant communities presumably would impact 
invertebrate communities as well (Schultz and Dibble  2012 ). However, Kulesza 
et al. ( 2008 ) and Holomuzki and Klarer ( 2010 ) found that   Phragmites    invasion did 
not adversely affect macroinvertebrate community density and diversity in Lake 
Erie marshes. Additional factors such as stand age, ambient water quality, and plant 
community composition prior to invasion likely all infl uence the degree of impact 
that nonnative vegetation has on macroinvertebrates. 

 Nonnative invertebrate species that are now commonly observed in Great Lakes 
marshes include zebra and quagga mussels (  Dreissena    spp.), rusty crayfi sh 
( Orconectes rusticus ), faucet snails ( Bithynia tentaculata ), Chinese mystery snail 
( Cipangopaludina chinensis ), and the amphipod,  Echinogammarus ischnus . Zebra 
and quagga mussels are particularly detrimental to native unionids because they 
colonize unionid shells and outcompete them for food resources (Zanatta et al. 
 2002 ,  2015 ). Additional nonnative species are likely also common in Great Lakes 
marshes but cryptic identity at the species level impedes detection. Broadscale mon-
itoring and archival of invertebrate collections is an invaluable tool for identifying 
and tracking range expansions of invertebrate invaders (Peters et al.  2014 ).  

    Lakeshore Marsh Restoration 

 A  number   of large lakeshore marsh restoration projects have been initiated in the 
Great Lakes (e.g., Sensiba Wildlife Area in western Green Bay, Cat Island 
Ecosystem in southern Green Bay, Erie Marsh Preserve in western Lake Erie, 
Braddock Bay in southern Lake Ontario). Many smaller-scale restoration efforts 
have also occurred or are planned throughout the basin, often focused on controlling 
invasive vegetation or reconnecting marsh habitats to the Great Lakes after previous 
activities such as diking or coastal development has isolated marsh fragments. 
Signifi cant investment of public and private funds for both large- and small-scale 
marsh restoration has been made in the region because long-term benefi ts provided 
by healthy marshes are believed to outweigh short-term restoration costs. 

 Effective restoration planning and evaluation require monitoring, and invertebrates 
can provide important ecological information for this purpose. In Great Lakes 
marshes, an unprecedented basin-scale ecosystem monitoring program, which 
includes sampling invertebrates, fi sh, vegetation, birds, and amphibians, began in 
2011 with approximately 1000 marshes scheduled for sampling in the fi rst 5-year 
rotation. The primary goal of the program is to generate data to prioritize wetland 
restoration projects and track restoration outcomes. This innovative and strategic 
approach is being led by the US Environmental Protection Agency with a consor-
tium of wetland researchers who utilize Indices of Biotic Integrity (IBI) and other 
similar measures to estimate conditions within each wetland. Habitats are targeted 

M.J. Cooper and D.G. Uzarski



305

for restoration or protection based on the monitoring data. Restoration outcomes are 
then evaluated over the long term by resampling the restored habitats in subsequent 
years. A secondary goal of the monitoring program, therefore, is to support adaptive 
management of restoration techniques as post-restoration monitoring reveals suc-
cessful and unsuccessful approaches as the biotic communities respond to the resto-
ration activities.   

    Summary and Conclusions 

 Lakeshore marshes in the Great Lakes provide habitat for a vast array of inverte-
brate taxa (well over 400 genera; see  “Appendix ”). The marshes themselves repre-
sent incredible variability in terms of climate, geomorphic types, dominant 
vegetation, and nutrient conditions. Despite the large number of taxa observed in 
these habitats, a small subset of taxa tend to be numerically dominant in the overall 
assemblage, with the ten most abundant taxa representing over 60 % of the organ-
isms collected in basin-scale monitoring programs. Accordingly, most taxa could be 
considered “rare,” resulting in a very hollow species-abundance curve. Invertebrate 
community structure is driven by a combination of both natural and anthropogenic 
factors. Important natural drivers include hydrology (e.g., lake water levels), hydrau-
lic forces (e.g., wave energy), and vegetation zonation. Important anthropogenic 
factors include  water quality   (e.g., nutrient runoff) and invasive vegetation. 
Therefore, reducing  anthropogenic nutrient   loading and controlling the spread of 
invasive species are important conservation practices. While these marsh-scale 
impacts warrant attention by managers and policy-makers, the most signifi cant 
insult to lakeshore marsh invertebrates is the loss of habitat. Approximately half of 
the original marsh area along the Great Lakes coast has been lost to human develop-
ment, with even greater losses in some areas. Therefore, restoring severely degraded 
and previously destroyed marshes and protecting existing intact marshes are key 
strategies to ensuring the integrity of the Great Lakes coastal ecosystem. Invertebrates 
inhabiting these critical habitats represent an important nexus as they link primary 
productivity to higher trophic levels (e.g., fi sh and waterfowl), facilitate the cycling 
of wetland nutrients, and provide wetland managers with vital information on eco-
system health.      

       Appendix 

 Invertebrate taxa collected as part of the Great Lakes  Coastal Wetland  s Consortium 
basin-wide monitoring program (2011–2013). Wetlands were located on Lake Erie 
(LE), Lake Huron (LH), Lake Michigan (LM), Lake Ontario (LO), and Lake 
Superior (LS)
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   Phylum   

 Class 

   Order  

  Family  Subfamily, tribe,  genus ,  species   LE  LH  LM  LO  LS 

  Cnidaria  
 Hydrozoa  X  X  X  X  X 
    Anthoathecatae   X  X  X  X  X 
   Hydridae   Hydra   X  X  X  X  X 
  Nematoda   X  X  X  X  X 
  Nematomorpha   X  X  X 
  Platyhelminthes  
 Turbellaria  X  X  X  X  X 
  Annelida  
 Clitellata a   X  X  X  X  X 
 Hirudinea  X  X  X  X  X 
    Euhirudinea  b   X  X  X  X  X 
    Arhynchobdellida   X  X  X  X  X 
    Erpobdellidae   X  X  X  X  X 

  Erpobdella   X  X  X  X 
  Mooreobdella   X  X  X  X  X 

    Rhynchobdellida   X  X  X  X  X 
    Glossiphoniidae   X  X  X  X  X 

  Batracobdella   X  X  X  X 
  Desserobdella   X  X  X  X 
  Gloiobdella   X  X 
  Glossiphonia   X  X  X  X 
  Helobdella   X  X  X  X  X 
  Marvinmeyeria   X 
  Placobdella   X  X  X  X  X 
  Theromyzon   X  X  X 

    Piscicolidae   X  X  X 
  Myzobdella   X 

 Oligochaeta  X  X  X  X  X 
    Haplotaxida   X  X  X  X 
   Naididae  X  X  X  X 
   Tubifi cidae  X  X 
    Lumbriculida   X 
 Polychaeta a   X  X 
    Canalipalpata   X 
   Sabellidae   Manayunkia   X 
  Mollusca  
 Bivalvia  X  X  X  X  X 
    Unionoida   X  X 
    Veneroida   X  X  X  X  X 
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   Phylum   

 Class 

   Order  

  Family  Subfamily, tribe,  genus ,  species   LE  LH  LM  LO  LS 

   Dreissenidae   Dreissena   X  X  X  X  X 
    Sphaeriidae   X  X  X  X  X 

  Musculium   X  X  X  X  X 
  Pisidium   X  X  X  X  X 
  Sphaerium   X  X  X  X 

 Gastropoda  X  X  X  X  X 
    Architaenioglossa   X  X  X  X  X 
    Viviparidae   X  X  X  X  X 

  Campeloma   X  X  X 
  Cipangopaludina   X  X  X  X 
  Viviparus   X  X  X  X 

    Basommatophora   X  X  X  X  X 
    Ancylidae    Ancylini   X  X  X  X  X 

  Ferrissia   X  X  X  X 
  Laevapex   X  X  X  X  X 

    Lymnaeidae   X  X  X  X  X 
  Acella   X  X 
  Bulimnaea   X  X 
  Fossaria   X  X  X  X  X 
  Lymnaea   X  X  X  X  X 
  Lymnaea   X  X  X 
  Pseudosuccinea   X  X  X  X  X 
  Stagnicola   X  X  X  X  X 

   Physidae  X  X  X  X  X 
  Aplexa   X  X  X 
  Physa   X  X  X  X  X 

   Planorbidae  X  X  X  X  X 
  Armiger   X  X  X 
  Gyraulus   X  X  X  X  X 
  Helisoma   X  X  X  X  X 
  Menetus   X  X  X  X 
  Planorbella   X  X  X  X  X 
  Planorbula   X  X  X  X  X 
  Promenetus   X  X  X  X  X 

    Heterostropha   X  X  X  X  X 
   Valvatidae   Valvata   X  X  X  X  X 
    Mesogastropoda   X  X  X  X 
   Pomatiopsidae   Pomatiopsis   X  X  X  X 
    Neotaenioglossa  
   Bithyniidae  X  X  X  X  X 

  Bithynia tentaculata   X  X  X  X  X 

(continued)
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   Phylum   

 Class 

   Order  

  Family  Subfamily, tribe,  genus ,  species   LE  LH  LM  LO  LS 

   Hydrobiidae  X  X  X  X  X 
  Amnicola   X  X  X  X  X 

   Pleuroceridae  X  X  X  X  X 
  Elimia   X  X 
  Goniobasis   X  X  X 
  Pleurocera   X  X  X  X  X 

    Stylommatophora   X  X  X  X  X 
   Succineidae   Succinea   X  X  X  X  X 
  Arthropoda  
 Arachnida  X  X  X  X  X 
 Acari c   X  X  X  X  X 
 Malacostraca  X  X  X  X  X 
    Decapoda   X  X  X  X  X 
   Cambaridae  X  X  X  X  X 

  Cambarus   X  X  X  X 
  Orconectes   X  X  X  X  X 

   Palaemonidae   Palaemonetes   X  X  X  X  X 
    Amphipoda   X  X  X  X  X 
   Crangonyctidae   Crangonyx   X  X  X  X  X 
   Gammaridae  X  X  X  X  X 

  Echinogammarus   X  X  X  X  X 
  Gammarus   X  X  X  X  X 

   Dogielinotidae   Hyalella azteca   X  X  X  X  X 
    Isopoda   X  X  X  X  X 
   Asellidae  X  X  X  X  X 

  Caecidotea   X  X  X  X  X 
  Lirceus   X  X  X  X  X 

 Entognatha  X  X  X  X  X 
    Collembola   X  X  X  X  X 
   Isotomidae  X  X  X 
   Poduridae   Podura   X  X 
 Insecta  X  X  X  X  X 
    Ephemeroptera   X  X  X  X  X 
   Ameletidae   Ameletus   X 
   Baetidae  X  X  X  X  X 

  Acentrella   X 
  Acerpenna   X 
  Baetis   X  X  X 
  Callibaetis   X  X  X  X  X 
  Centroptilum   X  X  X  X  X 
  Cloeon   X  X  X  X  X 
  Procloeon   X  X  X  X 
  Pseudocloeon   X  X 

(continued)
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   Phylum   

 Class 

   Order  

  Family  Subfamily, tribe,  genus ,  species   LE  LH  LM  LO  LS 

   Baetiscidae   Baetisca   X  X  X 
   Caenidae  X  X  X  X  X 

  Brachycerus   X  X  X  X  X 
  Caenis   X  X  X  X  X 

   Ephemerellidae  X  X  X  X  X 
  Attenella   X 
  Drunella   X 
  Eurylophella   X  X  X  X 
  Serratella   X 
  Timpanoga   X 

   Ephemeridae  X  X  X  X  X 
  Ephemera   X  X  X  X  X 
  Hexagenia   X  X  X  X  X 

   Heptageniidae  X  X  X  X  X 
  Macdunnoa   X 
  Stenacron   X  X 
  Stenonema   X  X  X  X 

   Isonychiidae   Isonychia   X 
   Leptohyphidae   Tricorythodes   X  X  X 
   Leptophlebiidae  X  X 

  Choroterpes   X 
  Leptophlebia   X 

   Metretopodidae   Siphloplecton   X 
   Neoephemeridae   Neoephemera   X 
   Tricorythidae  X 
    Odonata   X  X  X  X  X 
   Anisoptera d   X  X  X  X  X 
   Aeshnidae  X  X  X  X  X 

  Aeshna   X  X  X  X  X 
  Anax   X  X  X  X  X 
  Basiaeschna   X  X  X 
  Boyeria   X  X  X  X 

   Corduliidae  X  X  X  X  X 
  Cordulia   X  X  X  X 
  Dorocordulia   X  X  X  X 
  Epitheca   X  X  X  X  X 
  Neurocordulia   X  X  X 
  Somatochlora   X  X  X  X 

(continued)
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   Phylum   

 Class 

   Order  

  Family  Subfamily, tribe,  genus ,  species   LE  LH  LM  LO  LS 

   Gomphidae  X  X  X  X  X 
  Arigomphus   X  X 
  Dromogomphus   X 
  Gomphus   X  X  X  X 
  Hagenius   X  X 
  Stylurus   X 

   Libellulidae  X  X  X  X  X 
  Celithemis   X  X  X 
  Erythemis   X  X  X  X  X 
  Ladona   X  X 
  Leucorrhinia   X  X  X  X  X 
  Libellula   X  X  X  X  X 
  Miathyria   X  X 
  Pantala   X  X  X 
  Perithemis   X  X 
  Plathemis   X  X  X 
  Tramea   X  X  X  X  X 

   Macromiidae  X  X  X  X 
  Macromia   X  X 
  Didymops   X  X  X 

   Zygoptera d   X  X  X  X  X 
   Calopterygidae   Calopteryx   X 
   Coenagrionidae  X  X  X  X  X 

  Amphiagrion   X 
  Argia   X  X 
  Chromagrion   X  X  X 
  Coenagrion   X  X  X 
  Enallagma   X  X  X  X  X 
  Ischnura   X  X  X  X  X 
  Nehalennia   X  X  X  X 

   Lestidae   Lestes   X  X  X  X  X 
    Plecoptera   X  X  X 
   Chloroperlidae  X 
   Perlidae  X  X 

  Neoperla   X 
  Perlesta   X 

    Hemiptera   X  X  X  X  X 
   Belostomatidae  X  X  X  X  X 

  Belostoma   X  X  X  X  X 
  Lethocerus   X  X 

(continued)
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   Order  

  Family  Subfamily, tribe,  genus ,  species   LE  LH  LM  LO  LS 

   Corixidae  X  X  X  X  X 
  Callicorixa   X  X  X  X 
  Corisella   X  X  X  X 
  Dasycorixa   X 
  Hesperocorixa   X  X  X  X  X 
  Neocorixa   X  X  X 
  Palmacorixa   X  X  X  X  X 
  Sigara   X  X  X  X  X 
  Trichocorixa   X  X  X  X  X 

   Gerridae  X  X  X  X  X 
  Aquarius   X  X  X 
  Gerris   X  X  X  X  X 
  Limnoporus   X  X  X  X  X 
  Metrobates   X  X  X 
  Rheumatobates   X  X  X  X 
  Trepobates   X  X  X  X  X 

   Hebridae  X  X  X  X  X 
  Hebrus   X  X  X  X  X 
  Lipogomphus   X  X  X  X 
  Merragata   X  X  X  X  X 

   Hydrometridae   Hydrometra   X  X  X  X  X 
   Macroveliidae  X  X 

  Macrovelia   X  X 
   Mesoveliidae   Mesovelia   X  X  X  X  X 
   Naucoridae   Pelocoris   X  X  X  X 
   Nepidae   Ranatra   X  X  X  X  X 
   Notonectidae  X  X  X  X  X 

  Buenoa   X  X  X  X  X 
  Notonecta   X  X  X  X  X 

   Pleidae   Neoplea   X  X  X  X  X 
   Veliidae  X  X  X  X  X 

  Microvelia   X  X  X  X  X 
  Steinovelia   X 

   Saldidae   Pentacora   X 
  Rupisalda   X 

    Coleoptera   X  X  X  X  X 
   Anthicidae  X  X 
   Chrysomelidae  X  X  X  X  X 

 Donaciinae  X 
   Curculionidae  X  X  X  X  X 

  Bagous   X  X 
  Lixellus   X 
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   Order  

  Family  Subfamily, tribe,  genus ,  species   LE  LH  LM  LO  LS 

   Curculionoidea  X 
   Dytiscidae  X  X  X  X  X 

  Acilius   X  X  X  X 
  Agabetes   X  X  X 
  Agabus   X  X  X  X  X 
  Celina   X  X  X  X  X 
  Colymbetes   X 
  Copelatus   X  X  X  X 
  Coptotomus   X  X  X 
  Desmopachria   X  X  X  X  X 
  Dytiscus   X  X  X  X 
  Graphoderus   X 
  Hydaticus   X  X  X  X  X 
  Hydroporinae   X  X  X  X  X 
  Hydroporus   X  X  X  X  X 
  Hydrovatus   X  X  X  X  X 
  Hygrotus   X  X  X  X  X 
  Ilybius   X  X  X  X  X 
  Laccophilus   X  X  X  X  X 
  Liodessus   X  X  X  X  X 
  Matus   X  X  X  X 
  Nebrioporus   X 
  Neoporus   X  X  X  X 
  Neoscutopterus   X 
  Oreodytes   X  X 
  Rhantus   X  X 
  Sanfi lippodytes   X 
  Uvarus   X  X  X 

   Elmidae  X  X  X  X  X 
  Dubiraphia   X  X  X  X 
  Macronychus   X  X 
  Optioservus   X  X  X 
  Ordobrevia   X 
  Promoresia   X 
  Stenelmis   X  X  X 

   Georyssidae   Georyssus   X  X 
   Gyrinidae  X  X  X  X  X 

  Dineutus   X  X  X  X  X 
  Gyretes   X  X 
  Gyrinus   X  X  X  X  X 
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   Order  

  Family  Subfamily, tribe,  genus ,  species   LE  LH  LM  LO  LS 

   Haliplidae  X  X  X  X  X 
  Haliplus   X  X  X  X  X 
  Peltodytes   X  X  X  X  X 

   Helophoridae   Helophorus   X  X  X  X  X 
   Hydraenidae   Hydraena   X  X  X 
   Hydrochidae   Hydrochus   X  X  X  X 
   Hydrophilidae  X  X  X  X  X 

  Anacaena   X  X  X  X 
  Berosus   X  X  X  X  X 
  Crenitis   X  X  X  X 
  Cymbiodyta   X  X 
  Enochrus   X  X  X  X  X 
  Helochares   X 
  Helocombus   X  X 
  Hydrobius   X  X  X  X  X 
  Hydrochara   X  X 
  Hydrophilus   X  X  X 
  Laccobius   X  X  X  X 
  Paracymus   X  X  X  X  X 
  Sperchopsis   X 
 Sphaeridiinae  X  X  X 
  Tropisternus   X  X  X  X  X 

   Lampyridae  X  X  X  X 
   Noteridae   Hydrocanthus   X  X  X  X  X 
   Ptilodactylidae  X  X  X 

  Anchytarsus   X  X 
   Scirtidae  X  X  X  X  X 

  Cyphon   X  X 
  Elodes   X 
  Prionocyphon   X  X 
  Sarabandus   X 
  Scirtes   X  X 

   Staphylinidae  X  X  X  X 
   Staphylinoidea c   X  X 
    Neuroptera   X  X  X  X  X 
   Sisyridae  X 
   Corydalidae  X  X  X  X 

  Chauliodes   X  X  X  X 
  Nigronia   X 

   Sialidae   Sialis   X  X  X  X  X 
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   Order  

  Family  Subfamily, tribe,  genus ,  species   LE  LH  LM  LO  LS 

    Trichoptera   X  X  X  X  X 
   Apataniidae   Apatania   X 
   Brachycentridae   Brachycentrus   X  X 
   Dipseudopsidae   Phylocentropus   X  X  X 
   Helicopsychidae   Helicopsyche   X  X  X  X  X 
   Hydropsychidae   Arctopsychinae   X 
   Hydroptilidae  X  X  X  X  X 

  Agraylea   X  X  X  X  X 
  Hydroptila   X  X  X  X  X 
  Neotrichia   X 
  Ochrotrichia   X  X  X  X 
  Orthotrichia   X  X  X  X  X 
  Oxyethira   X  X  X  X  X 

   Lepidostomatidae   Lepidostoma   X  X 
   Leptoceridae  X  X  X  X  X 

  Ceraclea   X  X  X  X  X 
  Leptocerus   X  X  X  X  X 
  Mystacides   X  X  X  X  X 
  Nectopsyche   X  X  X  X  X 
  Oecetis   X  X  X  X  X 
  Setodes   X  X 
  Triaenodes   X  X  X  X  X 
  Ylodes   X  X 

   Limnephilidae  X  X  X  X  X 
  Glyphopsyche   X  X 
  Limnephilus   X  X  X  X 
  Nemotaulius   X 
  Onocosmoecus   X 
  Psychoglypha   X 

   Molannidae  X  X  X 
  Molanna   X  X  X 

   Phryganeidae  X  X  X  X 
  Agrypnia   X 
  Banksiola   X  X 
  Fabria   X  X 
  Phryganea   X  X  X  X 

   Polycentropodidae  X  X  X  X  X 
  Cernotina   X  X  X  X 
  Neureclipsis   X  X  X  X 
  Nyctiophylax   X 
  Polycentropus   X  X  X  X 
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   Order  

  Family  Subfamily, tribe,  genus ,  species   LE  LH  LM  LO  LS 

    Lepidoptera   X  X  X  X  X 
   Crambidae  X  X  X  X  X 

  Acentria   X  X  X  X  X 
  Nymphuliella   X 
  Nymphulini   X 
  Petrophila   X 
  Synclita   X  X  X 

   Noctuidae  X  X  X 
  Bellura   X  X 

   Pyralidae  X  X  X  X 
    Diptera   X  X  X  X  X 
   Athericidae   Atherix   X 
   Ceratopogonidae  X  X  X  X  X 

  Leptoconops   X 
  Alluaudomyia   X  X  X 
  Atrichopogon   X  X  X  X 
  Bezzia   X  X  X  X  X 
  Ceratopogon   X  X  X  X 
  Culicoides   X  X  X  X  X 
  Dasyhelea   X  X 
  Mallochohelea   X 
  Palpomyia   X 
  Probezzia   X  X  X  X  X 
  Serromyia   X  X  X 
  Sphaeromias   X  X  X 
  Stilobezzia   X  X 

   Chaoboridae  X  X  X  X 
  Chaoborus   X 
  Eucorethra   X 

   Chironomidae  X  X  X  X  X 
 Chironominae  X  X  X  X  X 
 Chironomini  X  X  X  X  X 
 Tanytarsini  X  X  X  X  X 
 Pseudochironomini  X  X  X  X  X 
 Orthocladiinae  X  X  X  X  X 
 Podonominae  X  X  X  X  X 
 Prodiamesinae  X 
 Tanypodinae  X  X  X  X  X 
 Coelotanypodini  X 
 Pentaneurini  X  X 
 Tanypodini  X 
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   Order  

  Family  Subfamily, tribe,  genus ,  species   LE  LH  LM  LO  LS 

   Culicidae  X  X  X  X  X 
  Aedes/Ochlerotatus   X 
  Anopheles   X  X  X  X  X 
  Culex   X  X  X 

   Dixidae  X  X 
  Dixella   X  X  X  X 

   Dolichopodidae  X  X  X 
   Empididae  X  X  X  X  X 

  Hemerodromia   X  X  X 
   Ephydridae  X  X  X  X  X 

  Ephydra   X 
   Phoridae  X 
   Psychodidae  X  X  X 

  Maruina   X 
  Pericoma   X 

   Ptychopteridae  X  X  X 
  Bittacomorpha   X 
  Ptychoptera   X  X 

   Sarcophagidae  X 
   Sciomyzidae  X  X  X  X  X 
   Stratiomyidae  X  X  X  X  X 

  Caloparyphus   X 
  Myxosargus   X 
  Odontomyia   X  X  X 
  Hedriodiscus   X  X  X  X  X 
  Stratiomys   X  X 

   Tabanidae  X  X  X  X  X 
  Chrysops   X  X  X  X  X 
  Tabanus   X 

   Tipulidae  X  X  X  X  X 
  Antocha   X  X 
  Dicranota   X 
  Erioptera   X 
  Helius   X  X  X  X 
  Hexatoma   X 
  Limnophila   X 
  Pilaria   X 
  Prionocera   X 
  Tipula   X  X  X 
  Ormosia   X  X  X 

   a Subphylum 
  b Infraclass 
  c Subclass 
  d Suborder 
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    Chapter 10   
 Invertebrates of the Florida Everglades                     

       Joel     C.     Trexler      and     William     F.     Loftus   

            Introduction 

 The Everglades is a large karstic wetland located at the southern tip of the Florida, 
USA, peninsula between the subtropical Western Atlantic and the Gulf of Mexico. 
Lying within the subtropics, between 25.3°N and 26.7°N, the Everglades experi-
ences mild winters (the average temperature of all months exceeds 17.8 °C) because 
of the strong infl uence of the northerly fl ow of the Florida Current (Gulf Stream) to 
the east. However,  winter temperatures   in the interior Everglades are not moderated 
by the Florida Current and may experience occasional freezes with important effects 
on the biota, particularly those species derived from the tropics (Duever et al.  1994 ; 
Matich and Heithaus  2012 ; Boucek and Rehage  2014 ). The  ecosystem experiences   
a seasonal rainfall regime, similar to other tropical/subtropical wetlands that drive 
annual hydrological cycles, with marked inter-annual variation in the magnitude of 
marsh drying (Duever et al.  1994 ). More than 75 % of the annual rainfall of 152 cm 
is delivered between May and October, the wet season in south Florida, with marked 
inter-annual variation in the annual deposition resulting from regional climatic 
drivers (Gaiser et al.  2012 ). 

 Peat dating has revealed that the ecosystem is relatively young (approximately 
5000 years in its current wetland form). The karstic geology and surfi cial aquifer 
yield relatively hard water with high dissolved calcium carbonate (Gleason and 
Stone  1994 ), which binds phosphorus and renders the system naturally oligotrophic 
(McCormick et al.  2002 ). 

 The Everglades is recognized widely as a  globally iconic ecosystem   worthy of 
conservation, but that has been threatened by drainage, encroaching development, 
compartmentalization, and nutrient enrichment. It has been designated a World 
Heritage Site, an International Biosphere Reserve, a Wetland of International 
Importance, and a specially protected area under the Cartagena Treaty and is the 
focus of a major state and US Federal restoration effort (NRC  2006 ). Two obser-
vations about the Everglades illustrate the role that aquatic invertebrates play in 
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its  ecology and conservation  . The Everglades historically supported large colo-
nies of  nesting wading birds   (>100,000 pairs/year, among the largest pelicaniform 
and ciconiiform aggregations recorded) that took advantage of the dry-season 
concentration of their prey, small fi shes and crustaceans, to support their repro-
ductive exuberance (Ogden  1994 ; Frederick and Ogden  2001 ; Ogden et al.  2005 ). 
How did an  oligotrophic ecosystem   support seasonally high abundances of apex 
predators? The Everglades stands out when compared to other  aquatic ecosystems   
in the presence of massive accumulations of primary production in the form of 
periphyton mats while sustaining low density and biomass of aquatic consumers 
and, notably, herbivores (Turner et al.  1999 ; Trexler et al.  2015 ). Aquatic snails, 
commonly a key grazer in freshwater ecosystems, are present at extremely low 
densities and biomass when compared to other aquatic systems worldwide, though 
the regional species pool is not depauperate (Ruehl and Trexler  2011 ). Why does 
so much primary production accumulate in the presence of a  robust aquatic-con-
sumer community  ? In this chapter, we will explore the role of  macroinvertebrates   
in the Everglades food web and use that information to answer these questions. 
The answers illuminate essential ecological processes that are at risk from water 
extraction and nutrient enrichment and which are focal goals for a massive resto-
ration program aimed to conserve the unique character of the Everglades (Turner 
et al.  1999 ; Gaiser et al.  2012 ).  

    The Ecosystem and Its Habitats 

    Hydrology and Nutrients 

 The Everglades is the downstream portion of a watershed that extends south of 
Orlando, Florida to the marine habitats of Florida Bay and the Gulf of  Mexico  . It 
has an area of 28,205 km 2  and extends for 449 km north to south and 100 km east 
to west (Light and Dineen  1994 ). Prior to the onset of drainage in the late 1800s, 
the Greater Everglades habitat south of Lake Okeechobee covered an area of 
15,000 km 2  (Gaiser et al.  2012 ), but this has been reduced to the  Everglades 
Agricultural Area   (EAA: 3059 km 2 ), fi ve water conservation areas (WCAs: 
3554 km 2 ), and Everglades National Park ( ENP     : 4363 km 2 ) (Light and Dineen 
 1994 ; Fig.  10.1 ).    Because the EAA has been drained for  agricultural production  , 
only 47 % (7917 km 2 ) of the historical ecosystem remains as wetlands. Shallow 
freshwaters in the historical Everglades fl owed south from the margins of Lake 
Okeechobee in a process called sheet fl ow, with wet-season current speeds 
believed to have been higher than the contemporary averages of 0.3–1.4 cm s −1  
(Larsen et al.  2011 ).  Channelization and drainage   have greatly diminished the 
broad, fl owing water courses, accompanied by loss of topographic patterning 
called ridge and  slough   (Fig.  10.2 ; McVoy et al.  2011 ). Sloughs are, on average, 
20 cm lower than adjacent sawgrass-dominated (  Cladium jamaicense   ) ridges and 
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hold water longer in the dry season. Current velocities of at least 2 cm s −1  are typi-
cally cited as necessary to suspend and redistribute the fl occulent organic layer of 
detritus that accumulates routinely from bladderwort, periphyton, and vascular 
plants that are characteristics of Everglades sloughs (Larsen et al.  2011 ). It has 
been proposed that water fl ows of this speed or higher are necessary to maintain 
the historical organization of the landscape (Larsen et al.  2011 ; but see Kaplan 
et al.  2012 ). The linear (anisotropic)  patterning   of the landscape parallel to water 
fl ow is critical in forming isolated pools of water during dry-season water reces-
sion that form early (December) on the system edges and appear progressively 
later (March–May) toward the center (deeper) areas of the ecosystem. This 
sequence is critical in providing high-quality foraging patches for wading birds 
raising chicks between January and May (Gawlik  2002 ).

     Water-depth variation and hydrological patterns   are primary drivers of the ecol-
ogy of the Everglades in general and the lives of aquatic invertebrates in particular. 
 Hydroperiod   is defi ned as the number of days in a year that a site has a water depth 
exceeding 5 cm, a cutoff selected because of the ubiquitous loose layer of organic 
fl occulent material (fl oc) that covers the bottom (Trexler et al.  2005 ). At 5 cm, a 
fl oc-fi lled space remains in the water column, causing fi shes and some common 
macroinvertebrates to expire, presumably from anoxia. Much of the Everglades 
does not dry annually, but all of the system does dry for short periods of time in rela-
tively dry years. Thus, hydroperiod may be a poor descriptor of hydrological impacts 
on aquatic ecology. Sites that dry for several days every 2 years (on average) are 
ecologically quite different from sites that dry for similar lengths of time, but only 
every 6 or 7 years, though the hydroperiod averaged over multiple years, say 10, 
would be similar. Everglades sites that dry annually are in a perpetual state of recov-
ery from the event, while sites that dry less frequently may not be, depending on the 
time required to complete the successional process and the time passed since the 
most recent drought. Thus, Everglades wetlands are often better characterized by 
the number of days that have passed since a site last re-fl ooded (days since dry, 
DSD). This parameter is correlated with  hydroperiod,   but also captures time lags 
inherent in post-drought succession (Trexler et al.  2005 ). Because seasonal hydro-
logical variation is a key driver of ecology in southern Florida, many workers char-
acterize years by “water year” from the beginning of the wet season (typically 
considered to be May) to the end of the dry season (typically considered the follow-
ing April). The transition from wet to dry season typically begins in November, and 
surface water at the edges of the ecosystem begins to diminish notably by December 
(“typically” is repeated several times here because marked inter-annual variation is 
an important element). 

 Everglades waters are generally described as oligotrophic with low level of  total 
phosphorus (TP)  , the limiting element for plant growth. Median TP concentration in 
surface water throughout the Everglades ranges from 4 to 10 ppb, though much 
higher values routinely occur in some areas (McCormick et al.  2002 ). Drought con-
ditions can lead to local elevations of about 10 ppb. High values are most common 
at the infl ow points of water coming from the canal system, which receives runoff 
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  Fig. 10.1    The  Greater Everglades ecosystem   is located on the southern tip of the Florida penin-
sula, USA. Shark River Slough and Taylor Slough are bordered by short-hydroperiod marl prairie 
habitats and delineated on this map for clarity. Unlike other features on this map, they are not 
encircled by artifi cial barriers such as canals or levees. Water fl ows from Lake Okeechobee on the 
northern extremity of the map (see Florida  inset ) to the south through WCAs and by the canal 
system to ENP.  EAA  Everglades Agricultural Area,  WCA-1 (LNWR)  Water Conservation Area 1 
(Loxahatchee National Wildlife Refuge),  ENP  Everglades National Park       
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from agricultural areas. Water-column TP often drops sharply with distance from a 
canal. Rapid uptake and accumulation of allochthonous TP by bacteria and algae 
lead to loading that can result in eutrophic conditions (McCormick and O’Dell 
 1996 ; Gaiser et al.  2005 ). The  water   is also hard, with high levels of calcium carbon-
ate because of the limestone foundation of the Florida peninsula.  Phosphorus binds   
with calcium carbonate, making it biologically unavailable and rendering the eco-
system naturally oligotrophic. The concentration of TP may increase by  natural and 
anthropogenic mechanisms  . Natural mechanisms such as accumulation of animal 
waste beneath wading-bird rookeries or in alligator ponds lead to local patches of 
enriched conditions, while agricultural runoff has eutrophied large expanses of the 
ecosystem, notably in northern WCA 2A and much of the perimeter of WCA 1 
(LNWR) (Fig.  10.1 ). Everglades  periphyton   mats are unusual because in the pres-
ence of excess P, the factor limiting their growth at low to moderate concentrations, 

  Fig. 10.2    A slice of  ridge-and-slough relief   from the Shark River Slough, ENP, illustrates land-
scape characteristic of the Everglades. The long axis of this slice (compass direction N) is approxi-
mately 10 o  to the west or perpendicular to the direction of water fl ow and captures a short- to 
long-hydroperiod gradient (west to east). Sawgrass-dominated ridges are modestly higher in eleva-
tion than the surrounding sparse sawgrass and spikerush-dominated ( Eleocharis  spp.) sloughs. 
Point A is located at 25° 38′ 0.79″N, 80° 41′ 40.55W and point B is located at 25° 39′ 30.87″N, 
80° 43′ 42.18″W       
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they disassociate (McCormick and O’Dell  1996 ; Gaiser et al.  2005 ). Thus,  eutro-
phied areas   of the Everglades generally lack periphyton mats characteristic of areas 
unaffected by nutrient enrichment.  

    Habitats 

 Gunderson and Loftus ( 1993 ) identifi ed four habitats in the Everglades ordered by 
hydroperiod and depth: ponds, sloughs, graminoid wetlands, and  forested   wet-
lands (Table  10.1 ).  Canals      are an additional habitat added over the past 100 years, 
with important implications for aquatic animal life (Loftus and Kushlan  1987 ; 
Rehage and Trexler  2006 ; Harvey et al.  2010 ). Only canals can be considered 
permanently fl ooded habitats in this ecosystem because the limestone basement 
rock limits the depth of alligator-maintained ponds and sloughs to be shallower 
than the minimum hydrological stage experienced on a decadal scale in all but the 
most impounded region (southeast WCA 3A; Fig.  10.1 ). These habitats may be 
ranked by the diversity of structure in the water column. Canals and ponds typi-
cally include areas of open water lacking vegetation; sloughs may have areas of 
relatively open water, but generally have stems of emergent plants, some sub-
merged aquatic vegetation (SAV), and some periphyton mats; while graminoid 
wetlands typically have extensive emergent plants, SAV, and luxuriant mats of 
 periphyton  .

   Most of the ecological studies of Everglades invertebrates have been conducted 
in slough and wet prairie habitats, with a small amount of work on  sawgrass- 
dominated ridges  . There is vertical structure in these habitats that creates a variety 
of microhabitats for distinct invertebrate  communities   (Fig.  10.3 ).  Algal production   
in the Everglades is quite high and may be present as benthic, epipelagic, and 
epipelic mats covering all surfaces (Gottlieb et al.  2015 ). Those mats may be quite 
thick (up to 8 cm) and structured within. The external layers are largely dead algal 
material, with cyanobacteria dominating the inner living areas. Diatoms, desmids, 
and green algae, along with heterotrophic bacteria and fungi, make up the interior 
structure of these mats (Donar et al.  2004 ).  Cyanobacteria      that secrete a mucilagi-
nous matrix of extracellular polymeric substances (Thomas et al.  2006 ; Stewart 
et al.  2013 ) are responsible for holding together the mats to form coherent habitats 
for periphyton infauna. Extracellular polymeric substance is high in protein and 
polysaccharides (Stewart et al.  2013 ) and may be a relatively rich food source for 
 heterotrophs  . This creates a complex habitat structure, particularly when combined 
with the diversity of emergent and submerged vascular plants present in much of the 
ecosystem.

   The formation of  complex periphyton mats   is common in shallow systems 
where microbes grow attached to substrates because of access to nutrients. It is 
believed that the more closely related the algal cells are to heterotrophic bacterial 
ones, the better access they have to enzymes that break organic-bound nutrients, 
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resulting in increased effi ciency of exchange. This requires the microbes to cope 
with  plant allelopathic chemicals   and sometimes a reduced  light environment   
(Wetzel  1983 ). Thus,  phytoplankton   are relatively uncommon in wetlands uncon-
nected to lakes (Goldsborough and Robinson  1996 ), so it may not be surprising 
that waters in the Everglades have high clarity and virtually no phytoplankton. 
This is partly a result of frequent drying—phytoplanktonic species rarely have 
adaptations found in benthic species to survive desiccation, so they  have   trouble 
establishing in benthic environments (Evelyn Gaiser, personal comm). Most wet-
land phytoplankton are thought to be benthic species that have become suspended 
by wind (Goldsborough and Robinson  1996 ).  Periphyton coverage   in the 
Everglades varies seasonally.  Floating- mat cover and biomass   are lowest in 
February through April but increase by as much as 30 % and 110 %, respectively, 
by October (Liston and Trexler  2005 ). The mats are a critical habitat feature that 
distinguishes the ecology of the Everglades from other large wetlands in North 
America (Turner et al.  1999 ), rendering them more similar to other karstic wet-
lands throughout the Caribbean (La Hée and Gaiser  2012 ). 

 There is a size-structured separation of  macroinvertebrate distribution   in a typi-
cal slough habitat of the Everglades. Smaller invertebrates use the periphyton and 
benthic fl oc as a refuge from larger predatory invertebrates and fi shes (Dorn et al. 
 2006 ; Chick et al.  2008 ; Trexler et al.  2015 ), while larger ones graze surfaces or 
patrol the outside of periphyton capturing prey that venture out. In the laboratory, 
physical disruption of the mat structure leads to increased consumption of edible 

   Table 10.1     Freshwater wetland   habitats of the Everglades (modifi ed from Gunderson and Loftus 
 1993 )   

 A. Canals 
 B. Ponds—open water lacking substantial submerged aquatic vegetation, e.g., Illinois pondweed 
( Potamogeton illinoensis ) 
 C. Sloughs—deeper area with slow moving water, e.g., white water lily ( Nymphaea ), 
spatterdock ( Nuphar ) 
 D. Graminoid wetlands 
   1. Sawgrass ( Cladium ) marshes; abundant periphyton mats, epiphyton, benthic periphyton 
    (a) Tall stature 
    (b) Intermediate stature 
   2. Wet prairies (peat); abundant periphyton mats, epiphyton, benthic periphyton 
    (a)  Eleocharis  spp.    marshes 
    (b)  Rhynchospora tracyi  fl ats 
   3. Wet prairies (marl); sparse emergent sawgrass, thick benthic periphyton 
 E. Forested wetlands 
   1. Bayhead swamp forest (tree island) 
   2. Pond apple ( Annona ) forests 
   3. Willow ( Salix ) heads 
   4.  Cypress   ( Taxodium ) forests 
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algae and invertebrates that live inside (Geddes and Trexler  2003 ; Trexler et al. 
 2015 ).  Floating-mat invertebrates   are dominated numerically by bladder snails 
(physids), amphipods, and biting midges (ceratopogonids) (Fig.  10.3 ; see  Appendix  
for taxa names).  Epiphytic algal mats   are dominated numerically by bladder snails, 
while benthic-fl oc communities are dominated by midge (chironomid) larvae and 
amphipods (Fig.  10.3 ); the density of invertebrates in the mats is substantially 
higher than in the fl oc (see next section). The water column is home to larger inver-
tebrates, numerically dominated by riverine grass shrimp (  Palaemonetes paludosus      ) 
and dragonfl y naiads (Fig.  10.3 ); crayfi shes ( Procambarus  spp.) are also abundant 
and dominate invertebrate biomass (not shown) because of the large size of adults. 
Zooplankton are relatively uncommon in the Everglades water column, particularly 
during daylight hours (see next section).  Zooplankton   emerging from the benthos at 
night are composed equitably of ostracods, copepods, fl atworms, and cladocerans 
(Loftus et al.  1990 ) (Fig.  10.3 ). 

  Fig. 10.3    Cross-section of slough habitat illustrating four  microhabitats  : ( A ) fl oating mat, ( B ) 
epiphytic mat encircling emergent plant stem, ( C ) epipelon (benthic organic fl oc), ( D ) water- 
column large macroinvertebrates, and ( E ) water-column zooplankton. Pie charts indicate the rela-
tive abundance of taxa in each habitat: ( 1 ) aquatic bladder snails, ( 2 ) cladocerans + copepods, ( 3 ) 
amphipods, ( 4 ) biting midge (ceratopogonid) larvae, ( 5 ) midge (chironomid) larvae; ( a ) dragonfl y 
naiads, ( b ) diving beetle larvae, ( c ) riverine grass shrimp, ( d ) creeping water bugs, ( e ) ramshorn 
snails, ( f ) crayfi sh, ( i ) fl atworms, ( ii ) cladocerans, ( iii ) copepods, ( iv ) ostracods, and ( v ) others       
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 In the dry season, as the water table drops, water fi rst drains from sawgrass- 
dominated ridges to the adjacent sloughs. This small topographic heterogeneity 
has important consequences at the sub-kilometer scale. For example, the recurrent 
draining leads to a narrow band of nutrient-enriched habitat at the ridge-slough 
margin that is typically home to elevated abundances of aquatic animals such as 
 riverine grass shrimp  . Also, several studies have found that ridges, with dense 
sawgrass, support elevated densities of crayfi sh ( P. fallax ) compared to the adja-
cent sloughs when water level is high enough to fl ood both habitats (Jelks et al. 
 1992 ; Hendrix  2000 ; Hagerthey et al.  2014 ). In the dry season, when water drops 
to expose the surface of ridges,  P. fallax  move to adjacent sloughs where their 
densities may increase dramatically (Jordan  1996 ; Cook et al.  2014 ). In an experi-
mental study,  crayfi sh   ( P. fallax ) left ridges as depths dropped below 20 cm, lead-
ing to a pulsed increase in their density in recipient sloughs (Cook et al.  2014 ). 
The short- hydroperiod dominant species,  P. alleni , have also been shown to dis-
perse upon refl ooding of marshes, but to burrow as water recedes (Acosta and 
Perry  2001 ). Habitat shifts and dispersal demonstrated  for   these crayfi sh have 
potential impacts on food availability and habitat use by foraging predators, 
including wading birds.   

    Sampling Invertebrates in Everglades Wetlands 

 Our understanding of aquatic macroinvertebrates is infl uenced in large part by the 
methods used to sample them and taxonomic resolution employed to group animals. 
The standard defi nition of  macroinvertebrates   is fauna retained on a 500 μ sieve 
(Hauer and Resh  2007 ); those passing through but retained on a 40 μ sieve are  meio-
fauna   (Palmer et al.  2007 ). However, aquatic ecologists commonly term all life 
stages of aquatic invertebrates with macro-sized adults as macroinvertebrates. In 
our review, we identifi ed no published Everglades studies that used the term 
meiofauna. 

 Most published research on the Everglades invertebrates is either systematic or 
ecological, conducted on the assemblage of invertebrates obtained by selected 
sampling devices. The researchers often failed to identify to species those taxa 
diffi cult to distinguish. Ecologists often argue that complete taxonomic resolution 
is unnecessary to document patterns of community structure and invertebrate pro-
duction relevant to understanding ecological processes. However, King and 
Richardson ( 2002 ,  2008a ) provided a compelling case of the benefi t of high-reso-
lution taxonomic identifi cation of  chironomid larvae   for use in biomonitoring in 
the Everglades. Larvae of the Chironomidae are notoriously diffi cult to identify to 
species, requiring mounting of individual specimens and specialized taxonomic 
knowledge. Because those larvae may be quite abundant, King and Richardson 
( 2002 ) recommended using a fi xed-count method to produce data on relative 
abundance of species. They demonstrate that some species of midge larvae in the 
Everglades display habitat specialization that makes them excellent indicators of 
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nutrient enrichment. Jacobsen ( 2008 ) developed a key to pupal exuviae of 
Everglades midges in an effort to simplify taxonomic identifi cation and poten-
tially speed sample processing. 

 The highly variable and often  dense submerged and emergent vegetation   of the 
Everglades creates a challenge for sampling and renders of little use some meth-
ods commonly used in other ecosystems. Turner and Trexler ( 1997 ) compared 
eight invertebrate samplers in vegetated habitats by employing them side by side 
in the Everglades and found that they differed in the number of individuals cap-
tured, the number of species captured, and the equitability of species abundances. 
The methods evaluated were an inverted-funnel trap, a D-frame sweep net, a 1-m 2  
throw trap, a stovepipe sampler, a Hester-Dendy artifi cial substrate, a minnow 
trap, a benthic corer, and a plankton net. Turner and Trexler ( 1997 ) recommended 
that complementary methods be used to gain a complete representation of the 
invertebrate assemblage, for example, the  funnel trap   to capture plankton emerg-
ing from the benthos, the D-frame sweep net to capture mat-associated fauna, and 
the 1-m 2  throw trap to capture larger species such as crayfi sh and grass shrimp. 
Though commonly used for  bioindicator analysis   in other parts of Florida, Turner 
and Trexler ( 1997 ) discouraged the use of Hester-Dendy artifi cial substrates in the 
Everglades, because they yielded small collections of animals, they produced a 
distinctive, non-typical assemblage of animals, and the hard surface had no anal-
ogy to indigenous habitats of the region. King and Richardson ( 2002 ) recom-
mended the use of a D-frame sweep net deployed in a method similar to Turner 
and Trexler ( 1997 ) and following State of  Florida and US Environmental 
Protection Agency guidelines  . The sweeps include brushing across the top of the 
substrate, followed by sweeping up to the surface with the goal of producing a 
representative sample of all microhabitats. Liston and Trexler ( 2005 ) pointed out 
that in many areas of the Everglades, this method is problematic because the 
extensive  periphyton   mats impede a smooth sweep and may overfi ll the net bag. 
The strong integrity of the mats precludes pulling up the net without dragging 
additional mat from the surrounding area, leading to an overrepresentation of that 
habitat and possible escape by large mobile macroinvertebrates. Liston and 
Trexler ( 2005 ) recommended sampling periphyton infauna by taking cores (6-cm 
diameter), which they sorted under magnifi cation to enumerate infauna retained 
on a 250-mm mesh sieve and with a maximum dimension of 1 mm. This excluded 
small midge larvae that could be characterized as  meiofauna  . The authors sug-
gested reporting data as density (number or mass/area sampled) and “crowding” 
(number or mass/g periphyton). Crowding accounts for the patchy nature of 
periphyton mats, even when sampled at the small scale of their cores, and repre-
sents the encounter rate of animals enumerated within the sample. Later work 
using this method counted all midges retained on the 205 μm mesh (Sargeant 
et al.  2011 ), which increased the number of animals counted, but did not change 
the spatial or temporal patterns revealed (unpublished data). Dense vegetation 
typical of areas receiving continuous nutrient enrichment cannot be properly sam-
pled by throw traps because the trap neither settles quickly nor seals effectively on 
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the marsh substrate (Jordan et al.  1997 ; Turner et al.  1999 ). Hagerthey et al. ( 2014 ) 
used a portable bottomless lift net to overcome this problem. 

 There has been limited study of  zooplankton   in the Everglades. Turner and 
Trexler ( 1997 ) used a conical plankton net to take water-column samples of 
plankton, but found a number of benthic taxa in the collections. They concluded 
that the vegetation in the water column made this method ineffective, leading to 
few animals collected and high inter-sample variation. The Everglades water col-
umn is generally very clear, further suggesting that few plankton are present there, 
at least during the day. Loftus et al. ( 1990 ) placed Brakke’s ( 1976 ) modifi ed 
Whiteside–Williams ( 1975 ) pattern samplers (multiple-funnel trap) on the sub-
strate surface to capture zooplankton as they emerged at night to swim into the 
water column. To enable more rapid processing of Everglades  carbonate-sediment 
samples  , Daraghy et al. ( 1988 ) developed a rapid acid-wash method to dissolve 
carbonate and expose the invertebrates. Bruno et al. ( 2003 ) and Bruno and Perry 
( 2004 ,  2005 ) studied groundwater copepods with a water suction pump to sample 
ground water by  fi ltering water   drawn from wells reaching into the limestone 
bedrock with a 40-μm mesh net.  

    Invertebrate Diversity, Habitat, and Control of Dynamics 

    Biodiversity 

 Knowledge of invertebrate communities in the Everglades has greatly increased 
since it was fi rst reviewed by Rader and Richardson ( 1992 ), Gunderson and Loftus 
( 1993 ), and Rader ( 1999 ). Rader ( 1999 ) reported that only seven studies were 
available that described invertebrate communities, and few of those were in the 
 peer- reviewed literature  . In a spring 2015 literature search, we found only 20 
papers focusing on the ecology of invertebrates in freshwater habitats of the 
Everglades. Additional papers tangentially provided information on invertebrates 
as prey of wading birds and snail kites and fi sh, or as contributing to biogeochemi-
cal cycles, particularly of  mercury     . A small number of book chapters, unpublished 
theses and dissertations, and technical reports provide yet more information. 
Little work has focused explicitly on diversity or natural history of aquatic inver-
tebrates living in the Everglades, particularly the diverse aquatic insects. The 
exception is exemplary work on midge larvae (family Chironomidae) for use as 
 bioindicators   (King and Richardson  2002 ,  2003 ). The diversity of copepods has 
also been given careful treatment, described below.  Crayfi shes and apple snails   
have received special attention by one or more researchers because of their impor-
tance as prey of apex predators (both) and because of the addition of potentially 
invasive species (snails). 

 Surveys of Everglades macroinvertebrate biodiversity are limited, but King 
and Richardson ( 2002 ) reported a total of 93 families, 181 genera, and 252 spe-
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cies from their work along a marked gradient of nutrient enrichment in the north-
ern Everglades (WCA 2A). Coleopterans, dipterans, gastropods, odonates, and 
oligochaetes were the most diverse of the major taxonomic groups.  Chironomidae   
was the most diverse family, represented by 30 and 51 genera and species, respec-
tively. Jacobsen (unpublished technical report) collected approximately 160 spe-
cies of midges (families Chironomidae and Ceratopogonidae) and 25 species in 
other dipteran families from ENP. He concluded that his work raised the estimated 
species richness of the Everglades macroinvertebrate community from 200–250 
(Rader  1994 ,  1999 ) to over 400 species (summarized in  Appendix ). Certain 
groups, particularly the  turbellarians and oligochaetes  , have been undersampled 
and understudied and will require a great deal of systematic and ecological work 
in the future. 

 Since Rader’s ( 1999 ) review, Hendrix and Loftus ( 2000 ) documented the 
presence of two species of epigean crayfi sh in the Everglades and Big Cypress, 
rather than the one reported in all prior work: Everglades crayfi sh  P. alleni  
(reported by Rader) and slough  crayfi sh    P. fallax . Hendrix ( 2003 ) noted that  P. 
fallax  ranges throughout Florida, motivating him to reanalyze historical sam-
ples from the Shark River Slough. The ecology of these two species is comple-
mentary, with  P. fallax  dominating sites that dry infrequently (at least two 
consecutive years without drying), while  P. alleni  dominate habitats that dry 
more frequently (Hendrix and Loftus  2000 ; Dorn and Trexler  2007 ). Ecological 
studies carried out without separating the two species tend to fi nd small effects 
of changing hydrology on crayfi sh biomass, which overlooks marked species 
turnover dynamics with possible management  implications   (Fig.  10.4 ). 
VanArman ( 2011 ) reviewed the prey and predators of the Everglades crayfi shes 
in the food web.

   Bruno and Perry ( 2004 ) and Bruno et al. ( 2001 ,  2005 ) surveyed zooplankton, 
particularly copepods, inhabiting surface and groundwaters of  Everglades National 
Park  . From  surface waters   they recorded a total of 65 taxa of free-living copepods: 
9 calanoids, 41 cyclopoids, and 15 harpacticoids ( Appendix ). Of these, four were 
newly recorded to the area. They also found 22 species of copepods pumped from 
groundwater wells, mainly surface-water species. 

  Cladoceran collections   from Everglades National Park were made by Conrow 
and Loftus during a study described in Loftus et al. ( 1990 ), but the data were never 
published. Identifi cation of specimens was confi rmed by David Frey of Indiana 
University. The samples revealed a diverse fauna of lentic-water Cladocera. A total 
of 24 genera and at least 42 species were identifi ed in the collections, and  chydorids   
were the most diverse family with 11 genera and 24 species. 

 The Everglades is home to a diverse anisopteran fauna ( Appendix ). Urgelles 
( 2010 ) identifi ed 16 species of dragonfl y naiads from Everglades wetlands with 
 hydroperiods   of at least 225 days. 

 In summary,  macroinvertebrate   biodiversity is not well characterized from 
the Everglades, particularly in highly diverse groups like the midges, but knowl-
edge has been increasing since the mid-1990s. There is little comparative analy-
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sis on invertebrate species richness in the Everglades, undoubtedly because 
identifi cation of specimens in many groups of aquatic invertebrates requires 
specialized skills that are not widely supported by academic or management 
organizations. If amphibians and freshwater fi sh, aquatic taxa better known than 
invertebrates, are considered, south Florida is species poor (Loftus and Kushlan 
 1987 ; Means and Simberloff  1987 ; Trexler  1995 ). This has been attributed to a 
 peninsula effect   resulting from limited dispersal for obligate freshwater species, 
the zoogeographical derivation of the aquatic fauna, and the relative youth and 
lack of diversity of southern Florida aquatic habitats. The  karstic wetland   yields 
water chemistry that is hard and alkaline (e.g., the region lacks softwater/black-
water habitats); taxa that require acidic and/or lotic waters may be excluded. 
Unlike native fi shes and amphibians, almost entirely derived from temperate 
North America, Everglades copepods, cladocerans, and midges have both tem-
perate and tropical affi nities. For most invertebrate groups, there has not been a 
similar state-wide systematic survey of biodiversity to permit a biogeographic 
analysis. More work is needed!  

  Fig. 10.4    ( a ) Spatial distribution of   Procambarus alleni  and  P. fallax    across the Greater Everglades 
ecosystem.  Circles  are shaded by the mean proportion of  P. fallax  at a site (i.e., black = 100 %  P. 
fallax  and 0 %  P. alleni ; white = 0 %  P. fallax  and 100 %  P. alleni ). Landscape sampling units are 
shaded according to hydroperiod, with longer-hydroperiod sites being  darker  and short- hydroperiod 
sites being  lighter . Data collected annually in October through December, 2005–2012 by throw 
trap with three samples from each of 145 sampling locations. ( b ) Average proportional abundance 
of  P. fallax  by hydroperiod of sites plotted in ( a ). Response curve was estimated by logistic 
regression       
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    Periphyton Infauna: Mats, Epiphyton, and Benthos 

 Floating and epiphytic periphyton mats, and benthic fl oc, are home to the bulk 
of small macroinvertebrates, midge larvae, amphipods, and similar-sized taxa 
that make up a major part of the diets of secondary consumers of the Everglades 
(Fig.  10.3 ). Crowding of the most common taxa increased 33–153 % from early 
to late wet season, and community differences between the two habitat types 
became more pronounced (Liston and Trexler  2005 ). Liston ( 2006 ) observed 
that differences in community structure between fl oating-mat periphyton and 
epipelon (benthic-fl oc)  microhabitats   were greater than any variation attribut-
able to gradients of hydroperiod, P availability, or other spatial factors at the ten 
sites she sampled from SRS and WCA3A. These studies revealed that fl oating 
mats held the highest crowding and density of infauna, followed by  epiphyton  , 
with substantially less in epipelon (mat held 6.7 times higher crowding than 
fl oc). There were also 1.6 times more taxa per sample in fl oating-mat samples 
than in fl oc, though when the cumulative number of specimens examined was 
accounted for, the asymptotic species richness was only 17 % higher in mat than 
fl oc (35 versus 30). 

 The drivers of  infaunal dynamics   appear to differ between fl oating-mat and 
epipelon habitats at the same site. Multivariate analyses indicated community 
structure of epipelon infauna was driven by hydroperiod, although crowding of 
individual taxa showed no consistent responses to hydroperiod or TP availability 
(Liston  2006 ). In contrast, community structure of periphyton mat infauna was 
driven by the interaction of TP availability and hydroperiod, while densities of 
mat infauna (no. m −2 ) were most infl uenced by hydroperiod (positive correla-
tions). Liston ( 2006 ) noted that crowding of mat infauna doubled with P avail-
ability in short-hydroperiod marshes, but was constant across the TP gradient in 
long-hydroperiod marshes. She hypothesized that community structure and den-
sity were not different among long-  hydroperiod  , constantly inundated sites 
because of the high density of small fi sh found at these sites. She hypothesized 
that increased abundance of fl oating- periphyton mat infauna with P availability at 
short-hydroperiod sites may result from a release from predation by small fi sh 
(Fig.  10.5 ).

   Several studies support the hypothesis that the dynamics of periphyton 
infauna are closely tied to the fate of the periphyton mat they inhabit. A  meta-
community analysis   demonstrated that crowding and composition of periphyton 
infauna are better described as being controlled by “species sorting” than “mass 
effects,” compared to larger invertebrates like crayfi sh, grass shrimp, dragonfl y 
naiads and creeping water bugs (Naucoridae,  Pelocoris femoratus ), and small 
fi shes (Sokol et al.  2014 ). The “species sorting”  model   suggests that dispersal 
limits local species composition and community-level responses to local envi-
ronmental conditions, compared to the “mass effects”  model   that posits species 
are so mobile that those best matched to the local environment colonize rapidly 
and saturate the local community (similar to the Baas-Becking hypothesis that 
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“everything is everywhere, but the environment selects”). Periphyton infaunal 
communities were modeled best by inclusion of both spatial proximity and local 
environmental measures, while larger mobile invertebrates were best modeled 
using just local environmental measures; spatial proximity had the least contri-
bution to explaining landscape patterns of  fi sh community metrics  . This result 
suggests that large invertebrates and fi shes are better able to sort themselves in 
the environment in response to their food availability, physical factors, and 
predators than are periphyton infauna. Because these large invertebrates and 
fi shes are predators of infaunal invertebrates, the hypothesis of top-down, den-
sity-dependent regulation of  infaunal invertebrates   (Fig.  10.5 ; Liston  2006 ) 
seems reasonable. 

 Sargeant et al. ( 2011 ) used a  structural equation modeling (SEM) approach      to 
evaluate competing hypotheses of all bottom-up and mixed bottom-up and top- 
down control of periphyton mat infauna at 28 sites from Shark River Slough, 
WCA 3A, WCA 2A, and WCA 1 (LNWR). The best model included both bottom-
up and top-down effects among trophic groups and supported top-down control of 
infauna by omnivores and predators that cascaded to periphyton biomass. The 
second-best model included bottom-up paths only. Total effects (estimated as the 
product of all direct and indirect effects) of days-since-dry were negative for all 

Fish density
Fish density

Local density of mat infauna

Crowding of mat infauna

Floating periphyton mat

Hydroperiod Productivity Productivity

(Long-hydroperiod marshes) (Short-hydroperiod marshes)Disturbance
limitation

Local density of mat infauna

Density of mat infauna

Crowding of mat infauna

Fish density

Crowding of mat infauna

Floating periphyton mat Floating periphyton mat

Conceptual Model

A B C

  Fig. 10.5    Conceptual model of hypothesized interactive effect of  hydroperiod and nutrient   addi-
tion on the density of periphyton infauna. ( a ) Fish density, periphyton map cover, and infauna 
density increase with increasing hydroperiod, but infauna crowding is constant because of density- 
dependent feedback within the mat. ( b ) Fish density increases with increasing primary productiv-
ity (TP) at long-hydroperiod sites, but periphyton cover peaks at an intermediate level. Infauna 
density is fl at with decreasing productivity because of the loss of mat cover but stimulation from 
better quality of food, though at lower abundance; crowding is unaffected because increased food 
quality is compensated by increased predation. ( c ) Fish density is limited by drying disturbance 
and does not increase with increasing TP at short-hydroperiod sites. This frees infauna from top- 
down control to increase crowding in the presence of better quality food, which increases their 
density in spite of loss of periphyton mat coverage (Redrawn from Liston ( 2006 ))       

 

10 Invertebrates of the Florida Everglades



336

three consumer groups in the study, even when both preferred models suggested 
positive direct effects for some groups.  Total effects   of periphyton TP were posi-
tive for consumers and generally larger than those of hydrological disturbance and 
were mediated by paths indicating changes in periphyton community composition 
and edibility. Finally, Abbey-Lee et al. ( 2013 ) used SEM to evaluate models 
explaining the isotopic niche of  Eastern Mosquitofi sh   (  Gambusia holbrooki   ), the 
most abundant intermediate consumer of the Everglades, that has been demon-
strated to consume midge larvae, amphipods, cladocerans, and other small macro-
invertebrates (Loftus  2000 ; Taylor et al.  2001 ; Chick et al.  2008 ). They reported 
stable isotope values (δ 15 N and δ 13 C) from samples of at least 17 individual 
Eastern Mosquitofi sh collected in the wet season of 2005 from each of the 21 sites 
located in the Shark River Slough, WCA 3A, WCA 3B, WCA 2A, and WCA 1 
(Loxahatchee National Wildlife Refuge). The data indicated that the mosquitofi sh 
isotopic niche decreased with increasing density of most types of periphyton 
infauna (direct effects)  and   increased as the density of conspecifi cs and potential 
competitors increased (indirect effects through periphyton infauna and periphyton 
edibility). These diet changes are  consistent  with food limitation of Eastern 
Mosquitofi sh (the local population became more specialized as food became more 
available and less specialized as intra- and interspecifi c competition increased), 
which could yield a density-dependent, top- down effect on the infauna they 
consume. 

 Experimental studies have also indicated the potential of predators to limit the 
abundance of periphyton infaunal invertebrates. Working in long-hydroperiod 
marshes of the Shark River Slough, Dorn et al. ( 2006 ) compared periphyton, 
invertebrates, and fi sh in 1-m 3  cages with 2.54-cm mesh on one side (exclosure 
cages) to similar cages with a side lacking mesh (control cages) to evaluate the 
effects of excluding large predators, mostly fi shes. After 2 weeks, the exclosure 
cages held higher densities of intermediate consumers, particularly grass shrimp, 
than the control cages, suggesting that greater predation risk in the controls caused 
avoidance. More importantly, small primary consumers (mostly small snails, 
amphipods, and midges) living in fl oating periphyton and the fl occulent benthos 
were less abundant in the exclosures, indicative of a  trophic cascade     . In a similar 
experiment also conducted in the Shark River Slough, Chick et al. ( 2008 ) noted a 
similar effect of exclosure cages on intermediate consumers, with increased den-
sity of dragonfl ies, crayfi sh, and grass shrimp inside. Periphyton infauna were not 
sampled, but inverted-funnel traps were placed in each cage on the last day of the 
experiment to document zooplankton emergence. Also, similar to the Dorn et al. 
( 2006 ) study, the treatments had no effect on algal composition or biomass of 
native periphyton mats placed in the cages, but exclosure cages had less epiphytic 
algae growing on plastic strips placed in the cages at the start of the study. There 
were minimal treatment effects on the zooplankton in the presence of elevated 
density of intermediate consumers, however. Thus, cascading effects on zoo-
plankton and fl oating-periphyton mats (algal composition and biomass) were 
small, which Chick et al. ( 2008 ) interpreted as support for the hypothesis that 
periphyton serves as a refuge for infauna. Finally, Liston et al. ( 2008 ) observed a 
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dose-dependent increase in periphyton and benthic infauna at low and intermedi-
ate TP addition to fi eld mesocosms. Total macroinvertebrate density in periphyton 
mats increased with intermediate P loads, driven primarily by  chironomids and 
nematodes  . However, infaunal crowding in benthic fl oc decreased with enrich-
ment, driven primarily by loss of chironomids and ceratopogonids ( Dasyhelea ). 
Thus, macroinvertebrate density increased with TP enrichment until the periphy-
ton mats were lost, after which density decreased markedly. Apparently, mat 
infauna failed to move into benthic substrates in response to mat loss. These 
results were noted at nutrient levels too low to yield anoxia and appeared to be 
linked to the loss of habitat and predation by intermediate consumers present in 
the mesocosms when the mat-refuge effect was lost. 

 The recent colonization of the Everglades by a variety of nonnative fi shes has 
been well documented, and their effects have begun to be studied (Kline et al.  2014 ). 
Several studies conducted in Everglades fi eld cages and in  mesocosms   have shown 
that introduced predatory fi shes, particularly the cichlids African Jewelfi sh 
(  Hemichromis letourneuxi   ) and Mayan Cichlid (  Cichlasoma urophthalmus   ), have 
the potential to affect densities and biomass of aquatic snails and riverine grass 
shrimp (Porter-Whitaker et al.  2012 ; Schofi eld et al.  2013 ).  

    Habitat and Size-Structured Predation 

 Invertebrates in the Everglades live within a dynamic food web affected by the  mor-
tality and stress   associated with periodic drought. Invertebrates are critical links 
between primary producers and those apex predators of great ecological, conserva-
tion, and economic importance. Furthermore, invertebrates are a key link between 
the effects of  anthropogenic nutrient enrichment and vertebrate species   because 
there are few strictly herbivorous aquatic vertebrates in the Everglades. For exam-
ple, only two species of the 33 common fi sh species are primarily herbivorous 
(Loftus and Kushlan  1987 ; Loftus  2000 ), while the vast majority of fi shes include 
invertebrates in their diet.  Microbial metabolism   of periphyton detritus is an impor-
tant route for energy fl ow in this ecosystem (Williams and Trexler  2006 ; Belicka 
et al.  2012 ); mat infaunal consumption of edible algae taxa, extracellular polymeric 
substances, and heterotrophic bacteria is likely to be a critical link to higher con-
sumers. Many Everglades aquatic invertebrates are predators of other invertebrates 
(Loftus  2000 ). Thus, all past reviews of the ecology of invertebrates in the Everglades 
have speculated about the importance of predation in controlling their dynamics 
(Rader  1999 ; King and Richardson  2008b ; Trexler et al.  2015 ). Liston ( 2006 ), Sokol 
et al. ( 2014 ), and Trexler et al. ( 2015 ) have separated discussion of the controls of 
 invertebrate communities   by habitats and size, between (1) taxa that live as periphy-
ton infauna (midge larvae, amphipods, etc.) and may experience a refuge from 
larger predators and (2) mostly larger invertebrate taxa that cling to the outside of 
the mats or inhabit the benthos, scavenging for small vulnerable vertebrates and 
unfortunate infaunal taxa exposed from their refuges. 
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 Dorn and Trexler ( 2007 ), Dorn ( 2008 ), and Gaiser et al. ( 2012 ) pointed out that 
abundance patterns of some Everglades invertebrates, notably  apple snails   (Darby 
et al.  2008 ),  ramshorn snails   (Ruehl  2010 ), and  crayfi sh   (Acosta and Perry  2002 ; 
Dorn and Trexler  2007 ), cannot be predicted solely by the time passed since a local 
site has dried, probably because of their ability to survive mild drying events by 
burrowing into the sediments and/or rapidly recolonize after droughts. In contrast, 
riverine grass shrimp, dragonfl y naiads, and creeping water bugs are abundant 
throughout the Everglades, but appear to suffer high mortality during drought 
events. Using observational data from high-nutrient wetlands, Dorn ( 2008 ) sug-
gested that the biomass of crayfi sh and large predaceous insects could be enhanced 
indirectly by drying that temporarily eliminated their  fi sh predators   (see also 
Kushlan  1976 ). Experimental work in low-nutrient constructed wetlands (similar to 
the Florida Everglades) supported the prediction that crayfi sh are sensitive to preda-
tory fi sh (Kellogg and Dorn  2012 ), but experiments investigating the interactive 
effects of predators along with other changes associated with drying are lacking. 
Knorp and Dorn ( 2014 ) found that predatory sunfi sh (Warmouth,  Lepomis gulosus ; 
Bluespotted Sunfi sh,   Enneacanthus gloriosus   ; and Dollar Sunfi sh,   Lepomis margin-
atus   ) decreased the density of  P. fallax  but not dragonfl y naiads in experimental 
wetlands.   Procambarus fallax    benefi ted by simulated marsh drying because it elim-
inated sunfi shes; dragonfl y naiad density also decreased. Juveniles of these sun-
fi shes consume macroinvertebrates, particularly odonates, midge larvae, and 
amphipods. Depending on the season, warmouths display some separation of diet 
from the other two species, consuming more crayfi sh and fi sh as they grow (Loftus 
 2000 ; Bransky and Dorn  2013 ).  Gape-size-matched diet   overlap of Warmouth with 
the other two sunfi shes was greatest during the wet season, when prey abundance 
was the greatest. In an 8-year experimental study at the landscape scale (500 km 2  of 
the Everglades), crayfi sh densities were positively correlated with the severity of 
drying (up to 99 days dry) during the preceding dry season (Dorn and Cook  2015 ). 
This contrasts with drying effects on small-bodied fi shes in the same wetlands, 
whose densities were seasonally depressed by drying disturbance.  

    Fire 

 Fire is an important component of the ecology of the Everglades, both historically 
and in the present (Ogden et al.  2005 ).  Lightning   is responsible for starting fi res, 
primarily in the spring and summer months when water depths may be low or even 
below ground surface. Many Everglades fi res spread in emergent plant stems over 
shallow standing water, but severe fi res on desiccated marshes that consume the 
peat substrate also occur.  Drainage   of the Everglades increased the frequency of 
these peat-consuming fi res during the twentieth century, with important effects on 
the topography, hydropatterns, and biogeochemistry in the aftermath (Gunderson 
and Snyder  1994 ; Lockwood et al.  2003 ; McVoy et al.  2011 ). There have been few 
studies of the effects of fi re on  aquatic invertebrates   (or aquatic animals in general) 

J.C. Trexler and W.F. Loftus



339

in the Everglades, though relevant impacts have been documented in other ecosys-
tems (e.g., Gresswell  1999 ; Beganyi and Batzer  2011 ). A 2015 literature search 
with key words “Everglades” and “fi re” returned 128 papers, but only one of those 
papers reports studies of the effects of fi re on aquatic macroinvertebrates (Venne 
and Frederick  2013 ). 

 The most immediate impacts of  fi re on   aquatic invertebrates are to remove plant 
cover, increase light penetration into the water column, decrease stem density and 
habitat structure in the water column, and release nutrients to stimulate primary 
production (Venne  2012 ; Venne and Frederick  2013 ). Some wading birds, notably 
 white ibis      (  Eudocimus albus   ), are known to include a high frequency of crayfi sh in 
their diets and have been observed to forage in and adjacent to wetland areas burn-
ing or recently burned (Epanchin et al.  2002 ). Focusing on wading bird prey, Venne 
and Frederick ( 2013 ) sampled in burned and unburned Everglades sites after con-
trolled burns, but noted few fi re-killed prey (minimum water depth in the burned 
areas was 10 cm). They also found no difference in the  density of fi shes   or macro-
invertebrates (grass shrimp, crayfi sh, belostomatids, dysticids, leeches, odonates, 
oligochaetes, and creeping water bugs) between burned and adjacent unburned 
habitats. When they manipulated fi re experimentally in plots with shading and 
vegetation- removal treatments, they also found no treatment effects on macroinver-
tebrates (Venne  2012 ). The fi re caused a short-lived pulse in nutrients (P) in the 
water column that was rapidly taken up by bacteria and periphyton in the area, such 
that it could not be distinguished from unburned control areas within a matter of 
days.   

    Conservation and Management Issues for Everglades 
Invertebrates 

 Beginning with efforts to regulate hydrology in the Everglades in the twentieth cen-
tury, phosphorus-laden runoff from agricultural areas has been added to the ecosys-
tem through a network of canals carrying water from Lake Okeechobee and the 
EAA (Davis  1994 ; Noe et al.  2001 ). This has led to  eutrophication      in several areas 
(notably northern WCA 2A, southern WCA 1 (LNWR), northern WCA 3A), 
accompanied by loss of native fl ora and expansion of  cattail   (  Typha domingensis   ) 
monocultures (Davis  1994 ). Cattail invasion is facilitated by drought and fi re, which 
occur more commonly in the modern Everglades that has been reduced in size and 
suffers from a lowered water table (Newman et al.  1998 ). Addition of  phosphorus   
leads to the loss of periphyton cover and increase in abundance of nutrient-tolerant 
macroinvertebrates (Rader and Richardson  1992 ; King and Richardson  2003 , 
 2008a ), changing the ecological character of the ecosystem from one typical of 
oligotrophic wetlands in the Caribbean basin (Turner et al.  1999 ). The dense cattails 
hamper foraging by wading birds (Crozier and Gawlik  2002 ) and generally dimin-
ish the ecological integrity of the affected areas (Sklar et al.  2005 ).  Ecological 
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damage   resulting from nutrient enrichment has led to lawsuits and massive invest-
ments in public works to remove phosphorus from waters destined for the Everglades. 
Solving environmental problems resulting from water extraction and nutrient 
enrichment is the primary goal of a major US Federal and State of Florida partner-
ship to restore the Everglades initiated in 2000 and called the Comprehensive 
Everglades Restoration Plan (CERP; Sklar et al.  2005 ; NRC  2006 ). 

 In this section, we will focus on four areas of environmental challenges for 
Everglades restoration and management that are relevant to  aquatic invertebrates  : 
phosphorus enrichment, nonnative species invasions, xenobiotics, and trophic 
dynamics. 

    Phosphorous Enrichment: The Subsidy-Stress Hypothesis 

 Anthropogenic nutrient runoff pushes Everglades aquatic communities into a 
resource state that is enriched beyond what is believed to have been historically 
present and is absent from areas not receiving enrichment today (Turner et al.  1999 ). 
King and Richardson ( 2007 ,  2008a ) used sweep-net sampling to document a uni-
modal pattern of invertebrate biomass along a spatial (distance from a canal) and 
phosphorus (TP in sediment) gradient in an area of the Everglades experiencing 
extreme P enrichment over a  multi-decadal timescale   (Fig.  10.1 , northern WCA 
2A). They interpreted these results in light of the subsidy-stress model fi rst pro-
posed by Odum et al. ( 1979 ; Fig.  10.6 ).    In this study, 8 of 12 major taxonomic 
groups (Amphipoda, Decapoda, Diptera, Ephemeroptera, Gastropoda, Hirudinea, 
Odonata, Oligochaeta) displayed a unimodal response, three (Coleoptera, 
Hemiptera, Isopoda) increased monotonically, and one (Trichoptera) decreased 
monotonically in response to TP. As is typical in the Everglades, periphyton cover 
was absent at high levels of TP enrichment, and the loss of  periphyton   is correlated 
with low invertebrate biomass. The unimodal pattern changed seasonally, however, 
and was absent early in the wet season following marsh fl ooding when periphyton 
is infrequent in all marshes (TP enriched and oligotrophic) because of winter senes-
cence. The authors suggested that nutrient enrichment created an interaction 
between increased quality and decreased quantity of periphyton, leading to the 
subsidy- stress patterns observed. An experimental TP-addition study conducted in 
WCA 2A supported the hypothesis that macroinvertebrates in the Everglades are 
resource limited (King and Richardson  2008b ), supporting the subsidy part of the 
subsidy-stress hypothesis. McCormick et al. ( 2004 ) also observed a decline in abun-
dance and change in species richness to favor nutrient-tolerant taxa at nutrient- 
enriched sites in WCA 2A. Liston et al. ( 2008 ) reported complementary observations 
in a mesocosm study from the southern Everglades (Taylor Slough); invertebrate 
density increased with low and intermediate addition of TP, but dropped markedly 
when experimental nutrient enrichment led to loss of the periphyton mat. It appeared 
that the loss of periphyton habitat caused the infauna to be vulnerable to predators, 
leading to their consumption or emigration.

J.C. Trexler and W.F. Loftus



341

   Hagerthey et al. ( 2014 ) experimentally removed  dense cattail and sawgrass    from 
areas experiencing nutrient enrichment to evaluate methods for managing these 
habitats to regain wading-bird foraging opportunities lost because of the dense habi-
tat cover (Crozier and Gawlik  2002 ). They found similar species composition in 
cleared areas and background unenriched sites, but higher density and biomass of 
macroinvertebrates in the enriched sites, notably  crayfi sh and grass shrimp  . Enriched 
sites with intact vegetation had fewer fi shes but more crayfi sh than cleared areas. 
Vegetation was so dense in the enriched area that fi shes were excluded for lack of 
space. 

 The King and Richardson ( 2007 ,  2008a ) subsidy-stress model for  macroinverte-
brates   is supported for nutrient enrichment as a stressor in the Everglades. The effect 
of TP enrichment initially subsidizes algal production and changes periphyton spe-
cies composition to include a higher frequency of edible taxa (green algae and dia-
toms). This increase in edibility stimulates invertebrate productivity (Sargeant et al. 
 2011 ; Trexler et al.  2015 ). Several studies suggest that this increased productivity is 
in excess of consumption, and algal mass and macroinvertebrate mass/density all 
increase with low to intermediate enrichment (King and Richardson  2008b ; Liston 

  Fig. 10.6    Conceptual diagram of  subsidy-stress model   redrawn and expanded from King and 
Richardson ( 2008a ). Two possible patterns are illustrated for TP enrichment, a unimodal subsidy- 
stress pattern as drawn in King and Richardson ( 2008a ,  solid line ) and an alternative suggested by 
Liston et al. ( 2008 ,  dashed line ). The Liston et al. ( 2008 ) relationship illustrates loss of the periph-
yton mat at a threshold TP concentration with consumption or emigration of all mat inhabitants.  A   
second relationship is illustrated for hydroperiod effects on macroinvertebrates. In this case a sub-
sidy is produced by lengthening hydroperiod until it becomes long enough to permit invasion by 
carnivorous fi shes that crop invertebrate production outside of refuge habitats such as periphyton 
mats. Note that Everglades marshes not receiving anthropogenic nutrient enrichment seldom pass 
the infl ection point of maximum subsidy because natural processes do not lead to marked elevation 
in cycling P. Exceptions exist in dry-season alligator ponds and under bird rookeries       
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et al.  2008 ; Trexler et al.  2015 ). A few studies provided contrary results, suggesting 
no response by  macroinvertebrates   depending on the substrate sampled (Turner 
et al.  1999 ; Liston  2006 ; Liston et al.  2008 ). Ruehl and Trexler ( 2015 ) used a recip-
rocal transplant of periphyton from enriched and unenriched sites to demonstrate 
that  ramshorn snails   (  Planorbella duryi   ) do not increase growth rate in areas with 
high predator density near a canal even when fed nutrient-enriched periphyton. The 
snails also laid fewer eggs when held in the high-predator area, regardless of the 
periphyton type provided. In mesocosm experiments, the same snail species 
increased shell thickness, a predator defense, and decreased growth rate in the pres-
ence of crayfi sh predators feeding on conspecifi cs (Ruehl and Trexler  2013 ). Thus, 
life history trade-offs may slow invertebrate-production responses to nutrient 
enrichment if predators are also benefi ted. 

 We may expect alternative shapes to the subsidy-stress pattern than proposed by 
King and Richardson ( 2007 ,  2008a ) depending on the organisms analyzed. Once TP 
loads became high, periphyton structural coherence was lost and the mats dissoci-
ated, exposing the infauna to consumption (Fig.  10.6 ). This could lead to a shift in 
production from infaunal taxa to consumers with other predator defenses. Thus, 
community-wide biomass may not display the threshold decline predicted for mat 
infauna when the mat disassociates.  Hydroperiod and marsh drying   is a second 
important driver in the Everglades. Drying events may lead to high mortality for 
species lacking adaptations to survive (Gaiser et al.  2012 ). However, the Everglades 
is home to several species that can survive moderate-length droughts and may be as 
abundant or even more abundant following droughts. Dorn and Cook ( 2015 ) illus-
trate that  P. fallax  benefi ts from drought because of predation release. This suggests 
a more shallow response to subsidy stress (Fig.  10.6 ) or a redefi nition of stress. 
However, because drought is very stressful for many taxa, it would be appropriate 
to be plotted on the  x -axis of Fig.  10.6  for a  community-wide analysis   (see Trexler 
et al.  2005 , Fig.  10.6 , for an example with fi shes). In this case, species turnover and 
replacement may buffer the community-wide response to the stressor.  

     Nonnative Species   

 The Everglades has been invaded by many plant and vertebrate animal species but 
few aquatic invertebrates. Several nonnative species of mollusks occur in the eco-
system, though only nonnative apple snails have raised conservation concerns. 
Canals are implicated in playing a role in the survival and dispersal of nonnative 
invertebrates in the Everglades system (Harvey et al.  2010 ). Two species of apple 
snails (Ampullariidae,  Pomacea  spp.) have been introduced to south Florida and 
now are found in the Everglades or nearby waters. Rawlings et al. ( 2007 ) deter-
mined that   Pomacea haustrum    were observed in the 1970s in Palm Beach County, 
Florida but have not spread appreciably in 30 years; however, a disjunct popula-
tion was identifi ed from the Big Cypress Swamp in the 1990s (Loftus, unpub-
lished data  fi de  T. Collins). In contrast,  P. insularum/maculata  was established in 
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Texas in the late 1980s and spread to Florida by the mid- to late 1990s, where it 
has continued to expand its range (note that Hayes et al. ( 2012 ) recently proposed 
to group several species of  Pomacea , including  P. insularum , under the name  P. 
maculata , currently the name that should be used for that introduced species). 
There is concern about the spread of  P. maculata  into the Everglades and its 
potential to affect adversely native  P. paludosa  or affect vascular plant density, 
benthic habitat structure, or water clarity as documented in other systems (Horgan 
et al.  2014 ). However, in at least one Florida lake, the highly productive  P. macu-
lata  may provide a valuable food source for the endangered Snail Kite (  Rostrhamus 
sociabilis   ; Cattau et al.  2010 ). Other nonnative gastropods  commonly   collected 
are  Marisa cornuarietis  and  Melanoides tuberculata  (described in Thompson 
 2004 ). The bivalve  Corbicula fl uminea  is found in canals of south Florida, but not 
in interior Everglades wetlands.  

    Mercury, Copper, and Zinc  Contamination   

 There are several xenobiotics that show elevated levels in parts of the Everglades 
with potential impacts on aquatic invertebrates or on predators that consume 
them. Copper, in particular, is known to be elevated in three areas that receive 
runoff from agricultural lands, and herbicide used on those lands is the likely 
source (Rand and Schuler  2009 ). Apple snails are sensitive to heavy metals, par-
ticularly copper and zinc (Hoang et al.  2009 ; Hoang and Tong  2015 ). Though it 
appears that  P. paludosa  can detoxify stored copper to some extent, it is also clear 
that exposure increases their mortality rates in experimental settings (Hoang and 
Rand  2009 ). 

 Mercury has been studied extensively in Everglades fi shes (Stober et al.  2001 ), 
and some data have been gathered for aquatic invertebrates (Cleckner et al.  1998 ; 
Loftus  2000 ). Tissue mercury concentrations in the animals surveyed were well 
predicted by trophic position estimated by analysis of stable isotopes (Loftus  2000 ). 
Thus, all snails tested yielded relatively low tissue concentrations, while  fi shing   
spiders, riverine grass shrimp, and some dragonfl y naiads had relatively high levels 
similar to some carnivorous fi shes such as   Gambusia holbrooki   .  

     Trophic Dynamics and Species   of Special Concern 

 The Everglades is home to a number of bird species with protected status that con-
sume macroinvertebrates as their prey. Food limitation appears to be a major driver 
for the decline of these birds from historical levels; therefore, production of their 
invertebrate prey is of concern for their management, conservation, and restoration. 
Snail Kites are specialists on apple snails, and their nest initiation rate is correlated 
with the availability of these snails as prey (Cattau et al.  2014 ). Monitoring of Snail 
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Kite prey and analysis of their habitat requirements are important facets of manag-
ing this federally endangered species (Martin et al.  2007 ). Crayfi shes are important 
diet items of White Ibis and possibly Wood Storks ( Mycteria americana ) (Frederick 
et al.  2009 ). Monitoring programs to measure the success of Everglades manage-
ment and restoration incorporate assessments of crayfi sh as prey for wading birds 
(Frederick et al.  2009 ; Trexler and Goss  2009 ). Alligators ( Alligator mississippien-
sis ) are another hallmark charismatic species monitored as an indicator for restora-
tion (Mazzotti et al.  2009 ). Crayfi sh, apple snails, and grass shrimp are probably 
minor components in their diet, but are taken at times. However, aquatic inverte-
brates sustain the vertebrate prey of alligators and so are also an important part of 
the food web that supports their health in the environment. 

 In Everglades management, invertebrates are rarely used as an indicator of gen-
eral ecosystem health. King and Richardson ( 2002 ) discussed the issues required 
for an invertebrate monitoring program and suggested using midges and other small 
macroinvertebrates as indicators of nutrient enrichment. However, periphyton was 
developed to fi ll this role early in the restoration process,    and there has been little 
interest in funding a second system based on macroinvertebrates.   

    Conclusions 

 Aquatic invertebrates are essential elements of the Everglades ecosystem, providing 
critical links in the food web that sustain animals of great interest to the public. 
They also contribute to ecosystem function through detrital processing and energy 
fl ow. Despite these fundamental roles, their systematics, distribution, and ecology 
remain poorly understood and documented. More work on biodiversity and ecologi-
cal processes is needed to understand their roles in the Everglades. Several key taxa 
are already identifi ed as important contributors to the successful restoration of the 
Everglades, defi ned in part as recovering the historical abundance of wading birds 
and herpetofauna. The glass is certainly half full for aquatic ecology of invertebrates 
in this internationally important ecosystem. With continued investment in restora-
tion of the Everglades, however, the future for the study of invertebrates there is 
bright and certain to be rewarding.     
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         Appendix 

  Aquatic invertebrate taxa recorded   from across the Everglades. Data from Conrow 
and Loftus (unpublished), Rader ( 1994 ), Jacobsen ( 2008 ), Jacobsen and Perry ( 2000 ), 
Urgelles ( 2010 ), Trexler (unpublished), Bruno (unpublished), and Turner and 
Taylor ( 1998 )

 Higher taxa  Family  Genus 

   Porifera     Spongillidae   Spongilla  
   Cnidaria    
   Trachylina  Hydridae   Hydra  
   Rotifera     >50 spp. 
   Platyhelminthes      Planaria  
   Nemertea      Prostoma  
   Gastrotricha    
   Nematoda    
   Mollusca    
  Gastropoda       Ampullariidae   Marisa  

  Pomacea  
 Hydrobiidae   Aphaostracon  

  Littoridinops  
  Lyogyrus  

 Lymnaeidae   Fossaria  
  Lymnaea  
  Pseudosuccinea  

 Physidae   Haitia  
  Physella  

 Planorbidae/Ancylidae   Biomphalaria  
  Drepanotrema  
   Ferrissia    
  Gyraulus  
  Laevapex  
  Helisoma  
  Micromenetus  
  Planorbella  
  Planorbula  

 Thiaridae   Melanoides  
  Bivalvia    Sphaeriidae 

 Unionidae   Elliptio  
  Uniomerus  
  Villosa  

   Annelida    
 Polychaeta  Nereidae    Namanereis    

(continued)

10 Invertebrates of the Florida Everglades



346

 Higher taxa  Family  Genus 

 Oligochaeta  Lumbriculidae   Eclipidrilus  
 Tubifi cidae   Allonais  

  Bratislavia  
  Dero  
  Pristina  
  Stylaria  

 Hirudinea  Erpobdellidae   Mooreobdella  
 Glossiphoniidae   Helobdella  

   Bryozoa     Plumatellidae   Pumatella  
   Acarina    
   Crustacea    
 Branchiopoda  Bosminidae   Bosmina  

  Streblocerus  
 Chydoridae   Alona  

  Alonella  
  Camptocercus  
   Chydorus    
  Dunhevedia  
  Ephemeroporus  
  Kurzia  
  Leydigia  
  Pleuroxus  
  Pseudochydorus  
  Euryalona  

 Daphnidae   Ceriodaphnia  
 Macrothricidae   Scapholeberis  

  Simocephalus  
  Guernella  
   Grimaldina    
  Ilyocryptus  
  Macrothrix  

 Moinidae   Moinodaphnia  
 Sididae   Diaphanosoma  

  Latanopsis  
  Pseudosida  

 Ostracoda  Cypridae   Physocypria  
  Scottia  

(continued)
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 Higher taxa  Family  Genus 

 Copepoda  Argulidae   Argulus  
 Centropagidae   Osphranticum  
 Cletodidae   Cletocamptus  
 Cyclopidae    Acanthocyclops    

  Diacyclops  
  Ectocyclops  
  Eucyclops  
  Homocyclops  
  Macrocyclops  
  Mesocyclops  
  Microcyclops  
  Paracyclops  
  Thermocyclops  
  Tropocyclops  

 Cletodidaee   Cletocamptus  
 Lernaeidae
Canthocamptidae 

  Lernaea  
  Canthocamptus  

 Laophontidae   Onychocamptus  
 Phyllognathopodidae    Phyllognathopus    

 Amphipoda  Crangonyctidae   Crangonyx  
 Dogielinotidae   Hyalella  

 Decapoda  Cambaridae   Procambarus  
 Mysidae   Taphromysis  
 Palaemonidae   Palaemonetes  

 Isopoda  Asellidae   Caecidotea  
   Insecta     Sphaeromatidae   Sphaeroma  
 Collembola  Entomobryidae   Entomobrya

Isotomurus   Isotomidae 
 Poduridae     
 Sminthuridae 

 Ephemeroptera  Baetidae   Callibaetis  
 Caenidae   Caenis  

 Odonata  Aeshnidae   Anax  
   Coryphaeschna    
  Nasiaecshna  

 Coenagrionidae   Enallagma  
  Ischnura  
  Telebasis  

 Gomphidae   Aphylla  
  Arigomphus  

 Corduliidae   Epitheca  
  Epicordulia  

(continued)

10 Invertebrates of the Florida Everglades



348

 Higher taxa  Family  Genus 

   Libellulidae   Brachymesia  
  Celithemis  
  Erythemis  
  Erythrodiplax  
  Idiataphe  
  Libellula  
   Macrodiplax    
  Pachydiplax  
  Pantala  
  Perithemis  
  Tramea  

 Hemiptera  Belostomatidae   Belostoma  
  Lethocerus  

 Corixidae   Palmacorixa  
  Trichocorixa  

 Gerridae   Gerris  
 Hebridae   Neogerris  
 Hydrometridae   Merragata  

  Hydrometra  
 Macroveliidae    Oravelia    
 Mesoveliidae   Mesovelia  
 Naucoridae   Pelocoris  
 Nepidae   Ranatra  
 Notonectidae   Buenoa  
 Veliidae 

 Coleoptera  Chrysomelidae   Donacia  
 Dryopidae   Pelonomus  
 Dytiscidae   Agabetus  

  Bidessonotus  
  Celina  
   Cybister    
  Desmopachria  
  Hydroporus/
Neoporus  
  Hydrovatus  
  Ilybius  
  Laccophilus  

 Gyrinidae   Gyrinus  
 Haliplidae   Haliplus  

  Peltodytes  

(continued)
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 Higher taxa  Family  Genus 

   Hydrophilidae   Berosus  
  Chaetarythria  
  Crenitulus  
  Derallus  
  Enochrus  
  Helobata  
  Hydrobiomorpha  
   Hydrochus    
  Paracymus  
  Tropisternus  

 Helophoridae   Helophorus  
 Noteridae   Hydrocanthus  

  Suphis  
  Suphisellus  

 Psephenidae 

  Prionocyphon   Scirtidae 

 Trichoptera  Hydroptilidae   Leucotrichia  
  Oxyethira  

 Leptoceridae   Leptocerus  
 Philopotamidae   Nectopsyche  

  Oecitis  
 Lepidoptera  Noctuidae   Simyra  

 Crambidae    Acentria    
  Paraponyx  

  Diptera    Ceratopogonidae   Bezzia/Palpomyia  
  Culicoides  
  Dasyhelea  
  Forcipomyia  

   Chironomidae   Ablabesmyia  
  Apedilum  
  Asheum  
  Beardius  
  Cantopelopia  
  Chironomus  
  Cladopelma  
  Cladotanytarsus  
  Clinotanypus  
  Coelotanypus  
  Corynoneura  
  Cricotopus  
  Cryptochironomus  
  Cryptotendipes  

(continued)
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 Higher taxa  Family  Genus 

      Denopelopia  
  Dicrotendipes  
  Djalmabatista  
  Einfeldia  
  Endochironomus  
  Endotribelos  
  Fittkauimyia  
  Glyptotendipes  
  Goeldichironomus  
  Guttipelopia  
  Kiefferulus  
  Labrundinia  
  Larsia  
  Limnophyes  
   Manoa    
  Microchironomus  
  Monopelopia  
  Nanocladius  
   Natarsia    
  Nilothauma  
  Nimbocera  
  Parachironomus  
  Parakiefferiella  
  Paralauterborniella  
  Paramerina  
  Paratanytarsus  
  Paratendipes  
  Phytotelmatocladius  
  Polypedilum  
  Procladius  
  Psectrocladius  
  Pseudochironomus  
  Pseudosmittia  
  Stenochironomus  
  Tanypus  
  Tanytarsus  
  Thienemanniella  
  Tribelos  
   Xenochironomus    
  Zavreliella  

 Culicidae   Aedes  

  Ephydra  
 Dolichopodidae 
 Ephydridae 
 Psychodidae   Pericoma  

(continued)
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 Higher taxa  Family  Genus 

   Stratiomyidae   Odontomyia  
 Tabanidae   Tabanus  
 Tipulidae/Limoniidae   Elliptera  

  Limonia  
   Polymera    
  Tipula  
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    Chapter 11   
 Invertebrates in Groundwater Springs 
and Seeps                     

       D.     Dudley     Williams    

          Introduction to Springs and Seeps 

 It would be as well to begin with discussion of some  defi nitions   of springs and 
 seeps as  , today, there is an overabundance of imprecise terms to describe these 
habitats (e.g. spring source, spring-fed stream, springbrook, headwater spring, 
spring run, seep, spring/seep). Some defi nitions are based on the immediate physi-
cal and chemical environment, while others focus on the communities of organ-
isms living there. These differences stem, largely, from the disparate backgrounds 
of the scientists who study them. For example,  geologists   tend to defi ne thermal 
springs with respect to temperatures more than 5 °C above the local mean annual 
air temperature (van Everdingen  1991 )—which refl ects geothermal warming. 
 Biologists   customarily defi ne thermal springs in reference to temperatures above 
the local annual mean (warm), as well as above the annual mean maximum (rela-
tively hot), and above 40 °C (absolutely hot) (Tuxen  1944 ). Biologists also some-
times categorize habitat temperatures in a manner that best coincides with the 
distribution of a given taxon. For example, Smith ( 1991 ) defi ned a “hot” spring as 
one above 30 °C as none of the Canadian water mites he studied occurred in 
waters that are hot. However, some insects and other invertebrates can be found in 
springs exceeding 40 °C, requiring a different cut-off level for “hot” (for further 
discussion, see Pritchard  1991 ). 

 From a simplistic hydrological viewpoint, a spring represents a concentrated 
point of natural discharge of groundwater that is suffi ciently high to maintain fl ow 
on the land surface (van Everdingen  1991 ). The fl ow of water from a spring often 
comprises a mixture of water that has infi ltrated the subsurface at different times 
and places. The rate of this recharge varies according to the balance between pre-
cipitation, infi ltration, run-off and evapotranspiration, and as the contributions 
from different recharge points change, so too will the output of the spring vary. 
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Van der Kamp ( 1995 ) illustrated such variation in hydrogeology with examples of 
two spring  types  : (1) a spring fed by slow seepage through small pore spaces (e.g. 
sand and rock with fi ne fractures, typically <0.1 mm wide) with strong fi ltration 
which produces stable fl ow and water devoid of any large particulate matter and 
(2) a spring fed through cavernous carbonate rock—such “karst” springs typically 
have strong, but variable, fl ow and higher particulate loads. In some instances, a 
spring may be fed by a very shallow or small aquifer resulting in intermittent 
surface fl ow. Such  contrasting discharge patterns   can be predicted to radically 
affect the nature of the community capable of living in these respective springs. 
Seeps comprise  groundwater   that emerges over a more diffuse area, with a rate of 
fl ow that is generally insuffi cient to form an outfl ow stream—the water typically 
infi ltrating into surrounding soil and/or vegetation, such as  mosses  . Springs per se 
have been traditionally subdivided into three broad types:   rheocrenes ,   in which 
the source emerges into a rapidly fl owing stream;   limnocrenes ,   in which the 
source fi rst enters a basin with slow fl ow; and   helocrenes ,   in which emerging 
water percolates into a marshy holding area, frequently rich in mosses (Bornhauser 
 1913 ). There are, of course, some springs that do not fi t neatly into these defi ni-
tions, for example, where a limnocrene has suffi cient discharge such that the 
water spills out of the basin forming a fast- fl owing stream, which might be termed 
a “ rheolimnocrene  ”. 

 If we examine a simple  water budget   for springs and seeps, it is clear that ground-
water is their primary source. Precipitation directly on the relatively small surface 
areas of, for example, most rheocrenes is likely to be low, although that on limno-
crenes and larger seeps may be higher. Of the main water losses (outputs), evapo-
transpiration is likely to be low—but again related to spring/seep surface area, 
together with the characteristics of local vegetation. Water lost to fl oodplains may 
be retained in wetlands or fl ow down-gradient in springbrook channels. In the case 
of seeps  and helocrenes  , water may diffuse away as overland fl ow into surrounding 
depressions, soil and vegetation (such as mosses). Depending on local topography 
and soil infi ltration capacity, some spring waters may re-enter shallow downstream 
aquifers, perhaps to re-emerge at downslope springs or seeps. 

 Emergence of groundwater, as described above, occurs globally, making springs 
and seeps commonplace in all but the most arid or cold regions—although even the 
latter have their own characteristic upwellings (e.g. those found in the Chihuahuan 
Desert in Texas (Wallace et al.  2005 ) and on Axel Heiberg Island in the High Arctic 
(Lay et al.  2013 )). Indeed, springs and seeps may exist, or have existed, on other 
planets in our  solar system     . For example, there is now evidence of a former ground-
water network on Mars from which water may have seeped up to the surface and 
evaporated (Grossman  2013 ). Recent, high-resolution imaging has shown dark fea-
tures extending down steep slopes from bedrock outcrops, often associated with 
small channels. These features appear to grow incrementally during warm seasons, 
but fade in cold seasons. Near-surface, liquid brines might explain these observa-
tions (McEwen et al.  2011 ), and it is tempting to make comparisons with the saline 
springs of the Earth, which support a variety of life.  

D.D. Williams
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    General Habitat Conditions in Springs 

 For  aquatic invertebrates  , it is important to remember that environment and com-
munity are intimately linked and that springs and seeps represent a range of habitats 
from the “classical” highly stable (especially in terms of temperature and discharge) 
type to those with a more seasonably variable hydroperiod, such as those associated 
with wetlands (Danks and Rosenberg  1987 ). Many factors infl uence habitat condi-
tions in springs and seeps, including those associated with the terrain (e.g. local 
geology, topography and groundwater reserves) and geographical position (e.g. lati-
tudes and glacial history), alongside smaller-scale infl uences such as vegetation 
(submerged, emergent and riparian, especially if it shades the water) (Danks and 
Williams  1991 ). 

  Terrain features   dictated by geology and topography determine the supply of 
water and how it varies, together with the level and variability of its temperature 
and chemical composition. Thus, large groundwater reservoirs buffer the habi-
tats from erratic drying and other major changes, they tend to enhance the rate 
of fl ow but reduce its variation, and they stabilize temperatures. Longer  ground-
water   residence in softer rocks increases mineralization, but depending on the 
composition of the rocks may either increase or decrease pH (van Everdingen 
 1991 ). Permanent springs are fed by groundwater with at least a 1-year resi-
dency underground, but the water of many springs is fossil water that emerges 
from the ground long after it entered, often 10,000 years later (Downing et al. 
 1977 ). 

 Conditions above the ground surface are modifi ed on a broad geographical scale 
by local climate and other regional elements—such as  photoperiod  , known to pro-
mote the seasonal succession of invertebrate species and algae that occurs in springs 
despite oftentimes very constant temperature (Teal  1957 )—and on a yet smaller 
scale by the size of the spring, its vegetation and habitat diversity. These infl uences 
especially affect the temperature, primary productivity, allochthonous food (dead 
leaves) supply and other ecological factors. Thus, while a spring may have very 
uniform abiotic conditions, there may be considerable annual variation in its biotic 
conditions (Varza and Covich  1995 ). High  mineral   content creates mineral springs, 
including salt springs (Ring  1991 ); high-temperature groundwater creates thermal 
springs (Pritchard  1991 ); and erratic or surfi cial discharges produce intermittent 
springs.  Discharge   has an important effect on spring-bed substrates, which have a 
major infl uence on the invertebrate community. For example, constant or intermit-
tent high fl ow rates remove fi ne particles thus increasing the mean particle size on 
the bed and reducing the amount of detrital food materials. In contrast, where the 
water wells up into a basin, fi ne particles accumulate. Highly mineralized springs 
may precipitate fl occulent substrates. 

 In any given spring or seep, all or some of these factors come together to charac-
terize the size, rate and pattern of fl ow, temperature regime and chemical composi-
tion of the habitat. The community of invertebrates that subsequently develops 
refl ects tolerance of and/or adaptation to these factors, together with colonization 
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abilities from neighbouring or distant sources. The latter is particularly important in 
regions where new habitat has been created, such as by shifts in regional geology, 
affecting the level of the groundwater table, or by the retreat of glaciers during the 
 Pleistocene   (Williams and Williams  1999 ). The role of these factors will be revis-
ited later in the chapter. 

 As noted, strictly speaking, a spring can be defi ned only in its proper geological 
setting, taking into account numerous variables that characterize its nature and 
potential as a habitat. These variables include some that are easily  measured  , such 
as pH, temperature, current speed and dissolved oxygen, and others that are much 
more diffi cult to quantify, such as size of underlying aquifer and nature and length 
of groundwater fl ow paths (both of which may infl uence habitat stability). Given 
limitations in acquiring measurements of some of these variables, and in preference 
to a rigid classifi cation of springs and seeps, for which there will always be 
 exceptions, Danks and Williams ( 1991 ) proposed using a minimum of fi ve key 
descriptors to characterize each habitat sampled for biological  data   (Table  11.1 ). 
These descriptors are seen as providing suffi cient characterization of fundamental 
elements of springs as habitats and comprise source geometry, rate of water supply, 
temperature, chemistry and persistence. Thus, for example, the following minimum 
description provides a useful and comparable characterization: “low volume, warm, 
freshwater, annual, temporary rheocrene”. Where logistically possible, such a basic 
description should always be supplemented by additional information and 
measurements.

   Table 11.1    Recommended minimal key descriptors of springs and seeps for biological  data     

 Key descriptors 

 Status observed 

 Low  Intermediate  High 

 Nature of source  Helocrene (discharge or 
seep into marshy/mossy 
substrate) 

 Limnocrene (discharge 
into basin) 

 Rheocrene (rapid 
fl ow into defi ned 
channel on discharge) 

 Discharge at 
source 

 Low volume (<0.01 m 3  
s −1 ) 

 Medium volume 
(0.01–0.5 m 3  s −1 ) 

 High volume 
(>0.5 m 3  s −1 ) 

 Water temperature  Cold (<10°C)  Warm (10–40 °C)  Hot (>40°C) 
 Chemistry: as total 
dissolved solids 

 Freshwater (<1000 ppm)  Mineral (1000–35,000 
ppm) 

 Saline (>35,000 ppm) 

 Persistence a  (as 
approx. interval 
between major 
disturbances) 

 Intermittent (typically 
annual, but up to 5 
years) 

 Apparently permanent 
(>5 years, i.e. some 
signs of inconsistency) 

 Permanent (>50 
years; no disturbance) 

   Source : Danks and Williams ( 1991 ) 
  a Unless historical records are available (e.g. from palaeoecological evidence—see Williams and 
Williams  1996a ,  b ), interpretation here is likely to be largely subjective, based on observations of 

physical and biological conditions made at the site  

D.D. Williams



361

       Spring  Invertebrate Faunas   

     Broad Characteristics   of the Fauna 

 Within the last couple of decades, there have been several attempts to bring together 
the collective knowledge of spring faunas with the aim of galvanizing further study, 
synthesis and conservation (Williams and Danks  1991 ; Ferrington  1995 ; Hinterlang 
and Lischewki  1996 ; Botosaneanu  1998 ). However, while the spring faunas of some 
regions (e.g. Europe and North America) and some taxa (e.g. Trichoptera, Diptera 
and Acari) are becoming better known, the information base for spring communities 
in most geographic regions of the world is very sparse (Yule  2004a ). 

 In lotic systems, the diversity of invertebrates generally increases downstream. 
Typically, therefore, the section of channel immediately below the outlet (spring-
brook) will have a lower diversity than the stream, whereas the spring itself will 
have the least (Ward and Dufford  1979 ). However, this is not always the case (Resh 
 1983 ), and certain  taxa   may be particularly species rich at the source. For example, 
Gathmann and Williams ( 2006 ) recorded 38 species of Limoniidae (Diptera) from 
30 cold-water springs in Southern Ontario, Canada. Interestingly, of the total of 86 
insect species found, 55 % were found at three or fewer sites, and only for very few 
of these rare species were more than ten individuals m −2  collected. Interannual dif-
ferences were also apparent, with emergence records from a single year, on average, 
containing around 50 % of the total number of species found in the entire study. 
Temperature and discharge correlated most strongly with insect community similar-
ity among springs. 

 Invertebrates collected in or near springs and seeps range from permanent resi-
dents to those that are just visiting—to avail themselves of food or use these habitats 
as “stepping stones” in an attempt to reach other waterbodies. Many of these non- 
residents do not breed in springs yet they may dominate the fauna. For example, of 
the 33 species of aquatic beetle found in a spring in North Dakota, 64 % were non- 
resident (Roughley and Larson  1991 ). Resident species are derived from several 
different sources (Fig.  11.1 ). At the core are species (termed “ crenobionts  ”) that are 
confi ned to springs and/or seeps and which exhibit suitable adaptations to cold 
water and constant abiotic conditions (Danks and Williams  1991 ). Another impor-
tant component comprises the phreatic species of turbellarians, micro-crustaceans, 
mites, plecopterans and other taxa that live in suitable, oxygenated groundwaters 
and enter the springs that emanate from them. Generalist species from downstream 
cold-water brooks also enter where there is suffi cient fl ow (rheocrenes). Limnocrenes, 
helocrenes and seeps may contain some lentic species, although not those that can-
not tolerate very cold water (e.g. pond species). Some species are associated with 
spring margins, especially where there is abundant moss or organic materials, or a 
distinct splash zone, for example, mites, collembolans and various semiaquatic dip-
terans. Other species may be derived from the wet soil at a spring’s edge (e.g. roti-
fers, mites, nematodes, snails). Such species living in springs, but not exclusively 
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 so  , are often termed “ crenophiles  ”. Hot springs and saline springs are populated by 
a low diversity of extremely tolerant species, typically in the case of insects, belong-
ing to the Diptera, Coleoptera and Hemiptera (Ring  1991 )—additionally, Odonata 
may occur in hot springs (Pritchard  1991 ).

       Specifi cs of the Fauna 

 The  Appendix  is an attempt to identify, on a global scale, taxa that either are 
known to occur repeatedly in springs and seeps or that might reasonably be 
expected to live in them, by virtue of known occurrence in related habitats, 
such as cold hypogean waters or high-altitude streams. Records are cited 
mostly at the genus level and include those where a genus is known from one 

Downstream 
species

Lentic species Water film 
species

SPRING
MARGIN

SPRING
MARGIN

Margin
Associates
(chiefly
generalists)

GROUNDWATER SOURCE

Hot or anoxic discharge               Oxygenated, chemically
suitable discharge    

Limnocrene
Rheocrene Helocrene

or seep

  Fig. 11.1    Components of the faunas of springs and seeps (modifi ed after Danks and Williams  1991 )       
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particular geographical region (although not specifically from springs there) 
but is known from springs in another region—thus, there is the potential for 
finding it in the former in the future. Where known, habitat details are provided 
for each genus together with its recorded global distribution and the latter’s 
reference sources. Distributions vary from “widespread” to single  zoogeo-
graphical regions  , such as the “Nearctic”, and will be the result of many fac-
tors. These include active/passive dispersal and colonization abilities, habitat 
availability, persistence and connectedness, plate tectonics, the presence/
absence/location of barriers and the evolutionary history and chronology of the 
genus, including opportunities for speciation and endemism. These data are by 
no means complete, but hopefully will serve as a useful first step towards creat-
ing a global framework to which new records of species and their occurrences 
in springs and seeps can be added. 

 One of the first observations from the  Appendix  is that most of the major 
invertebrate groups found in freshwaters in general are represented in springs 
and/or seeps. These taxa range from the more  sessile forms  , such as sponges 
and hydrozoans, through small motile forms, such as gastrotrichs, rotifers and 
nematodes, to micro-crustaceans, mites and many insect orders. Groups that 
have freshwater representatives but appear to be absent from springs and seeps 
include bryozoans (which tend to be more restricted to warmer lentic and lotic 
waters; Wood  2010 ), branchiopods (which are more characteristic of lentic 
waters that have a drying phase; Williams  2006 ) and aquatic orthopterans, 
lepidopterans and hymenopterans. In total, the  Appendix  lists 379 genera, 
across all taxa, found in springs per se and 155 genera found in seeps. 100 
genera are recorded as occurring in both habitat types, with 55 genera occur-
ring only in seeps. Groups missing, or poorly represented in seeps, include 
sponges, hydrozoans, gastrotrichs, nematodes, bivalves, tardigrades, cladoc-
erans, isopods and mayflies. Part of these absences could be related to the 
lower habitat complexity of seeps compared with springs, but also to the lack 
of study of these taxa in seeps. 

     Porifera      
 Freshwater sponges in the genus  Spongilla  are widespread in cold freshwaters, but 
also occur in thermal springs (Hooper and Van Soest  2002 ).  

     Hydrozoa      
 A few hydra species are known from cold waters in caves in North America, Europe 
and Australia, and species of the widespread genus  Hydra  have been found in vari-
ous lentic and lotic freshwaters, including springs.  Velkovrhia enigmatica  (family 
Bougainvilliidae), found in southwestern Slovenia, is considered to be a freshwater 
troglobiont (Zagmajster et al.  2011 ).  
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     Turbellaria      
 Over 100 species of freshwater planarian are associated with cold waters, with gen-
era such as  Crenobia ,  Polycelis  and  Phagocata  occurring commonly in springs 
(Reynoldson  1967 ). The latter, as well as the Nearctic genus  Hymanella , also have 
been recorded from seeps (Kenk  1972 ). Many species are commonly associated 
with karst habitats (Thorpe and Covich  2010 ). Habitats of the, largely unidentifi ed, 
Microturbellaria include springs and underground waters (Kolasa and Tyler  2010 ).  

     Gastrotricha      
 Select freshwater gastrotrichs, primarily from the family Chaetonotidae, occur in inter-
stitial or epibenthic habitats, including springs (Balsamo et al.  2008 ; Nesteruk  2008 ).  

     Rotifera      
 Rotifer species in the genera  Dipleuchlanis ,  Ptygura  and  Wierzejskiella  have been 
collected from spring/seep complexes (Segers  2004 ), and species within the genus 
 Lindia  are known from saline pools, ditches and hot springs (Wallace et al.  2005 ).  

     Nematoda      
 Species within the orders Monhysterida and Plectida (subclass Chromadoria) are 
among the most widely reported nematodes from freshwaters (Abebe et al.  2008 ). 
The  Appendix  records indicate that at least eight families of nematode contain spe-
cies capable of living in hot springs (Poinar  2004 ,  2010 ).  

     Oligochaeta      
 Around 100 species of aquatic oligochaete are found exclusively in groundwater 
environments, some of which are deemed important centres of endemism (Martin 
et al.  2008 ). A number of tubifi cid genera (e.g.  Ilyodrilus ,  Limnodrilus  and 
 Varichaetadrilus ) are associated with karst systems (Webb et al.  1996 ). Several gen-
era within the subfamily Naidinae have been recorded from springs and/or seeps 
(e.g.  Allonais ,  Dero ,  Pristina ,  Stylaria ).  

    Gastropoda      
 Springs and springbrooks support snail taxa not typically found in larger running 
waters, although individual sites tend to have low species richness (1–6 species, but 
at very high densities). Regionally these habitats support highly diverse assem-
blages of snails—especially of hydrobiids (Strong et al.  2008 ). Other families 
known to live in springs include: Melanopsidae, Assimineidae, Moitessieriidae 
(groundwater systems), Pomatiopsidae (saline springs), Planorbidae and Physidae. 
The high level of endemism in gastropods occurring in spring and groundwater 
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systems is associated with the extinction of many freshwater snail species as these 
habitats become degraded or destroyed by human activities, such as water abstrac-
tion, trampling of outfl ows when used for watering livestock and irrigation or min-
ing (Williams et al.  1990 ; Keleher and Sada  2012 ).  

    Bivalvia      
 While bivalves are important members of the benthic communities of rivers and lakes, 
their occurrence in springs appears to be much rarer. Indeed, the only records are of the 
Sphaeriidae genus  Pisidium , which has a cosmopolitan distribution (Cummings and 
Graf  2010 ) and is capable of living in a very wide range of waterbodies.  

    Tardigrada      
 Most water bears are “limnoterrestrial”, living in the thin fi lms of water on the sur-
faces of moss, lichens, algae and leaf litter. Some live in wet soils or in aquatic sedi-
ments, and others are associated with water margins (Garey et al.  2008 ). The 
 Appendix  lists fi ve, widely distributed genera, from three families, living in springs 
or at their margins.  

   Crustacea:  Ostracoda      
 Ostracods are common inhabitants of springs and seeps, where their ecology appears 
to be a complex product of many environmental variables, including water chemis-
try, thermal regime and hydrogeology (Forester  1991 ). Spring-dwelling ostracods 
are often found in other freshwaters and are well represented by genera belonging to 
the Cyprididae and Candonidae (see  Appendix ). A number of genera are known 
from thermal springs, for example,  Chlamydotheca ,  Cypris ,  Potamocypris  and 
 Thermopsis . Other genera contain species adapted to living in the extreme environ-
mental conditions of ephemeral waters, for example,  Cypricercus  (temporary ponds) 
and  Heterocypris  (ephemeral springs). Indeed, groundwaters and temporary pools, 
together with Australian salt  lakes  , are known to be speciation-prone habitats 
(Martens et al.  2008 ).  

    Diplostraca      
 Cladoceran species richness is greatest in the warm-temperate to subtropical zones 
of both northern and southern hemispheres, although the Holarctic fauna is both 
rich and diverse, and Australasia is rich in endemic species (Korovchinsky  2006 ). 
Several of the more common genera ( Alona ,  Daphnia ,  Diaphanosoma ) contain 
species that are associated with hot springs; others live in wet  Sphagnum  moss or 
temporary ponds. Seven species are permanent inhabitants of subterranean waters 
(e.g.  Alona phreatica  and  A. smirnovi ; Dumont and Negrea  1996 ), and some chy-
dorids are semiterrestrial (Forro et al.  2008 ).  
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    Copepoda      
 Copepods are important members of most planktonic, benthic and groundwater 
communities and occur at a wide range of temperatures (glacial meltwater pools to 
hot springs), habitat sizes (the North American Great Lakes to water-fi lled leaf 
axils) and salinities (Boxshall and Defaye  2008 ). Copepods are most diverse in the 
Palaearctic, followed by the neotropics, and more than 90 % of species appear 
endemic to just one zoogeographical region. There are, however, quite a number of 
highly vagile and cosmopolitan species and genera that live in a range of surface and 
subterranean waters including springs and seeps (e.g.  Acanthocyclops ,  Diacyclops , 
 Eucyclops ,  Attheyella ,  Bryocamptus —see  Appendix ). There are also a number of 
genera that live in groundwater, yet are widely distributed (e.g.  Itocyclops , 
 Stygonitocrella ,  Elaphoidella ).  

   Peracarida:  Isopoda      
 The Asellidae and Stenasellidae contain the greatest number of freshwater spe-
cies, with the former well represented in epigean lotic and lentic waters and the 
latter limited to cavernicolous and/or subterranean habitats (see  Appendix ). 
Species within the genera  Asellus ,  Caecidotea  and  Lirceus  are also found com-
monly in cool springs, and  Thermosphaeroma thermophilum  lives in hot springs 
(Wilson  2008 ).  

    Amphipoda      
 Amphipod diversity is highest in subterranean environments (45 % of species) and 
especially so in the karst regions of Central and Southern Europe (Niphargidae), 
North America (Crangonyctidae) and Australia (Paramelitidae) (Vainola et al. 
 2008 ). Some genera are widespread, including springs (e.g.  Gammarus ), whereas 
others live in springs, seeps and a variety of other subterranean waters, such as 
groundwater and cave pools (e.g.  Stygobromus ) (see  Appendix ).  

   Other  Peracarida      
 Among the nine other orders of Peracarida (pouched shrimp), two are associated 
with subterranean freshwaters. The Spelaeogriphacea comprises four species, one 
each known from cave waters in Brazil and South Africa and two from aquifers in 
Australia. The Thermobaenacea consists of 18 species found in cave waters, the 
interstices of alluvial  deposits   and in thermo-mineral springs (Jaume  2008 ).  

    Decapoda      
 There appear to be relatively few decapods that inhabit springs per se (e.g. 
 Palaemonetes ), but there are burrowing crayfi shes (e.g.  Fallicambarus ) that inhabit 
seepage areas where they excavate shafts down to the water table (Williams  2006 ). 
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In tropical and subtropical regions, some brachyuran crabs live in a variety of fresh-
waters, including cave waters (e.g.  Cerberusa ) (Ng  2004 ; Yeo et al.  2008 ).  

    Acari      
 The Acari comprises two superorders, Parasitiformes and Acariformes, the latter of 
which contains a wide variety of aquatic mites, those belonging to: the Hydrachnidia 
(true water mites), the Halacaridae (a primarily marine family within the order 
Prostigmata) and the Oribatida (a primarily terrestrial order with some aquatic 
representatives). 

 Smith ( 1991 ) produced a detailed synthesis of the Hydrachnidia from springs in 
Canada and recorded, at that time, over 115 species in 57 genera and 25 families 
collected from springs across the country. He divided the water mite fauna into three 
ecological groups related to the mites’ preferences for helocrene, rheocrene or lim-
nocrene habitats. Families with genera very commonly found in springs include the 
Hydryphantidae, Lebertiidae, Pionidae and Arturidae. The genus  Thermacarus  
(Thermacaridae) lives in hot springs. 

 Of the more than 1000 species of Halacaridae, only around 56 are known to 
occur in freshwater. These occur in both surface and subterranean waters and have 
been recorded from springs, wells and the hyporheic zone of rivers. Genera col-
lected from springs in Europe include  Copidognathus  and  Halacarellus  (Benfatti 
et al.  1989 ). Halacarids have a very low dispersal ability, yet many genera and even 
some species are widespread (Bartsch  2008 ). 

 Oribatid mites are largely terrestrial, associated with soil, forest litter, mosses 
and lichens, and only about 90 species, from 10 genera, can be considered truly 
aquatic. Habitat preferences in many are quite specifi c and include springs, seeps, 
temporary and  permanent      pools, phytotelmata and other water-fi lled microhabitats 
(Schatz and Behan-Pelletier  2008 ). Despite their low diversity, aquatic oribatids can 
occur at very high densities. Some spring-dwelling species are very ancient, for 
example,  Mucronothrus nasalis  is thought to predate the breakup of Pangea, about 
200 million years ago. The distribution of this species is global, but discontinuous, 
and seems to be limited by temperature to cold, spring-fed water and cold bogs 
(Norton et al.  1988 ).  

    Collembola      
 Springtails are particularly abundant in wetlands. In springs and seeps, they are most 
often encountered on the surfaces of helocrenes and limnocrenes, around the water 
margins, on saturated soil or on low vegetation (especially mosses) close to the water. 
Many species live in the water-saturated environments of caves and to considerable 
depths in soil where they have adopted an interstitial mode of life. Others live under 
or at the margins of snow  fi elds   or glaciers (Deharveng et al.  2008 ). Cosmopolitan 
genera commonly found in spring pools include  Isotomurus ,  Podurus  and  Sminthurus  
(see  Appendix ).  
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    Ephemeroptera      
 Despite being most often found in running waters, mayfl ies are not abundant or 
diverse in springs or seeps. Their life cycles are known to be tied closely to changes 
in water temperature, with small increases, for example, resulting in a different 
number of nymphal moults and early adult emergence. Perhaps the more constant 
temperature regimes of many springs lack cues essential to the timing of important 
mayfl y life cycles events.  

    Odonata      
 A number of dragonfl y and damselfl y genera, representing at least ten families, are 
associated with springs (see  Appendix ), and, perhaps refl ecting their evolution in 
tropical regions, quite a number of genera support species that live in thermal 
springs, for example,  Cordulegaster ,  Ophiogomphus ,  Erythemis ,  Libellula , 
 Orthemis ,  Pantala ,  Haeterina ,  Amphiagrion ,  Argia ,  Ischnura  and  Lestes .  

    Plecoptera      
 Stonefl y nymphs live, typically, in cold, clean running waters but are not particu-
larly common in springs. A number of species (e.g. belonging to the Leuctridae, 
Nemouridae, Peltoperlidae and Perlodidae) inhabit seeps and splash zones (Stewart 
and Stark  1993 ).  

    Hemiptera      
 Heteropterans can be found in a range of spring types. For example, corixids, noto-
nectids and belostomatids occur in weedy limnocrenes and helocrenes; ochterids in 
shallow seeps with exposed rock surfaces; species of  Saldula ,  Micronecta ,  Anisops , 
 Ambrysus  and  Limnocoris  in thermal springs; and species of  Diplonychus  in peat 
mound springs (see  Appendix ).  

    Neuroptera      
 The megalopteran families Corydalidae and Sialidae have fully aquatic larvae that 
live in a wide variety of lotic and lentic waters (Cover and Resh  2008 ). These 
include springs, with species of  Sialis  having been found in slow-fl owing limno-
crenes in several regions, and the corydalid genus  Neohermes  recorded from seeps 
in North America (Merritt et al.  2008 ).  

    Coleoptera      
 In Canada, up to 1991, the distribution of the 663 known aquatic beetle species 
among its major freshwater habitats was lentic 61 %, lotic 23 %, springs 8 %, other 
<1 % and unknown 8 %. The 63 spring-dwelling species belonged to: Dytiscidae 
(38 species), Hydrophilidae (9), Hydraenidae (8), Chrysomelidae (subfamily 
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Donaciinae 6), Haliplidae (1) and Dryopidae (1) (Roughley and Larson  1991 ). 
Relatively diverse families deemed absent from the Canadian survey were Gyrinidae, 
Scirtidae, Curculionidae, Amphizoidae, Elmidae and Psephenidae. The occurrence 
or absence of these families broadly agrees with the more global fi ndings in the 
 Appendix . Notable exceptions are the occurrence of Hydroscaphidae in seepages 
and thermal springs, the Scirtidae in seepages adjacent to lotic margins, the elmid 
genera  Heterelmis  and  Stenelmis  in springs (the latter also in warm springs), 
 Hydrochus  (Hydrochidae) in mound springs and limnocrenes and  Lutrochus  
(Lutrochidae) in mineral springs.  

    Diptera      
 Of the 150 families of Diptera, 27 can be considered to be “marginally” to “exclu-
sively” aquatic. The  Appendix  lists 19 of these as having representatives that inhabit 
springs and seeps, many of them occurring on a global scale. Among the Nematocera, 
the following genera contain species that are especially notable for being spring/seep 
specialists: the tipulids  Brachypremna ,  Dactylolabis ,  Pedicia ,  Thaumastoptera  and 
 Tipula  and the chironomids Podonominae ( Boreochlus ,  Paraboreochlus ,  Parochlus ), 
Tanypodinae ( Krenopelopia ,  Macropelopia ,  Pentaneurella ,  Zavrelimyia ), Diamesinae 
( Diamesa ,  Pseudokiefferiella ,  Syndiamesa ), Orthocladiinae ( Antillocladius ,  Doithrix , 
 Heleniella ,  Krenosmittia ,  Lymnophyes ,  Parachaetocladius ,  Parametriocnemus , 
 Psilometriocnemus ,  Stilocladius ) and Chironominae ( Krenopsectra ,  Neozavrelia , 
 Stempellinella ). Many of the above genera specialize on specifi c temperature ranges. 
Alongside these stenotherms are generalist chironomid genera that frequently form 
part of the spring community:  Ablabesmyia ,  Procladius ,  Corynoneura ,  Cricotopus , 
 Eukiefferiella ,  Heterotrissocladius ,  Orthocladius ,  Psectrocladius ,  Thienemanniella , 
 Chironomus ,  Polypedilum ,  Micropsectra ,  Paratanytarsus ,  Stempellina  and  Tanytarsus . 
Ferrington ( 1998 ) estimated that at least 111 genera of chironomid, comprising at 
least 185 species, occur in North American springs, representing 19 % of the total 
described species. For cold springs in Europe, the comparable statistics are 85 genera 
and over 200 species, representing 20 % of the described fauna (Lindegaard  1995 ). In 
springs in the Central High Plains of North America, Blackwood et al. ( 1995 ) found 
that the Orthocladiinae were more prevalent in rheocrenes, while the Chironominae 
were more abundant in limnocrenes. 

 Among the Brachycera, the following families contain species associated with 
springs and/or seeps: Stratiomyidae ( Beris , spring margins)   , Empididae 
( Hemerodromia ,  Oreothalia ), Dolichopodidae (raised-peat mound springs), 
Syrphidae (raised-peat mound springs), Sciomyzidae (snail predators in seeps) and 
Ephydridae ( Ephydra ,  Ephydrella ,  Paracoenia  and  Scatella  in thermal springs).  

    Trichoptera      
 Currently, 616 genera and 49 families of caddisfl y are known (Trichoptera World 
Checklist  2015 ). Of these, at least 21 families, comprising at least 59 genera, have larvae 
that live in springs and/or seeps, including both cased and net-spinning forms (see 
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 Appendix ). Some genera show distinct microhabitat preferences (e.g.  Homoplectra  
(rock face springs and seeps in montane areas),  Moselyana  (subalpine forest seeps), 
 Chilostigma  (seeps in wet meadows),  Pseudostenophylax  (cool spring runs and small 
intermittent streams)), whereas others encompass a wider range of habitats that include 
springs (e.g.  Cheumatopsyche ,  Polycentropus ,  Lepidostoma ,  Anabolia ,  Hesperophylax , 
 Limnephilus ,  Platycentropus ,  Helicopsyche  and  Oecetis ). An analysis of the caddisfl y 
larvae living in springs across Canada showed some general trends together with some 
regional and habitat-related differences (Williams  1991 ). Notably, the number of species 
present in the springs increased with habitat diversity, and around 35 % of the species 
recorded were from the Limnephilidae. Limnocrenes and rheocrenes with a weak cur-
rent and small substrate particles supported few species, but often large populations. 
Grazers, shredders and predators were common, but fi lter-feeders were rare—an excep-
tion being the hydropsychid genus  Parapsyche . Ordination of the data confi rmed an 
east/west difference in caddisfl y communities with infl uential variables including eleva-
tion, extent of groundwater source and summer temperature. Factors strongly infl uenc-
ing the composition of the spring communities in both the west and east included 
riparian vegetation, substrate particle size, current and pH. Springs in which caddisfl y 
larvae were strongly involved in the processing of detritus were dominated by 
 Homophylax  in the west, but by  Frenesia  and  Lepidostoma  in the east. Predators and 
scrapers were abundant  only      in springs having relatively high microhabitat diversity, 
current speed and pH.    

    Ecological  Controls   

    Comparisons Among  Springs   

 Most permanent freshwater springs are stable environments, with many of their physi-
cal and chemical properties fl uctuating less than in streams, rivers and lentic water-
bodies. In some springs, however, chemical composition, suspended solids and even 
discharge and temperature show both seasonal and sudden variation. This is espe-
cially evident in seasonal springs discharging from aquifers of limited storage capac-
ity and in temporary springs discharging from shallow systems. However, it also 
occurs in some perennial springs (Van Everdingen  1991 ). Springs characterized by 
such variation have not been studied extensively, but are known to be common in 
alpine headwaters (Maiolini et al.  2011 ). Most of the following discussion is aimed at 
“classical”, cold-water springs and seeps, those with low environmental variability. 

 Although one of the fi rst studies done on springs incorporated standing crop and 
energy fl ow models (Silver Springs, Florida; Odum  1957 ), most of our knowledge 
on these habitats has come from a taxonomic rather than a quantitative ecological 
approach. Hence, there persists a weak understanding of the community dynamics 
of springs, and especially seeps, particularly in terms of how their communities 
develop, are organized and function. There is also much that is not known of the life 
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histories and physiological properties of spring-dwelling species—adaptations that 
enable these organisms to live and persist in these habitats. 

 It is clear that springs support faunas that, collectively, include most of the major 
taxa of invertebrates capable of living in freshwaters. From sponges, hydras, gastro-
trichs, rotifers, nematodes and oligochaetes to molluscs, mites and a wide variety of 
insects, all have representatives that have adapted to the oftentimes constant physi-
cal and chemical environments that springs present. Further, their faunal composi-
tion has similarities across much of the world, even to the  family   and generic level. 
However, in some regions, global processes have impinged on these patterns. For 
example, within the last 15,000 years, cold-water springs in some temperate regions 
have been destroyed by Pleistocene glaciation. Springs reformed since ice retreat 
often have had insuffi cient time to repopulate fully such that, in Southern Ontario, 
Canada, for example, faunas are dominated by the more vagile insects—typically, 
nemourid stonefl ies, chironomids and caddisfl ies (Williams and Williams  1998 ). 
Unlike in non-glaciated parts of North America, molluscs and triclads are not well 
represented. 

 At the local regional level, studies show differences in species from spring to 
spring and also in their abundance and time of adult emergence (e.g. in Plecoptera, 
Trichoptera and Diptera; Erman  1998 ; Gathmann and Williams  2006 ). From a 
study of the insects living in 75 springs in the south-eastern Alps, Maiolini et al. 
( 2011 ) concluded that springs have an island-like property, with each spring hav-
ing its own specifi c history and abiotic characteristics which select for unique 
faunal patterns. In a separate study in the same vicinity, Stoch et al. ( 2011 ) con-
cluded that, for the meiofauna (oligochaetes, mites and crustaceans), spatial pat-
terns of assemblages at the regional scale were best explained by altitude, water 
chemistry (related to geology) and water-fl ow regime—as was earlier found for 
macro-invertebrate assemblages by Barquin and Death ( 2006 ), Ilmonen et al. 
( 2009 ) and Glazier ( 1991 ). To these controlling infl uences, Myers and Resh 
( 2002 ) added spring permanence, lack of disturbance and cold-water tempera-
tures as factors responsible for explaining higher species richness of Trichoptera. 
Ferrington ( 1998 ) further added within- spring habitat heterogeneity, operating on 
a local scale, as a determinant of the taxonomic composition of individual springs. 
Mattson et al. ( 1995 ) provided evidence for spring-bed substrates being among 
such determinants in that woody substrates in karst-fed springs in Florida were 
dominated by chironomids, mayfl ies and caddisfl ies (with snails and amphipods 
occasionally abundant), but sandy substrates were populated with other chirono-
mids, snails, bivalves and oligochaetes. In Stoch et al.’s  2011  study, such micro-
habitat features, together with human disturbance, were less infl uential, but these 
authors conceded that where anthropogenic pressure is high (see Sarkka et al. 
 1997 ), it can become the foremost infl uence  on   spring faunal assemblage struc-
ture and distribution. For example, Ferrington ( 1998 ) showed that the chironomid 
genera of two North American springs that had become contaminated by cattle 
dung came to resemble those found in similarly enriched lower-order streams—
the important spring specialists having been lost.  
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    Springs Versus  Seeps      

 An important point to address is the relationship, if any, between the faunas of 
springs and seeps, particularly whether the latter is a subset of the former. Clearly, 
while both these habitats are fed by groundwater and may have stable temperature 
and chemical properties, they can differ markedly in their physical characteristics. 
For example, springs are likely to have a more defi ned footprint at their point of 
issue, deeper water and greater discharge, whereas seeps are shallow (often just a 
fi lm of water over rock surfaces) and typically discharge more diffusely, often 
through a carpet of moss. Bearing in mind that seeps have been studied far less 
than springs, the data from the  Appendix  show an apparent absence of a few major 
taxa in the former and, at the genus level, approximately 41 % of the diversity 
seen in the latter. The two habitat types shared 100 genera, which include many 
freshwater generalists (e.g.  Ischnura ,  Hydroporus ,  Chironomus  and  Hydroptila ), 
but there were 55 genera found only in seeps, which include some seep specialists 
(e.g.  Stolonicyclops ,  Trichothyas ,  Viehoperla ,  Oconoperla ,  Ochterus , 
 Antillocladius ,  Oreothalia ,  Chilostigma  and  Clostoeca ). These records suggest 
that the invertebrate faunas of seeps contain a  component      that is a subset of the 
fauna found in springs, but a second component that is comprised of seep 
specialists.  

    Specialists Versus  Generalists   

 Another issue to address is what adaptations defi ne spring and seep generalists and 
specialists. In an analysis of life history traits, Williams ( 1991 ) concluded that, in 
terms of life history theory, the limited information available for spring species 
showed most support for a deterministic view, based on the predictions of r-, K- and 
A-selection (Greenslade  1983 ). Permanent, cold-water springs are habitats charac-
terized by low disturbance and low adversity—assuming that low water temperature 
is not an adversity for lotic organisms, many of which have their ancestry in cold, 
headwater streams. According to the predictions, most of the fauna should be 
K-selected in that: (1) the community should show intermediate to high diversity 
(see Lindegaard  1995 ; Ferrington  1998 ) and consist primarily of sessile grazers/
gatherers (see Anderson and Anderson  1995 ) and fi lter-feeders with narrow, spe-
cialized niches due to heavy competition; (2) productivity and individual growth 
rate should be high (see Williams and Hogg  1988 ), although growth may be low in 
non-cold-adapted species (Iversen  1976 ); (3) survival rate may be low and length of 
life, time to maturity and fecundity intermediate (see Tilly  1968 ); (4) population 
densities should be near carrying capacity; (5) incidence of dormancy should be 
low, as should that of  parthenogenesis   (but see Norton et al.  1988 ); (6) predators 
should be rare; and (7) vagility should be low to intermediate.  
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     Community Assembly   

 Permanent cold-water springs, perhaps more so than seeps, present highly persis-
tent habitats for invertebrates and may contain a disproportionately high number 
of unusual species for their relatively small size (Erman and Erman  1995 ). Species 
presence may be the result of several different entry pathways into the faunal 
assemblages of individual springs. These pathways result in various species sta-
tuses that include (with trichopteran species examples): (1)   habitat specialists    
(e.g.  Crunoecia irrorata ,  Anagapetus debilis ) which are largely crenobiontic spe-
cies arriving from similar habitats that may be adjacent or at some distance, 
depending on migration abilities; (2)   habitat generalists    (e.g.  Ptilostomis ocel-
lifera ,  Hesperophylax designatus ) including crenophilic species that may arrive 
similarly, but also by range extension from downstream springbrooks; (3)   relict 
species    (e.g.  Apatania muliebris ,  Rakiura vernale ) previously abundant species 
that have undergone range contraction (often through climate change, but increas-
ingly through human activity) and now occur in only one or a few adjacent springs; 
and (4)   endemic species    (e.g.  Agarodes ziczac ,  Lepidostoma ojanum ) species 
which originated in a single, stable and persistent spring locality that is ecologi-
cally isolated and to which they are now highly adapted. Given these different 
components to  spring faunas  , it is important to consider whether spring faunas are 
stochastic aggregates of habitat (temperature)-limited species or true, coevolved 
communities. A relevant observation in this regard was made by Myers and Resh 
( 2002 ), who found that among the caddisfl y assemblages found in 28 springs in 
the Great Basin, USA, although several springs had very similar physicochemical 
characteristics, none was identical, indeed the assemblage totals ranged from 4 to 
18 per spring. Lack of assemblage repeatability suggests a more  stochastic colo-
nization process  . Further, given the somewhat eclectic nature of the faunal source 
 pathways  , it seems unlikely that such a resulting mix of species would be able to 
function as a true, cohesive and fully interactive community. Clearly, we need 
many more studies on the development of spring communities in order to resolve 
these issues. Towards this goal, the main  environmental factors   thought to shape 
the composition of these invertebrate assemblages/communities are outlined in 
Fig.  11.2 .

   As noted earlier, knowledge of spring invertebrates has arisen from two, 
largely uncoordinated, approaches: the fi rst based on the taxonomy of particular 
invertebrate groups whose range of habitats includes springs (e.g. Feldman 
 1974 ) and the second comprising a relatively small, unconnected series of popu-
lation or community studies from single springs (e.g. Teal  1957 ; Tilly  1968 ; 
Winterbourn  1973 ). Specifi c, regional surveys of spring faunas have been rare 
in the past (e.g. Tuxen  1944 ; Botosaneanu and Negrea  1961 ), but are now 
becoming more common and informative. For example, from a study of the 
mayfl ies, stonefl ies and caddisfl ies found in springs of the Trentino region of 
Italy, Maiolini et al. ( 2011 ) were able to propose three important functions of 
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cold-water springs in  alpine landscapes  : (1) in such harsh environments, the 
mild and stable environmental conditions of springs contribute to maintaining 
and enhancing the regional biodiversity; (2) springs act as refugia for stream 
biota, providing more benign conditions during spates and drought—common 
features in alpine headwaters; and (3) springs provide specialized  habitats   for 
strictly crenobiontic species.  

     Community and Population Ecology   

 Perhaps the greatest ecological utility that springs and seeps represent is their 
potential to contribute to our understanding of community ecology and ecosystem 
function. Indeed, in  1971 , Odum proposed that springs are natural, constant-tem-
perature laboratories and pointed out that their study had pioneered development 
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of the trophic dynamics approach to ecosystem studies in general. In 1998, 
Williams and Williams identifi ed the following features of springs that had the 
potential to advance community ecology: (1) their communities are naturally less 
complex than those occurring in most other aquatic habitats, yet, as far as is 
known, they possess the structural (e.g. a wide range of species representing many 
major taxa) and functional (e.g. producers, various levels of consumers and 
decomposers) elements seen in other communities; (2) the natural variation in 
community structure, and presumably in function, seen among natural springs 
represents an ideal testing ground for questions of community trophic effi ciency, 
predator–prey dynamics and competition—particularly in the more extreme 
spring types (thermal and saline) which have very simple community structures 
(see Collins et al.  1976 ). A number of population-level research avenues also 
could be explored using springs, for example, (1) given the high degree of speci-
fi city of many spring-dwelling species to this habitat type, alongside the often-
times isolated nature of individual springs, they could provide ideal habitat island 
models for the experimental analysis of the metapopulation dynamics theory 
(Gathmann and Williams  1998 ); (2) they could be used to compare the population 
traits of coexisting species that differ widely in their status (e.g. specialists versus 
generalists), as shown by spring species with very narrow habitat requirements 
(e.g. the endemic caddisfl y  Lepidostoma ermanae ) and the widespread caddisfl ies 
 Chyranda centralis ,  Wormaldia occidea  and  Rhyacophila grandis  (Erman and 
Erman  1995 ); and (3) using thermal springs to tease apart the infl uences of impor-
tant abiotic habitat variables, such as water temperature and chemistry, on popula-
tions, effective, natural elimination of thermal differences among adjacent sections 
of spring or seep complexes (and thus removal of a strong environmental variable) 
has  been   proposed as an ideal test condition for the study of the infl uence of habi-
tat heterogeneity on species richness (Ferrington et al.  1995 ; see further examples 
in Williams and Williams  1998 ).   

    Conservation Concerns 

 There are many examples where knowledge of spring faunas has the potential both 
to address zoogeographical issues and to monitor environmental change. An exam-
ple of the former is the proposal that for mites, in Canada, springs have played 
important roles as both refugia and routes for  migration  . As in Europe, not only 
have present-day, temperate lowland springs allowed the survival of cold-adapted 
species after ice retreat, but they also may have allowed the survival of such species 
in marginal refugia during  glacial maxima   (through maintenance of interstitial 
spring habitats in glacial deposits near the southern limits of ice sheets). Refugial 
survivors then were able to repopulate newly created habitats upon subsequent gla-
cial retreat. It is possible that such “leading-edge” colonization at glacial margins 
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may subsequently have produced a spatial assortment of genomes, perhaps promot-
ing divergence and speciation (Hewitt  1996 ). 

  Monitoring environmental change   involves the very close relationship, as part 
of the hydrological cycle, between groundwater and the atmosphere, where 
changes to the latter (such as a rise in global air temperature) are likely to affect 
the former. Such a change is likely to have serious consequences for spring dis-
charge, in that permanent springs may become intermittent, and also for the typi-
cally  stenothermic communities   of organisms that live in springs. A study of a 
spring in which the water temperature was artifi cially raised by 2–3.5 °C to simu-
late global warming resulted in a suite of changes to the fauna including: a 
decrease in total invertebrate numbers, earlier onset of adult insect emergence, 
increased growth rates and precocial breeding in amphipods, smaller size at 
maturity in stonefl ies and altered sex ratios in caddisfl ies (Hogg and Williams 
 1996 ). Such responses to environmental change make spring faunas very useful 
in detecting changes in water quality of their source aquifers and hence the pota-
bility of these important reservoirs (99.6 % of the world’s freshwater resides in 
this way). Williams et al. ( 1997 ) showed that, in a series of springs in Southern 
Ontario, Canada, there was a strong relationship between the  fauna and chlo-
ride  —a major contaminant of the groundwater in the study area and believed to 
be derived from the application of road de-icing salt. Several taxa were closely 
associated with high chloride levels (e.g. the dipteran families Tipulidae and 
Ceratopogonidae), whereas others occurred only in springs with low chloride 
(e.g. Turbellaria and  Gammarus pseudolimnaeus ). Not only can spring faunas be 
used as indicators of contemporary spring health, where suffi cient sediment 
depth occurs coring can yield chitinous remains that may allow reconstruction of 
the past history of source aquifers and their catchments, especially during the 
 Anthropocene  . For example, a core taken from the bed of a Canadian spring 
showed evidence of changes in land use over a 200-year period.  Fossil sclerites   
of, predominantly, caddisfl y and chironomid larvae indicated a shift from pre- 
European settlement forest, through a land clearing/agricultural phase, to a pres-
ent-day increase in urban development (Williams and Williams  1996a ,  b ). 

 Spring faunas provide unique information on endemism and also on post-glacial 
colonization patterns. Springs are habitats where relict species of these former times 
have endured, protected from large  oscillations   in climate. Springs hold a position 
of importance as study areas that is far out of proportion to their size and number. 
However, the same cannot be said about their global knowledge base. Some collec-
tions of specifi c taxa from springs exist in the general holdings of national or 
regional museums, but these collections seldom have suffi cient accompanying habi-
tat description or quantifi cation to make them useful except in an introductory 
capacity. This dearth is occurring at a time when they and their source aquifers have 
come under extreme pressure from human activities. Springs themselves are being 
destroyed when, for example, used as stock watering holes, water-bottling sites and 
spas and as a consequence of logging and transportation routes (Brune  1981 )—
whereas their water sources are being rendered unfi t for use by both invertebrates 
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and humans (Liu and Liptak  1999 ). Some causes of contamination are localized, 
while others, such as acid rain, may be widespread. However,  contaminants   may 
migrate along subsurface paths, many of which emerge at the surface as springs 
before fl owing into streams, lakes and wetlands. This form of contamination is 
increasing primarily because the diversity of chemicals used in industry and agricul-
ture is high and many of them persist in the groundwater zone (Bowler  2014 ). 
Detection involves costly and repetitive sampling at depth.  Biomonitoring   of spring 
faunas has been proposed as a viable alternative, as these organisms are continually 
subjected to the emerging water and integrate the effects of geology, vegetation and 
climate over time (as many have at least a 1-year life cycle) (Biological Survey of 
Canada  1990 ). Where palaeoecological information is available, it is possible to 
build up an accurate index of groundwater quality and the history of individual 
aquifers. 

 Williams and Danks ( 1991 ) drew up a series of recommendations for the pro-
tection of springs that comprised: (1) preparing inventories of spring types and 
their distributions, at both  regional and continental levels  ; (2) surveying their 
 fl oras and faunas   so as to enable the detailed study of representative spring types 
and regions; (3) making, alongside the  biota  , detailed descriptions of local geol-
ogy, hydrology and climate, together with comprehensive analyses of water 
chemistry; and (4) preserving rare and regionally characteristic spring types and 
their biotas—the latter to be accomplished through restricting the capping of 
springs for commercial use; establishing and enforcing protective areas (e.g. 
woodlands) around springs, including fencing to prevent trampling by livestock; 
raising public awareness of the importance of springs; and establishing appropri-
ate protective legislation, perhaps most effectively focused on maintaining high-
quality groundwater. Groups identifi ed as needing to take responsibility for the 
implementation of these recommendations include federal and local governments, 
natural history and other societies, individuals and landowners. Such action is to 
be strongly encouraged.     
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    Chapter 12   
 Invertebrates in Beaver-Created Wetlands 
and Ponds                     

       Bryana     M.     Bush      and     Scott     A.     Wissinger    

            Introduction 

 Eurasian ( Castor fi ber ) and North American ( Castor canadensis ) beavers are 
 semi- aquatic mammals that modify the hydrology of streams and other water bodies 
by constructing dams. The modifi ed  aquatic habitats   associated with beaver 
 activities were once a ubiquitous feature of the post-Pleistocene landscape 
 throughout the  temperate and boreal zones   of North America and Europe. By the 
end of the nineteenth century, trapping and hunting by humans had extirpated 
 beavers across much of their former range (e.g., Johnson and Chance  1974 ; Danilov 
et al.  2011 ). Since then, the recovery and/or reintroduction of populations in  North 
America and Europe   (Naiman et al.  1988a ,  b ; Hartman  1994 ,  1995 ; Nolet and 
Rosell  1998 ; Bluzma  2003 ; Halley et al.  2012 ; Law et al.  2014 ) have led to (1) 
 dramatic changes in the structure and function of headwater and middle orders 
streams and adjacent riparian zones (Naiman et al.  1988b ; Rosell et al.  2005 ) and 
(2) the creation and maintenance of wetland habitats within and beyond the bound-
aries of stream valleys (McCall et al.  1996 ; Syphard and Garcia  2001 ). 

 Research on  invertebrate communities   in aquatic habitats associated with beaver 
activities can be divided into general groups of studies: (1) those with a distinctly 
“ running water perspective”   that focus on how beaver dams change stream inverte-
brate communities at multiple scales (reach, stream segment, stream system; Allan 
 2004 ) and (2) those with a distinctly wetlands/pond perspective on the plant and 
animal life that inhabit the many types of shallow lentic habitats outside of stream 
channels. We fi rst briefl y summarize the major themes from the large literature 
focused on how beavers affect  stream invertebrate communities  , and then turn to 
focus on the distinctly lentic invertebrate communities that occur in non-channel 
wetlands created by beavers.  
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    Stream Ecology Perspective on Beaver Dam Invertebrates 

    Beaver Reestablishment in Native Range and Changing 
Streamscapes 

 Robert Naiman and colleagues established the general paradigm for the effects of 
beaver activity on stream invertebrates by describing how the presence of beaver 
dams in stream channels modifi es nearly every aspect of the physicochemical 
(water chemistry, carbon budgets, nutrient spiraling, fl ow regimes, physical sub-
strates, retention/turnover of organic matter, etc.) and biological (hetero- and 
auto-trophic microbial assemblages, community metabolism, plants, inverte-
brates, fi sh, waterfowl)  environment   in stream channels and adjacent riparian 
habitats (Naiman and Melillo  1984 ; Naiman et al.  1986 ,  1988a ,  b ; also see Rosell 
et al.  2005 ). From the perspective of stream ecologists, hydrologists, and fl uvial 
geomorphologists, the recovery of  beaver populations in North America and 
Eurasia during the past 100 years has prompted a reevaluation of the structure and 
function of headwater and  middle- order streams as compared to when and where 
beavers had (have) been extirpated (Naiman et al.  1986 ,  1988b ; Cirmo and 
Driscoll  1993 ; Devito and Dillon  1993 ; Hammerson  1994 ; Pollock et al.  1995 ; 
Klotz  1998 ; Snodgrass and Meffe  1998 ; Collen and Gibson  2001 ; Butler and 
Malanson  2005 ; Pollock et al.  2007 ; Burchsted and Daniels  2014 ; Curran and 
Cannatelli  2014 ). The  hydrology   of beaver ponds in this context is dominated by 
stream fl ow inputs and outputs, and the dams can reduce peak channel discharge 
by temporarily storing water and shunting it to the adjacent  riparian zone/fl ood-
plain   (Fig.  12.1a ). This is one of three potential losses of water between channel 
infl ow and outfl ow in beaver dams. A second is through  evapotranspiration   
because of the increased surface area and residence times, especially in arid envi-
ronments (Andersen et al.  2011 ), and a third is through  downwelling   into the 
shallow ground water that moves down vallies through unconsolidated  sediments. 
In  arid land streams  , groundwater recharge from beaver ponds and wetlands can 
enhance shallow groundwater storage, which later supplements channel fl ow dur-
ing low-fl ow conditions, potentially converting intermittent to perennial streams 
(Fig.  12.1b , Gibson and Olden  2014 ).

   In steep gradient headwater and middle-order streams, beaver activity in North 
America and Eurasia leads to the replacement of  erosional (riffl e) assemblages   of 
invertebrates typical of high-oxygen, turbulent-fl ow, hard-substrate habitats (e.g., 
stonefl ies, mayfl ies, riffl e beetles, net-spinning caddisfl ies) with communities that 
are more typical of depositional environments (pools, runs) that have relatively 
slow, laminar fl ow, relatively low oxygen, and a predominance of soft substrates 
(e.g., chironomids and other dipterans, odonates, dytiscid beetles, hemipterans, 
annelids, epibenthic crustaceans). At the reach scale, invertebrate  biomass   is much 
higher (1.3–11.1 g m −2 ) in pools behind beaver dams than in adjacent riffl es 
 (0.01–0.6 g m −2 ), but taxonomic diversity between the habitats is similar (McDowell 
and Naiman  1986 ; Naiman et al.  1986 ). However, at the stream-segment or beta 
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 diversity  scale   (Allan  2004 ), the longitudinal sequences of these alternating habitat 
types results in an increase in the overall taxonomic and trophic (functional-feeding- 
group) diversity as compared to streams lacking beaver dams (e.g., Sprules  1940  
[Ontario]; McDowell and Naiman  1986  [Quebec]; Harthun  1999  [Hesse, Germany]; 
Smith et al.  1991  [New York]; Margolis et al.  2001  [Pennsylvania]; Pliūraitė and 
Kesminas  2012  [Lithuania]). 

Beaver 
Pond

Stream
Channel flow

Groundwater

base overflow to riparian 

flood overflow to riparian 

Pr
ec

ip
ita

tio
n

ET

Beaver 
Pond

Stream
Channel flow

Groundwater

Beaver ponds in arid landscapes

flood overflow
to riparian 

Pr
ec

ip
ita

tio
n

ET

ba

c d

Beaver
Pond

flood from channel

Downvalley movement of shallow groundwater through
unconsolidated alluvial sediments 

Floodplain beaver pond

Beaver pond on main stream channel

base flow

Pr
ec

ip
ita

tio
n

ET

Stream

Upwelling ground water

Overland flow

Upland beaver wetland
complexes

Pr
ec

ip
ita

tio
n

ET

Stream

Stream

  Fig. 12.1    The  hydrology   of ponds and wetlands associated with beaver activity. ( a ) The hydrol-
ogy of beaver ponds in main channels will be dominated by stream fl ow inputs and outputs, and 
hence be temporally dynamic. Channel fl ow can be greater than outfl ow because of (1) bank over-
fl ow to the adjacent riparian zone, (2) enhanced evapotranspiration, and/or (3) hyporheic loss with 
the downstream return fl ow path dependent on the geomorphologic context (Rosell et al.  2005 ). ( b ) 
In arid landscapes, the three losses between stream input and output will be exaggerated because 
of enhanced evaporation and lateral and vertical losses to shallow groundwater. The temporary 
storage in that shallow groundwater can be especially important for ameliorating downstream low- 
fl ow conditions (Gibson and Olden  2014 ). ( c ) In beaver ponds and wetlands situated in fl oodplains 
away from the main stream channel, the hydrologic budget will be strongly infl uenced by shallow 
ground water and lateral hyporheic fl ow moving down valley through unconsolidated sediments. 
Proximity to the main channel will determine the frequency and duration of inputs from fl oods (see 
Fig.  12.3b ). ( d ) Beaver dam wetland complexes in relatively upland landscapes (perched water 
tables, along valley margins) receive much of their hydrologic input from springs and upwelling 
groundwater discharge that then leaves the wetland complex as the channel fl ow of headwater 
streams. This hydrology model fi ts beaver meadow complexes in Northeastern North America and 
those on valley margins in Western North America (see text)       
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 The patches of large  woody debris   associated with dams (Fig.  12.2 ) and huts 
can harbor unique assemblages of invertebrate species dominated by grazers 
and fi lter feeders (e.g., simuliid larvae; Clifford et al.  1993 ; Adler and Mason 
 1997 ). Rolauffs et al. ( 2001 ) found higher invertebrate diversity and higher sec-
ondary productivity on coarse woody substrates of dams than in either riffl es or 
the pools created by the dams, perhaps as a result of some combination of the 
(1) extensive surface area of these complex structures, (2) availability of organic 
materials (wood substrate with biofi lm and fl ow-through suspended particu-
lates), (3) high organic turnover rate, and (4) aerobic conditions at the water–air 
interface.

   Several studies have compared stream invertebrate communities between com-
parable habitats above and below beaver dams. In a small,  low gradient stream   in 
northeastern North America (New York state), Smith et al. ( 1991 ) found that stream 
invertebrate assemblages below dams are less diverse and have lower densities of 
Plecoptera, Trichoptera, and fi lter feeders (taxa not specifi ed). In contrast, Fuller 
and Peckarsky ( 2011a ) found no systematic differences among  functional feeding 
groups (FFGs)         above and below ponds and no differences driven by dam morphol-
ogy among FFG with the exception of suspension feeders. The abundance of 
 suspension feeders, and especially simuliids, increases below beaver ponds with 
high hydraulic head dams, which is also typical downstream of man-made reser-
voirs due to high seston pulses (Mackay and Waters  1986 ; Richardson and Mackay 
 1991 ). However, suspension feeders decrease below ponds with a low hydraulic 
head dam, and the difference between high- and low-head dams is not driven by 
algae spillover from dams. Fuller and Peckarsky ( 2011a ) hypothesize that higher 
abundance of suspension feeders below high head dams could be related to a higher 
availability of bacterial seston or increased scour downstream of high head dams, 
but not below low head dams, both of which are favorable for  simuliids  . Invertebrates 
were not infl uenced by any differences in nutrients, algal biomass, and benthic 
organic matter among stream reaches above and below ponds related to dam 
morphology. 

 In a related study, Fuller and Peckarsky ( 2011b ) studied the impact beaver 
pond morphology had on mayfl y life history (Fig.  12.2 ). They evaluated down-
stream effects of beaver pond morphology on   Baetis bicaudatus    size and timing 
of  emergence  . Reaches downstream of high head, low surface area ponds pro-
duced larger females than low head ponds with larger surface area, and females 
found below the pond were larger than those found above. Male size differences 
followed similar patterns but were not signifi cantly different. Because large 
female  B. bicaudatus  are more fecund than small females, Fuller and Peckarsky 
hypothesize that the next generation could vary in size by +11 to −12 % depend-
ing on pond morphology. Larger female size downstream of high head ponds cor-
responds with colder water temperatures in these areas.  Outfl ow water   is colder 
than pond water, probably as a result of groundwater upwelling below the high 
hydraulic head dams. Despite temperature differences, pond morphology did not 
predict timing of emergence of mayfl ies downstream of dams. In general, where 
groundwater lost through the hyporheic in beaver ponds resurfaces as channel 
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fl ow (see Fig.  12.1a, b ) should have important consequences for how beaver dams 
affect downstream invertebrate communities. 

 Impounded reaches of channels in low gradient streams are likely to have an 
enhanced wetted area of overhanging vegetation and snag habitats along  fl ooded 
shoreline margins   (Johnston and Naiman  1987 ). The importance of  channel-mar-
gin overhanging vegetation   as substrate for aquatic invertebrates is well described 
in other stream contexts (e.g., coastal plain rivers—Benke et al.  1985 ). The sec-
ondary production of aquatic invertebrates on these substrates can dwarf that on 
channel substrates and can be the most important source of production for  fi sher-
ies   in  slow- moving, soft-sediment channels (as in Benke et al.  1984 ). Indeed, lit-
erature reviews and meta-analyses of the positive effects of beavers on stream fi sh 
cite the high invertebrate productivity in stream habitats associated with beaver 
activity (pools, wetted margins, dams, huts) as an important positive effect on 
stream fi sh abundance, growth, and productivity (reviews by Collen and Gibson 
 2001 ; Kemp et al.  2012 ). Other positive effects of beavers on fi sh are related to the 
effects of habitat  heterogeneity in the streamscape on overwintering success, 
juvenile refugia, recruitment, and connectivity between juvenile and adult habi-
tats; whereas barriers to fi sh movement and increased temperatures (and decreased 
oxygen) towards upper  tolerance thresholds are cited as negative effects in those 

  Fig. 12.2    Beaver dams on a high gradient stream (West Brush Creek) in the Elk Mountains of 
Colorado (see Fuller and Peckarsky  2011a ,  b ; photo courtesy of Matt Fuller)       
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same reviews. The degree to which beavers have a positive or negative  effect   on 
native brook trout, the top predator in high gradient, headwater streams in north-
eastern North America, appears to vary across locations and geomorphological 
context (White and Rahel  2008 ; Niles et al.  2013 ). From the perspective of our 
focus here on invertebrates, we did not fi nd any studies that consider how the 
changes in fi sh communities associated with beaver activity feed back on inverte-
brate communities. 

 There is also a large literature on the positive effects of beaver activity on the 
growth, survival, and diversity of  waterbirds   that is attributed to the creation of 
structurally favorable habitats for breeding and survival (e.g., Brown et al.  1996 ; 
McKinstry et al.  2001 ), and to the high primary and secondary productivity in 
beaver- created wetlands, including invertebrate production (e.g., Nummi and 
Hahtola  2008 ; Nummi and Holopainen  2014 ). However, it is not clear how increased 
density, diversity, and production of waterbirds in turn affect beaver pond 
 invertebrate communities. 

 In relatively fl at landscape settings, it appears that the invertebrate communities 
in the pools that develop upstream of dams are comparable to those typical in 
 standing water habitats. For example, in low gradient streams in Hesse, Germany, 
the  macroinvertebrate communities   in beaver ponds are distinctly different from 
those in unimpounded reaches with high diversity of taxonomic groups (e.g., 11–18 
odonates, 11–22 caddisfl ies including many limnephilids that are typically lentic; 
Harthun  1999 ). In contrast, in the  Bigoray River   in Alberta, Canada, Clifford et al. 
( 1993 ) found that, although the percent composition varied between habitats, there 
were seven taxa that were common to both unimpounded and impounded reaches of 
this slow moving 3rd order stream. For example,  Simuliidae   represented more than 
80 % of the most abundant taxa in the fast water associated with the dams, but less 
than 3 % in unimpounded sites.  Chironomidae   made up less than 12 % of the most 
abundant taxa in dams; however, it comprised more than 48 % in unimpounded 
reaches of the same streams. In addition, unimpounded sites contained taxa fre-
quently associated with slower reaches ( Pisidium  spp.,  Leptophlebia cupida ,  Caenis  
spp.) and both cluster and principal component analysis separated dam sites and 
stream sites. Thus, it appears that in some hydrologic and geomorphic contexts, 
beaver dams can be important refuge for  lotic taxa   in slow moving streams, and in 
others, are more likely to reduce the available habitat for those taxa. It is possible 
that in relatively small streams with confi ned valleys, beaver activities may over-
whelm the capacity and competence of low stream discharge to create truly lentic-
like habitats, whereas in the context of higher fl ows and unconfi ned channels, the 
redistribution and  artifi cially cascaded nature of channel fl ows across multiple dis-
tributaries may actually enhance the  lateral presence of  erosional (riffl e) and deposi-
tional (pool) habitats  . 

 In unconfi ned geomorphological settings (e.g., broad valleys), the in-channel 
invertebrate diversity at the stream-segment scale should be complemented by the 
creation of lateral habitats that support other types of invertebrate assemblages on 
adjacent  shoreline margins   (see Johnston and Naiman  1987 ), and out-of-channel 
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riparian habitats including paleochannels with active and abandoned beaver dams. 
For example, in relatively fl at stream segments in the U-shaped valleys created by 
mountain glaciers in western North America (Fig.  12.3a ), single, meandering 
 channels can be transformed by beavers into valley wide systems of distributaries, 
each with a complex longitudinal and lateral sequence of habitat types associated 
with beaver activities including open ponds, systems of channels connecting those 
ponds, and extensive willow ( Salix  sp.) and sedge ( Carex  sp.) meadow wetland 
habitats (Fig.  12.3b ). The hydrology of  fl oodplain beaver ponds   outside of the 
main channel will vary depending on proximity to the main channel. The  hydrol-
ogy   of ponds close to the main channel will be more affected by changes in stream 
fl ow  conditions than those isolated laterally from the channel. The hydrology of 
the latter will be dominated by inputs and outputs dominated by the down valley 
movements of  shallow groundwater and lateral hyporheic losses from the main 
channel (Figs.  12.1c  and  12.3b ). In this  geomorphologic setting  , there is likely to 

  Fig. 12.3    Beaver pond wetlands in the lower East River Valley in the Elk Mountains of central 
Colorado below the Rocky Mountain Biological Laboratory. ( a ) Overview of meandering river in 
a glacially widened montane valley in spring (photo by Scott Wissinger). ( b )  Arrow  indicates loca-
tion of zoom to fl oodplain complex of beaver ponds (note beaver hut in pond on  lower left ) and 
difference in water color between channel (spring runoff) and beaver-created riparian wetlands 
which include open ponds, channels connecting ponds, and extensive willow-thicket and sedge- 
meadow wetlands that cover most of the valley bottom (photo by Susan Washko)       
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be a continuum of invertebrate communities ranging from those dominated by 
taxa typical of pools in stream channels to those dominated by lentic taxa typical 
of non-riparian wetlands and ponds (see discussion below of Western Beaver 
Wetlands;  Appendix ).

       Beaver Impacts Outside of  Native Range   

 Finally, given the transformative effects that beavers can have on nearly every 
aspect of running water systems, it is not surprising that they are having pro-
found impacts as invasive species on stream ecosystems outside of their native 
range. In streams of south-temperate South America, Anderson and colleagues 
studied the impacts of invasive beavers on stream ecosystem structure and func-
tion, including the effects on stream invertebrate diversity, community composi-
tion, and productivity (Anderson and Rosemond  2007 ,  2010 ; Anderson et al. 
 2009 ). In a comprehensive review of the impacts of beavers on the physical and 
biological environments of stream systems in south temperate South America, 
they concluded that the impacts of beavers as exotic invasive species was of 
similar magnitude and direction as that observed in studies in the native range 
of beavers (Anderson et al.  2009 ). In South America, they compared unim-
pacted reaches to reaches with beaver ponds to reaches below beaver ponds and 
found lower taxonomic and FFG diversity in the pools associated with dams 
than in either upstream or downstream reaches, which did not differ from unim-
pacted reaches (Anderson and Rosemond  2007 ). They attributed this difference 
to the relatively homogenous microhabitat in the soft  sediments of the pools, 
although they did not appear to include other types of  habitats (wetted margins, 
dams, hut). Examining other beaver-associated habitats could be important in 
obtaining a full picture of invertebrate diversity as these other connected habi-
tats increase habitat heterogeneity, which has increased diversity in beaver-
infl uenced habitats elsewhere. They also found invertebrate abundance,  biomass, 
and secondary production were higher in the pools associated with dams as 
compared to above or below undammed reaches (Anderson and Rosemond 
 2007 ), which was consistent with the literature from North America and Eurasia 
(Anderson et al.  2009 ). They tested the hypothesis that this higher productivity 
was associated with increased production and input of allochthonous detritus 
using  stable isotopes and found a slight increase in reaches with vs. without 
beaver dams (Anderson and Rosemond  2010 ). Anderson and colleagues argued 
that because the in-stream productivity and metabolism in these forested catch-
ments is naturally driven primarily by allochthonous  subsidies  , beaver impacts 
are small. They predict that in streams where autochthonous production contrib-
utes a larger fraction of the overall energy budget, beavers will have a bigger 
impact on shifting the metabolism of a stream reach towards autochthonous 
production (as in Naiman et al.  1986 ,  1988b ).   
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    Lentic Invertebrate Communities in Beaver Wetlands 

    Beaver-Meadow Wetland Complexes in Northeastern North 
America 

 In relatively fl at-lying landscapes, beaver activities beyond the main channels of 
streams can create extensive and persistent wetland complexes that are distinctly 
lentic in character (Fig.  12.4a ). These  habitats   are variably described as “beaver- 
pond wetlands,” “beaver meadow wetlands,” or “valley beaver impoundments” 
(Burchsted et al.  2010 ; Polvi and Wohl  2012 ). As a result of the recolonization of 
 beavers   over the past 100 years, these wetland complexes have become a ubiqui-
tous feature of the landscape in northeastern North America (from west to east—
Minnesota, Wisconsin, Michigan, Ontario, Ohio, Pennsylvania, New York, New 
England, Quebec, New Brunswick, and non-urbanized areas of the coastal Atlantic 
states). Along the northern tier of this region (i.e., southern Canada and border 
states of the USA), beaver dams that occur beyond the margins of stream courses 
can transform vast tracts of saturated-soil peatlands into complexes of open ponds, 
marshes, and shrub swamps that are interconnected by beaver-constructed 
standing- water canals (Naiman et al.  1986 ,  1988b ; Rebertus  1986 ; Johnston and 
Naiman  1990 ; Woo and Waddington  1990 ; McCall et al.  1996 ; Donkor and Fryxell 
 2000 ; Ray et al.  2004 ).  Beaver wetland complexes   that are not part of peatlands 
are also common further to the south in glaciated and unglaciated landscapes of 
Ohio, Pennsylvania, Ontario, and New York, often at the boundary between 
upland and lowland terrain (Johnston and Naiman  1987 ; Grover and Baldassarre 
 1995 ; Wissinger and Gallagher  1999 ). The  hydrologic budget   of beaver wetland 
 complexes is often tied to upwelling areas of groundwater discharge with the out-
fl ows below the complexes forming  perennial headwater streams   (Fig.  12.1d ). 
These wetland complexes are distinctly different from the pools created by beaver 
dams in large stream channels (Hodkinson  1975a ,  b ; Ray et al.  2001 ; Burchsted 
et al.  2010 ).

   Compared to the many detailed studies of how beaver dams change stream 
 invertebrate communities at the  streamscape level   (see above), there are relatively 
few studies that describe the invertebrate communities in beaver-meadow wetland 
complexes. These complexes are ubiquitous in the hummocky glaciated terrain of 
  northwestern Pennsylvania   (Fig.  12.4 ), and the complexes are long-lived, espe-
cially where beaver colonies are protected (e.g., PA State Game Lands, Erie 
National Wildlife Refuge). Wissinger and Gallagher ( 1999 ) studied the inverte-
brate communities in two such complexes (Robinson-South Marsh Complex; and 
Church-Kiser Marsh Complex in Allegheny College’s Environmental Research 
Reserve). The beaver dams at these sites are located on terraces along the edges 
of the valley and impound groundwater discharge as it resurfaces at the base of the 
slopes of uplands. The complex of habitats created in the relatively fl at-lying ter-
rain include:
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    1.      Relatively deep  (> 1 m )  ponds    immediately behind the dam structure that have 
complex plant zonation ranging from an open-water zone of fl oating pads of 
spatterdock ( Nuphar variegata ) and submergent vegetation (e.g.,  Potamogeton  
spp.,  Ceratophyllum ) towards shoreline vegetation with deep (e.g.,  Typha 
 angustifolia  and  T. latifolia)  and shallow water emergents (e.g.,  Scirpus  cyperinus  
and  Sparganium eurycarpum ) (Fig.  12.4a ).   

   2.      Shallow marshes     of emergent vegetation that grade into moist - soil herba-
ceous communities  that develop on fl ooded fi elds adjacent to active dams, and 
then invade pond basins when dams are abandoned. In addition to the emergent 
vegetation surrounding the ponds per se (see above), seasonally inundated wet 
meadow plant assemblages are dominated by rushes and sedges (e.g.,  Juncus 
effusus ,  Carex hystericina , and  C. lurida ) and herbaceous plants (e.g.,  Eupatorium 
maculatum  and  Verbena hastata ).   

  Fig. 12.4    Habitats associated with beaver meadow wetland complex in  northwestern Pennsylvania  , 
USA. ( a ) Active beaver pond embedded in a series of ponds and other beaver-affected wetland 
habitats on Allegheny College’s Environmental Research Reserve. Habitats include open water 
zone in the foreground, lily pad zone, and shrub swamp (plant species given in text) at the forest 
edge in the background (photo by Ben Plohr). ( b ) Mixed species shrub swamp on the upslope edge 
of pond, and ( c ) vernal pool in adjacent woodland enhanced by locally raised water table (photo by 
Scott Wissinger)       
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   3.      Shrub - swamps    along margins of active or abandoned ponds that are dominated 
by alder ( Alnus rugosa ), wetland dogwoods ( Cornus amomum  and  C. stolon-
ifera ), willows ( Salix  spp.), and buttonbush ( Cephalanthus occidentalis ); and 
wet meadow shrubby species including meadowsweet ( Spirea alba ) and sweet 
gale ( Myrica gale ) (Fig.  12.4b ).   

   4.      Back - fl ooded forests    with dead snags of trees that are intolerant of anaerobic 
soil conditions soils (e.g.,  Prunus serotina ,  Fagus grandifolia , and  Quercus  spp.).   

   5.      Living red - maple / hemlock moist - soil swamps     with vernal woodland pools  
that develop in the depressional micro-topography from the raised water table in 
back-fl ooded forests (Figure 15.1 in Wissinger and Gallagher  1999 ; Fig.  12.4c ). 
Despite the apparent remoteness of these woodland pools to beaver activity, the 
hydrologic dependence becomes apparent when beaver dams are abandoned, 
and the adjacent water table falls.    

  Across all of these subhabitats in these beaver-pond wetland complexes, there 
is a remarkable diversity of wetland plants (Wissinger et al.  2001 ) and animals 
(amphibians, reptiles, fi shes, invertebrates) (Wissinger and Gallagher  1999 ). 
Wissinger and Gallagher studied the resiliency of the invertebrate communities to 
short-term drought in the main pond communities by monitoring the multiple 
 pathways by which species recolonized after drought, and experimentally by 
 rehydrating soil cores that were extracted from  dried basin sediments  . They found 
that (1) the invertebrate assemblages in  semi-permanent basins   (abandoned bea-
ver ponds and marginal wetland habitats) were more resilient after drought than 
those in the permanent basins, (2) the overall rapid recovery of the invertebrate 
diversity prior to drought (>90 % after 18 months in semi-permanent basins) was 
attributable to a variety of  recolonization modes   (e.g., use of micro-refuges in 
dried basins (see Strachan et al.  2014 ), desiccation tolerance of eggs, larvae, 
adults, fl exible life  history traits, and seasonally timed emergence), and (3) high 
 dispersal rates   among habitats with different hydroperiods lead to metapopulation 
and metacommunity dynamics that stabilize beta diversity across the complex of 
habitats (Wissinger and Gallagher  1999 ). 

 Combining the species identifi ed in the original surveys (see taxonomic list in 
Wissinger and Gallagher  1999 ) with subsequent annual surveys (2000–2009; 
S. Wissinger unpublished data) reveals the presence of >250 invertebrate taxa includ-
ing 40+ species of odonates, 16 species of caddisfl ies, 30+ species of beetles, 18 spe-
cies of water bugs, 50+ dipteran taxa, 11+ molluscs, and 20+ crustaceans (see 
 Appendix  for list of families). The  taxonomic resolution   attainable for odonates and 
caddisfl ies (species-level identifi cation of adults and larvae, respectively in the fi eld) 
provides insight into two levels of habitat heterogeneity that underlie this diversity. 
First, there is considerable  habitat heterogeneity  within  types of subhabitats in the 
 complexes  . For example, different species of anisopteran and zygopteran dragonfl y 
larvae are encountered at different depths and in different vegetation zones within 
main beaver ponds (Table  12.1 ). This type of  spatial niche segregation   within ponds 
(also see Crowley and Johnson  1982 ; Wissinger  1988 ; Van de Meutter et al.  2008 ) is 
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not limited to dragonfl ies—in general,  plant zonation   is a well-described axis of niche 
segregation for invertebrates in many types of wetlands (Batzer and Wissinger  1996 ; 
Wissinger  1999 ; De Szalay and Resh  2000 ; Batzer  2013 ). Thus, the high diversity of 
habitat types and distinct plant communities associated with beaver-meadow wetland 
 complexes (Grover and Baldassarre  1995 ; Wright et al.  2002 ,  2003 ) translates into a 
diverse invertebrate fauna (Hood and Larson  2014 ). Other  microhabitats that create 
hotspots of diversity within beaver ponds include those associated with the structural 
complexity of beaver huts and dams (France  1997 ).

   A second scale of heterogeneity in beaver-meadow wetland complexes is related 
to variation  between  different types of  wetland habitats  . Although specifi c patterns 
are diffi cult to predict across wetland types (Batzer  2013 ), for wetlands and ponds 
of similar size, species richness decreases along a gradient from permanent to 
 temporary habitats, with species in temporary habitats often being a nested subset 
of those in the permanent habitats. In addition to nestedness patterns in ponds (see 
review by Batzer and Ruhí  2013 ), invertebrate community composition can also 
shift from permanent, relatively deep-water (1–2 m depth) ponds that typically have 
large-gaped predatory fi sh that prey on invertebrates (bass, sunfi sh, pickerel), to 
semi-permanent marshes and shrub-swamps habitats with small-gaped fi sh (stickle-
back, mudminnows) and/or salamander predators, to temporary habitats in which 
salamander larvae and invertebrates are the top predators (Batzer and Wissinger 
 1996 ; Wellborn et al.  1996 ). In the beaver-wetland complex studied by Wissinger 
and Gallagher ( 1999 ), all of these types of habitats are present and  odonates and 
caddisfl ies   provide evidence for shifts in species composition along predator- 
permanence gradients. Although there are generalists that occur across habitat 
types, some species tend to occur mainly at one end (permanent) or the other 
 (temporary) of this gradient (Tables  12.1  and  12.2 ). Similar differences are observed 
for beetle assemblages in  temporary habitats vs. permanent ponds   including beaver 
ponds beyond stream channels (Fairchild et al.  2000 ,  2003 ). Such shifts in species 
composition are expected for nearly every invertebrate taxon (beetles, bugs, odo-
nates, caddisfl ies, true fl ies, crustaceans, molluscs, etc.) associated with wetland 
habitats; i.e., different combinations of species within genera and different genera 
within families will be present in different types of  basins   as a result of differential 
dispersal and colonization rates combined with the different biological and physico-
chemical fi lters that affect establishment and survival (Batzer and Wissinger  1996 ; 
Wellborn et al.  1996 ; McCauley  2008 ). The mechanisms that underlie species 
replacements across permanence gradients (as in Tables  12.1  and  12.2 ) are well 
described for  odonates and caddisfl ies  , and typically involve tradeoffs between 
physiological, behavioral, and morphological traits that facilitate coexistence with 
different types of predators, or  tradeoffs   between traits that facilitate coexistence 
with predators and those that expedite the completion of life cycles in temporary 
habitats (e.g., Stoks and McPeek  2003 ,  2006 ; Wissinger et al.  2006 ; McCauley 
 2008 ; McCauley et al.  2010 ). Patterns of species replacements across habitat types 
in  beaver wetland complexes may be confounded by cycles of dam building and 
 abandonment that lead to legacy effects associated with shifts in permanence and in 
the presence/absence of large-gaped predatory fi sh. This temporal variability may 
be even more likely for beaver ponds and wetlands in the fl oodplains of major 
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streams because of the stochastic arrival of fi shes and unpredictable fi lling and 
 drying events associated with fl oods (e.g., Kohler et al.  1999 ).

   In summary, the habitat heterogeneity observed within and between the different 
types of  basins   in beaver-meadow wetland complexes combined with the potential 
for diversity-enhancing metacommunity dynamics associated with dispersal and 
high connectivity among basins should lead to an overall higher diversity of plants 
and animals as compared to in structurally simple and isolated wetland basins 
(Wissinger and Gallagher  1999 ; Wright et al.  2002 ,  2003 ; Caudill  2005 ; McCauley 
et al.  2010 ). Moreover, because the combinations of habitats in beaver-meadow 
complexes that are part of the  cyclic and multi-successional pathways   associated 
with beaver activity (see Naiman et al.  1988b ; McMaster and McMaster  2001 ) are 
constantly changing, understanding the degree to which assemblage structure and 
composition at a given point in time at a given location is a result of extant vs. 
 legacy conditions will require long-term and wetlandscape-level study.  

    Beaver Dam Wetlands in  Western North America   

 Wetland habitats associated with beaver activity in western North America occur in 
a variety of geomorphological contexts including (1) northern peatlands (e.g., Hood 
and Bayley  2008a ,  b ,  2009 ); (2) on rivers of the “High Plains” to the east of the 

    Table 12.2    Distribution of cased caddisfl ies (Limnephilidae and Phryganeidae) across subhabitats 
in two beaver-meadow wetland complexes in northwestern Pennsylvania   

 Permanent ponds 
 Semi-perm marshes 
and shrub swamps 

 Temporary 
woodland pools  Seeps and rivulets 

  Banksiola crotchii    Nemotaulius hostilis    Ptilostomus ocellifera    Ironoquia 
punctatissima  

  Platycentropus 
radiatus  

  Limnephilus indivisus    Ptilostomus postica  

  Pycnopsyche 
subfasciata  

  Limnephilus submonilifer    Ironoquia parvula  

  Agrypnia vestita    Limnephilus moestus  
  Anabolia consocia    Banksiola doussaria  
  Fabria inornata    Bansiola crotchii  

  Anabolia bimaculata  
  Ptilostomus occellifera  
  Phryganea  sp.  (sayi?)  

  Larval occurrences based on Wissinger and Gallagher ( 1999 ) and subsequent D-net samples taken 
during October–November, and April–May from 2000 to 2009. Top predators in (a) permanent 
ponds (active beaver ponds) are large-gaped fi shes (sunfi sh, bass, grass pickerel); (b) in semi- 
permanent marshes (herbaceous emergent) and shrubswamps are mudminnows, brook stickleback, 
and newts; and (c) backfl ooded temporary habitats and woodland pools are  Ambystoma  salaman-
der predators. Seeps and rivulets are small fl owing water habitats between various standing water 
habitats in the beaver meadow complexes (see Fig. 15.1 Wissinger and Gallagher  1999 )  
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Rocky Mountains and in arid intermountain basins among the major North American 
Cordilleran ranges where created ponds and wetlands expand the riparian ecotone 
of stream systems and create perennial wetland habitats in arid landscapes 
(e.g., Andersen and Shafroth  2010 ; Gibson and Olden  2014 ); (3) on relatively small 
tributaries in the foothills of mountain ranges (e.g., Hodkinson  1975a ,  b ; Clifford 
et al.  1993 ; Morrison et al.  2015 ); (4) in the riparian zone of montane and subalpine 
rivers that fl ow through the U-shaped valleys carved by mountain glaciers in the 
Rocky and Sierra mountain ranges (Malanson and Butler  1990 ; Butler and Malanson 
 1995 ; Fuller and Peckarsky  2011a ,  b ; Polvi and Wohl  2012 ; Levine and Meyer 
 2014 ) (Figs.  12.3  and  12.5 ); and (5) on streams fl owing on terraces and other valley-
side and headwater habitats in montane and alpine valleys (Caudill  2002 ; Fig.  12.5b ).

      Beaver Activity Enhances Habitat Heterogeneity in  Northern Peatlands   

 As described for northeastern North America above, beaver activity in the peatlands 
of western Canada and Alaska enhances existing habitat heterogeneity in these wet-
land landscapes. In Miquelon Lake Provincial Park, Alberta, Canada, beavers alter 
existing shallow isolated wetlands via channel digging (Hood and Larson  2014 , 

  Fig. 12.5    ( a ) Overview of geomorphological settings of beaver dam wetlands in the upper East 
River Valley in the Elk Mountains of central Colorado (photo by Scott Wissinger), ( b ) valley bot-
tom riparian beaver pond (photo by Chris Caudill), and ( c ) upland beaver wetland complex on 
valley margin terrace (photo by Susan Washko)       
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 2015 ). Beavers dig long, deep channels perpendicularly from the wetland edge 
 outward that connect to other wetlands or upland areas, thereby increasing habitat 
heterogeneity (Hood and Larson  2014 ) and wetland connectivity (Hood and Larson 
 2015 ). Hood and Larson ( 2014 ) found that beaver activity increased the amount of 
vegetated-edge habitat, which had higher species richness, diversity, and evenness 
than open water and beaver channels. Invertebrate richness, diversity, abundance, 
and density varied by year and yearly differences were driven by precipitation. 
Drought resulted in higher densities while higher water levels resulted in more 
diversity.  Daphnia  spp. were the most abundant taxon regardless of hydrologic 
 conditions. Invertebrates were compared between active and inactive beaver 
 wetlands and between different types of habitats (open water, beaver channels, and 
vegetated edges) within each category (active, inactive). Predators were the most 
species-rich group in both active and inactive wetlands, and Chaoboridae larvae 
were numerically dominant, especially in active beaver channels. Gerridae and 
Gyrinidae were unique to active channels despite low numbers of individuals. 
Tabanidae were unique to inactive channels and Culicidae were associated with all 
three subhabitats in inactive wetlands. Amphipoda were associated with active 
 vegetative edges and Hood and Lawson posit that amphipods are infl uenced by an 
increase of organic material brought in by beaver and that beaver maintain deeper 
water, which may reduce habitat for mosquito larvae. The strongest differences 
were seen at the within-wetland level with beaver channels and vegetated edges 
having more functional feeding groups than open water.  

    Abandoned Beaver Pond Invertebrate  Communities   

 Beaver ponds are notorious sinks for mineral and organic sediments and patterns of 
accumulation of these various types of sediments should have multiple  consequences 
for the development of benthic invertebrate communities. In general, the sediments 
at old dam sites contain higher amounts of organic material than those at relatively 
young sites (Butler and Malanson  1995 ). Hodkinson ( 1975a ,  b ) studied the aquatic 
invertebrates in abandoned beaver ponds in forested landscapes in the foothills of 
the Rocky Mountains in Alberta, Canada, with a particular focus on understanding 
patterns of distribution and abundance of dipteran larvae, which were the dominant 
taxa in the organic-rich sediments in these habitats. Although the invertebrate 
 communities in these abandoned beaver ponds included surface- dwelling 
Ephemeroptera, Plecoptera, Megaloptera, and Trichoptera, the great majority of 
taxa listed (67/83 species) were dipterans living in the soft organic- laden  sediments 
in these basins. Tipulid larvae were particularly diverse (26 species), and Hodkinson 
determined that their distribution and abundance varied among substrate types. 
Coarse-grained, lotic-like gravel substrates in stream courses were  dominated by 
non-tipulid lotic taxa. The abundance and species composition of the dipteran 
assemblages in the organic-laden, soft-sediments of the abandoned ponds varied 
along a gradient that varied in (1) particle size; (2) degree of compaction (fl occulent 
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to fi rm); and (3) amount (mostly organic to mostly mineral) and type (herbaceous, 
woody deciduous leaves, conifer needles) of detrital plant material. Invertebrate 
biomass was higher in loose, fl occulent, detrital substrates than in relatively 
 compacted, mainly mineral substrates. Dietary analyses by Hodkinson combined 
with those in previous studies by Pritchard and Hall ( 1971 ) and Pritchard and 
Leischner ( 1973 ) revealed that (1) allochthonous vascular plant detritus dominated 
the diets of most species in these wetlands and (2) habitat partitioning led to dietary 
partitioning in terms of the type of  vascular   plant detritus ingested.  

    Succession in  Riverine Floodplains   

 Beaver dams are frequently breached, rebuilt, relocated, or abandoned in relatively 
large streamscapes. Malison et al. ( 2014 ) studied invertebrates in different succes-
sional stages on a large river fl oodplain in Alaska, USA. Invertebrate communities 
in beaver ponds differed from fl ood-channel spring brooks but were similar among 
early-, mid-, and late-successional ponds despite the fact that early-successional 
ponds had a greater degree of connectivity to the main channel. 

The return of  beavers to large river systems in arid landscapes is an area of inten-
sive study because of the potential effects on conservation efforts—both on the posi-
tive side of the reestablishment of natural fl ora and fauna, and on the negative side 
as an interactor with invasive species (Gibson and Olden  2014 ). While there is evi-
dence for how beaver reestablishment and subsequent cyclical changes associated 
with damming and abandonment can infl uence successional changes in vegetation, 
there are few data on changes to invertebrate communities (Gibson and Olden  2014 ).  

    Metapopulation Dynamics in Montane Beaver Wetland  Complexes   

 Beaver activity on small streams in montane settings often creates step-like 
 complexes of multiple ponds and wetlands that cascade along the relatively fl at ter-
rain of mountainside terraces and along the sides of montane valleys (Fig.  12.5b ). 
The lateral development of these complexes creates multi-basin clusters of active 
and abandoned ponds with hydrologic budgets akin to those described above for the 
wetland complexes in northeastern North America; i.e., inputs are often dominated 
by fi rst order streams, springs, and/or groundwater upwellings at valley margins 
(Fig.  12.1d ). The proximity of multiple habitats makes it likely that aquatic insects 
with even moderate dispersal abilities can move between ponds. In a series of 
related studies Caudill ( 2003a ,  b ,  2005 ) evaluated the dynamics of a mayfl y 
( Callibaetis ferrugineus hageni ) metapopulation in beaver ponds of the upper East 
River Valley of Colorado, USA, with and without trout (Fig.  12.5b, c ). Caudill 
found that late instar larval mayfl ies densities are signifi cantly higher and adult 
emergence nearly an order of magnitude greater in troutless ponds than in those 
with trout. Surprisingly, trout ponds with few or no emerging adults subsequently 
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have similar larval recruitment to ponds with high emergence rates (Caudill  2003a ). 
Isotope labeled adult females move between trout and troutless ponds and there is 
no relationship between oviposition and trout (Caudill  2003b ). A comparison of 
adult emergence compared to larval recruitment rates point to a source–sink popula-
tion  dynamic   among beaver ponds, and models based on these empirical data  predict 
that this mayfl y cannot persist in ponds with trout in the absence of adult dispersal 
from neighboring troutless habitats (Caudill  2005 ).  

    Beaver-Pond vs. Non-beaver Pond Montane Invertebrate  Assemblages   

 Caudill’s beaver-pond study sites are located in the Elk Mountains of Colorado, 
USA, where Wissinger and colleagues have surveyed the invertebrate community 
composition of both beaver and non-beaver ponds for the past 25 years (Wissinger 
et al.  2003 ; Wissinger, unpublished data). The spatial confi gurations of the different 
types of montane wetland and pond habitats in the Elk Mountains are characteristic 
of many glaciated mountain valleys throughout the central Rocky Mountains—i.e., 
beavers dam the main stem of the East River as it meanders through a U-shape gla-
cial valley creating wetland complexes with some ponds highly connected to main 
channel fl ow (as in Fuller and Peckarsky  2011a ,  b ; Malison et al.  2014 ), and others 
that are less directly connected (see Figs.  12.3  and  12.5 ). Beavers also dam headwa-
ter side tributaries where they  traverse glacier-formed terraces on valley walls (as in 
Caudill; Fig.  12.5c ). Kettle ponds and other non-beaver dam wetland habitats asso-
ciated with the glacial  landscape also occur in these valleys. A comparison of the 
invertebrate communities in these various wetland habitats within the same valley 
reveals several patterns (Table  12.3 ). First, assemblages in main- stem   and valley-
fl oor complexes have a higher number of running-water invertebrates including 
stream-dwelling mayfl ies, stonefl ies, and caddisfl ies than those on valley terraces. 
Inlet and outlet areas of ponds at the upper and lower extent of beaver-pond com-
plexes include some of these stream-dwelling EPTs that, in addition to a distinctly 
lentic group of organisms (see taxa lists in  Appendix ; Table  12.3 ), create a much 
higher total diversity than in communities in valley-fl oor complexes. There is con-
siderable overlap in the dominant taxa in upland beaver pond complexes and those 
in non-beaver kettle ponds, with the former often as a nested subset of the species 
of the caddisfl ies, odonates, water bugs, and beetles that dominate (in terms of bio-
mass) the large-bodied invertebrate fauna in non-beaver wetlands (Table  12.3 ; 
Fig.  12.6 ). There are several large-bodied taxa that characteristically dominate the 
biomass in upland beaver ponds but are rare or absent in  non- beaver ponds includ-
ing (1)  Callibaetis  mayfl ies (Fig.  12.6b ); (2) tipulid fl ies (6–8 species (Fig.  12.6e )); 
(3) dixid fl ies; and (4) amphipod crustaceans. There are also subtle, species-level 
differences that are consistently observed between beaver- and non-beaver upland 
wetlands. For example, the water boatman  Callicorixa audeni  and  Cenocorixa 
bifi da  are common in montane kettle ponds, whereas  several species of  Hesperocorixa  
(a relatively lotic genus) dominate in nearby beaver  wetlands (Caudill  2002 ). Many 
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       Table 12.3    Number of species in relatively lentic vs. lotic aquatic insect groups in ponds and 
wetlands in the upper East River Valley in the Elk Mountains of Colorado near the Rocky Mountain 
Biological Laboratory   

 Order  Family  Valley beaver  Upland beaver  Non-beaver 

 Ephemeroptera  Total taxa  7  3  2 
 Baetidae  1  2  1 
 Caenidae  1  1 
 Ephemerellidae  1 
 Heptageniidae  3 
 Leptophlebiidae  1 
 Siphlonuridae  1 

 Plecoptera  Total taxa  7  2   
 Chloroperlidae  2  1 
 Nemouridae  2  1 
 Perlidae  2 

 Odonata  Total taxa  1  11  18 
 Aeshnidae  1  3  3 
 Coenagrionidae  3  4 
 Corduliidae  1  2 
 Lestidae  2  3 
 Libellulidae  2  6 

 Coleoptera  Total taxa  7  16  22 
 Chrysomelidae  1  1 
 Dytiscidae  4  10  15 
 Gyrinidae  1  1  1 
 Haliplidae  1  1  2 
 Helophoridae  1  1  1 
 Hydrophilidae  2  2 

 Hemiptera  Total taxa  3  8  11 
 Corixidae  1  2  3 
 Gerridae  1  2  3 
 Mesoveliidae  1  1 
 Notonectidae  1  1 
 Saldidae  1  1  2 
 Veliidae  1  1 

 Trichoptera  Total taxa  8  8  10 
 Hydropsychidae  1 
 Leptoceridae  1  1 
 Limnephilidae  5  6  8 
 Phryganeidae  1  1 
 Polycentropodidae  2 
 Rhyacophilidae  1 

  (1) Valley beaver = ponds with hydrologic connections to the East River (Fig.  12.5b ); (2) upland 
beaver = beaver ponds on small tributaries along the valley sides (Fig.  12.5c ); and (3) non- 
beaver = kettle ponds in mid-valley moraines. Data combined from Caudill ( 2002 ), B. Peckarsky 
(unpub. data), and S. Wissinger (unpub. data)  
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  Fig. 12.6    Frequently encountered abundant invertebrates in upland beaver wetlands in the East 
River Valley in the Elk Mountains of central Colorado studied by Caudill ( 2002 ) and Wissinger 
(unpublished data): ( a ) larva of the caddisfl y,  Limnephilus externus  (photo by Nixie Boddy); ( b ) 
larva of the mayfl y,  Callibaetis ferrugineus hageni  (photo by Chris Caudill); ( c ) adult water boat-
man,  Hesperocorixa  (photo by Timothy Loh); ( d ) larva of the dragonfl y,  Aeshna palmata  (photo 
by Jim Johnson); ( e ) tipulid fl y larva (photo by John Meyer); ( f ) larva of the damselfl y,  Coenagrion 
resolutum  (photo by Susan Washko); ( g ) larva of the meniscus midge  Dixella  (photo by Stephen 
Luk); and ( h ) adult dytiscid diving beetle,  Agabus tristus  (photo by Susan Washko)       
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of the dominant taxa in temporary non-beaver ponds are rare or absent in beaver 
ponds (Wissinger unpublished data). Whether the  presence of trout in valley bottom 
beaver pond complexes explains the rarity of many of the larger bodied lentic taxa 
(odonates, beetles, water bugs, cased  caddisfl ies; Table  12.3 ) found in upland habi-
tats (beaver and non-beaver) bears  further study.

    Finally, beaver dam wetlands have the potential to play a stabilizing role in main-
taining beta and regional diversity in wetland habitats in the face of climate change. 
Wetlands, ponds, and other shallow, temporary basins are considered to be the most 
 vulnerable   aquatic habitats to changes in temperature and precipitation regimes, 
especially at relatively high latitudes and elevations (Barnett et al.  2005 ; Corcoran 
et al.  2009 ; Tuytens et al.  2014 ). Ponds and other wetland habitats associated with 
beaver activity are typically permanent because of their hydrological connection to 
stream courses or their proximity to points of groundwater discharge (Fig.  12.1d ). 
This permanence has the potential for creating refuges for species in habitats that 
are becoming increasingly temporary (see Smol and Douglass  2007 ). For example, 
in the East River Valley, the cased caddisfl y,  Limnephilus externus  (Fig.  12.6a ), is 
ubiquitous in beaver and non-beaver ponds and wetlands (also see Hodkinson 
 1975a ,  b ). The local habitat range of this species is limited by pond drying because 
of the extended time spent in the fi nal instar during late summer (Wissinger et al. 
 2003 ). Censuses of the presence and abundance of this species throughout the val-
ley for 25 years reveal that during the past decade (2005–2015), early pond drying 
has resulted in complete cohort failures not observed in the  previous 15 years 
(Wissinger, unpublished data). For example, in 2009 and 2012, a combination of a 
light snow pack, early snow melt, and a dry early summer, led to the disappearance 
of over 30 populations of this species in temporary wetland  habitats in the East 
River Valley. The only populations of this species that survived to pupate and 
emerge in the valley in both years were associated with beaver dam wetlands (both 
main-valley and terrace complexes; see Figs.  12.3  and  12.5 ), which remained per-
manent as a result of their landscape position in stream courses. Spatial patterns of 
recolonization in non-beaver pond basins after these drought events  suggest that 
beaver-pond populations provide a  regional   haven for this species in drought years 
and source of colonists for the reestablishment of populations in non-beaver habi-
tats (Wissinger unpublished data).   

    Beaver Wetlands of the  Southeastern USA   

 Southeastern USA beaver wetlands are typically unstable transitory systems due to 
regional weather and a history of extreme sedimentation. The Southeastern USA 
receives more annual precipitation (1300+ mm per year) than most other areas with 
beaver-created wetlands and is subject to intense tropical and winter storms that 
create large stream pulses. These pulses can breach many beaver dams, and at least 
temporarily drain beaver wetlands. In addition, river and stream beds in the 
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Southeast, particularly the Piedmont region, are unstable (Mukundan et al.  2011 ) 
due to poor cotton-era farming practices in the late 1800s and early 1900s that 
eroded 10–30 cm of topsoil into streams and fl oodplains (Trimble  1974 ). At current 
export rates, Jackson et al. ( 2005 ) estimate that 6–10 millennia will be required to 
export sediment mobilized during the cotton-era from a Georgia Piedmont water-
shed. The precipitation patterns in the Southeast combined with unstable, sand and 
silt substrates limit vegetation growth in and around beaver  wetlands to relatively 
simple communities (e.g.,  Panicum  grasses) adapted to  shifting hydrologic condi-
tions. Exceptions include ponds built to incorporate old roadbeds or those isolated 
from main channel fl ows. Overall, however, most beaver wetlands in the Southeast 
are  small  , unstable habitats. 

   Succession in Invertebrate Communities in  Southeastern Beaver Wetlands   

 Beaver wetlands in the Southeastern USA are typically formed from damming 
small streams that then fl ood adjacent riparian forest (Fig.  12.1a ). In early-stage 
beaver wetlands, many upland trees persist. The wetlands overall are rather  shallow 
other than the area immediately adjacent to the dam, and in the original stream 
channel. As beaver wetlands persist, terrestrial vegetation dies under stress from 
fl ooding, creating open pond-like wetlands with emergent and submergent vegeta-
tion. However, because dams often breach due to frequent and intense storms, these 
wetlands are frequently abandoned by beaver, and subsequently drain. Abandoned 
ponds can develop complex braided drainage networks, as the original channel 
becomes sediment fi lled and numerous secondary channels develop. Abandoned 
beaver wetlands usually fi ll with some seasonal standing water, and upland tree spe-
cies are slow to reinvade. Typically, abandoned ponds are large open meadow-like 
wetlands with aquatic, semiaquatic, and terrestrial subhabitats. A few studies have 
examined invertebrate communities in abandoned wetlands in other regions 
(Hodkinson  1975a ,  b ; Wissinger and Gallagher  1999 ; Hood and Larson  2014 ), but 
not in southeastern North America. 

 To compare invertebrate communities of beaver wetlands among three basic 
stages of habitat succession, invertebrates were sampled in newly formed (created 
within 2 years;  n  = 4), mature (established for >15 years;  n  = 4), and abandoned 
 wetlands (breached dams;  n  = 3) in October 2013 and May 2014 in Oconee National 
Forest in Georgia, USA (Bush and Batzer, unpublished data). There were a  relatively 
high number of taxa (>60 families;  Appendix ) in each wetland type, with strong 
seasonal variation in invertebrate communities (Fig.  12.7 ). In October, invertebrate 
communities differed among all successional stages, while in May only the mature 
beaver wetland communities differed from newly formed or abandoned ponds 
(Fig.  12.7 ). Ostracoda, Copepoda, Branchiopoda (mainly daphniids), Chironomidae, 
and Ceratopogonidae collectively accounted for 89–95 % of total  invertebrates  , 
regardless of condition, with ostracods alone accounting for 49–76 % of all 
 individuals (Fig.  12.8 ). Ostracods can be particularly abundant in systems with 
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  Fig. 12.7    Nonmetric multidimensional scaling plot showing patterns among newly created ( fi lled 
triangle ), mature ( fi lled square ), and abandoned ( fi lled circle ) beaver wetland invertebrate com-
munities (Bray-Curtis similarity, Kruskal fi t scheme 1,25 restarts) in October 2013 ( orange fi ll ; 
new vs. mature  R  = 0.344,  P  = 0.029; new vs. abandoned  R  = 0.704,  P  = 0.029; mature vs. aban-
doned  R  = 0.741,  P  = 0.029) and May 2014 ( blue fi ll ; new vs. mature  R  = 0.685,  P  = 0.029; new vs. 
abandoned  R  = 0.630,  P  = 0.1; mature vs. abandoned  R  = 0.556,  P  = 0.029)       

copious benthic organic detritus combined with relatively shallow, warm water, 
which is typical in Southeastern beaver wetlands (Smith and Delorme  2010 ). This 
preponderance of small, benthic taxa suggests that fi sh predation is important in 
these wetlands (Wellborn et al.  1996 ), and most beaver wetlands of the Southeastern 
USA support large populations of  Gambusia  mosquitofi sh (Poecilidae). Given that 
all three successional types were dominated by the same fi ve small-bodied taxa, the 
differences among successional states (Fig.  12.7 ) are likely driven by rarer, larger- 
bodied invertebrate taxa.

    The greatest differences among successional states were observed in October 
when terrestrial and semi-aquatic taxa such as springtails (Entomobryidae), scale 
bugs (Coccoidea), and spiders (Araneae) were among the most abundant macroin-
vertebrates in abandoned wetlands (Table  12.4 ). Macroinvertebrates in newly 
formed and mature beaver wetlands were dominated by common lentic taxa (e.g., 
Coenagrionidae, Libellulidae, Baetidae, Caenidae), and differences between 
 communities were more likely driven by variation in relative abundance than 
 community composition, per se.

   In May, invertebrate communities were similar among successional states, with 
only the stable mature wetlands exhibiting a unique community structure 
(Fig.  12.7 ). This seasonal difference suggests that both seasonal change and 
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 longer- term succession strongly control invertebrate community structures in these 
beaver wetlands. 

 While one might expect a linear successional pattern as a stream changes into a 
pond and then into a wet meadow (see Naiman et al.  1988b ), the succession we 
observed appears more stochastic. In the Southeastern USA, beaver wetlands are 
frequently changing from one stage to another, and back again. Dams in new bea-
ver wetlands are frequently breached and abandoned before the wetland ever 
becomes mature. In our study ponds, two of the newly formed wetlands were aban-
doned due to dam breaches soon after we sampled, and two newly formed wetlands 

    Table 12.4    Ten most abundant large-bodied taxa (excluding Ostracoda, Branchiopoda, Copepoda, 
Chironomidae, and Ceratopogonidae) in new, mature, and abandoned beaver wetlands of Georgia, 
in October 2013   

 Newly created  Mature  Abandoned 

 Oligochaeta  Caenidae   Entomobryidae  
 Dogielinotidae  Dogielinotidae   Coccoidea  
 Coenagrionidae  Coenagrionidae  Oligochaeta 
 Non-oribatid Acarina  Non-oribatid Acarina  Non-oribatid Acarina 
 Libellulidae  Libellulidae   Araneae  
 Sphaeriidae  Sphaeriidae  Coenagrionidae 
 Caenidae  Baetidae  Sphaeriidae 
 Baetidae  Veliidae  Oribatidae 
 Dytiscidae  Oribatidae  Corethrellidae 
  Araneae   Scirtidae   Delphacidae  

  Italicized taxa represent exclusively terrestrial taxa  

  Fig. 12.8    Relative abundance of most dominant taxonomic groups in ( a ) October newly created, 
( b ) October mature, ( c ) October abandoned, ( d ) May newly created, ( e ) May mature, and ( f ) May 
abandoned beaver wetlands of Georgia       
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had been recreated from formerly abandoned sites. Thus, invertebrates in these 
 wetlands have to be able to adapt to constantly changing conditions or be highly 
mobile colonizers. Where mature beaver wetlands persist, pond-like communities 
of lentic invertebrates develop that are able to take advantage of both permanent 
water and high habitat heterogeneity, and can tolerate high fi sh predation rates 
(e.g., Benke et al.  1999 ). Invertebrate  communities   in abandoned ponds may be (1) 
former residents of mature wetlands that are able to take advantage of residual 
channels and seasonal fi lling, (2) migrants from nearby newly created or mature 
wetlands in the complex (Hodkinson  1975a ; Wissinger and Gallagher  1999 ), or (3) 
semi-aquatic or terrestrial residents taking advantage of damp soil conditions or 
lush vegetation (as in abandoned pond in Hodkinson  1975a , tussock zone of Benke 
et al.  1999 , marsh habitat in Wissinger and Gallagher  1999 , and vegetative edges in 
Hood and Larson  2014 ).  

   Zonation and Habitat Heterogeneity Within Beaver  Wetlands   

 As in Northeastern North America (see above), mature beaver wetlands in southeast-
ern North America can be complex heterogeneous habitats with a variety of semi-
aquatic, emergent, and submergent vegetation, as well an abundance of woody debris 
(Benke et al.  1999 ). Benke and colleagues examined the distribution of invertebrate 
communities in different habitat zones in a mature beaver wetland in Talladega 
National Forest, Alabama, USA. This wetland is the largest in a series of beaver-
created wetlands on a low gradient small stream in the coastal plain of Alabama, and 
is sub-divided into three distinct vegetative zones  each   containing several subhabi-
tats. These zones consist of (1) a small, deep unvegetated area of open water adjacent 
to the beaver dam, with a thin benthic layer; (2) a moderately shallow area in the 
middle of the pond dominated by fl oating white water lily ( Nymphaea odorata ), with 
a thicker benthic layer and extensive woody debris; and (3) a shallow semi-aquatic 
region at the edge of the pond dominated by emergent rush ( Juncus effuses ), which 
had two distinct subhabitats: rivulets and  Juncus  tussocks. 

 The taxon richness of the invertebrate community in the Talladega beaver pond 
is tightly coupled with increasing habitat heterogeneity from the open water zone to 
the  Nymphaea  zone to the  Juncus  zone. The open water has the simplest inverte-
brate community (Hood and Larson  2014 ).  Copepods   are common to both open 
water and the benthic substrate, while cladocerans dominate the open water. The 
benthic layer here is dominated by Chironomidae larvae (as was the case for the 
 Nymphaea  and  Juncus  zones; and like ponds in other regions - e.g. McDowell and 
Naiman  1986 ; Clifford et al.  1993 ; Margolis et al.  2001 ; Hood and Larson  2014 ), 
oligochaetes, and microcrustaceans.  Ceratopogonidae larvae   are also common 
(similar to Georgia wetlands above) in all three zones, and are the most important 
predator by relative abundance in the benthos of the open water zone. 
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 Taxon richness is highest in the structurally complex  Nymphaea  habitat. 
There is a higher species richness of microcrustaceans in the  Nymphaea  zone 
compared to open water. Chironomids are the dominant insect in all three sub-
habitats  (vegetation, woody debris, and benthos) of this zone.   Hyalella azteca    is 
the most common non-insect invertebrate. Overall community structure is simi-
lar between the benthos and woody debris, and consisted of many typical lentic 
 taxa  . Caenids and baetids were the most abundant mayfl y taxa, and dytiscid 
beetles were the dominant coleopterans. Hydroptilidae and Phryganeidae cad-
disfl y larvae are observed, but in low  numbers. The most important predators 
are Odonata larvae (Coenagrionidae and Libellulidae). The invertebrates on 
vegetation of the  Nymphaea  zone are similar to woody debris and benthos 
(although less abundant) with two exceptions: Chrysomelidae beetle larvae 
( Donacia  spp.) and Pyralidae moth larvae which are both specifi cally associated 
with  Nymphaea  leaves. 

 The  Juncus  zone has the highest overall taxon richness of all three zones 
(>100 taxa), which refl ects the presence of both aquatic and semi-aquatic sub-
habitats. The second most abundant taxa (after Chironomidae) are semiaquatic/
terrestrial collembolans in both tussocks and rivulets (similar to the abandoned 
Georgia wetlands). Semiaquatic/terrestrial Carabidae and Staphylinidae beetles, 
and Lycosidae spiders, along with aquatic Dytiscidae beetles, are the most 
 common predators. Mites are another common predator in the  Juncus  zone, 
 especially in the tussocks. Sciaridae larvae are only found in the  Juncus  zone and 
are only abundant in the tussocks. While insects are more taxonomically diverse 
in the  Juncus  zone than in the other zones, there are fewer microcrustacea taxa 
than in the  Nymphaea  zone, and those present are dominated by copepods and 
ostracods rather than copepods and cladocerans (as in the  Nymphaea  and open 
water zones). Curiously, the preponderance of Ostracoda seen in the Georgia 
beaver wetlands described above (Bush and Batzer, unpublished data) does not 
develop in the Talladega beaver pond studied by Benke et al. ( 1999 ). 

 Benke et al. ( 1999 ) and Stagliano et al. ( 1998 ) also studied insect emergence 
in all three zones of the Talladega beaver pond. Insects emerge in every month of 
the year, and chironomids are the most frequently collected insects in emergence 
traps, and the only group collected in the open water zone. Chironomid emer-
gence is highest in the  Nymphaea  zone, which was several times higher than the 
open water zone even at its lowest point and is annually twice that of the  Juncus  
zone. Insect emergence year-round coupled with continuously high chironomid 
larval abundance likely means that growth continues year round in this warm 
water  wetland  . While chironomid emergence is lower in the  Juncus  zone than the 
 Nymphaea  zone ,  ceratopogonid emergence is highest in the  Juncus  zone. 
Sciaridae, Cecidomyiidae, and Lepidoptera also emerge in high numbers from 
the  Juncus  zone. The majority of emerging insects from the  Juncus  zone are 
semi-aquatic or terrestrial.    
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    Conclusions 

 Beaver wetlands have high invertebrate taxon richness. A recent analysis of  macro-
invertebrate family   richness and composition from 447 individual wetlands by 
Batzer and Ruhí ( 2013 ) included fi ve beaver wetlands (four from Wissinger and 
Gallagher  1999  and one from Benke et al.  1999 ). These beaver wetlands ranked 
fi rst, third, fourth, sixth, and ninth overall as supporting the most families out of the 
447 sites, not including the semi-terrestrial invertebrate families that are discussed 
above as being prevalent in abandoned beaver ponds (e.g., beaver complexes in the 
Southeastern USA; see Table  12.4  and  Appendix ). Our review suggests that beaver 
wetlands support high taxon richness primarily due to high habitat heterogeneity 
(e.g., Benke et al.  1999 ; Wissinger and Gallagher  1999 ; Hood and Larson  2014 ), 
which has several  components  :

•    Beaver wetlands have a variety of subhabitats including open water, emergent 
and submergent vegetation, varying water depths, wetted semi-aquatic edges, 
mud substrates, highly organic benthic layers of varying complexity, and woody 
debris, which can each support unique organisms (e.g., Benke et al.  1999 ; 
Wissinger and Gallagher  1999 ).  

•   Beavers increase habitat heterogeneity of existing wetlands by digging long, 
deep channels that increase connectivity to other wetlands (e.g., Hood and 
Larson  2014 ).  

•   Beavers create complex woody debris structures including lodges (France 
 1997 ) and dams the support unique invertebrate assemblages (e.g., Clifford 
et al.  1993 ; Rolauffs et al.  2001 ).  

•   Beaver activities (damming of streams, building of channels, etc.) create a 
mosaic of lentic and lotic hydrology that provides habitat for both stream and 
pond invertebrates (e.g., Table  12.3 ;  Appendix ).  

•   Beaver wetland environments are constantly changing through time, which 
creates dynamic, frequently nonlinear, multidimensional succession in habitat 
conditions and invertebrate community structure (Naiman et al.  1988b ; 
Fig.  12.7 ).  

•   Beaver dam complexes often include multiple basins that are hydrologically 
connected and within dispersal distances that foster metapopulation dynamics 
that enhance alpha and beta diversity (e.g., Caudill  2005 ).  

•   Wetted edges, shallow regions, and abandoned beaver wetlands create refuge for 
many terrestrial and semi-terrestrial taxa (see discussions in Western and 
Southeastern North America vignettes).  

•   A variety of predators of invertebrates (other invertebrates, amphibians, fi shes, 
and birds) exploit beaver wetlands, and because predation pressure changes spa-
tially across and temporally within beaver wetlands, heterogeneity should be 
enhanced. Few studies have considered these potential feedbacks on invertebrate 
communities in beaver wetlands.  

•   At the continental scale,    conservation efforts to recover and reintroduce bea-
ver populations in their native range (North America and Europe) have been 
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successful and beaver now have healthy populations that create wetlands across 
a wide variety of geomorphological, hydrological, and climactic conditions 
(e.g., Gibson and Olden  2014 ).    

 Our review further identifi es important ecological values and services to our 
society that emanate from beaver activities and associated  invertebrate communities   
including:

•    Creation and maintenance of new wetlands (e.g., Fustec et al.  2001 ; Syphard and 
Garcia  2001 ; Cunningham et al.  2006 ; Nummi and Holopainen  2014 ; Morrison 
et al.  2015 ), in the face of ongoing wetland loss in Europe and North America 
(Zedler and Kercher  2005 ; Dahl  2011 ).  

•   Enhancement of existing wetlands, which aids in increasing wetland density 
important to conserving wetland dependent organisms as human populations 
increase (Gibbs  2000 ).  

•   Restoration of water quality and quantity in arid lands that has important 
 consequences for regional water management issues and for conservation of 
plants and animals in those regions (Maret et al.  1987 ; Gibson and Olden 
 2014 ).  

•   Maintenance of natural fl ows (Wild  2011 ) during drought and fl ood buffering 
against extreme precipitation events, both of which are likely to become more 
frequent and severe in the face of climate change (IPCC  2014 ).  

•   Creation of refuges for invertebrates during drought, which are then able to 
 recolonize other wetlands post-drought, stabilizing regional diversity 
(e.g., Wissinger and Gallagher  1999 ).  

•   Maintenance of abundant and rich aquatic invertebrate communities that pro-
vide important ecosystem services such as the  processing   of organic matter 
(e.g., Klemmer et al.  2012 ; Prather et al.  2013 ) and linking primary energy 
sources to wetland fi sh and waterfowl (Kemp et al.  2012 ; Nummi and 
Holopainen  2014 ).    

 Beavers and beaver wetlands will likely become especially crucial management 
partners and resources as climate change and population growth continue to threaten 
wetlands overall (Wild  2011 ).      

          Appendix 

  Invertebrates recorded   (*) in beaver-associated ponds and wetlands in Georgia (Bush 
and Batzer unpublished), Pennsylvania (Wissinger and Gallagher  1999 ; Wissinger 
unpublished), and Colorado, USA (Caudill  2002 ; B. Peckarsky, unpublished data; 
S. Wissinger unpublished data).
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    Chapter 13   
 Invertebrates of Temperate-Zone River 
Floodplains                     

       Darold     Batzer     ,     Belinda     Gallardo    ,     Andrew     Boulton    , and     Matt     Whiles   

            Introduction 

 River fl oodplains are the most widely distributed wetland habitats worldwide, 
occurring from tropical to polar regions, and from deserts to rainforests (e.g., Junk 
and Wantzen  2006 ; Batzer and Baldwin  2012 ). Given their ubiquity, this book 
devotes two chapters to fl oodplains; this one on invertebrates in temperate-zone 
habitats and the next on invertebrates in tropical fl oodplains. In  simple   terms, fl ood-
plains are fl at areas next to streams or rivers that fl ood periodically. They range from 
narrow corridors of deposited sediments through to vast plains that extend many 
kilometers out from the channel (Junk and Wantzen  2006 ). 

 Depending on their specifi c area of interest, various scientists view fl oodplains 
quite differently. Many ecologists perceive fl oodplains primarily as aquatic ecotonal 
extensions of river channels, and work on fi sh and water quality is prominent; most 
people who work on fl oodplain invertebrates also come from this tradition. 
Alternatively, ecologists who work on plants and soils (the criteria typically used to 
defi ne wetlands, Cole and Somerville  2014 ) view fl oodplains as distinct habitats 
rather than simply ecotones between rivers and uplands; ecologists who study inver-
tebrates are just beginning to apply this perspective (e.g., Bright et al.  2010 ). In fact, 
fl oodplains are a mosaic of sub-habitats—some aquatic, some terrestrial, some 
wetland—and all perspectives should be incorporated for a holistic examination of 
their ecology (Ward et al.  2002 ). 

 Although fl oodplains indeed are areas of low topography, they are not “fl at,” and 
even modest changes in topography can have important ecological consequences 
(e.g., creating multiple microhabitats for coexisting plants with different water 
requirements). Diverse  sub-habitats oc  cur across most fl oodplains, including levees, 
islands, anabranches or side channels (sloughs), oxbow lakes or billabongs, pools, 
backswamps, fl ats, bottomland forests, seasonal and permanent marshes, isolated 
depressions, and deltas (Fig.  13.1 ; Ward et al.  2002 ; King et al.  2012 ), each potentially 
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supporting a unique biota. Sub-habitat monikers are often regional, and similar fea-
tures may have different names across the globe.

   How fl oodplains fl ood is complex (King et al.  2012 ). While over-bank fl ooding 
may contribute the greatest volume of water to fl oodplain water budgets, ground-
water discharge from adjacent uplands or deeper aquifers and direct precipitation 
onto the fl oodplain itself are also important contributors (Fig.  13.2 ). Those unfa-
miliar with fl oodplains may assume that these habitats fl ood only after river-fl ows 
over- bank, but in fact we have frequently observed fl oodplains becoming partly 
inundated long before the traditional “fl ood stage” of rivers. Most fl oodplains 
inundate seasonally. With the onset of wetter seasons, or seasons with lower evap-
oration and transpiration, fl oodplains typically fi rst begin to partially fl ood from 
direct precipitation, increased seepage from rising groundwater, the lateral seep-
age of river water through levees from rising channels, or some combination of all 
three (Benke et al.  2000 ; Junk and Wantzen  2006 ; King et al.  2012 ). In the driest 
years, river levels may never rise enough for a direct infl ux of river water, yet 
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  Fig. 13.1     Habitat heterogeneity   that can occur across fl oodplains. Reprinted with permission from 
 Ecology of Freshwater and Estuarine Wetlands: Second Edition , edited by Darold P. Batzer and 
Rebecca R. Sharitz. (c) 2014 by the Regents of the University of California. Published by the 
University of California Press       
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substantial areas of the fl oodplain may still become inundated. In moderately dry 
years, river water may begin to enter the fl oodplain through natural breaks in the 
levees, and much of the  fl oodplain   may become inundated even if “fl ood stage” is 
never reached. In these years, fl oodplains may function much like tidal wetlands, 
with water fl owing through levee breaks and associated sub-channels onto the 
fl oodplain as river levels rise, and then ebbing back out the same pathways as river 
waters recede (albeit this occurs over days or weeks). In wet years, when river 
levels top the levees, the entire fl oodplain may become inundated so that it 
becomes an extension of the river, with unidirectional downstream fl ow develop-
ing until river levels again drop. Even if the actual infl ux of water onto a fl ood-
plain is brief, the lowest-lying portions of the fl oodplain may remain inundated 
for many more weeks, months, or even years, providing important habitat for 
aquatic organisms.

   Floodplains are considered pulsing systems, with the  Flood Pulse Concept (FPC)   
of Junk et al. ( 1989 ) being the major paradigm developed to explain their ecological 
controls. First developed for large tropical rivers, we direct readers to the detailed 
description of the FPC found in the next chapter. However, the concept also has 
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utility for temperate-zone fl oodplains (Tockner et al.  2000 ; Malard et al.  2006 ; 
Paillex et al.  2007 ; Reese and Batzer  2007 ; Gallardo et al.  2008 ,  2009a ). The  FPC 
m  aintains that water pulses ecotonally connect the channel and fl oodplain, with 
water- borne materials and aquatic organisms moving between systems. Additionally, 
fl ood pulses are important controls on the plants and soils that give fl oodplains their 
wetland character (González et al.  2010 ). 

 Where do invertebrates fi t into this emerging body of fl oodplain research? 
For the aquatic invertebrate fauna in temperate-zone fl oodplains, a major thrust 
of research addresses how connectivity of fl oodplains with river channels affects 
invertebrates and habitat quality (e.g., Sheldon et al.  2002 ; Jenkins and Boulton 
 2003 ; Arscott et al.  2005 ; Gallardo et al.  2008 ,  2009b ,  2014 ; Starr et al.  2014 ), 
and describes the movements of invertebrates between rivers and their fl ood-
plain (e.g., Söderström and Nillson  1987 ; Smock  1994 ; Galatowitsch and Batzer 
 2011 ). However, it has also been established that much of the invertebrate com-
munity on fl oodplains comprises obligate wetland organisms that are not derived 
from river channels, but instead spend dry seasons aestivating in moist soils or 
residing in permanent lentic water bodies that persist on the fl oodplain (e.g., 
Arscott et al.  2005 ; Tronstad et al.  2005a ; Bright et al.  2010 ; Starr et al.  2014 ). 
While most work focuses on the aquatic invertebrate fauna of fl oodplains, the 
terrestrial component is being increasingly recognized (e.g., Braccia and Batzer 
 2008 ; Paetzold et al.  2008 ; Persson Vinnersten et al.  2014 ). Different fl ood-
plains fl ood, pulse, and dry in different ways, depending on climate, weather, 
and topography. This variation in fl ood seasonality, extent, intensity, and dura-
tion undoubtedly affects the ecology of the resident invertebrates (Batzer and 
Wissinger  1996 ; Ward et al.  1999b ; Wissinger  1999 ; Paetzold et al.  2008 ; 
Persson Vinnersten et al.  2014 ), implying that invertebrates might be useful bio-
indicators of anthropogenically induced alterations of fl oodplain hydrology 
(Paetzold et al.  2008 ). 

 Humans pose many threats to temperate fl oodplain habitats (Brinson and 
Malvárez  2002 ). Perhaps the greatest impact on fl oodplain biota is from fl ow regu-
lation via dam, weir, or levee construction (Poff et al.  1997 ; Kingsford  2000 ; Bunn 
and Arthington  2002 ). These structures limit the extent of fl oodplain  inu  ndation, 
alter the length and amplitude of fl ood pulses, and sever connections between the 
river channel and its fl oodplain (Ward et al.  1999b ), which all typically impact 
fl oodplain biota.  

    Key Locations for Floodplain Invertebrate Research 

 Globally, the invertebrate fauna has been extensively researched only at a  fe  w 
temperate- zone fl oodplain ecosystems, mainly in the USA, Europe, and Australia. 
In this section we review examples from each of these areas as model systems 
(again, readers interested in tropical systems are referred to the next chapter). 
While acknowledging that useful information has been collected from other 
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fl oodplain- river complexes besides the ones highlighted in this chapter, we feel the 
comprehensive nature of the work in each of our model systems permits integrat-
ing multiple ecological perspectives within similar settings. We conclude this 
chapter by using these detailed region-specifi c case studies to develop a more over-
arching synthesis of the ecology of invertebrates across temperate-zone fl ood-
plains, including implications for their successful management, that hopefully will 
be broadly useful. 

    Southeastern US Floodplains (Altamaha, Ogeechee, Satilla, 
Savannah, Sipsey Rivers) 

 In terms of hydrology, geomorphology, and plant ecology, fl oodplains of the 
Southeastern USA might be the world’s most intensively studied (e.g., King et al. 
 2012 ), although information on the region’s fl oodplain invertebrates is limited. 
While the lower Mississippi River is the region’s most prominent system, other 
major rivers include the Apalachicola-Chattahoochee-Flint and the Mobile-Alabama 
River systems that fl ow into the Gulf of Mexico and the Altamaha, Savannah, 
Santee, Pee Dee, Cape Fear, and Roanoke River systems that fl ow into the Atlantic 
Ocean (Benke and Cushing  2005 ). Much of the work on fl oodplain invertebrates, 
however, has focused on lesser known rivers of the region (e.g., Coosawhatchie, 
Ogeechee, Satilla, Sipsey), especially ones whose hydrology is minimally 
regulated. 

 River fl oodplains of the Southeast USA typically fl ood seasonally in winter and 
spring (Benke et al.  2000 ; King et al.  2012 ). However, apart from the Mississippi, 
this pattern is not related to seasonal changes in precipitation or snow melt. Instead, 
rainfall in this region is consistent year-round (~100 mm/month). Floodplain inun-
dation occurs when  evapotranspirat  ion rates decline in winter and early-spring, due 
to low temperatures and slow plant growth, causing channels to fi ll and spill onto 
fl oodplains (Benke et al.  2000 ); direct precipitation and groundwater discharge onto 
fl oodplains also persists longer in winter and early-spring (Fig.  13.2a ). Into summer, 
higher temperatures and active tree growth spur  evapo  transpiration, and river levels 
fall, residual water on fl oodplains evaporates, transpires, and drains, and seasonal 
fl oodplain wetlands dry. As Southeastern US fl oodplains are densely forested, tran-
spiration is a particularly important control on hydrology. Tropical storms can cre-
ate secondary overbank fl oods in late summer or early fall, although these fl oods 
tend to be brief. 

 While the majority of the water entering fl oodplains is derived from large over- 
banking events, and this source dominates overall water budgets (Fig.  13.2a ), the 
composition of invertebrate communities on Southeastern US fl oodplain wetlands 
may be controlled more by water from other sources. Even in drought years when 
over-bank fl oods do not occur, productive invertebrate communities still develop on 
Southeastern fl oodplains (Reese and Batzer  2007 ). Long before major fl oods occur, 
low-lying areas on fl oodplains begin to fi ll from direct rainfall, groundwater dis-
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charge off uplands, and lateral seepage from rising river channels. It is in these low- 
lying areas, whether permanently or seasonally fl ooded, where most aquatic 
invertebrates on fl oodplains reside, feed, and reproduce. In this region, the major 
effect of large fl oods on aquatic invertebrates is probably to permit broader access 
across seasonally fl ooded habitat, and to provide an infl ux of nutrients, sediments, 
and (in some cases) organisms from the river channels. 

    Floodplain Invertebrate Community Variation and Assembly 

 Invertebrates that successfully exploit Southeastern US fl oodplains ( Appendix ) are 
derived from four sources: (1) desiccation-resistant aquatic  organi  sms; (2) riverine 
aquatic organisms; (3) lentic water body aquatic organisms; and (4) fl ood-tolerant 
terrestrial organisms (Table  13.1 ). Some taxa such as certain crustaceans (Table 
 13.1 ) exploit multiple strategies. As most research attention has focused on the 
aquatic fauna (Groups 1–3) and on fl ooded  loc  ations, terrestrial Group 4 inverte-
brates are likely often overlooked. However, one study (Braccia and Batzer  2001 ), 
targeting invertebrates associated with woody debris sampled in both wet and dry 
periods, found that 43 of 67 families associated with wood were Group 4 organisms. 
Thirty of these 43 “terrestrial” families were collected living in or on wood that had 
been completely submersed for extended periods (weeks or months), suggesting 
that they can function under water.

      Table 13.1    Characteristics of invertebrates able to exploit fl oodplain habitats of the Southeastern 
USA   

 Organism character  Example taxa  Relevant references 

  Group 1 : Desiccation-resistant 
aquatic organisms that spend dry 
periods in the soil/litter layer 

 Annelida, Asellidae, 
Culicidae, Chironomidae 

 Tronstad et al. ( 2005a ,  b ), 
Reese and Batzer ( 2007 ) 

  Group 2 : Lotic aquatic organisms 
that enter from the adjacent river 
channels 

 Leptophlebiidae, 
Siphlonuridae, Gomphidae, 
Plecoptera 

 Smock ( 1994 ), Reese and 
Batzer ( 2007 ), Bright et al. 
( 2010 ), Galatowitsch and 
Batzer ( 2011 ), Starr et al. 
( 2014 ) 

  Group 3 : Lentic aquatic 
organisms that spend low water 
periods in permanent water 
habitats on the fl oodplain proper 
(e.g., oxbow lakes, permanently 
fl ooded backwaters) 

 Asellidae, Corixidae, 
Notonectidae, Dytiscidae, 
Hydrophilidae 

 Benke et al. ( 1984 ), Reese 
and Batzer ( 2007 ), Tronstad 
et al. ( 2007 ), Starr et al. 
( 2014 ) 

  Groups 4 : Terrestrial 
organisms that can tolerate 
periodic fl ooding 

 Acarina, Araneae, 
Myriapoda, Collembola, 
Curculionidae, Formicidae 

 Braccia and Batzer ( 2001 ), 
Tronstad et al. ( 2005a ,  b ), 
Reese and Batzer ( 2007 ), 
Bright et al. ( 2010 ) 
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   In the  Altamaha/Oconee River   watershed (Georgia), Reese and Batzer ( 2007 ) 
found that invertebrate communities varied dramatically among fl oodplains in dif-
ferent locations (lower-river, mid-river, headwater-streams). Our reanalysis of that 
data (Fig.  13.3 ) suggests that desiccation-resistant aquatic organisms (Group 1) and 
fl ood-tolerant terrestrial organisms (Group 4) comprised most of the taxa on fl ood-
plains, regardless of their position. However, the relative contributions of lotic 
organisms from the river channels (Group 2) and lentic aquatic organisms from 
permanent water wetlands (Group 3) varied greatly among fl oodplains across the 
watershed (Fig.  13.3 ). These kinds of taxa were diagnostic for the different kinds of 
fl oodplain: (a) large lower-river fl oodplains; (b) mid-sized river fl oodplains; and (c) 
small headwater fl oodplains.

     Large Lower-River Floodplains    .  Reese and Batzer ( 2007 ) collected 51 inverte-
brate families from larger, lower-river fl oodplains of the Altamaha River ( Appendix ). 
Despite only employing aquatic sampling, 17 families were fl ood-tolerant terrestri-
als (Group 4). Of the aquatics, 20 were desiccation-resistant (Group 1), 12 were 
lentic taxa from permanent water habitats (Group 3), and only 3 had migrated in 
from the river (Group 2) (Fig.  13.3 ). Group 1 and Group 3 organisms were by far the 
most abundant, with only a handful of Group 2 individuals being collected. Indicator 
analyses found that Dytiscidae beetles were the primary diagnostic taxon for lower 
river fl oodplains (Reese and Batzer  2007 ), and primarily spend dry periods in per-
manent oxbow lakes (i.e., use a Group 3 strategy). 

 Working in these same  Altamaha River habitats  , plus fl oodplains along the lower 
Savannah River, Bright et al. ( 2010 ) tested the hypothesis that invertebrate commu-
nity structure would vary laterally across large fl oodplains, with lotic riverine taxa 
(Group 2) dominating habitat close to river channels, lentic aquatic taxa dominating 
fl oodplain interiors (Groups 1 and 3), and terrestrial taxa dominating habitat near 
upland areas (Group 4). However, they instead found that Group 1 and 3 organisms, 
termed the “obligate wetland fauna,” dominated every habitat. Lotic riverine taxa 
(Group 2) were extremely rare throughout, even next to the river channels. Terrestrial 
taxa (Group 4) were more common, but were distributed across the entire fl oodplain 
rather than just near uplands, suggesting that they are also “obligate” wetland taxa, 
and not invading from uplands. Although the kinds of invertebrates were similar 
across the fl oodplain, overall abundance and biomass was highest close to the chan-
nels, suggesting that habitat near the river was higher quality (Bright et al.  2010 ). 

 Benke ( 2001 ), working in the  Ogeechee River  , also assessed lateral patterns of 
invertebrates in river-fl oodplain complexes, this time contrasting the channel itself 
with the adjacent fl oodplain. Over a given section of a river, aquatic invertebrate 
biomass on the fl oodplain exceeded that found in the channel, mostly due to the 
greater area of aquatic habitat in the fl oodplain (as terrestrial invertebrates were not 
considered, this contrast is conservative). He also confi rmed that lotic taxa 
(Ephemeroptera, Plecoptera) were rare or absent on the fl oodplain, although abun-
dant in river channels (Benke et al.  1984 ; Benke  2001 ). 

 The apparent lack of any signifi cant migrations of lotic invertebrate taxa from 
river channels onto large Southeastern fl oodplains was unexpected. Why such 
migrations do not occur remains unknown. However, the same pattern seems to 
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develop for the resident fi shes. Garnett and Batzer ( 2014 ) found that fi sh communi-
ties on large fl oodplains of the  Altamaha and Savannah Rivers   were dominated not 
by lotic fi shes from the channels, but by lentic fi shes (e.g.,  Esox ,  Amia ,  Aphredoderus ) 
migrating from oxbow lakes and other permanent water bodies on the fl oodplain 
itself. In combination with the large numbers of predaceous dytiscid beetles typical 
of these habitats, this means that large numbers of invertivorous predators, all well 
adapted for wetland conditions, are full-time residents of large Southeastern fl ood-
plains, possibly making them inhospitable places for channel invertebrate species 
to enter. 

   Mid-sized River Floodplains    .  Higher up in the Altamaha watershed along mid- 
sized rivers (Oconee River and tributaries), Reese and Batzer ( 2007 ) collected 61 
families of invertebrates ( Appendix ) of which 21 were desiccation-resistant aquat-
ics (Group 1), 18 had migrated in from the river (Group 2) (some of which were 
very abundant), only 7 were lentic aquatic species from permanent water habitat 
(Group 3) (none of which were abundant), and 15 were terrestrial (Group 4) (Fig. 
 13.3 ). Group 3 colonizers from oxbow lakes and other permanent water bodies may 
be uncommon simply because these habitats are rare on mid-river fl oodplains. 
However, aerial dispersal of aquatic invertebrates can still become signifi cant into 
summer (Tronstad et al.  2007 ), and notonectid and corixid populations can explode 
on fl oodplain areas during unusually wet summers. 

Terrestrials: 
Myriapoda,
Arachnida,
Coleoptera

Desiccation 
resistant aquatics:

Mollusca,
Crustacea, Diptera

Riverine aquatics: 
Ephemeroptera,

Trichoptera

Permanent water 
aquatics: 

Coleoptera, 
Hemiptera

Headwater stream
floodplain

communities
(�� families)

Mid-sized upper
river floodplain

communities
(�� families)

Large lower river
floodplain

communities
(�� families)

Precipitation River
overflow

Groundwater
discharge

SOUTHEASTERN US FLOODPLAINS

  Fig. 13.3    Sources of invertebrate colonizers and water for headwater (Piedmont), upper river, 
(Piedmont) and lower river (Coastal Plain) fl oodplains of the Altamaha/Oconee watershed, 
Georgia, based on data from Reese and Batzer ( 2007 ). For colonizers,  thick arrows  denote ≥16 
invertebrate families,  medium arrows  10–15 families,  thin arrows  4–9 families, and  dashed arrows  
≤3 families       
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 Unlike on lower river fl oodplains, massive numbers of lotic taxa, particularly 
mayfl ies, migrate into some mid-river sites (Fig.  13.3 ; Reese and Batzer  2007 ; 
Galatowitsch and Batzer  2011 ). For leptophlebiid mayfl ies (the primary indicator 
taxon for these habitats), movements onto the fl oodplain involve active swim-
ming, rather than passively being swept into the fl oodplains with fl ood waters 
(Galatowitsch and Batzer  2011 ). What motivates these mayfl y migrations is not 
clear. Thermal conditions, food quality and quantity, growth rates, and even pre-
dation pressure are not necessarily superior on the fl oodplains compared to the 
channels, and migration undoubtedly confers considerable risk (Galatowitsch and 
Batzer  2011 ). 

 Landscape setting for  mid-sized fl oodplains   appears to affect invertebrate com-
munity composition. In the study by Reese and Batzer ( 2007 ), the mid-sized 
Oconee River sites were set in the Piedmont, where gradients are relatively high, 
fl oods are fl ashy, and permanently fl ooded habitat on the fl oodplain itself is rare. 
In contrast, Starr et al. ( 2014 ) worked on the mid-sized Sipsey River on Alabama’s 
upper Coastal Plain. Here, gradients are low, fl oods are fairly predictable and 
extended, and permanent-water habitats on the fl oodplain are common. Unlike the 
Oconee in the Piedmont, no major infl ux of taxa from the river channels was 
detected here (mayfl ies were rare, except for some Caenidae). However, fl ood 
pulses that connected the  Sipsey River channel   to fl oodplain habitats were still 
important ecologically because fl ushing probably affected dissolved oxygen 
dynamics and, in turn, invertebrates. On low-gradient areas of the Southeastern 
US Coastal Plain, both mid-sized and larger river fl oodplains may share certain 
characteristics despite  differences in discharge, with Group 1 and 3 taxa dominat-
ing the overall assemblages of aquatic invertebrates, and Group 2 taxa being rare. 

   Small Headwater Floodplains    .  The taxa of invertebrates that exploit fl oodplains 
of headwater streams of the Southeastern USA also appear to depend on landscape 
setting. In the Piedmont (Reese and Batzer  2007 ), headwater streams have high 
gradients, and fl oodplains rarely receive water from the channel, being inundated 
only briefl y by direct precipitation and groundwater discharge. Here, invertebrate 
communities are dominated by terrestrial organisms (Fig.  13.3 ) and aquatic organ-
isms that can both tolerate drying and develop rapidly after fl oods (e.g., mosquito 
larvae, harpacticoid microcrustaceans). On the Coastal Plain, however, low-gradient 
headwater streams and their fl oodplains are more connected hydrologically. The 
invertebrate communities here share characteristics with those of mid-sized river 
fl oodplains of the Piedmont, with migrations of mayfl ies being important, and a 
broader range of desiccation-resistant aquatic organisms occurring (Gladden and 
Smock  1990 ; Smock  1994 ).  

    Trophic Relationships 

 Southeastern US fl oodplains are among the only wetland habitats where second-
ary production statistics have been calculated for overall aquatic invertebrate 
communities (see also Platte River below). For two headwater coastal plain 
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streams of Virginia, secondary production of aquatic fl oodplain invertebrates 
ranged from 1.1 to 6.6 g m −2  year −1 , with short hydroperiod sites being on the low 
end, and sites fl ooded longer being on the high end of this range (Gladden and 
Smock  1990 ; Smock et al.  1992 ). In permanently inundated fl oodplain of a larger 
coastal plain river of Georgia, aquatic invertebrate production was estimated at 
22.0 g m −2  year −1  (Benke et al.  1984 ). Growth rates of resident Chironomidae 
(Tronstad et al.  2010 ) and microcrustaceans (Anderson et al.  1998 ) can be very 
rapid (generation times <30 days) and high turnover rates of these invertebrates 
may fuel production. 

 Given that fl oodplains of the Southeastern USA are largely forested, it is logical 
to assume that leaf litter and wood would be the primary trophic basis for inverte-
brates. However, the few studies that have addressed this issue have generated 
equivocal results. Taylor and Batzer ( 2010 ) used stable-isotope analyses to identify 
which basal resources were being assimilated by midge larvae (Chironomini) and 
amphipods (Crangonyctidae) on a South Carolina fl oodplain. Midges were general-
ist feeders, assimilating carbon from both plant leaf litter and algae. Amphipods 
turned out to be predators of  mid  ges, and not shredders or collectors as had been 
surmised. Libby ( 2013 ) assessed leaf litter breakdown on another South Carolina 
fl oodplain, fi nding few invertebrate shredders and scant evidence of an invertebrate 
role in the process. 

 Braccia and Batzer ( 2008 ) assessed invertebrate colonization and breakdown of 
dead wood on fl oodplains, contrasting patterns with wood in both the adjacent river 
channel and uplands. Wetland wood shared more similarities to upland than riverine 
wood; the trophic connection of fl oodplain wood to invertebrates is probably 
 funneled primarily to the terrestrial rather than aquatic sector of the community. 
Floodplain wood is primarily colonized during fl oods, and used mostly as refugia 
by terrestrial invertebrates (Braccia and Batzer  2001 ).   

    Prairie River Floodplains of the Central USA (Platte River) 

 Rivers of the central prairie region of North America were historically wide, 
shallow, meandering systems, often with braided channels and sand or silt sub-
strata. Extensive fl oodplain wetlands associated with these low-gradient sys-
tems would inundate during spring fl ooding, providing expansive habitat for 
wetland fl ora and fauna. Human activities in this region, mostly related to agri-
culture, have now greatly diminished fl oodplain wetland habitat and river-fl ood-
plain connectivity. As an example, wetland habitats along the central Platte 
River, a region recognized as a critical region for wetland-dependent wildlife, 
now constitute <5 % of land area in the region (Sidle et al.  1989 ; US Fish and 
Wildlife Service  1997 ); this is typical of the other river systems in the central 
prairie region. Loss of wetland habitats along the Platte and similar rivers is 
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largely a result of direct conversion to agriculture, but groundwater extraction, 
impoundments, water diversion from the channels, navigation development, 
urbanization, and climate change have all contributed to the loss and degrada-
tion of fl oodplain wetlands (Sidle et al.  1989 ). While much has been lost, 
increasing awareness of the ecological and economic value of these systems has 
led to enhanced conservation and, in some regions, extensive restoration efforts. 
The central Platte River region, in particular, has been a focal area for wetland 
conservation and restoration as well as research on fl oodplain wetland 
 comm  unities. 

 The entire Platte River drainage area is 230,362 km 2 , with land use dominated by 
agriculture (>90 %; Galat et al.  2005 ). While much of the headwaters are high- 
gradient mountain streams, lower prairie sections of the river are low gradient and 
turbid. Nutrient concentrations vary, depending upon discharge and seasonal agri-
cultural activities (annual median NO 3 -N concentrations range from 0.68 to 1.4 
mg/L, total PO 4 -P concentrations average 0.73 mg/L; Frenzel et al.  1998 ; Galat 
et al.  2005 ). The central Platte River region from Lexington to Chapman, Nebraska, 
includes some areas with signifi cant intact fl oodplain wetland habitat. Mean annual 
precipitation here is ~650 mm, with cold winters and hot dry summers. Discharge 
in the central Platte River averages 39 m 3 /s (Grand Island gauge), but has ranged 
from 0 to 147 m 3 /s. Discharge volume and variation is infl uenced by upstream dams, 
canals, and power plants that provide water for irrigation and power generation. 
Flows now generally peak in May or June and then drop considerably during the 
late summer irrigation season. 

 The fl oodplain landscape of the central Platte is a series of ridges and swales 
covered with mesic prairie (in regions not converted to agriculture). Floodplain 
wetlands are mostly linear features formed in old river channels, locally called 
sloughs. When full, sloughs range from very shallow to nearly 1 m deep. 
Inorganic substrata are generally mixtures of sand and silt, usually with exten-
sive  org  anic materials ranging from very fi ne particulates to coarse detritus. 
Floodplain vegetation ranges from mixtures of grasses and forbs to dense for-
ests of cottonwood ( Populus ) and willow ( Salix ), depending on local land use 
and river management. Systems with longer hydroperiods support stands of 
wetland macrophytes ( Typha ,  Scirpus ,  Sparganium ,  Eleocharis ,  Lemna , 
 Potamogeton ), and copious fi lamentous algae (Whiles and Goldowitz  2001 , 
 2005 ; Meyer et al.  2010 ). Most upland and lowland prairie habitat in this region 
has been converted to corn and soybean row crop systems, but conservation and 
restoration efforts are increasing. 

 The central Platte is a focal point of conservation and restoration activities, pri-
marily because of its signifi cance to birds (Sidle et al.  1989 ; US Fish and Wildlife 
Service  1997 ). The region is directly in the center of North America’s central migra-
tion fl yway, providing critical migration habitat for the federally endangered whoop-
ing crane ( Grus americana ), staging habitat for 80 % of the world’s population of 
sandhill cranes ( Grus canadensis ), and wintering and migration habitat for myriad 
waterfowl. 
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    Floodplain Invertebrate Community Variation and Assembly 

 Research on wetland invertebrates of Platte River fl oodplains has focused on the 
infl uence of hydrology on community structure and productivity, and invertebrate 
responses to wetland management and restoration. Results of these studies are often 
placed in the context of food availability for water birds, the primary management 
targets in the region. Across gradients from ephemeral, disconnected sites  to   perma-
nent connected sites, invertebrate taxonomic richness follows a bell-shaped curve 
resembling predictions of the intermediate disturbance hypothesis (Fig.  13.4 ; 
Whiles and Goldowitz  2001 ). Taxa commonly encountered in drier sites are gener-
ally small-bodied groups with rapid life cycles (e.g., copepods, mosquitoes) or, if 
they are larger, are highly vagile (e.g., adult coleopterans) (Whiles and Goldowitz 
 2005 ). Fishless intermittent sites with annual hydroperiods in the range of ~300 
days tend to harbor the highest richness, including taxa that can be found in both 
drier and wetter sites. Permanent sites lack some taxa that presumably are either 
poor  c  ompetitors and/or intolerant of predation by larger invertebrates and fi shes. 
Overall, the fauna is overwhelmingly dominated by obligate wetland taxa, either 
permanent water lentic taxa (Group 3; 28 families in  Appendix ) or desiccation- 
resistant forms (Group 1; 11 families), with only a single family, Baetidae, that 
might (or might not) have a connection to the channel.

   While interactions between fi shes and invertebrates in these systems are poorly 
studied, there is evidence that invertivorous fi shes can reduce insect emergence pro-
duction. Studies of benthic communities in sites ranging from fi shless ephemeral 
ones to permanent sites with year-round fi sh indicated total benthic invertebrate 
biomass increased with hydroperiod (Whiles and Goldowitz  2005 ). However, a 
study examining insect emergence from these same sites showed highest emergence 
in intermittent sites and lower values in the permanent site with fi sh (Whiles and 
Goldowitz  2001 ). Contributions of non-insect groups accounted for some of the 
discrepancy between benthic biomass and emergence production, but even when 
considering only benthic biomass and emergence of insects, it appears that fi sh 
consume a considerable quantity of benthic insect production before adults emerge. 

  Fig. 13.4    Relationship 
between hydroperiod and 
insect taxon richness in 
fl oodplain slough habitats 
of the Platte River, 
Nebraska, USA       
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 Endemism in the central prairie is rare, as much  o  f the fl ora and fauna of the 
North American forests or deserts also occurs here. The Platte River caddisfl y 
( Ironoquia plattensis,  Alexander and Whiles  2000 ), however, is an interesting 
exception. Like other members of the genus,  I. plattensis  inhabits intermittent sys-
tems and migrates out of drying habitats in early summer. Final instar larvae then 
aestivate in the riparian litter layer, eventually pupating and emerging as adults in 
the late summer or early fall (Whiles et al.  1999 ). The  Platte River caddisfl y   has 
been found in a few drainages beyond the Platte, but populations are few and far 
between and it is currently considered a “Tier I At-Risk Species” in Nebraska 
(Vivian et al.  2013 ). Habitat loss and modifi cation are primary threats, including 
dewatering of intermittent habitats from drought and human water use, and cattle 
grazing in riparian areas (Harner and Geluso  2012 ; Vivian et al.  2013 ). 

  Wetland restoration projects   are increasingly common in the fl oodplain of the 
central Platte River, but little is known about the overall success of these projects. 
Meyer and Whiles ( 2008 ) compared invertebrate communities in natural sloughs 
with a chronosequence (5–16 years post-restoration) of restored sites. Relatively 
coarse metrics, such as total abundance, biomass, and diversity, were similar among 
restored and natural sites. However, mollusks and amphipods were more abundant 
in natural sites, and leeches were only present in natural sites. These non-insect 
groups are less vagile and may colonize or recover slowly, and thus could be useful 
indicator taxa to monitor recovery following restoration. Meyer and Whiles ( 2008 ) 
also found that hydroperiod was linked to recovery and community structure, with 
restored sites generally holding water for shorter periods than natural sites, presum-
ably because of reduced amounts of organic sediments in restored sites and/or less 
connectivity with groundwater. Wet-meadow restored sites in the region had less 
litter cover, lower root mass, lower soil moisture, and higher soil temperatures com-
pared to native conditions (Riggins et al.  2009 ). 

 Most studies of  Platte River wetland invertebrates   have focused on communities 
inhabiting sloughs ( Appendix ), but moist-soil communities have also been 
 examined. Davis et al. ( 2006 ) found that wet-meadow soil invertebrate communities 
were dominated by earthworms, isopods, and beetle larvae (mostly Scarabaeidae 
and Elateridae). As with slough communities, hydrology appears to be a primary 
driver of moist-soil communities; Scarabaeidae, Diplopoda, and Lepidoptera have 
higher biomass in drier soils, whereas biomass of Tipulidae and Isopoda is gener-
ally higher in wetter areas. 

 The combined results of the various wetland invertebrate studies in the central 
Platte River region suggest that a mosaic of wetland habitats with differing hydro-
periods will maximize macroinvertebrate diversity and seasonal availability at the 
landscape scale, which should benefi t management targets such as cranes and 
waterfowl. These results and patterns likely apply to wetland invertebrates in other 
river fl oodplain systems in the prairie region, but there is little information beyond 
the Platte basin. In one of the few studies of prairie fl oodplain wetland invertebrates 
from outside the Platte basin, Kohler et al. ( 1999 ) also found that fi sh predation was 
a dominant force shaping invertebrate communities in fl oodplain wetlands of the 
upper Mississippi and Sangamon Rivers. There, fi sh were present in both temporary 
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and permanent wetlands, whereas in the central Platte fi sh may occasionally colo-
nize temporary systems during high water periods, but are otherwise generally 
absent in nonpermanent habitat. Fish presence reduced abundances of large, active 
predaceous invertebrates (Kohler et al.  1999 ). Collectively, studies from the Platte 
and other prairie regions suggest that hydrology and predators, which are generally 
linked, strongly infl uence invertebrate diversity and productivity, and thus food 
availability to higher trophic levels.  

    Trophic Relationships 

 Wetlands of the central Platte River fl oodplain support high algal and plant produc-
tion. Where macrophytes are productive, detritus accumulations can be extensive. 
However, large detritus-shredding invertebrates are not well represented in these 
habitats. The endemic caddisfl y,  I. plattensis , is an exception; populations of this 
shredder are only present in a few intermittent sites, but where they are present they 
can be abundant, and production and assimilation estimates suggest they can con-
sume ~10 % of detrital standing stocks per year (Whiles et al.  1999 ). Invertebrate 
functional structure in central Platte River wetlands generally refl ects the primarily 
autochthonous energy base of these systems. Collector-gatherers (e.g., most 
Chironomidae, Copepoda), scrapers (e.g., Physidae and Lymnaeidae), and preda-
tors (e.g., Odonata, Hemiptera) are abundant and diverse in these systems (Whiles 
and Goldowitz  2001 ,  2005 ; Meyer and Whiles  2008 ). In contrast, shredders and 
fi lter feeders are generally absent or poorly represented, except in more permanent 
habitats where active fi lter feeders such as bivalves and burrowing mayfl ies can be 
abundant. 

 In the central Platte region, fi shes are the dominant predator of invertebrates. 
Their presence is linked to hydrology and connectivity to permanent water, with 
 Culea inconstans ,  Etheostoma exile ,  Lepomis cyanellus ,  Fundulus sciadicus , and 
 Semotilus atromaculatus  being the more commonly encountered invertivorous 
species (Goldowitz and Whiles  1999 ).  Anu  ran larvae can be abundant, but their 
interactions with invertebrates in this region are not well known; based on studies 
from other regions, tadpoles may compete with and/or consume some invertebrates. 
Tadpoles may also be an important food source for larger invertebrates such as odo-
nates and hemipterans. 

 Management, conservation, and restoration activities in the region generally tar-
get cranes and other birds. However, there is increasing recognition of the linkages 
between wetland invertebrates and birds in this region. While cranes and other birds 
may acquire signifi cant energy foraging in crop fi elds, wetland invertebrates repre-
sent protein-rich, and in the case of mollusks and crustaceans also calcium-rich, 
food resources. Hence, enhancing their availability may benefi t the focal manage-
ment targets in the region. Studies of restored wetlands in the region indicate that 
larger crustaceans such as amphipods, along with mollusks, may be the slowest to 
recolonize, which has implications for female birds preparing for breeding and in 
need of calcium (Meyer and Whiles  2008 ). 
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 The insect component of wetland invertebrate  comm  unities can also be 
important to a variety of aerial predators such as bats and terrestrial birds that 
never enter the water. These and other terrestrial and riparian predators may 
exploit emerging insects as an abundant resource during emergence events 
(Baxter et al.  2005 ). Estimates from the central Platte region suggest this link-
age is not trivial; Whiles and Goldowitz ( 2001 ) quantifi ed insect emergence 
from a variety of sloughs along the central Platte River and estimated emergent 
production at >5 g dry mass m −2  year −1  from their most productive fi shless inter-
mittent site.   

    Southern European Floodplains (Ebro River, Rhône River, 
Tagliamento River) 

 Europe has an extensive network of over 160 river-fl oodplains dominated by 
temperate and continental climates. Compared to temperate fl oodplains at simi-
lar latitudes in North America and Asia, those in Europe have milder air tem-
peratures because of westerly winds warmed by the Gulf Stream (Tockner et al. 
 2009 ). Another distinctive feature of European fl oodplains is that they have 
been transformed for centuries. Today, over 6000 large dams store ~13 % of the 
mean annual runoff in Europe, and ~50 % of the total European human popula-
tion lives on former fl oodplains (De Bono et al.  2004 ). As a consequence, 50 % 
of the original wetlands and 95 % of riverine fl oodplains have been lost (Tockner 
et al.  2009 ). 

 Three major foci of fl oodplain invertebrate research in Europe have been the 
Ebro River in Spain, the Rhône River in France, and the Tagliamento River in Italy. 
Mean annual precipitation in the Ebro catchment is ~600 mm, with high monthly 
and annual variability (Sabater et al.  2009 ). Groundwater inputs smooth its fl ow 
regime (Fig.  13.2c ), producing the lowest inter-annual  vari  ation in fl ow among 
Iberian rivers (Sabater et al.  2009 ). Regulation in the 1960s substantially changed 
its discharge pattern by altering fl ow timing, particularly the fl ood peaks (Cabezas 
et al.  2009 ). Nevertheless, fl ooding still occurs in winter (beginning of the rainy 
season) and early summer (snow melt in the Pyrenees) (Sabater et al.  2009 ). The 
combination of disturbance pulses and natural river succession in the Ebro river- 
fl oodplain has historically created numerous wetlands that have varying degrees of 
hydrological connection (e.g., secondary channels, backwaters, oxbow lakes, and 
temporary pools, Fig.  13.5 ). However, the lack of intense erosive fl oods in recent 
decades has reduced the probability of creation of new wetlands. Consequently, >60 
% of the fl oodplain area is used for agriculture whereas wetlands cover only 3.6 % 
of it (Cabezas et al.  2008 ).

   Much of the invertebrate research on the  Ebro floodplain   has focused on its 
middle sector, where the Ebro meanders at 230 m 3 /s across a floodplain averag-
ing 5 km in width (Ollero  2007 ). Riparian woodlands in the Middle Ebro are 
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dominated by black poplar ( Populus nigra ), white willow ( Salix alba ), and 
several species of saltcedar (Tamaricaceae spp.), and are limited to a narrow 
band running parallel to the main channel (González et al.  2010 ). Aquatic veg-
etation is dominated by reeds ( Phragmites australis ) and cattails ( Typha latifo-
lia ), with submerged vegetation being restricted to the main river channel 
(Gallardo et al.  2008 ). 
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Include the main river channel, secondary
channels and backwaters always connected
to the river at least at one end.

Dominated by insects (Diptera, Trichoptera and 
Ephemeroptera), Oligochaeta and Hirudinea

Small body size
Substrate attachment
Short life span, rapid reproduction
Aquatic dispersal
Shredders, scrapers, deposit feeders  

Include floodplain wetlands such as 
oxbow lakes often isolated from the river
by artificial levees and flood protections.

Dominated by non-insects (Crustacea, Gas-
tropoda) and insects (Coleoptera, Heteroptera,
Odonata, Diptera).
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Aerial dispersal
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Frequency of flooding

Overbank floods

  Fig. 13.5     Floodplain invertebrate community   variation and assembly in the Ebro river-fl oodplain. 
( a ) Wetlands are arranged along a gradient of hydrological connectivity. Flooded wetlands are 
characterized by a high frequency of fl ood disturbance that results in high turbidity and concentra-
tion of inorganic nutrients. Confi ned wetlands are usually isolated and are mainly affected by 
seepage from the main river channel, thus salinity, temperature and the concentration of organic 
matter and chlorophyll-a are high. ( b ) Macroinvertebrate assemblages respond to differences in 
fl ood frequency and water chemistry. Disturbance frequency in the river channel selects for those 
traits that allow organisms to resist fl ooding (small body size, attachment to substrate) and to recu-
perate faster after disturbance (short life span, rapid reproduction). Hydrological stability in con-
fi ned wetlands enhanced traits that allow organisms to interact and compete with other organisms 
(large body size, sexual reproduction) and to effi ciently use habitat and resources (diverse feeding 
strategies). Extracted from Gallardo et al. ( 2009a ,  b )       
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 The  Rhône River   is one of the major rivers in Europe, rising in Switzerland and 
running through southeastern France. Along its 813 km length, the Rhône is 
dynamic with a great diversity of fl oodplain habitats, despite being affected by 
dams, water  extra  ction, and lateral barriers to fl ow (Olivier et al.  2009 ). In its 
French section, the river has an annual average discharge of 430 m 3 /s through 
braided channels. Its hydrological regime is nivo-glacial, with annual fl oods nor-
mally occurring in spring from snow melt and low fl ows from late autumn to 
winter (Olivier et al.  2009 ). Hydroelectric development in the Rhône has severely 
changed the fl oodplain riparian vegetation, causing the regression of softwoods 
(e.g.,  Salix, Alnus, Populus ) and progression of hardwoods (e.g.,  Fraxinus, Acer, 
Quercus ) (Olivier et al.  2009 ). 

 The  Tagliamento River   in Italy rises in the  South  ern Alps and fl ows 172 km 
into the Adriatic Sea. Because of its relatively natural hydrology and morphology, 
the Tagliamento has been promoted as an especially useful reference system 
(Ward et al.  1999a ). The catchment is divided into upper, middle, and lower sub-
basins, with average slopes of 10 % in the upper section, 1 % in the middle sec-
tion, and only 0.1 % in meandering lower section (Ward et al.  1999a ). Flooding 
develops during the spring from snowmelt and in autumn from seasonal rains. 
Hydrology is complex because water levels are infl uenced not only by runoff pat-
terns, but also by interactions with groundwater, with aquifer recharge and dis-
charge patterns changing along the river. Because of the dynamic nature of the 
system, the active fl oodplain is largely bare gravel, apart from some vegetated 
islands ( Populus ,  Salix ). 

 Floodplain conditions differ among the sub-basins of the  Tagliamento  , with 
fl oodplain width and extent of channel braiding being greatest in the middle section 
and least in the upper and especially the lower-most sections (Ward et al.  1999a ). 
Therefore, investigations of fl oodplain invertebrates have been stratifi ed to address 
this longitudinal gradient (e.g., Arscott et al.  2005 ). 

    Floodplain Invertebrate Community Variation and Assembly 

 Hydrological connectivity has been identifi ed as one of the most  importa  nt drivers 
of aquatic communities on fl oodplains of the Ebro, Rhône, and Tagliamento rivers 
(Arscott et al.  2005 ; Paillex et al.  2007 ; Gallardo et al.  2009a ,  b ,  2014 ). Hydrological 
connectivity for fl oodplains operates on the four dimensions of all fl uvial systems: 
longitudinal (upstream-downstream), lateral (river-fl oodplain), vertical 
(groundwater- surface water), and temporal (Ward  1989 ). Consequently, it integrates 
a wide range of environmental processes such as water scouring and turbulence, 
reorganization of habitats, and transport of sediments, salts, nutrients, seeds and 
organisms, factors that all can directly or indirectly affect the presence of aquatic 
organisms (Amoros and Bornette  2002 ). An increasing body of literature deals with 
the critical infl uence of hydrological connectivity in structuring aquatic assem-
blages including macrophytes (e.g., Amoros and Bornette  1999 ), fi sh (e.g., Roach 
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et al.  2009 ), macroinvertebrates (e.g., Arscott et al.  2005 ; Gallardo et al.  2014 ), and 
plankton (e.g., Frisch et al.  2005 ). 

 In recent years, changes in richness, composition, and traits of invertebrate 
assemblages in the Ebro River ( Appendix ) have been widely investigated to iden-
tify the main threats to biodiversity conservation (e.g., river regulation, land-use 
change, eutrophication, heavy metal pollution, invasive species), as well as to 
plan and monitor restoration activities (Cid  2011 ; Sabater et al.  2011 ; Gallardo 
et al.  2012 ). Lateral river-fl oodplain connectivity has been predominantly studied 
in the Middle Ebro (Gallardo et al.  2009a ,  b ), whereas research in the lower 
reaches of the Ebro River has focused on longitudinal patterns (Muñoz and Prat 
 1994 ; Cid et al.  2010 ). 

 In the Middle Ebro, fl ooded (e.g., secondary channels and backwaters) and 
confi ned (e.g., oxbow lakes) wetlands signifi cantly differ in invertebrate taxon 
composition (Fig.  13.5 ). Invertebrate assemblages in fl ooded wetlands are domi-
nated by insect taxa (Gallardo et al.  2008 ). This refl ects the functional character-
istics of insects, as they are often considered generalist species capable of resisting 
unfavorable conditions, recuperating quickly after disturbances and aerially colo-
nizing new habitats (Townsend et al.  1997 ). Flooding infl uences feeding behavior, 
favoring shredders, scrapers, and piercers that benefi t from organic detritus and 
attached algae (Heino  2008 ). In contrast, non-insect taxa (including crustaceans, 
bivalves, and gastropods;  Appendix ) dominate confi ned wetlands of the Middle 
Ebro (Fig.  13.5 ; Gallardo et al.  2008 ), because these groups generally specialize 
in habitat and resource exploitation in stable habitats (Townsend et al.  1997 ). 
Overall, the fauna is split among taxa that rely on desiccation (Group 1, 9 fami-
lies), lotic taxa from the channel (Group 2, 17 taxa), and especially permanent-
water lentic taxa (Group 3, 28 families) ( Appendix ; terrestrials, Group 4, were not 
monitored from the Middle Ebro). 

 The large concentration of fi ne particulate organic matter characteristic of the 
lower courses of large rivers support fi lter- and collector-gatherers, the dominant 
feeding groups in the Lower Ebro, representing 48–81 % of the invertebrate com-
munity (Muñoz and Prat  1994 ). Representative species of these groups include 
insects of the families Chironomidae, Caenidae, and Hydropsychidae. Higher den-
sities of macroinvertebrates were associated with higher water velocities, partly 
explained by the high abundance of submerged plants ( Cladophora  sp.) providing 
food and refuge for invertebrates, particularly scrapers and fi lter-feeders (Muñoz 
and Prat  1994 ; Cid  2011 ). 

 The lateral hydrological connectivity also has been  acknowle  dged as a major 
driver of the Rhône fl oodplain’s taxonomic biodiversity and functional struc-
ture. A series of papers examined distributions of various insect orders—
Ephemeroptera and Plecoptera (Usseglio-Polatera and Tachet  1994 ), Coleoptera 
(Richoux  1994 ), and Trichoptera (Tachet et al.  1994 )—across the upper Rhône 
River and fl oodplain in France. Plecoptera occurred only in the channel, and not 
on the fl oodplain. Distinct groups of Ephemeroptera and Trichoptera were asso-
ciated with channel and fl oodplain habitats, with only a few families spanning 
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both (Baetidae, Leptophlebiidae, Leptoceridae). Coleoptera also had distinct 
lotic channel and lentic fl oodplain faunas, plus a third semi-aquatic fl oodplain 
group. Paillex et al. ( 2007 ), also working in the upper Rhône fl oodplain, exam-
ined overall invertebrate community patterns across the fl oodplain. Riverine 
aquatic organisms (e.g., Ephemeroptera, Gastropoda) were found in the most 
connected channels, whereas lentic species (e.g., Coleoptera, Hemiptera) pre-
dominated in the most disconnected wetlands. A number of taxa (e.g., 
Oligochaeta, Chironomidae, Hydrachnida) were widespread along the hydro-
logical gradient. 

 Along the  Tagliamento River  , Arscott et al. ( 2005 ) explored variation in fl ood-
plain and channel invertebrate communities among headwater, middle, and lower 
sections of the catchment. They found that invertebrate richness and densities 
tended to increase along the corridor, with differences primarily being driven by 
non-insect taxa (e.g., crustaceans, oligochaetes) associated with lentic habitats. 
Plecoptera and non-chironomid dipterans showed a reverse pattern, with down-
stream declines in richness and abundance. However, Karaus et al. ( 2013 ), focusing 
only on EPT (Ephemeroptera, Plecoptera, Trichoptera) taxa, found that cumulative 
numbers of EPT species increased continuously down the Tagliamento, especially 
in fl oodplain habitats (312 % increase). 

 Variation in invertebrate communities within individual fl oodplain sections of 
the Tagliamento River has also been addressed. The greatest overall density of 
invertebrates (193,567 individuals/m 2 ) occurred in a backwater habitat in the mid-
dle sub-basin of the river (Arscott et al.  2005 ). As in the Ebro fl oodplain, com-
munities differed between lentic (backwaters, pools) and lotic (main and side 
channels) habitats. In headwater areas, Arscott et al. ( 2003 ) found trichopteran 
communities differed between forested and non-forested habitat. In lower sec-
tions of the fl oodplain where lentic taxa abounded, their densities tended to be 
higher in pools or back waters connected or close to lotic habitats (Arscott et al. 
 2005 ). Unexpectedly, more EPT taxa appear specialized for fl oodplain habitats of 
the Tagliamento than for the main channel (Karaus et al.  2013 ). Looking at ter-
restrial  inverteb  rates (e.g., arachnids, ants, collembolans), Steward et al. ( 2011 ) 
found that fl oodplains of the Tagliamento supported fl oodplain-specifi c assem-
blages whose compositions tended to differ between vegetated and bare-gravel 
habitats. 

 Overall, Arscott et al. ( 2005 ) were able to categorize aquatic invertebrate 
communities along the Tagliamento based on (1) landscape position (headwa-
ter, middle, lower) and (2) habitat type (lentic, lotic). Distinct assemblages 
developed in mid- and lower reach lentic habitat, lower-reach lotic habitat, 
mid-reach lotic habitat, and headwater habitats (Table  13.2 ). In terms of over-
all diversity, both within-habitat (α) and among-habitat (β) diversities were 
typically high across all reaches, suggesting that longitudinal and lateral vari-
ation in diversity contributed equally to create heterogenous communities 
along the Tagliamento.
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       Trophic Relationships 

 In the Ebro, invertebrate assemblage variation among fl oodplain positions and 
sub- habitats (Fig.  13.3 ) suggests some trophic control over assemblage compositions, 
with lentic habitats being dominated by gathering organisms and those that feed on 
submersed plant substrate (Muñoz and Prat  1994 ; Gallardo et al.  2008 ; Cid  2011 ). 
Higher plants growing on fl oodplains can provide copious supplies of organic mat-
ter as food and habitat for fl oodplain invertebrates. At the  Rhône River  , predators, 
scrapers, and fi lter-collectors were predominant in the more disconnected fl ood-
plain sites. The proportion of predators decreased along the connectivity gradient, a 
pattern that suggests a decrease in top-down control of invertebrate assemblages 
with increasing disturbance by fl oods (Paillex et al.  2007 ). 

 On the headwater fl oodplain of the Tagliamento, Arscott et al. ( 2003 ) found that 
Trichoptera abundance and species richness was greater in forested than non- 
forested portions. This pattern was driven by several species of Limnephilidae 
shredders being positively correlated with benthic organic matter (tree leaves and 
wood). However, further down the Tagliamento at a mid-reach fl oodplain, Langhans 
and Tockner ( 2006 ) found very limited evidence of an invertebrate role in leaf litter 
decomposition, with it only being important in permanently fl ooded areas. 

 Paetzold and colleagues studied predation by terrestrial arthropod predators (spi-
ders, carabid ground beetles, staphylinid rove beetles, ants) on aquatic fl oodplain 
insects (see Paetzold and Tockner  2005 ; Paetzold et al.  2005 ,  2006 ). Large numbers 
of these predators inhabit the open gravel areas of the Tagliamento fl oodplain, 
despite the paucity of a terrestrial food base. However, aquatic insects often enter 
the fl oodplain via drift or to emerge. Using descriptive studies, stable isotope analy-
ses, and manipulations of aquatic insect subsidies, Paetzold and Tockner ( 2005 ) 
showed that 45 % of emerging aquatic insects were consumed by these predators, 
and Paetzold et al. ( 2005 ) demonstrated that these aquatic subsidies accounted for 
up to 80 % of the diets of some predators. Manipulations of aquatic insect subsidies 
(Paetzold et al.  2006 ) indicated that terrestrial fl oodplain predators actively aggre-
gate to this food source.   

   Table 13.2     Invertebrate taxa   indicative of headwater, mid-reach lotic, lower-reach lotic, and mid- 
and lower-reach lentic habitat along the fl oodplain corridor of the Tagliamento River, Italy   

 Headwater streams 
and fl oodplains 

 Mid-reach lotic 
elements 

 Lower-reach 
lotic elements 

 Mid- and lower-reach 
lentic elements 

 Athericidae  Baetidae  Gammaridae  Cladocera 
 Nemouridae  Chloroperlidae  Gyrinidae  Corixidae 
 Perlodidae  Heptageniidae  Gastropoda 
 Simuliidae 
( Prosimulium ) 

 Simuliidae 
( Simulium ) 

 Nematoda 

 Oligochaeta 
 Ostracoda 
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    Southeastern Australian Floodplains (Murray-Darling River, 
Murrumbidgee River) 

 Most of the Australian continent is fl at (<500 m above sea level) and semi-arid, with 
two-thirds of the mainland receiving less than 500 mm of rainfall annually (Boulton 
et al.  2014 ). The major river system of south-eastern Australia, the Murray-Darling, 
fl ows south and west from the inland and off the Great Dividing Range to the east. 
The  Darling River  , fl owing down from the north, drains about two-thirds of the 
Murray-Darling Basin but except in fl ood years, contributes only about 10 % of the 
Basin’s discharge and much of the fl ow remains in its incised channel. In contrast, 
the Murray River above its confl uence with the Darling contributes some 90 % of 
the discharge and, along its lower reaches, is bordered by a broad fl oodplain sup-
porting numerous wetlands, anabranches, and ox-bow lakes (colloquially termed 
billabongs) (Sheldon and Walker  1998 ). Extensive fl oodplains also characterize 
sections of the upper eastern reaches of the Murray, such as the Murrumbidgee 
River (Chessman and Hardwick  2014 ). 

 Along the lower Murray, the  Chowilla fl oodplain   has been a major focus for 
invertebrate research. In 1987, this fl oodplain was listed as a Wetland of International 
Signifi cance under the Ramsar Convention because its water-dependent ecosystem 
is one of the last remnants of near-natural fl oodplain of the Murray that has not been 
irrigated or cleared of native vegetation (MDBA  2012 ). Signifi cantly, it supports the 
largest remaining area of naturally occurring river red gum ( Eucalyptus camaldu-
lensis ) forest in the lower Murray, and is crucial habitat for many native waterbirds, 
fi sh, and other biota that have disappeared from much of their former range along 
the river. Consequently, Chowilla is perhaps the best representative of a near-natural 
fl oodplain ecosystem of a large lowland river in southeastern Australia. 

 The  Chowilla fl oodplain   supports a mosaic of anabranch creeks, wetlands, tem-
porary lagoons, and billabongs, variably connected at different fl ooding regimes 
across a fl oodplain whose vegetation composition is largely dictated by inundation 
frequency and duration (Overton and Doody  2008 ). The extent and depth of fl ood-
plain inundation is governed by the magnitude of fl oods down the lower Murray; 
fl ows of 460–700 m 3 /s are needed to inundate low-lying aquatic habitats and those 
near the channel, at 925 m 3 /s about half the  Chowilla fl oodplain   is inundated, and 
fl ows exceeding 1150 m 3 /s will fl ood virtually the whole area (MDBC  2006 ). 
Upstream storages and a series of weirs have signifi cantly modifi ed the Murray’s 
natural fl ow regime, reducing overall fl ow volume, prolonging periods of low fl ows, 
and reducing the magnitude of medium-sized fl oods (Walker  2006 ). Flows >900 m 3 /s 
that occurred once every 2 years on average now occur only once every 8 years, the 
average period between spring-summer fl oods has more than tripled (from 2.4 to 9.3 
years), and fl ood volumes have been cut by more than half (CSIRO  2008 ). These 
changes have led to engineered efforts since 2004 to “environmentally water” the 
Chowilla fl oodplain with appropriate volumes and timing to sustain river red gum 
and black box ( Eucalyptus largifl orens ) forests (MDBA  2012 ) as well as their 
associated fl oodplain biota. 
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 Mean annual rainfall on the Chowilla fl oodplain is 260 mm, with most falling 
in late winter and spring. However, evaporation exceeds rainfall every month 
(Fig.  13.2d ), assisted by low relative humidity, high temperatures, and strong winds. 
Thus, the fl oodplain’s water budget relies heavily on inputs from occasional high 
river fl ows to sustain wetlands and anabranches (MDBA  2012 ). Groundwater inputs 
(Fig.  13.2d ) are also important, although the regional groundwater is saline, contrib-
uting some 130 tonnes of salt per day to the Chowilla (Yan et al.  2005 ). Historically, 
evaporation from anabranch creeks matched inputs of saline groundwater, but the 
stored salts were fl ushed into the main river during fl oods. Recent river regulation 
has reduced fl ooding and fl ushing, resulting in daily storage of approximately 75 
tonnes of salt per day (Yan et al.  2005 ). Now, when fl oods do occur, large salt loads 
are delivered to the main channel of the river. 

 In the upper Murray, the  Murrumbidgee fl oodplain   has been another focus of 
invertebrate research (Chessman and Hardwick  2014 ). The Murrumbidgee River’s 
extensive fl oodplain has numerous wetlands occupying abandoned channels. Water 
diversions for agriculture and fl ow regulation have reduced the natural extent of 
 Murrumbidgee fl oodplain   inundation by 40 %, but fl ooding from the river remains 
a frequent event. Here, local rainfall and runoff contributes signifi cantly to overall 
water budgets. Much of the fl oodplain has been cleared for agriculture, but portions 
are still covered by river red gum forest. 

    Floodplain Invertebrate Community Variation and Assembly 

 Despite the anthropogenic alterations to the hydrological regime of the Chowilla 
fl oodplain, its invertebrate community composition ( Appendix ) is reasonably repre-
sentative of near-natural Southeastern Australian fl oodplains. A survey of aquatic 
invertebrates that included temporary and permanent billabongs, backwaters, 
anabranch channels, and two sites on the main river channel, collected 95 taxa in at 
least 43 families (Boulton and Lloyd  1991 ). Subsequent sampling at Chowilla, 
including collections from other wetlands and refl ooding dried fl oodplain sediments 
(Boulton and Lloyd  1992 ; Goonan et al.  1992 ; Sheldon and Walker  1998 ; Skinner 
et al.  2001 ), has yielded a total of at least 65 families ( Appendix ). 

 Much of this diversity arises from the rich array of aquatic macrohabitats on the 
fl oodplain (Fig.  13.1 ). Comparisons of invertebrate diversity among the temporary 
and permanent billabongs, backwaters, and anabranches reveal substantial spatial 
beta-diversity with marked differences in invertebrate community composition 
among macrohabitats (Boulton and Lloyd  1991 ; Sheldon and Walker  1998 ). For 
example, temporary billabongs have a very different fauna from nearby permanent 
ones, and lentic macrohabitats support families of some taxa such as gastropods that 
are virtually absent from lotic macrohabitats dominated by amphipods and palaemo-
nid and atyid shrimps. Slow-fl owing anabranches consistently support the fewest 
taxa (typically only shrimps, oligochaetes, corixids, and amphipods), perhaps refl ect-
ing the low physical complexity of the largely unvegetated littoral zone. In the other 
macrohabitats, the wide array of microhabitats (e.g., emergent vegetation, submerged 
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vegetation, leaf litter accumulations, woody debris) often harbor different assemblages 
of aquatic fauna, collectively contributing to high within- macrohabitat invertebrate 
diversity (Boulton and Lloyd  1991 ; Sheldon and Walker  1998 ). 

 Unfortunately, there has been no repeated sampling of aquatic habitats on the 
Chowilla fl oodplain during and after a fl ood to assess the extent of temporal beta- 
diversity. However, studies of temporal changes in diversity and invertebrate com-
position of permanent and temporary fl oodplain wetlands elsewhere along the 
Murray after fl ooding reveal marked differences over time, especially in the fi rst 
6–8 weeks after fl ooding (Hillman and Quinn  2002 ). It is likely that similar trends 
occur on the Chowilla fl oodplain, especially where differences in hydrological con-
nectivity occur among wetlands (Sheldon et al.  2002 ), and that temporal beta- 
diversity is also high. Floodplain invertebrate diversity is probably enhanced by the 
spatial variability among aquatic habitats at several scales interacting, perhaps syn-
ergistically, with temporal changes in water permanence, fl ow, and level (and hence 
connectivity). 

 There is also a rich reserve of biodiversity within the  fl oodplain sediments  . When 
dry sediments from different parts of the Chowilla fl oodplain are inundated experi-
mentally, a diverse soup of protozoans, nematodes, rotifers, microcrustaceans (e.g., 
copepods, cladocerans, and ostracods), notostracans, and anostracans soon develops 
(Boulton and Lloyd  1991 ; Skinner et al.  2001 ). Diversity is typically highest from 
sediments inundated annually and declines with increasing time since last fl ood, a 
pattern also observed in fl oodplain sediments of the Darling River (Jenkins and 
Boulton  2003 ,  2007 ) and increasing salinity (Skinner et al.  2001 ). 

 As in the case-study for fl oodplains of Southeastern USA, invertebrates of the 
Chowilla fl oodplain can be grouped according to four different sources: (1) 
desiccation- resistant aquatic organisms; (2) riverine aquatic organisms; (3) lentic 
water body aquatic organism; and (4) fl ood-tolerant terrestrial organisms (Table 
 13.1 ). Most of the taxa collected from the Chowilla fl oodplain listed in  Appendix  
are from Groups 1 (10 families) and 3 (45 families) although the relative paucity of 
representation by Group 4 taxa (4 families) probably refl ects the limited sampling 
for these organisms in studies focusing on aquatic invertebrates. Few taxa appar-
ently entered from the adjacent channel of the Murray (i.e., Group 2; 6 families) 
because in this part of the lower Murray, invertebrate diversity is reduced by poor 
water quality, modifi ed fl ow regimes, limited physical habitat, and alien fi sh such as 
carp. A survey of the invertebrates in the main channel of the lower Murray near 
Chowilla as part of a Basin-wide river health audit (Davies et al.  2008 ) corroborates 
this, reporting extremely low proportions of expected invertebrate families. 

 Some families in the group of taxa that spend low-water periods in permanent 
aquatic habitats on the fl oodplain (Group 3) disperse actively among the remnant 
aquatic habitats either by fl ying (e.g., notonectid and corixid bugs, dytiscid and 
hydrophilid beetle adults) or swimming (e.g., palaemonid and atyid shrimps). 
Others tend to be less mobile (e.g., hydrobiid and ancylid gastropods) and likely are 
dispersed passively by moving fl oodwater. As water recedes from the inundated 
fl oodplain, wetlands and some backwaters become isolated while fl ow slows and 
sometimes stops in anabranches. Movement by invertebrates among these fragmented 
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aquatic habitats is restricted to aerial dispersal, so the resident invertebrate assembly 
in each isolated wetland is a function of which taxa are trapped when the hydrologi-
cal connection is lost, which taxa fl y in or out, and the outcomes of differential 
survival to deteriorating water quality and intensifying biotic interactions (e.g., 
competition and predation) as the wetlands dwindle in size (Boulton et al.  2006 ). 

 Further up river on the  Murrumbidgee River fl oodplain   (Chessman and Hardwick 
 2014 ), the aquatic invertebrate fauna ( Appendix ) is also dominated by permanent- 
water lentic taxa (Group 3, 36 families), followed by desiccation-resistant taxa 
(Group 1, 11 families), and fi nally by channel-associated lotic taxa (Group 2, 8 
families). As would be expected, permanent water wetlands had different and richer 
assemblages than seasonally fl ooded habitats.  

   Trophic Relationships 

 Representation of the different trophic groups of invertebrates varies spatially 
among the aquatic macrohabitats on the Chowilla fl oodplain as a function of water 
permanence, fl ow, and temporal changes in organic matter bioavailability. As in 
many other temporary waters, mobile predators such as dytiscids, notonectids, and 
odonates are abundant in drying billabongs (Boulton and Lloyd  1991 ). In the fi nal 
stages of drying, terrestrial invertebrates such as ants and spiders also likely prey 
heavily on stranded aquatic invertebrates (Steward et al.  2012 ), potentially repre-
senting an important pathway for organic carbon transfer on the Chowilla fl ood-
plain. Conversely, predatory aquatic invertebrates are uncommon in macrohabitats 
that are hydrologically connected to the main channel (Boulton and Lloyd  1991 ) 
where fi sh may dominate this trophic role. 

 Opportunistic omnivores such as  shrimps and amphipods   are extremely common 
in anabranches and the main channel, and probably play some role in processing the 
abundant eucalypt litter produced by the river red gum forest. However, this organic 
material is notoriously refractory, and takes a long time to break down (Watkins 
et al.  2010 ). Instead, it is likely that seston (suspended organic matter, <45 μm) 
comprising fi ne detritus and phytoplankton is a more important carbon source, espe-
cially during and soon after fl oodplain inundation. Using stable isotopes to compare 
the use of basal organic carbon sources by different consumers in a lowland river of 
the Murray upstream of Chowilla, Hladyz et al. ( 2012 ) showed that seston was the 
primary source of carbon during high fl ows whereas terrestrial vegetation and, for 
some consumers, fi lamentous algae increased in importance during low fl ows. This 
temporal change in organic matter bioavailability appears to refl ect the suitability of 
conditions for algal growth (Hladyz et al.  2012 ) and, along with water permanence 
and movement, likely governs the trophic relationships of aquatic invertebrates on 
the Chowilla fl oodplain. Many of these invertebrates have fl exible diets (Boulton 
et al.  2014 ), enabling them to opportunistically exploit different carbon sources. 

 Lentic macrohabitats on the  Chowilla fl oodplain   support high densities of inver-
tebrate grazers such as aquatic snails that are virtually absent in lotic habitats and 
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the main channel (Boulton and Lloyd  1991 ). Numbers of grazers are highest in 
permanent billabongs where low turbidity contributes to a greater photic zone and 
higher primary production, especially of algal-dominated biofi lms on leaf litter, 
wood, and other benthic surfaces (Burns and Walker  2000 ). Emergent aquatic plants 
around the fringes of these lentic habitats not only provide shelter for aquatic inver-
tebrates but may also be a signifi cant source of carbon, especially after fl ood waters 
have receded and the fl oodplain is drying (Baldwin et al.  2013 ). Again, there is 
likely an important temporal component to the relative contributions to fl oodplain 
foodwebs by autochthonous carbon from biofi lms and emergent aquatic plants ver-
sus allochthonous inputs from leaf litter of eucalypts and other terrestrial plants 
(Hladyz et al.  2012 ), potentially tied in with the “boom-bust cycle” of fl ooding and 
drying in semi-arid river ecosystems (Baldwin et al.  2013 ).    

    Synthetic Analysis of Invertebrate Ecological Controls 
in Temperate-Zone Floodplains 

 Across the different temperate-zone  fl oo  dplains of the USA, Europe, and Australia 
featured in this chapter, there are numerous parallels in how resident invertebrate 
communities are structured and ecologically controlled. 

    Hydrologic and Climatic Controls 

 As would be expected, water budgets in temperate-zone fl oodplains are overwhelm-
ingly dominated by inputs of water from the river (Fig.  13.2 ). However, inputs of 
groundwater, subsurface  seep  age of river water, and direct rainfall all appear to 
signifi cantly infl uence the duration of inundation and water chemistry of low-lying 
areas of fl oodplains (Figs.  13.1  and  13.5 ), and these areas are also probably the most 
crucial sub-habitats for aquatic fl oodplain invertebrates. As such, more than just 
over-bank fl ow needs to be considered when evaluating hydrologic controls of 
fl oodplain invertebrates. 

 For the lowest-lying seasonally fl ooded areas such as sloughs and temporary 
ponds, longer-duration fl ooding leads to greater taxon richness of invertebrates (Fig. 
 13.4 ), up to a point (see below). Invertebrate production also tends to increase from 
upper to lower watershed fl oodplains, which is also likely related to lower- watershed 
habitats retaining water longer and providing more time for  aquati  c invertebrates to 
grow. Climate infl uences fl oodplain hydrology by regulating size and timing of 
fl oods, the primary control on fl oodplain invertebrate assemblage compositions. 
Additionally, in arid and semi-arid areas, evapotranspiration becomes very impor-
tant (Fig.  13.2c, d ), and here, extended dry phases can stress invertebrates aestivat-
ing in exposed soils.  
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    Invertebrate Assemblage Compositions 

 Over 130 different families of invertebrates were recorded from the  fl   oodplains 
highlighted in this chapter ( Appendix ). Because different sampling approaches 
were used in each, we chose not to contrast assemblages quantitatively. However, it 
is clear that assemblages varied considerably among and within regions. Only seven 
families (Table  13.3 ) were ubiquitous across the fl oodplains we inventoried 
( Appendix ), and most of these are widespread in wetlands in general (Batzer and 
Ruhí 2013). Despite the associations with rivers, invertebrate communities in fl ood-
plains were dominated by lentic aquatic organisms (all seven ubiquitous taxa are 
lentic). Typical lotic invertebrates (most mayfl ies and some caddisfl ies) were only 
common in a few of the fl oodplains studied (e.g., middle Ebro, upper Tagliamento 
River, Oconee;  Appendix ). The lentic invertebrates represented an obligate wetland 
fauna that persist on fl oodplains year-round, while the lotic invertebrates repre-
sented an ecotonal riverine fauna that only enter fl oodplains during fl ood events.

   Invertebrates of fl oodplains employ a plethora of ecological strategies to exploit 
these highly variable habitats. Desiccation resistance is widely used, especially by 
fl ightless invertebrates (non-insects). However, many aquatic invertebrates of fl ood-
plains are active dispersers (fl ying, swimming) that readily migrate into newly 
 inundated fl oodplain habitats, either from the river or from permanent water refugia 
on the fl oodplain. Early in a fl ood cycle, invertebrates that emerge from the soils 
may dominate, to be subsequently replaced by active dispersers. If a habitat is dis-
turbed, passive dispersers may be slow to re- esta  blish, and thus these organisms 
may be especially useful indicators. 

 We found ample evidence that a terrestrial component, generally overlooked by 
researchers, comprises much of the invertebrate fauna of fl oodplains. Contributions 
of these organisms to biodiversity and ecosystem function are both potentially 
important. Like lentic aquatic forms, these terrestrial invertebrates represented an 
obligate wetland fauna (i.e., were full-time residents, tolerant of fl ooding) rather an 
ecotonal infl ux of invertebrates from adjacent uplands. 

  Table 13.3    Families of 
aquatic macroinvertebrates 
collected at every temperate- 
zone fl oodplain habitat 
inventoried in  Appendix   

 Ubiquitous families 

  Odonata   Coenagrionidae (15) 
  Hemiptera   Corixidae (3) 

 Notonectidae (9) 
  Coleoptera   Dytiscidae (2) 
  Diptera   Ceratopogonidae (7) 

 Chironomidae (1) 
  Culicidae (8)  

  Numbers in  parentheses  indicate the ranking 
of each family among the 40 most common 
macroinvertebrate families in wetlands over-
all, according to Batzer and Ruhi (2013)  
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 A  lentic-lotic dichotomy   in aquatic community structure was evident spatially 
among and across most fl oodplain habitats. In general, lotic taxa are restricted to 
habitats near and/or strongly connected to the adjacent river channel. However, if 
lateral connections of sub-habitats to channels are weak or the sub-habitats are only 
fl ooded seasonally, invertebrate assemblages tended to be dominated by lentic 
organisms. Where lateral channel-fl oodplain connection is disrupted artifi cially by 
human activities, such as construction of levees (Fig.  13.5 ) or regulation of fl ood 
pulses, lentic forms may become dominant. 

 Besides lateral variation across fl oodplains, a lentic-lotic dichotomy was evident 
longitudinally down some fl oodplain corridors (i.e., from the headwaters down-
stream). Small headwater fl oodplains tended to be dominated by lotic organisms 
entering from the channel, while larger lower-river fl oodplains tended to be domi-
nated by lentic invertebrates. For invertebrates, it appears that headwater fl oodplains 
function mostly as extensions of the river. In headwater areas, the development of a 
lentic invertebrate fauna may be hindered by the short duration of fl oods and a lack 
of extensive permanent-water ponding on those fl oodplains to provide aquatic refu-
gia between fl oods. 

 In contrast, in large lower-river fl oodplains, habitat quality for lentic forms is 
enhanced by long duration and predictable fl ooding and the presence of extensive 
permanent-water lakes and ponds. Lentic invertebrates are well adapted to tolerate 
stagnant wetland conditions that develop on fl oodplains during all but the largest 
fl oods. However, the paucity of lotic invertebrates in larger fl oodplains is somewhat 
surprising given that large and long-lasting fl ooding should give lotic invertebrates 
ample opportunity to exploit the habitats. Our collective research suggests multiple 
possible mechanisms for this rarity of lotic organisms on large fl oodplains:

    1.    The presence of lentic wetland conditions, especially low oxygen  co  ncentra-
tions, may make fl oodplains inhospitable places for many lotic invertebrates to 
live.   

   2.    The occurrence on large fl oodplains of a robust lentic invertebrate and fi sh fauna, 
many of which are predators, may inhibit incursion of lotic invertebrates from 
the channel onto the fl oodplain.   

   3.    The channels of large rivers may not support many typical lotic organisms, 
reducing the pool of lotic species to colonize lower-river fl oodplains.   

   4.    As temperate-zone rivers get larger, the infl uence of human activities may 
increase cumulatively, disrupting connections between the channels and the 
fl oodplains.     

 If natural, the limited infl ux of lotic invertebrates onto fl oodplains seems incon-
sistent with the Flood Pulse Concept (Junk et al.  1989 ), which has strong channel- 
fl oodplain interactions as a foundational premise. The FPC was developed primarily 
for tropical areas and for  ve  ry large rivers, most many times larger than the 
temperate- zone river systems covered in this chapter. Differences in climate, fl ood-
ing patterns, and spatial scale of temperate- versus tropical-zone rivers may mean 
that the FPC must be modifi ed to consider the unique conditions in each area. 
One such modifi cation for temperate-zone invertebrates, at least in lower-river 
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fl oodplains, might be to emphasize the link between permanent-water lentic habitats 
on the fl oodplain (oxbow lakes, billabongs, deep sloughs) and the vast expanse of 
seasonally inundated fl oodplain habitat rather than the link between the river chan-
nel and the fl oodplain. This internal fl oodplain link would still be controlled largely 
by fl ood pulses connecting permanent and temporary lentic habitat, and is equally 
prone to disruption by many human activities (e.g., agriculture, levee banks, urban-
ization) on lower-river fl oodplains.  

    Trophic Relationships 

 Floodplain invertebrates appear to be mostly opportunistic generalist feeders, fl ex-
ibly exploiting the range of foods that become available in these spatially and  tem-
  porally diverse habitats. However, a few generalizations can be made about feeding 
functions of fl oodplain invertebrates.

    1.    Collector-gatherers (e.g., midges) and predators (e.g., water bugs and beetles) 
are particularly well represented across most fl oodplain habitats, especially in 
lower-river fl oodplains.   

   2.    Shredders of leaf litter and wood are generally rare, except where Limnephilidae 
caddisfl ies are abundant. Additionally, evidence is scant that aquatic invertebrate 
shredders are important to the breakdown of leaf litter or wood on fl oodplains.   

   3.    Filterers (e.g., hydropsychid caddisfl ies) can sometimes become abundant where 
high water fl ows deliver suspended seston, or in soft-bottomed substrates condu-
cive to burrowing by bivalves.   

   4.    Grazers (e.g., snails) can become abundant in heavily vegetated, low-fl ow water 
bodies on the fl oodplain where fi lamentous algae accumulate.    

  Distributions of primary consumers tend to track organic matter  ava  ilability, with 
gathering and fi ltering collectors concentrating in areas with copious small parti-
cles, shredders (if present) in areas with ample leaf litter, and grazers in areas where 
algae abound. As such, plant communities on fl oodplains exert considerable control 
on fl oodplain invertebrates via food supplies, and additionally provide them with 
structural habitat. 

 Predation emerged as a pervasive control in most fl oodplain habitats. Floodplain 
fi shes occurring in permanent water bodies on the fl oodplain seem especially infl u-
ential. They strongly structure the invertebrate communities in the long- hydroperiod 
lakes and ponds that serve as primary habitats, but also infl uence invertebrates across 
the fl oodplain during high fl ows when they migrate out of the lakes onto the main 
fl oodplain to feed. Predation by invertebrates, both from aquatic (see Table  13.1 , 
 Appendix ) and terrestrial (e.g., spiders) taxa, is an equally pervasive infl uence. 
In some locations, amphibian predation might be important (Galatowitsch and 
Batzer  2011 ).   
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    Conclusions 

 We conclude that in temperate-zone fl oodplains, multiple ecological gradients, both 
lateral and longitudinal, largely control the structure and function of resident inver-
tebrate communities (Fig.  13.6 ). From a series of case studies of temperate-zone 
fl oodplains in the USA, Europe, and Australia, we hypothesize the following:

     1.    Increased connectivity of fl oodplain habitats with river channels increases access 
for lotic invertebrates from the channel, although other natural and anthropo-
genic factors may restrict their incursion across the fl oodplain. River-fl oodplain 
connectivity also promotes infl ux of nutrients from the river and reduces stagna-
tion in lentic fl oodplain habitats, both being additional important controls on 
aquatic invertebrates.   

   2.    Variation in duration of fl ooding (hydroperiod) controls lentic invertebrate com-
munities, with short hydroperiods limiting taxa lacking resistance to desiccation, 
and long hydroperiods limiting taxa lacking resistance to fi sh predation.   

   3.    Variation in plant communities across fl oodplains controls invertebrate taxa reli-
ant on leaf litter (shredders) or algae (grazers) as food, as well as invertebrate 
taxa reliant on plants as habitat.   

Varies laterally (all locations):
Connectivity with channel, affecting:

Lotic taxa access
Nutrients levels
Stagnation degree

Hydroperiod, affecting: 
Lentic taxa survival
Predatory fish abundance

Plant communities, affecting:
Shredder taxa abundance
Algal grazer taxa abundance

Increases downstream:
Permanent-water lentic habitat availability, affecting:

Overall lentic taxa prevalence
Lentic predator abundance (invertebrates, fish)

Fine particulate organic matter levels, affecting:
Collector taxa abundance

Increases upstream:
Ecotonal interaction, affecting:

Lotic invertebrate access

FLOODPLAIN 
ECOLOGICAL 
GRADIENTS

River Floodplain

  Fig. 13.6    Focal lateral and horizontal gradients that infl uence invertebrate community structure 
and function in temperate-zone fl oodplains       

 

13 Invertebrates of Temperate-Zone River Floodplains



480

   4.    In upstream fl oodplains, lotic invertebrates tend to dominate because of the close 
proximity of fl oodplains to river channels (and perhaps because a lentic inverte-
brate and fi sh community is poorly developed).   

   5.    In downstream habitats, lentic invertebrates tend to dominate because more per-
manent water lentic habitat is available. These lentic invertebrates, and lentic 
fi shes, may limit incursions of lotic taxa from the channel.   

   6.    In downstream habitats, collector taxa become dominant due to the copious sup-
plies of small particles of organic matter (seston) suspended in lower-river fl ood 
waters.    

  Human activities can profoundly infl uence these ecological controls, and nega-
tively affect fl oodplain invertebrates. To sustain healthy invertebrate communities, 
natural river fl ows that generate fl ood pulses should be maintained, and barriers to 
lateral fl oods (dikes, levees) should be minimized or, if possible, removed. 
Conservation and management efforts should ensure maintenance of the high het-
erogeneity in hydrology, sediment regimes, and plant communities characteristic of 
natural fl oodplains. Because invertebrates are crucial foods for most fl oodplain 
fi shes, birds, and other wildlife, efforts to maintain healthy invertebrate communi-
ties will provide broader conservation benefi ts. Invertebrates also mediate many 
ecosystem processes such as nutrient regeneration and organic matter decomposi-
tion, and are an integral part of all functioning fl oodplains, their river channels, and 
their diverse aquatic habitats in temperate and, as we shall see in the next chapter, 
tropical fl oodplain ecosystems.      

                     Appendix 

  Invertebrate taxa   collected from selected temperate-zone fl oodplains from Europe, 
the USA, and Australia. (Some taxa not recorded from a site may simply refl ect that 
the organism was not effectively collected by the sampling program employed; 
other taxa may be absent for biogeographic reasons).
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    Chapter 14   
 Invertebrates in Neotropical Floodplains                     

       Karl     M.     Wantzen     ,     Mercedes     R.     Marchese    , 
    Marinez     I.     Marques    , and     Leandro     D. Battirola       

        Introduction: Environmental Conditions in Tropical 
Floodplain Wetlands and Their Implications for Invertebrates 

     Hydrology   

 The term “Tropical fl oodplain wetlands” covers a very wide range of ecosystem 
types. This chapter focuses mainly on systems studied by the authors, in Latin 
America (both tropical and subtropical fl oodplains, see Fig.  14.1 ). Even within 
these units, the variability is enormous. The overarching control in fl oodplains 
is the fl ood pulse (Junk et al.  1989 ; Neiff  1996 ; Junk and Wantzen  2004 ; Wantzen 
et al.  2008a ), i.e., the seasonal wet-and-dry-cycle provoking habitat changes in 
a short- term, annual or multi-annual pattern, by the presence of water deriving 
from river or lake overfl ow, groundwater rise, direct rainfall, or a mixture of 
these. The interplay between these sources makes the hydrology of the systems 
extremely complex; specifi cally in coarse-grained alluvial river fl oodplains, the 
patchiness of hydrological conditions may vary across very small scales 
(Tockner et al.  2010 ).

   The term “fl ood plain” is not restricted to large rivers, as often assumed. Rather, 
the occurrence of fl oodplains is defi ned by the local hydrogeomorphological fac-
tors such as slope and sediment dynamics; therefore fl oodplains can be found 
even in small streams. In mountainous areas they may have a “bead on a string” 
pattern (Ward et al.  2002 ), i.e., fl oodplain zones alternate with confi ned, steep 
river channels. The hydrodynamics vary with the catchment size. While small 
streams have a short, frequent, and intensive fl ood period according to rainfall 
events (Lewis et al.  1995 ; Wantzen  2003 ; Wantzen and Junk  2000 ), the overlap-
ping hydrographs of an increasing number of tributaries have a tendency to 
smoothen and slow the  inundation phase, resulting in mono- or bi-modal fl ood 
pulses, according to the seasonality of the precipitation in the catchment (Junk 
et al.  1989 ). Increased water levels of the main stem river during the fl ood period 
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may block the discharge of tributaries situated downstream, creating “back fl ood-
ing” even if there was no intensive rainfall in local catchments, e.g., in the 
Southern Pantanal (Hamilton  2002 ). The type of fl ooding (speed of change, fre-
quency, amplitude, duration, size, and type of the area covered, etc.) strongly 
infl uences how fl ood-borne resources become available for use by fl oodplain 
biota, and how biota may be disturbed by a fl ood event. Short fl oods (and subse-
quent moist phases) in forested stream fl oodplains enhance the reciprocal 
exchange of organic matter (and drifting animals) between aquatic  and   terrestrial 
phases, enabling e.g., stream detritivores to shred leaves outside the stream 
(Wantzen and Wagner  2006 ). Short and weakly synchronized emergence patterns 
of aquatic insects safeguard that a single rainstorm event will not eradicate an 
entire generation of offspring, rather many different larval stages of the same spe-
cies (and winged adults) exist across a rainstorm-prone period (Wantzen and Junk 
 2000 ; Wantzen  2003 ). 

  Fig. 14.1    Map showing the Paraguay and Paraná River fl oodplains in Latin America © 
M. Marchese       
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 The longer the fl ood period, the more the foodweb depends on the productiv-
ity within the fl oodplain itself (“fl ood-borne resources”: phytoplankton, macro-
phytes) rather than from productivity from river channels (Junk and Wantzen 
 2004 ). The  fl oodpulse drives the   development of a “shifting habitat mosaic” 
(Stanford et al.  2005 ; Tockner et al.  2010 ) of different successional stages of 
geomorphological and vegetational features, allowing the use of different 
resources during each phase of the fl ood pulse. The drawdown of the water dur-
ing the beginning of drought creates a disconnection of fl oodplain water bodies, 
increases concentrations of nutrients (Heckman  1994 ; Furch and Junk  1997 ; 
Nogueira et al.  2011 ), and opens opportunities for terrestrial colonization of the 
aquatic-terrestrial transition zone (ATTZ) (Junk et al.  1989 ). High rates of 
evapotranspiration and the endorheic position of the fl oodplains may increase 
salinity and make osmoregulatory adaptations by the invertebrates necessary 
(Verschuren et al.  2000 ). Chemical substances leached from organic matter dur-
ing rising and falling water may strongly infl uence  the   invertebrate fauna due to 
oxygen consumption during mineralization leading to anoxia (Hamilton et al. 
 1997 ) and by direct effects of dissolved substances (Baldwin  1999 ) or of nutri-
ents that trigger algal growth as a food source (which may be more important 
than leaves for many invertebrates, especially in fl oodplains of dry regions; 
Bunn et al.  2003 ).  

     Geology and Water Chemistry   

 Floodplains are formed by the deposition of sediments eroded from highland 
areas of the catchment. The closer the fl oodplain to the source of these materials, 
the coarser the sediment size usually tends to be, and consequently the hydraulic 
conductance (porosity) of the sediments, sometimes enabling the colonization of 
the hyporheic zone far beyond the streams (see Marmonier et al.  2012  for a recent 
review). Sediment size is crucial for the biodiversity (Hynes  1970 ) and biogeo-
chemical processes (Fischer et al.  2005 ) of river-fl oodplain systems. Most large 
Neotropical fl oodplains such as the Pantanal in Brazil (Irion et al.  2011 ) or the 
Paraná fl oodplains in Argentina (Drago  1990 ) (Fig.  14.1 ) receive sediments from 
highly weathered plains that already have a fi ne grain size before erosion begins. 
These “re-worked” sediments are generally very fi ne and release few nutrients 
into the water, and thus the existence of a  hyporheic zone   is very limited. Rocky 
outcrops may then be doubly important for the invertebrate fauna, as solid sub-
strate for clingers, and as ion sources; they are often composed of chemically 
unique rock, such as the “carboniferous strips” in Central South America, that 
benefi t calcium- dependent taxonomic groups such as crustaceans and mollusks 
(Junk and Robertson  1997 ; Wantzen et al.  2011 ). Tributaries may also introduce 
coarser sediments into otherwise fi ne-grained fl oodplains, such as the Río Bermejo 
that brings Andean materials into the Paraguay fl oodplain (Argentina), with 
important consequences  for   the invertebrate fauna (Ezcurra de Drago et al.  2004 ; 
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Amsler and Drago  2009 ). In terms of invertebrate biodiversity, the fl oodplains 
situated between highlands and lowlands can be unique: not only are they colo-
nized by the faunal assemblages from both lower- and upper-section fl oodplains, 
but they also have overlapping physical habitat characteristics (sediment struc-
ture) from both of these sections (Wantzen et al.  2011 ). The presence of natural 
barriers such as large waterfalls may limit fi sh as predators and thereby allow 
different invertebrate faunas to develop (Flecker  1992 ).  

     Climate and Vegetation   

 To describe life conditions for fl oodplain invertebrates in the Tropics, we simplify 
discussion by depicting only large biomes, and focus only on freshwater systems. 
Climate and soil chemistry defi ne vegetation patterns and thus have a strong infl u-
ence on organic matter processing (Wantzen et al.  2008b ; Graça et al.  2015 ), and in 
turn on the invertebrate community of fl oodplains. Plant biodiversity in riparian 
zones of tropical streams is generally very high, enabling a large array of fl oodplain 
invertebrate to use strategies including fl ower and fruit consumption, leaf and wood 
detritivory, or scavenging on terrestrial invertebrates that accidentally fall from the 
trees (Wantzen and Junk  2000 ). The reciprocal subsidies (Nakano and Murakami 
 2001 ) between aquatic and terrestrial food webs are very strong. In seasonal tropical 
climates, plant phenology tends to follow the wet-and-dry rhythm, however organic 
matter inputs are not as strongly pulsed as seasonal leaf-fall in temperate climates, 
promoting a different schedule of resource use, including rapid exploitation of 
short-term resources, such as green leaves after storms, or fl owers and fruits 
(Wantzen et al.  2008b ). 

 Tropical fl oodplains in evergreen lowland rainforest have humid conditions, 
although water availability may still be limited by seasonal rainfall patterns. The 
enormous peat swamp forests of tropical South East Asia (Wantzen et al.  2008d ; 
Yule  2010 ) accumulate deep layers of organic matter due to permanent inundation 
and the presence of secondary compounds in the vegetation that reduces shredder 
activity (Haase and Wantzen  2008 ; Wantzen et al.  2008b ; Lim et al.  2014 ). In 
Amazonian  fl oodplain   wetlands, large water-level fl uctuations (up to 12 m) select 
for specifi cally adapted herbaceous and woody plants (herbaceous plants: rapid 
growth or the ability to fl oat, woody plants: fl ood tolerance, biochemical adapta-
tions to anoxia (Junk  1997 ; Parolin  2009 )). Similarly, wetland invertebrates are 
selected to cope with fast-changing conditions including anoxic water and rapid 
inundation of terrestrial habitats. 

 In seasonal savanna wetlands such as in the Okavango Delta (Curtis et al.  1998 ; 
Davidson et al.  2012 ), in Kenya (Verschuren et al.  2000 ), or in the Pantanal, woody 
vegetation needs to be adapted to both fl ood and drought conditions, including fi re 
(Nunes da Cunha and Junk  2004 ; de Oliveira et al.  2014 ), resulting in unique fea-
tures such as xeromorphic leaves, high concentrations of secondary compounds, 
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and thick bark, which may constrain their use by herbivorous or detritivorous inver-
tebrates. The often luxurious  aquatic macrophyte vegetation   of  these   wetlands (in 
the Pantanal, more than 280 species are known (Pott et al.  2011 ) and in the Esteros 
del Iberá of the Paraná River, 161 species (Neiff et al.  2011 )) can shift from terres-
trial (dwarfi sh, hard-leaved) growth to fast growing and fl owering aquatic forms. 
Once the fl oods recede, the ATTZ is rapidly recolonized by terrestrial grassy and 
herbaceous species.    The fl oodplain sediments are seed banks for both aquatic and 
terrestrial plants that display long-term germination strategies to cope with variable 
hydrological situations (Pagotto et al.  2011 ). The hydrologically driven interannual 
variation in vegetation assemblages provides opportunities for a large diversity of 
herbivorous and detritivorous invertebrates to exist, and affects their interactions 
with overall foodwebs.   

    Major Ecological Controls on Invertebrates in Tropical 
Floodplains 

    The  Hydrological Cycle   (Flood Pulse) 

 Contrary to the common view of river fl oods being a nuisance, the fl ood pulse 
contributes nutrients and food sources, and creates valuable habitats for both 
aquatic and terrestrial species. Adaptations in life cycles to cyclic, seasonal, or 
irregular fl ood and drought events control the presence or absence of inverte-
brate species on fl oodplains. The same habitat can be subsequently colonized by 
both terrestrial and aquatic organisms, making fl oodplains doubly important to 
biodiversity. Moreover, there is strong interannual and multi-year variability in 
the hydrographs of natural systems, permitting certain species traits to be 
favored in 1 year, and others in subsequent years so that the resulting biotic 
community is rarely identical over time, termed “sequential biodiversity” by 
Junk and Wantzen ( 2004 ). 

 By wetting and drying the fl oodplain, the fl ood pulse drives the “Aquatic- 
Terrestrial- Transition Zone” ( ATTZ    sensu  Junk et al.  1989 ) across the ecosys-
tem. Terrestrial species need to cope with fl ooded conditions, and aquatic 
species to dry conditions. Diverse strategies to use highly variable fl ood-borne 
food resources are common among tropical fl oodplain invertebrates (Adis and 
Junk  2002 ). Compared with temperate water bodies, the bacterial activity in 
tropical systems is much higher, resulting in fast turnover rates and rapid 
changes in water quality. Anoxic conditions due to rapid mineralization or solu-
tion of carbon dioxide may occur within hours, sometimes leading to mass mor-
talities (e.g., the  dequada  (anoxia) phenomenon in the Pantanal (Calheiros and 
Hamilton  1998 )). Under anoxic conditions, high concentrations of toxic hydrogen 
sulfi de (H 2 S) can develop,    limiting all metazoan life (e.g., in stagnant fl oodplain 
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water bodies of Central Amazonia during peak fl ooding season (Junk and 
Robertson  1997 )). 

 Changing conditions of oxygenation and food resource availability are 
affected by water movements across the fl oodplain. Neiff ( 1996 ) distinguishes 
between the “limnophase” of stagnant water in permanently fl ooded lakes dur-
ing the low-water phases, and the “potamophase” when river water fl ows across 
the fl oodplain. In large shallow river-fl oodplains such as the Pantanal, regional 
differences in evapotranspiration, and exchange with groundwater and river 
channels causes stagnant conditions to only occur locally/periodically. Water is 
typically fl owing in most  parts   of the fl oodplain, although velocities can vary 
from few cm/s to >1 m/s.  

    Connectivity to and Distance from the Main  Stem River   

 Connectivity is another important control on the composition of the fl oodplain 
invertebrate community (Marchese et al.  2005 ; Zilli and Marchese  2010 ; 
Davidson et al.  2012 ; Wantzen et al.  2014 ). Floodplains are often associated 
with permanently wetted water bodies such as lakes, rivers, and streams, with 
variable degrees of connectivity (Amoros and Bornette  2002 ; Wantzen et al. 
 2005 ; Drago et al.  2008a ). This variation in the hydrological regime affects the 
exchange of water, nutrients, organic matter, and organisms at the aquatic-ter-
restrial, benthic-pelagic, and surface water–groundwater interfaces. Flow rates 
within these complex hydrological networks, and the residence times of the 
water are highly variable, and depend on the location of the habitat across the 
fl oodplain topography and the degree and type of connection (Drago  1990 ; 
Drago et al.  2008a ,  b ). The chemical qualities of the water may be determined 
by direct access to river channel water (characterized by riverine- suspended 
solids and nutrients), indirect connection via secondary fl oodplain channels 
(i.e., suspended substances have settled or been fi ltered), or by groundwater 
inputs that may have high concentrations of dissolved organic and inorganic 
substances but are often anoxic. This suite of characteristics affects the structure 
of invertebrate assemblages and the persistence of species compositions. At the 
same time they determine the degree to which benthic macroinvertebrates con-
tribute to the ecological functioning of the system, contributing to the cycling of 
nutrients and organic matter decomposition and providing a fl ux of energy from 
benthic organic matter to higher trophic levels. Studies on  the   Paraguay-Paraná 
river-fl oodplain system suggest that benthic invertebrate diversity increases lat-
erally from the mainstream to fl oodplain habitats, as certain controlling physical 
factors (turbulence, fl ow velocity, hydraulic parameters, turbidity, etc.) decrease, 
strongly  structuring   benthic assemblage patterns (Figs.  14.2  and  14.3 ) (Marchese 
et al.  2002 ; Ezcurra de Drago et al.  2004 ; Marchese et al.  2005 ; Ezcurra de 
Drago et al.  2007 ; Wantzen et al.  2014 ).
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  Fig. 14.2    Factors controlling the macroinvertebrates assemblage structure in riverine ( above ) and 
lacustrine ( below ) habitats of the Middle Paraná River system. © M. Marchese       
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  Fig. 14.3    Environmental conditions in a river-fl oodplain transect in the Middle Paraná River sys-
tem.  Upper left : range of values for the mainstem river,  middle row from left : values for secondary 
channels, connected and isolated lakes. During high water, increasing connectivity between water 
bodies results in a homogenization of habitats. © M. Marchese       

        Congruence Between  Life Cycles and Hydrological Cycles   

 Floodplain organisms are selected to profi t from benefi cial resources and to avoid 
adverse conditions provided by the fl ood pulse. The fl ood pulse concept (Junk and 
Wantzen  2004 ) depicts “ windows of opportunity ,” i.e., when life cycles of an organ-
ism match the occurrence of an exploitable resource provided by the hydrological 
cycle, and “ windows of susceptibility ” when hydrological situations occur that 
impact vulnerable stages of the organism’s life-cycle phase (Fig.  14.4 ). Man-made 
intervention to the hydrological regime may provoke non-natural fl ood and drought 
events that can profoundly impact the survival of fl oodplain species (Poff et al. 
 1997 ; Sparks et al.  1998 ).

   As changes in the availability of a given resource during the hydrological cycle 
occur rather abruptly in fl oodplains, the development of populations, reproductive 
stages, or growth phases often occur over very short periods ( biotic hot moments ) and 
at restricted sites ( biotic hot spots ) (Wantzen and Junk  2006 ). Overall, a shifting mosaic 
of sites creates intensive biological activity in time and space (Stanford et al.  2005 ). 

 Metamorphosis of some fl oodplain insects tracks the switch between aquatic and 
terrestrial phases. The larvae of the chrysomelid beetle  Lysathia sioli,  discovered 
from the Pantanal by Wantzen and recently described by Medvedev ( 2001 ), live on 
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the roots of   Ludwigia natans    during the inundation phase. As the wetland dries, the 
adults emerge in large numbers and feed on decaying leaves and reproduce on the 
rosettes of  L. natans . Thereby, this species is optimally adapted to exploit the tem-
porally changing resources provided by its plant host. 

 The high temperatures, constantly changing environmental conditions, and the 
brief availability of resources in tropical fl oodplains favor the development of spe-
cifi c life-cycle strategies: short life cycles, early reproduction, migration, and dor-
mancy strategies (see also case studies). Aquatic animals with very short life cycles 
can employ a mixed strategy between migration and aestivation called “pond- 
hopping” (Wantzen et al.  2011 ); they reproduce and dwell in a pond until it dries 
out, then move to the next aquatic habitat by fl ight. This phenomenon is known for 
the chironomid  Apedilum elachistum  that can complete its entire life cycle in only 1 
week (Nolte  1995 ). 

 Reproducing earlier and faster allows animals to exploit benefi cial life condi-
tions that occur only briefl y. However, a high energy investment  in   reproduction 
may inhibit the survival of the progeny (Roff  1992 ). This pattern was found for the 
diplopod   Poratia salvator    in the Pantanal (Pinheiro et al.  2009 ). When comparing 
populations of  P. salvator  from the fl oodplain with a nearby non inundated habitat, 
the reproductive period of the fl oodplain population occurred much earlier. Similarly, 
the semiaquatic grasshopper  Cornops aquaticum,  associated with   Eichhornia 
azurea    ,  has ontogenic shifts over the fl ood pulse. The fi rst two of six nymphal stages 
are associated with low-water periods, seemingly benefi tting from the highly abun-
dant food sources supporting high density levels, whereas later-stage nymphs, 
which have lower densities due to natural mortality, dominate on residual plant tips 
as water levels rise (Silva et al.  2014 ; da Silva et al.  2010 ). Although  Orthoptera   are 
usually not considered aquatic insects, some species cannot develop without aquatic 

Hydrological events: timing with life-cycle

"Windows of opportunity":
Occurrence of flood-borne 
resources matches with a life-
cycle stage that is able to profit by 
this resource.

"Windows of susceptibility":
Hydrological events that hit a sensitive 
phase of the life-cycle of an organism  
(often due to man-made changes in the 
hydrological cycle)

hydrograph
life cycle

  Fig. 14.4    Match and mismatch of the life cycle of the organisms with the fl ood pulse (Windows 
of opportunity, windows of susceptibility). Modifi ed from Junk and Wantzen ( 2004 )       
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plants for oviposition and nymphal development (Amédégnato and Devriese  2008 ). 
As such, in the Paraná River-fl oodplain, 7 of a total of 17 Orthoptera species were 
considered aquatic due to their associations with the freshwater environment, espe-
cially during high water levels (Capello et al.  2013 ). High water levels concentrate 
the abundance and species richness of orthopterans on the macrophytes they use as 
food and shelter (Capello et al.  2013 ). 

 Organisms that cannot maintain desirable environmental conditions by migrat-
ing or by morphological adaptations such as plastron respiration need to adapt to 
drought and re-wetting (aquatic species) or to fl ooding and re-drying (terrestrial 
species) by reducing their physiological activities to a minimum to survive the 
adverse conditions (see Fig.  14.4 ). During this dormancy phase, respiration is 
strongly reduced; there is no food uptake, growth, or egg production.    The organisms 
live on stored energy and may be forced to accumulate metabolic end products until 
the adverse conditions have passed.   

    Invertebrate Case Studies 

     Aquatic Invertebrates in the Pantanal   

 The Pantanal is a huge fl oodplain in central South America (Fig.  14.1 ). It is fed by 
the tributaries of the upper section of the  Paraguay River,   with a seasonal monomo-
dal fl ood pattern caused mostly by rainfall in its northern section, and back fl ooding 
of the larger rivers in its southern section. The interactions between different sources 
of fl ood water are particularly complex due to very fl at terrain. For example, Baia 
Sinhá Mariana, a fl oodplain lake near Barão de Melgaço, is fed by a  blackwater 
river   (which crosses the lake), by a lateral channel from another fl oodplain lake, or 
by the Cuiabá River (mixed whitewater). Regional rainfall and water levels defi ne 
the relative proportions from each of the sources, and even the fl ow directions of the 
water in fl oodplain channels. As a result, the lake benthos is either dominated by 
fauna drifting in from the blackwater tributary, or by fi lter-feeding chironomids and 
mayfl ies, profi ting from the food particles from the whitewater tributary, or it is 
impoverished when the nutrient-poor lake is unconnected during stagnant, low- 
water periods (Wantzen et al.  2011 ). Near the Paraguay River, most fl oodplain 
waterbodies are oxbows with variable degrees of connectivity to the river main-
stream; connectivity affects nutrient and biomass accumulation, and oxygenation of 
the habitats (Wantzen et al.  2005 ), which all affect the benthic assemblages. Leeward 
ends of oxbows tend to accumulate organic matter, mostly recalcitrant fi ber from 
fl oating macrophytes, that reduces density and diversity of invertebrates to those 
few species adapted to low oxygen concentrations.  Floodplain channels   in close 
contact to fresh river water have a high biodiversity and biomass of invertebrates 
(Marchese et al.  2005 ). The high beta diversity of connected fl oodplain lakes stands 
in stark contrast to the low-diverse, low-biomass assemblages of the mobile sandy 
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substrates in the river mainstream (Wantzen et al.  2014 ). Recently  fl ooded water-
bodies   have very steep gradients in environmental conditions such as organic matter 
and oxygen, although habitats become “homogenized” during later fl ood phases 
(Thomaz et al.  2007 ). 

 In the shallow fl oodplain habitats, most “benthic” invertebrates are not restricted 
to the sediments, rather, they also colonize the root systems of the fl oating macro-
phytes ( Eichhornia, Salvinia, Pistia ), called the “ interrhizon  ” by Heckman ( 1997 ) 
(Fig.  14.5 ). This habitat supports a high biodiversity because it harbors invertebrates 
that typically colonize the sediment, the roots, and open-water zone. The root sys-
tems provide fresh and decomposing organic matter, biofi lms, and accumulate 
organic particles in interrhizal pore space, which all are useful foods for inverte-
brates. Roots provide shelter from fi sh predators, and predators also profi t because 
these zones attract zooplankton prey (Hamilton et al.  1990 ). Putting a  fl oating mac-
rophyte   into a white plastic tray is a more effi cient way to collect invertebrates than 
dragging and sieving large volumes of organic mud (see Wantzen and Rueda- 
Delgado  2009  for a review of methods for invertebrate studies).

   Aquatic invertebrates of the Pantanal have developed a series of remarkable 
adaptations to survive drought conditions (Wantzen et al.  2011 ). In analogy to the 
late Joachim Adis’ seminal work on  terrestrial Amazonian invertebrates  , survival 
strategies can be subdivided in non-migrating and migrating strategies with differ-
ent substrategies and physiological adaptations for each (Adis  1997 ; Fig.  14.6 ).

  Fig. 14.5    Floating or partially rooted aquatic macrophytes ( Eichhornia azurea ) provide important 
habitats for aquatic and terrestrial invertebrates. © K. M. Wantzen       
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      Adaptive Strategies of Aquatic Invertebrates to  Survive Desiccation   

 In the Pantanal, only a few waterbodies remain wetted during the peak of the dry 
season. These lower zones accumulate large amounts of organic matter and nutri-
ents (Nogueira et al.  2002 ) while the rest of the dry fl oodplain has rather hostile 
conditions for aquatic invertebrates. The dry phase exerts powerful selection on the 
distribution and abundance of aquatic invertebrates in these wetlands (Fig.  14.6a ). 
As solubility of oxygen in water is much lower than in air, the respiratory organs of 
aquatic species often have large surfaces for oxygen uptake that are not protected 
against drought by impermeable cuticles. Once dried out, these respiratory surfaces 
cannot be reactivated, only exchanged by molting. An impressive example for this 
strategy is the mayfl y   Cloeodes hydation    (Nolte et al.  1996 ) that molted up to nine 
times within 2 days when experimentally dried and re-wetted. Freshwater oligo-
chaetes form cysts that resist desiccation (Montalto and Marchese  2005 ). Sponges 
such as   Drulia browni    can survive extreme drought for months, even while exposed 
on dry, dead wood (Junk and Robertson  1997 ). Less drought-tolerant species 
migrate with the receding water line. Larvae of the mayfl y genus  Campsurus  migrate 
within the lake littoral as water levels rise and fall (Takeda and Grzybkowska  1996 ). 
Freshwater crabs in the Pantanal have very large brood pouches in which they carry 
their offspring over land. Crabs and large ampullariid snails migrate and accumulate 
at the lowest parts of lakes and fl ooded meadows to aestivate, and may provoke “hot 
moments” when they return to their original habitats when the waters return. 
Migrating kites ( Rostrhamus sociabilis ) fl ock by the thousands to prey upon the 
 returning   crabs and snails (Wantzen et al.  2011 ). 

 Habitat choice may enhance desiccation avoidance. General ecological life strat-
egies of invertebrates such as r and K strategies may match the dynamics of their 
habitats, i.e., there are r and K habitats (Marchese et al.  2002 ). Reliable and stable 
microhabitats will favor longer-lived species with higher parental investment in off-
spring. Unstable, frequently and/or unpredictably disturbed habitats will instead be 
colonized by short-lived, small bodied r-strategists. For example, long-lived, large- 
bodied mussels are typically found in backwaters at the lower end of sand banks of 
Neotropical rivers, where fl ow conditions and supplies of organic matter are rela-
tively stable (Wantzen et al.  2005 ; Colle and Callil  2012 ).  

    Adaptations of Aquatic Invertebrates to  Flood Conditions   

 Floodplain sediments are “propagule banks” releasing large numbers of inverte-
brates, either when re-wetted or re-dried. Rising water levels in seasonal fl oodplains 
of the Pantanal mobilizes nutrients and organic matter that were stored during the 
dry phase. Bacteria, algae, and (later on) macrophytes (De-Lamonica-Freire and 
Heckman  1996 ; Loverde-Oliveira et al.  2011 ) experience rapid growth that provides 
support for aquatic invertebrate (Fellerhoff  2002 ; Marchese et al.  2014 ) and verte-
brate (Wantzen et al.  2002 ) consumers. The earliest colonizers benefi t most from 
these resources because their vertebrate predators have not yet arrived during the 
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early phases of fl ooding. Mass emergence and reproduction of  Campsurus  mayfl ies 
at the beginning of the fl ood season ensures that larval development is timed to use 
these fl ood-borne resources (Wantzen and Junk  2006 ). Ceratopogonids hatch soon 
after fl ooding, allowing their larvae to develop rapidly by fi lter-feeding on plank-
tonic bacteria, and to avoid predation by fi sh. Densities of chironomid larvae in the 
Coqueiro lake (Northern Pantanal) also peak at the beginning of the fl ood period 
(Sobreira et al.  2012 ). Invertebrate predators with long-distance fl ying capacity, 
however, quickly colonize these habitats (many heteropterans and odonates). Over 
time, invertebrate communities develop that are similar to those of permanent lakes, 
displaying “classical” sediment-associated benthic and planktonic assemblages, 
combined with epiphytic (benthos-like) organisms that make up the largest part of 
the biomass in most fl oodplain lakes (Wantzen et al.  2011 ). 

 As water levels decrease, many invertebrate consumers, including ampullariid 
snails, live on detritus of decaying macrophytes (Fellerhoff et al.  2003 ). In the 
Pantanal de Nabileque (southern Pantanal), high evapotranspiration rates induce 
 saline   lakes dominated by blue-green algae to develop. A specifi c invertebrate com-
munity colonizes this kind of habitat, and the lake shores are littered with  dead   
bodies of corixids, witness to the high productivity of these lakes.   

     Terrestrial Floodplain Invertebrates in the Pantanal      

 Terrestrial habitats of the Pantanal such as rocks, soils, organic litter, trees, and the 
emergent parts of macrophytes provide habitat and resources for a rich terrestrial 
invertebrate fauna. The soil fauna of the Pantanal, however, seems less rich than that 
of Central Amazonia (taxonomic groups such as Collembola, Diplopoda, and 
Pseudoscorpiones are less diverse). The adaptive strategies of the terrestrial inverte-
brates are inversely complementary to those of the aquatic species, i.e., they require 
refugia during fl ood and profi t from the drought season (see Fig.  14.6b ). Our knowl-
edge on strategies how terrestrial invertebrates survive adverse (fl ood) conditions 
largely originates from the extensive studies by Joachim Adis in the Central 
Amazonian Floodplain (Adis  1997 ; Adis and Junk  2002 ). Taxa previously known as 
being purely terrestrial were discovered surviving fl ooding by using specifi c respira-
tory organs that allowed them to remain under water. Japygids (Diplura) spin cocoons 
in which they survive (Adis et al.  1989 ). Diplopods or larvae of arctiid moths use 
plastron respiration and can freely inhabit fl ooded roots (Messner and Adis  1987 ; 
Adis et al.  1996 ). Larvae of tiger beetles (Carabidae) can survive fl ooded conditions 
by employing anaerobic metabolism (Zerm et al.  2004 ). However, most terrestrial 
invertebrates of the fl oodplain utilize impressive migration strategies. Vertical migra-
tors climb to higher ground, such as the fi re ant   Solenopsis saevissima    (Myrmicinae) 
that moves from soils to grass stems, often forming living carpets of ants on stems of 
 Setaria geniculata  (Gramineae) extending above the water-level. The leaf cutting ant 
 Acromyrmex lundi carli  (Myrmicinae) has been observed moving their subterranean 
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nests, typically located at the bases of tree trunks, to non- fl ooded tree axes. Immatures 
of  Plusioporus salvadorii  (Spirostreptidae) were located up to 1 m above the water-
level on the bark of  Vochysia divergens  (Vochysiaceae, Adis et al.  2001 ). Most ter-
restrial invertebrates escape from the fl ooding by lateral migrations. These migrators 
represent an important prey for army ants that incorporate rising fl oods as a part of 
their hunting strategy (Adis et al.  2001 ). The migratory ability of tiger beetles may 
vary between populations, with beetles being winged in the lower (longer fl ooded) 
zones of the fl oodplain gradient in  Amazonia  , while wingless in the upper zone 
(Zerm and Adis  2002 ), presumably diverting saved energy for other purposes. 

 The millipedes   Poratia salvator    (Fig.  14.7 ) and  Promestosoma boggianii  
(Polydesmida: Diplopoda), and some Cerambycidae (Coleoptera) synchronize their 
life cycles with the changing seasons of inundation and drought (Battirola  2007 ; 
Pinheiro et al.  2009 ,  2011 ; Marques et al.  2014 ). Non-migrating species of 
Collembola (Symphypleona) survive fl ooding as dormant eggs in soils (Battirola 
 2007 ). Diplopoda, Diplura, Chilopoda, Pseudoscorpiones, and Araneae inhabit 
plant leaves or tree trunks to remain dry. Some Araneae can escape inundated areas 
by crossing the water surface.  Attalea phalerata  palm  associations   in the Pantanal 
serve as refuges during the wet season with ground-dwelling ants and spiders occu-
pying all vertical strata of these palms (Santos et al.  2003 ; Battirola et al.  2004 , 
 2014 ). The architecture of this palm has leaf sheaths that accumulate organic debris 
and provide important microhabitats for numerous arthropod species, e.g., 
Coleoptera, Collembola, Formicidae, Diptera, and Psocoptera (Marques et al.  2009 ).

  Fig. 14.7    Occurrence of larval and adult stages of  Poratia salvator  in the northern Pantanal of 
Mato Grosso.  Insert : photograph of  P. salvator  © M. Marques       
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   A conspicuous feature of fl oodplain savannahs of the Pantanal are large termite 
mounds that are up to 3 m high.   Cornitermes cumulans    (Termitidae, Nasutitermitinae) 
build these mounds during the dry season but these termites increase their height 
during the wet season to survive the period of inundation fl ooding. Termite mounds 
are important refuges for terrestrial invertebrates during fl ood (Fig.  14.8 ). Impressive, 
at night, are abandoned termite mounds that have been colonized by larvae of the 
luminescent beetles  Pyrearinus termitiluminans  (Elateridae, Agrypninae), giving 
the impression of Christmas trees (Costa and Vanin  2010 ).

   Some vegetation communities are dominated by single-tree species, e.g., 
 Vochysia divergens  (Vochysiaceae),  Attalea phalerata  (Arecaceae), or  Calophyllum 
brasiliense  (Clusiaceae). These single-tree species associations are known for their 
unique communities of ants, beetles, spiders, and millipedes, which exhibit strong 
seasonal dispersal among vertical  s  trata during the inundation period (Battirola 
et al.  2009 ; Marques et al.  2001 ,  2006 ,  2011 ,  2014 ; see also Table  14.1 ).  Pantanal 
  wetlands are also known for monodominant stands of aquatic macrophytes, e.g., 
 Eichhornia  (Pontederiaceae) and  Salvinia  (Salviniaceae).    Semiaquatic beetles 
(Curculionidae Staphylinidae) and aquatic beetles (Hydraenidae, Noteridae, 
Hydrophilidae) are common on these plants.

  Fig. 14.8    Flooded grassy wetland with islands of termite mounds and individual trees ( Curatella 
americana ) in the Pantanal © K. M. Wantzen       
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    Table 14.1    Diversity of arthropods (ind./m²) in canopies of three monodominant vegetation 
stands in the dry and high water seasons in the Pantanal of Mato Grosso, Brazil   

 Taxa 

  Calophyllum 
brasiliense    Vochysia divergens    Attalea phalerata  

 Dry 
season 

 High 
water 

 Dry 
season 

 High 
water 

 Dry 
season 

 High 
water 

  Arachnida  
 Acari  10.4  3.9  6.6  12.5  1.8  257.0 
 Araneae  8.7  5.3  20.9  10.2  15.3  13.4 
 Opiliones  –  –  <0.1  0.1  <0.1  <0.1 
 Pseudoscorpiones  <0.1  –  1.9  0.4  4.8  7.3 
  Crustacea  
 Isopoda  –  –  –  –  –  0.1 
  Hexapoda  
 Blattodea  <0.1  ≤0.1  1.6  1.5  5.4  2.1 
 Coleoptera  18.0  12.2  13.2  17.1  65.5  77.5 
 Collembola  27.9  13.8  1.5  2.0  32.4  53.4 
 Dermaptera  –  –  –  –  0.2  0.3 
 Diptera  4.2  21.8  35.7  61.2  21.6  54.0 
 Embioptera  –  –  –  –  –  0.2 
 Ephemeroptera  –  –  0.1  0.2  –  0.2 
 Hemiptera  14.1  6.4  45.1  9.8  3.2  9.8 
 Hymenoptera  151.8  47.3  86.3  34.0  51.0  50.6 
 (Formicidae)  (131.8)  (41.7)  (64.1)  (13.2)  (45.4)  (25.2) 
 Isoptera  0.3  –  <0.1  ≤0.1  1.5  2.7 
 Lepidoptera  0.3  <0.1  1.3  0.6  1.9  12.3 
 Mantodea  –  <0.1  0.1  –  <0.1  – 
 Neuroptera  <0.1  <0.1  0.3  <0.1  0.1  <0.1 
 Odonata  –  –  <0.1  0.1  <0.1  <0.1 
 Orthoptera  0.4  0.4  0.2  0.3  0.4  4.9 
 Phasmatodea  –  –  <0.1  –  –  – 
 Psocoptera  1.2  3.1  3.2  5.4  25.5  59.0 
 Thysanoptera  337.8  8.4  54.5  3.2  7.0  37.2 
 Thysanura  –  –  –  <0.1  –  – 
 Trichoptera  <0.1  –  0.1  0.1  0.8  0.4 
  Myriapoda  
 Polydesmida  –  –  –  <0.1  –  <0.1 
 Polyxenida  –  –  0.2  –  –  – 
 Scolopendromorpha  –  –  –  <0.1  <0.1  – 
  Total   511.8  116.3  272.8  158.7  238.7  643.0 
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       Overview of  Pantanal Invertebrates   

 Overall, the knowledge of the Pantanal invertebrate fauna remains incomplete and 
requires a sustained taxonomic and ecological research effort to provide better esti-
mates of species numbers, distributions, and evolutionary histories. The Pantanal is 
clearly a highly diverse wetland (Junk et al.  2006 ;  Appendix ), but taxonomic 
research has not adequately described the invertebrate fauna. Notably, taxonomists 
have described only six new terrestrial arthropod species, and one new genus, for 
the northern region of the Pantanal since 2005 ( Attaleachernes thaleri  Mahnert, 
2009 (Pseudoscorpiones: Chernetidae);  Pantanalodesmus marinezae  Hoffmann, 
2009 (Diplopoda: Polydesmida);  Schendylops inquilinus  Pereira et al., 2007 
(Chilopoda: Geophilomorpha);  Hanseniella chapadensis  Scheller, 2007 (Symphyla); 
and  Allopauropus  ( Allopauropus )  pantanalicus  Scheller, 2007 (Pauropoda)). This 
number of new species descriptions is negligible compared to the vast number of 
morphospecies still waiting to be described. This statement is also true for the 
aquatic invertebrates; many studies cite morphospecies awaiting  their   description. 
Recently a new shrimp has been described from the Pantanal (Santos et al.  2013 ).  

    Aquatic Invertebrates in the  Paraná Floodplain   

 Benthic invertebrates in large river-fl oodplain systems like the Paraná River 
(Fig.  14.1 ) occupy a wide range of physical habitats. While the benthic assemblages 
in the main channel are remarkably homogeneous, specifi cally in sand-dominated 
stretches (Blettler et al.  2008 ), their diversity in the lateral fl oodplains is high 
(Marchese et al.  2002 ,  2005 ; Wantzen et al.  2014 ;  Appendix ). In the Paraná River 
system, low-fl ow secondary channels and fl oodplain lakes with longer water resi-
dence times have more favorable conditions for the development of benthic com-
munities than the central channel (Ezcurra de Drago et al.  2004 ,  2007 ). Here there 
is a gradient of increasing diversity of species and functional feeding groups of the 
benthos from the main channel to secondary channels of higher fl ow to fl oodplain 
lakes (some) and their peripheral temporary wetlands (Marchese and Ezcurra de 
Drago  1992 ; Marchese et al.  2002 ; Zilli et al.  2008 , Fig.  14.9 ).

   The  Oligochaeta   and  Chironomidae   are the dominant taxonomic groups in the 
Middle Paraná River system and its fl oodplains. More than 80 species of oligo-
chaetes and approximately 30 genera of chironomids are reported (Marchese and 
Paggi  2003 ; Zilli and Montalto  2011 ). In addition, Coleoptera is important in  littoral 
  wetlands with many species of different families. 

 The macrophyte cover has a strong infl uence on the fl oodplain habitats of the 
Paraná River system, where it reaches up to 100 % in hydrologically isolated lakes. 
This produces an abundant supply of detritus on the bottom, which can induce states 
of hypoxia or even anoxia to develop that decrease the diversity of benthic inverte-
brates, while at the same time the densities and dominance of individual tolerant 
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species can increase. The benthic diversity and species evenness are higher in lakes 
connected to the main channel or secondary channels (Zilli and Marchese  2010 ). 
This phenomenon may be explained by reduced competitive exclusion in the con-
nected sites experiencing regular hydraulic disturbances, while competition is 
higher in permanent isolated habitats, following the Intermediate Disturbance 
Hypothesis (Ward and Stanford  1983 ). Additionally, the connectivity may directly 
interact with the diversity patterns, as the colonization by taxa with entirely aquatic 
life cycles are limited to aerial dispersion in isolated lakes, whereas the fauna of 
connected lakes may colonize  surrounding   aquatic habitats via multiple means (fl y-
ing, swimming, drifting) (Montalto and Paggi  2006 ; Zilli and Marchese  2010 ; Zilli 
and Montalto  2011 ). 

 As with the Pantanal, large parts of the fl oodplain of the Paraná River dry com-
pletely and become re-wetted with the fl ood season, triggering a range of adaptive 
strategies to survive drought, colonize temporary wetlands, and disperse into other 
freshwater habitats. Aquatic oligochaetes such as  Dero multibranchiata  (Naidinae) 
and  Trieminentia corderoi  (Opistocystidae) were reported to form dehydration- 
resistant cysts (Montalto and Marchese  2005 ). Montalto and Paggi ( 2006 ) reported 
different genera of chironomids of the Paraná River-fl oodplain capable of surviving 
for more than 28 days in temporary wetlands under harsh desiccation conditions, 
where they built tubes or live in decaying macrophytes. Some larvae of the genera 
 Coelotanypus, Ablabesmyia, Polypedilum, Chironomus, Cryptochironomus,  and 
 Tanytarsus  were found in sediments up to 15 cm deep during drought conditions 
(Montalto pers. com. to MRM). These adaptations give fl oodpulse- adapted species   
a clear advantage over invasive species.  Limnoperna fortunei  (Bivalvia: Mytilidae), 
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  Fig. 14.9    Macroinvertebrates assemblages in relationship to enrichment gradients of organic mat-
ter in the Middle Paraná River system © M. Marchese       
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a mussel introduced to the Río de la Plata basin, has a limited tolerance to desicca-
tion (<276 h under experimental conditions) (Montalto and Ezcurra de Drago  2003 ). 

 Collector-gatherers are the most common functional feeding group among the 
benthos in the Paraná River-fl oodplain. In fl oodplain lakes, however, where 
 Eichhornia crassipes  creates fl oating meadows, large scraping or shredding inverte-
brates are the most important herbivorous consumers (Poi de Neiff and Casco  2003 ). 
Leaves of  E. crassipes  are mainly used as resource by the snail  Omalonyx unguis,  
adults of Curculionidae  Neochetina bruchi  and  Neochetina eichhorniae , and adults 
and nymphs of Orthoptera  Cornops aquaticum  (Poi de Neiff and Casco  2003 ; 
Franceschini et al.  2010 ). Macrophytes play an important role in aquatic systems 
because many invertebrates and fi sh use them such as trophic resources and refuge 
from predators. A survey on the Upper Paraná, Middle Paraná, and Paraguay rivers 
found that insects and crustaceans are the  dominant   organisms associated with roots 
of macrophytes (Souza-Franco and Takeda  2000 ; Poi de Neiff  2003 ; Poi de Neiff 
and Neiff  2006 ).   

    Conservation and Management Issues 

     Conservation Issues   

 Invertebrates are still rarely considered for conservation activities (Agostinho et al. 
 2005 ; Loyola et al.  2006 ), especially in the tropics. Due to shorter life cycles and 
higher reproduction rates, invertebrates are presumed “resistant” to human activities, 
which is defi nitively not the case. As with vertebrates, invertebrate species with spe-
cifi c traits are most vulnerable (large territories, large body size, desirability for 
human harvesting, low reproduction rate, slow growth, low mobility, need to migrate). 
For example, migratory neretid snails and shrimps have similar restrictions as migra-
tory fi shes (Covich et al.  1996 ; Blanco and Scatena  2006 ). Large bivalves are perhaps 
the most threatened aquatic invertebrates in Neotropical fl oodplain, as they are 
among the fi rst species to suffer from river regulation, and are also vulnerable to 
secondary colonization by invasive  Limnoperna  mussels (Wantzen et al.  2011 ). 

 The most severe environmental problems currently threatening tropical fl ood-
plain invertebrates are linked to changes of the fl ood pulse pattern (Hamilton  2002 ), 
either by reducing the size of the fl ood pulse (e.g., by damming and diking of the 
river, Bonetto et al.  1989 ; Zarfl  et al.  2015 ) or by changing the natural rhythm of the 
fl ood pulse (e.g., by releasing water during the drought period in order to produce 
hydro-energy, Zeilhofer and de Moura  2009 ). Flood pulse-adapted species, not only 
invertebrates, either lose their habitats, or they lose their capacity to compete with 
other, non-fl ood pulse-adapted species. The latter phenomenon is very often 
observed in the context of invasive species such as  Limnoperna fortunei  (see below). 
A growing human population leads to huge water diversion and irrigation projects, 
but very little is known on the effects of ephemerization of water bodies in  tropical 
  wetlands. Comparisons between longer inundated Llanos  lakes   with the ephemeral 
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fl oodplain lakes in the Pantanal have shown a strong infl uence of fl ood duration on 
the organic carbon dynamics (Vega et al.  2014 ), and thus a dramatic change in the 
dynamics of detritus-based foodwebs. Studies from naturally intermittent systems 
(Boulton and Suter  1986 ; Bunn and Davies  1990 ; Maltchik and Silva-Filho  2000 ) 
may serve as a baseline for future studies. Specifi cally, the plasticity of survival 
strategies (maximum length of aestivation, maximum temperature tolerance, etc.) is 
unknown for most species. 

 Floodplains are generally low-energy sites in terms of hydraulic forces, and they 
naturally accumulate sediments. The organisms living in fl oodplains are adapted to 
deal with a certain rate of sediment accumulation. If, however, this accumulation 
rate is increased, e.g., by erosion in catchments used for agriculture or mining, the 
capacity of the organisms to deal with new sediments is quickly overcome. Sediment 
dynamics in tropical fl oodplain wetlands can be infl uenced by numerous human 
impacts: dam reservoirs act as sediment traps, but water releases create erosional 
conditions below the dam. Mobilization of large amounts of eroded material due to 
unsustainable agriculture, road construction, or mining can lead to fi lling of the 
interstitial pore space of substrates (Marques Couceiro et al.  2010 ). The erosion 
problem in the upper catchments due to poor agricultural and mining practices 
(Wantzen et al.  2006 ; Ramirez et al.  2008 ; Wantzen and Mol  2013 ) can result in 
huge downstream deposits along the internal deltas of fl oodplain tributary rivers, 
e.g., the Taquari in the Pantanal (Pott and Pott  2004 ; Assine  2005 ). We have observed 
a transition of well-defi ned channels and lateral wetlands with highly diverse biota, 
into highly braided rivers where high sediment turnover rates reduce the invertebrate 
diversity and abundance. Only low  numbers   of scavengers or detritivores exist that 
are able to consume terrestrial organisms or organic matter that falls into the streams, 
and productivity of both the streams and their wetlands is minimal (Wantzen  2006 ).  

     Management Issues   

 When it comes to management, invertebrates are often considered as nuisances, 
especially in tropical fl oodplain wetlands that in some cases can support disease 
vector species (e.g.,  Anopheles  mosquitoes that transmit malaria parasites).
Therefore, management of fl oodplain invertebrates has primarily focused on control 
rather than on supporting invertebrates and the important ecosystem services they 
provide. Knowing the factors shaping the communities of invertebrates, the man-
agement of fl oodplain environments should set the highest priority in maintaining a 
natural hydrological regime (Poff et al.  1997 ; Hamilton  2002 ; Junk and Wantzen 
 2004 ; Wantzen et al.  2008c ). Recurrent and timely fl oods and droughts preserve 
biodiversity and ecosystem functions. However, shallow landscape profi les, abun-
dant water, and high productivity make tropical fl oodplains targets for large-scale 
“development” projects, which include isolating the fl oodplain from the main stem 
river by damming, diking or channel incision (Hamilton  1999 ). Along with multiple 
ecosystem services (Ricaurte et al.  2014 ; Vega et al.  2014 ), impacted fl oodplains 
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lose their invertebrate diversity. Sustainable use scenarios are urgently needed (e.g., 
Wantzen et al.  2008c ), but long-term benefi ts are often less appreciated than short-
term returns from agriculture such as oil palm plantations (Yule  2010 ). In terms of 
governance, local groups are generally paid  less   attention than large well- fi nanced 
groups (Ricaurte et al.  2014 ). A dramatic example for this phenomenon is the cur-
rent discussion in Brazil: agricultural lobby groups are trying to force a defi nition  of 
  wetland size at its lowest extension (i.e., dry season ground water level) and to add 
a defi ned buffer width around them, rather than using the Ramsar defi nition which 
defi nes the upper fl ood level as the fl oodplain border (Ramsar Convention Secretariat 
 2006 ). Such a change would have deleterious consequences for biodiversity and 
ecosystem functions of the Pantanal and Paraná fl oodplains (Junk et al.  2014 ). 

 Many freshwater invertebrates (not only wetland species) are actively or pas-
sively introduced into areas beyond their natural biogeographic realm, and become 
a nuisance for native species or important ecosystem functions and services. A clas-
sic example is the invasion of Latin American Rivers and their fl oodplains by 
bivalve species originating from Asia, the golden mussel ( Limnoperna fortunei ) and 
the clams  Corbicula fl uminea  and  C. langhillerti  (Darrigran  2002 ; Oliveira et al. 
 2006 ; Pereira et al.  2014 ). As mentioned above, the natural fl oodpulse regime helps 
to  control  L. fortunei    fi xed to solid benthic structures, but it cannot prevent coloniza-
tion of fl oating vegetation in permanent lakes (Oliveira et al.  2011 ). Fortunately, 
predation by the diversity of fi sh in Neotropical fl oodplain rivers exerts an addi-
tional control on mussels (Montalto et al.  1999 ). However, we have observed that 
there is a time lag between initial invasion and the acceptance of mussels as fi sh 
prey, as predation effects in lower areas (where the invasion began) are higher than 
in upper sections of  the   Paraguay-Paraná system (Ezcurra de Drago et al.  2004 ). 
The consequences of introduced mollusks imply changes in habitat structure, food 
web alterations, changes in community structure, competition with native species, 
and bioaccumulation and magnifi cation of toxic substances in tissues. Therefore, it 
is very important to know the effects of introduced species and  their   capacity to 
spread to threaten native biodiversity. Species that host parasites may affect various 
domestic and wildlife species, and occasionally even humans.       

      Appendix 

 Preliminary taxa list for wetland invertebrates of the Pantanal and Paraná fl ood-
plains. ( Abbreviations : hab. = habitat, lot = lotic, running waters (may include tribu-
taries), lac = lacustrine, stagnant waters, ubi = ubiquitous, occurring in both, lotic 
and lentic waters (indicating the main feeding types) her = herbivorous, fi l = fi lter- 
feeding (organic particles or living plankton), det = detritivorous (including shred-
ding and gather-collecting), pre = predacious). Due to the high taxonomic level 
(order or family), these attributions must be used cautiously, as individual genus or 
species may have different preferences. PTN = Pantanal, PAR = Paraná River. For 
terrestrial habitats, refer to Table  14.1 
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 Taxon  hab.  FFG  PTN  PAR 

  HYDROZOA   lot  pre  x  x 
  PORIFERA   fi l  x  x 
  PLATYHELMINTHES  
 Planariidae  lot  pre  x  x 
  NEMATODA   ubi  det  x  x 
  ANNELIDA  
 HIRUDINEA  ubi  pre  x  x 
 OLIGOCHAETA  ubi  det  x  x 
 Alluroididae  lot  det  x 
 Haplotaxidae  lot  pre  x  x 
 Lumbricidae  ubi  det  x  x 
 Lumbriculidae  ubi  det  x 
 Naidinae  ubi  det  x  x 
 Narapidae  lot  det  x  x 
 Opistocystidae  ubi  det  x 
 Pristininae  ubi  x  x 
 Rhyacodrilinae  ubi  det  x  x 
 Tubifi cinae  ubi  det  x  x 
  MOLLUSCA    x  
 GASTROPODA 
 Ampullariidae  lac  det  x  x 
 Ancylidae  lot  her  x  x 
 Hydrobiidae  lac  x  x 
 Planorbidae  ubi  det  x  x 
 BIVALVIA 
 Corbiculidae  ubi  fi l  x  x 
 Hyriidae  lot  fi l  x  x 
 Mycetopodidae  lac  fi l  x  x 
 Mytilidae  ubi  fi l  x  x 
 Psammobidae  lot  fi l  x 
 Sphaeridae  ubi  fi l  x  x 
  ARACHNIDA   pre  x 
 Arrenuridae  lot  pre  x 
 Eylaidae  lot  pre  x 
 Hydracarina  ubi  pre  x  x 
  CRUSTACEA  
 AMPHIPODA 
 Dogielinotidae  ubi  det  x 
 BRANCHIOPODA  fi l  x  x 
 Bosminidae  lac  fi l  x  x 
 Chydoridae  lot  fi l  x  x 
 Conchostraca  lac  det  x  x 
 Daphnidae  lac  fi l  x  x 
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 Taxon  hab.  FFG  PTN  PAR 

 Ilyocryptidae  lac  fi l  x  x 
 Macrotricidae  lot  fi l  x  x 
 Moinidae  lac  fi l  x  x 
 Sididae  lac  fi l  x  x 
 COPEPODA  x  x 
 Cyclopidae  ubi  x  x 
 Diaptomidae  ubi  x  x 
 OSTRACODA  ubi  det  x  x 
 DECAPODA  x 
 Palaeomonidae  ubi  omn  x  x 
 Trichodactylidae  lac  omn  x  x 
  INSECTA  
 COLLEMBOLA  ubi  det  x  x 
 EPHEMEROPTERA 
 Baetidae  lot  det  x  x 
 Caenidae  lot  det  x  x 
 Leptohyphidae  ubi  det  x  x 
 Leptophlebiidae  lot  det  x  x 
 Polymitarcyidae  ubi  det  x  x 
 ODONATA 
 Aeshnidae  ubi  pre  x  x 
 Calopterygidae  lot  pre  x  x 
 Coenagrionidae  ubi  pre  x  x 
 Gomphidae  ubi  pre  x  x 
 Libellulidae  ubi  pre  x  x 
 Megapodagrionidae  lot  pre  x 
 Polythoridae  lot  pre  x 
 Protoneuridae  lot  pre  x 
 THYSANOPTERA  ubi  det  x 
 HEMIPTERA 
 Belostomatidae  ubi  pre  x  x 
 Corixidae  lac  her  x  x 
 Gelastocoridae  ubi  pre  x 
 Gerridae  ubi  pre  x  x 
 Naucoridae  lot  pre  x 
 Pleidae  lot  pre  x  x 
 Veliidae  lot  pre  x 
 NEUROPTERA  –  pre  x 
 Corydalidae  lot  pre  x 
 Sialidae  ubi  pre  x 
 Sisyridae  lot  pre  x 
 COLEOPTERA 
 Carabidae  ubi  pre  x  x 
 Chrysomelidae  ubi  x  x 

(continued)
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 Taxon  hab.  FFG  PTN  PAR 

 Curculionidae  ubi  pre  x  x 
 Dryopidae  lot  x  x 
 Dytiscidae  ubi  pre  x  x 
 Elmidae  ubi  det  x  x 
 Eucnemidae  lot  x 
 Georissidae  lot  x 
 Gyrinidae  lot  pre  x  x 
 Heteroceridae  ubi  x 
 Hydraenidae  lot  x  x 
 Hydrochidae  lot  x  x 
 Hydrophilidae  ubi  pre  x  x 
 Hydroporinae  lot  pre  x 
 Hydroscaphidae  lot  x 
 Laccophilini  lot  pre  x 
 Lampyridae  ubi  x  x 
 Noteridae  lot  x  x 
 Platypodidae  lot  x 
 Ptilodactylidae  lot  x 
 Scarabaeidae  ubi  x  x 
 Scirtidae  lot  x  x 
 Staphylinidae  ubi  pre  x  x 
 TRICHOPTERA 
 Calamoceratidae  lot  det  x 
 Glossosomatidae  lot  x  x 
 Helicopsychidae  lot  her  x 
 Hydropschidae  lot  fi l  x  x 
 Hydroptilidae  lot  det  x  x 
 Leptoceridae  ubi  det  x  x 
 Limnephilidae  lot  x  x 
 Odontoceridae  lot  x 
 Philopotamidae  lot  x 
 Polycentropodidae  lot  pre  x  x 
 Rhyacophilidae  lot  x  x 
 LEPIDOPTERA 
 Arctiidae  lac  her  x 
 Pyralidae  lot  her  x 
 DIPTERA  x 
 Athericidae  ubi  x 
 Ceratopogonidae  ubi  omn  x  x 
 Chaoboridae  ubi  pre  x  x 
 Chironomidae  ubi  x  x 
 Culicidae  ubi  fi l  x  x 
 Dolichopodidae  lot  x  x 
 Dixidae  ubi  x  x 
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 Taxon  hab.  FFG  PTN  PAR 

 Ephydridae  ubi  x  x 
 Empididae  ubi  x  x 
 Psychodidae  ubi  x  x 
 Simuliidae  lot  fi l  x  x 
 Sciomyzidae  lac  x 
 Syrphidae  ubi  x  x 
 Sphaeroceridae  lac  x 
 Stratiomyidae  lot  x  x 
 Tabanidae  lot  x  x 
 Tipulidae  lot  x  x 
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    Chapter 15   
 Invertebrates in Created and Restored 
Wetlands                     

       Albert     Ruhí     ,     G.     Winfi eld     Fairchild    ,     Douglas     J.     Spieles    ,     Gustavo     Becerra- 
Jurado    , and     David     Moreno-Mateos   

            Introduction 

    A Single Term for a Variety of Systems 

 As natural wetlands have declined in many parts of the world (Dahl  1990 ; Gibbs 
 2000 ; Daniels and Cumming  2008 ), created wetlands and ponds have aug-
mented, and in some regions dominated, total habitat available to lentic inverte-
brates. The terms  created  (or constructed, or man-made)  wetlands   and    ponds   are 
s  ometimes used to designate distinct ecosystems, especially with regard to their 
size and morphology (with created wetlands generally being comparatively big-
ger, shallower, and with more naturalized shores than ponds). However, both 
created wetlands and ponds present the interconnected three-component basis 
of lentic ecosystems (hydrology, physicochemical environment, and biota); and 
they can both serve a variety of purposes: they may be designed to reduce fl ood-
ing (Persson et al.  1999 ), to retain sediments and organic carbon (Smith et al. 
 2002 ; Brainard and Fairchild  2012 ), to sequester and transform nutrients (Brix 
 1994 ; Sundaravadivel and Vigneswaran  2001 ), to intercept toxic pollutants in 
runoff during storm events (Herrmann  2012 ), to enhance biodiversity (Williams 
et al.  2004 ; Oertli et al.  2005 ; Ruhí et al.  2009 ,  2012b ), or to fulfi ll several of 
these objectives simultaneously (Hansson et al.  2005 ; Becerra-Jurado et al. 
 2010 ; Ruhí et al.  2011 ). The frequent consideration of created ponds and wet-
lands as separate entities is likely unjustifi ed from an ecological standpoint, 
since it ignores their joint contribution to biodiversity and ecosystem functioning 
at the landscape scale. 

 Throughout this chapter, the term  created wetland  (hereafter, CW) will be 
used to generically designate any lentic habitat with hydrophytes, undrained 
hydric soils, and shallow water at least during the growing season (after 
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Cowardin et al.  1979 ) that has been created  de novo  (by humans) in a place 
without wetland history. Contrary to recent papers that circumscribe the use of 
CW to treatment wetlands, here it is considered that given the variety of existing 
CWs, this practice can be misleading. Thus, throughout this chapter the term 
 CW  will remain generic and CW type will be specifi ed in each case. Likewise, 
the term  restored wetland  (hereafter, RW) will refer to any wetland habitat 
reclaimed in former wetland habitat, without any assumption on the purpose 
and recovery of previous or reference physical, chemical, and biological 
processes.  

     Origins and History   of Created and Restored Wetlands 

 Created and restored wetlands are numerically important in Europe and the United 
States, and still precursory but undergoing a steep increase in popularity in Asia 
(especially in China), Central and South America, some African countries, and 
Australia and New Zealand (Denny  1997 ; Kivaisi  2001 ; Kadlec and Wallace 
 2008 ; Liu et al.  2008 ; Ruhí  2012 ). The currently high rates of wetland construc-
tion are partly explained by wastewater treatment wetlands. However, creation 
and restoration of wetlands occurs for a variety of reasons, with its popularization 
dating back to the beginning of the twentieth century and being spurred by both 
economic interest and regulatory enforcement. In the United States, in direct 
response to devastating soil losses during the Dust Bowl of 1934–1937, approxi-
mately two million farm ponds were built during the period 1945–1975, with 
fi nancial and technical encouragement by the US Soil Conservation Service, as a 
means of improving soil retention (Tuttle  2008 ). In 1972, the passage of the fed-
eral Clean Water Act represented another infl ection point. This Act partly aimed 
at reducing or reversing substantial losses of wetlands to agriculture, road con-
struction, and urbanization, which had exceeded 80 % of existing wetland habitat 
in many regions during the previous century (Zedler  2004 ). Under Section 404 of 
the legislation, Congress gave the primary responsibility of wetland protection to 
the US Army Corps of Engineers, which evaluates permit requests from appli-
cants whose actions might impair or destroy existing wetlands. If a permit involv-
ing unavoidable wetland loss is issued, the applicant is required to mitigate the 
damage through construction of new wetlands,  restoration   of former wetlands, 
enhancement of existing wetlands, or protection of wetlands threatened with 
future impairment. Of these options, wetland creation and restoration have most 
frequently been selected; as a consequence, implementation of  “no-net-loss” 
(NNL) policies   in the United States have implied widespread creation and “relo-
cation” of wetlands through a wetland mitigation banking system (Brown and 
Lant  1999 ). In Canada, since 1986 a homologous NNL is applied when Fisheries 
and Oceans Canada (DFO) issues an authorization for development activity 
affecting fi sh habitat. In the North American countries combined (including 
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Mexico) during the last 20 years more than 3,000,000 ha of wetlands have been 
created or restored (representing an investment of >US$70 billion; Copeland 
 2010 ). More recently, wetland creation and restoration has increasingly been 
motivated by urban/suburban needs for recreation, water and pollutant retention, 
and aesthetic amenities. In contrast to formally designated wetlands, the rapid 
proliferation  of   ponds has been  largely   determined by local rather than federal 
legislation. 

 Outside North America, despite a lack of a large-scale NNL policy, a wide 
range of human activities have been also responsible for the creation and restora-
tion of lentic habitats, most remarkably in Europe. In the United Kingdom, 
declines in wetland abundance continued from the late nineteenth century until 
the 1980s (Boothby and Hull  1997 ), when new construction reversed the trend 
(Jeffries  2012 ). The Environment Agency of this country, Natural England, and 
county-based Wildlife Trusts have even developed a strategy to restore existing 
wetlands and double the number of small lentic waterbodies by 2050 (Hume 
 2008 ). Extensive wetland creation and restoration is taking place across Europe 
over the twenty-fi rst century, often enhanced by EU directives for nature protec-
tion (especially the “Habitats Directive,” Council Directive 92/43/EEC) and the 
transposed national legislation implemented in the various states (Verhoeven 
 2014 ). A considerable proportion of wetland creation and restoration in the EU is 
therefore biodiversity- focused, and often funded by Life programs that are aimed 
at preserving particular habitats and species of conservation priority (Silva et al. 
 2007 ). This is, in turn, offering opportunities for applied research (Rhazi et al. 
 2004 ; Louette et al.  2008 ; Rannap et al.  2009 ; Ruhí et al.  2012b ) that could fi ll 
knowledge gaps on how to restore structure and functioning of lentic ecosystems, 
a critical need for the still emerging discipline  of   ecological restoration (Montoya 
et al.  2012 ; Moreno-Mateos et al.  2012 ). As shown in Fig.  15.1a , terms related to 
wetland creation, construction,  and   restoration fi rst appeared in English-language 
books in approximately 1980, and increased rapidly in frequency during the fol-
lowing decade.

       A New  Landscape with Particular Conditions   

 Although not all wetlands are created equal from an ecological perspective (i.e., 
highly modifi ed wastewater treatment wetlands tend to present a lower ecologi-
cal potential than those designed for biodiversity enhancement), in some land-
scapes the proliferation of CWs and RWs has produced a dramatic change in the 
number and type of habitat patches available to aquatic biota. For instance, in 
six protected areas in S and SE Estonia, in 3 years (2005–2007) a total of 208 
CWs for biodiversity enhancement (targeting amphibians) were created and 22 
were restored, increasing by 56 % the total number of waterbodies regionally 
present (Rannap et al.  2009 ). In Doñana National Park (S Spain), the restoration 
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of a former marshland area (also for biodiversity enhancement) involved the 
construction of 96 ponds (of several sizes and depths). In that area, the only 
previously existing waterbodies were ditches and some small rain pools (Frisch 
and Green  2007 ). CWs aimed at recreation and biodiversity enhancement in SE 
Pennsylvania increased 18-fold during the period 1937–2005, and eventually 
represented 97 % of all lentic waterbodies in the study area (Fairchild et al. 
 2013 ). In that county, an important proportion of lentic systems are currently 
“young” due to wetland creation (Fig.  15.1b ). Although these examples illus-
trate strong interventions at local to regional spatial scales and do not necessar-
ily represent global trends, they show how historical and ongoing episodes of 
wetland loss and creation (regardless of the driver) can alter wetland habitat 
density and provide a changing array of habitats to biota. Increases in density of 
new habitats, and the concomitant decrease in average ecosystem age at the 
regional scale, has the potential to impact invertebrate communities through 
changes in their dispersal and successional patterns (Bohonak and Jenkins  2003 ; 
Ruhí et al.  2011 ,  2013 ; Johnson et al.  2013 ). Therefore, research on wetland 
invertebrates needs to consider CWs and RWs as an integral component of 
freshwater habitats at the landscape level. 

 Most of the major environmental controls infl uencing invertebrate composi-
tion, structure, and dynamics in CWs and RWs ( Appendix ) also occur in natural 
wetlands, and include a wide range of hierarchical fi lters operating from ecore-
gion  to   microhabitat levels (Cañedo-Argüelles and Rieradevall  2011 ; Ruhí et al. 
 2012a ,  2013 ; Moreno-Mateos et al.  2012 ). However, some controls—either envi-
ronmental or anthropogenic—may affect CWs to a greater extent than natural 
wetlands, and others may be particularly important in some (but not all) CW types 
(Table  15.1 ): climate (Ruhí et al.  2012a ), hydrology (Ruhí et al.  2013 ), and veg-
etation structure (Fairchild et al.  2000 ; Ruhí et al.  2011 ) widely control coloniza-
tion and primary succession rates, either directly (by infl uencing dispersal and 
effective establishment of pioneer colonizers) or indirectly (by mediating biotic 
interactions). Nutrient loadings are particularly high in CWs aimed at treating 
wastewater (Vymazal et al.  2006 ); accordingly, this control has been consistently 
identifi ed as a major driver of macroinvertebrate composition and diversity in 
these systems (Spieles and Mitsch  2000 ; Becerra-Jurado et al.  2009 ; Hsu et al. 
 2011 ). Likewise, CWs for the treatment of acid mine drainage are generally 
affected by metals (Mitsch and Wise  1998 ; Mays and Edwards  2001 ); wetlands 
created in agricultural landscapes often  experience water quality stresses related 
to nutrient loadings, salinity, and pesticides (Schulz and Peall  2001 ; Moore et al. 
 2009 ; Moreno-Mateos et al.  2010 ); and nutrient and metal pollution can be impor-
tant in stormwater CWs (Karouna-Renier and Sparling  2001 ; Scher and Thièry 
 2005 ; Herrmann  2012 ). Wetlands created for aesthetic values in urban settings 
generally present low connectivity to other waterbodies, high susceptibility to 
invasion and associated predation  p  ressure (e.g., from fi sh and wildfowl), and 
public overuse (Zedler and Leach  1998 ). As a consequence of both environmental 
and anthropogenic controls in CWs and RWs, most of the conditions that inverte-
brates experience are specifi c to each wetland type (Table  15.1 ).
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        Overview of  Invertebrate Research   in Created and Restored 
Wetlands 

 Research on (or including) invertebrates in CWs and RWs has fl ourished during the 
last 20 years, following the rapid increase in popularity of these systems in Europe 
and the United States (Kivaisi  2001 ; Liu et al.  2008 ). Research themes can be 
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  Fig. 15.1    ( a ) The use of three terms describing CWs and RWs, but not the more general term 
“wetland,” has increased drastically since 1985. Terms were compiled using  Google Ngrams  based 
on 5.2 million books published in English up to 2008 and data points are 3-year moving averages. 
( b ) Example of how wetland creation impacts the mean age of lentic ecosystems at the landscape 
level: in the Chester County, SE Pennsylvania, ≥21 % of the lentic waterbodies are younger than 
15 years (modifi ed from Fairchild et al.  2013 )       
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divided into the study of (1) colonization, succession, and food-web assembly, from 
both a fundamental and an applied perspective; (2) the use of invertebrates as indi-
cators of ecological conditions across the wide variety of CW and RW types; and (3) 
confl icting demands on CW ecosystem services,    and particularly between nutrient 
retention and biodiversity. 

    Colonization, Succession, and Food-Web Assembly 

     Invertebrate Colonization and Succession  : Phases and Patterns 

 Newly created aquatic habitats are useful model systems to  study   primary suc-
cession (e.g., Milner et al.  2008 ; Matthews et al.  2009 ; Ruhí et al.  2013 ). In 
particular, CWs offer quasi-experimental conditions (as they are often relatively 
small, highly replicable systems) and well-defi ned boundaries (ideal to test dis-
tance effects, species- area curves, and metapopulation/metacommunity theory). 
According to the classical defi nition by Connell and Slatyer ( 1977 ), succession 
refers to “changes observed in an ecological community following a perturba-
tion that opens up a relatively large space.” Current views reject succession as a 
linear, directional, and deterministic process (Odum  1969 ), and suggest it is 
instead a nonlinear process that rarely reaches equilibrium (Walker and Del 
Moral  2003 ). Indeed, potential successional trajectories are multiple; succes-
sional rates depend on a variety of local and regional factors, often unpredict-
able; and primary and secondary succession can be diffi cult to disentangle 
(Walker and Del Moral  2003 ). Despite this ambiguity, some commonalities have 
been identifi ed, namely the existence of an initial colonization phase preceding 
any consistent change in community structure (Fisher  1983 ), and the dichotomy 
between allogenic phases (i.e., driven by exogenous, abiotic controls) and auto-
genic phases (i.e., driven by in-pond, biotic interactions). In CWs and RWs, 
invertebrate communities tend to show three successional periods that have 
 been   named as the  colonization ,  mid succession , and  advanced succession  
phases (Fig.  15.2 ; Ruhí  2012 ).

       The  Colonization Phase   

 The fi rst phase or colonization phase is characterized by a sudden increase in 
species richness and a dominance of some pioneer active dispersers, shared with 
source (nearby) natural wetlands (Fig.  15.2 ) (Herrmann et al.  2001 ; Ruhí et al. 
 2009 ). Colonization of created wetlands by invertebrates implies (1) dispersal from 
source populations to sink habitats, and (2) successful establishment. On the one 
hand, invertebrate dispersal between noncontiguous habitat patches is dependent 
on emigration rates (controlled by both biotic interactions and abiotic conditions 
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    Table 15.1    Environmental and anthropogenic controls of invertebrate composition, structure, and 
dynamics in different types of CWs organized by wetland type where each particular control is 
likely to be most relevant   

 Wetland type where 
control is relevant  Control  Rationale  Reference 

 All CW types 
(including CWs for 
biodiversity 
enhancement) 

 Climate  During early stages after 
wetland construction, 
invertebrate colonization rates 
and changes in community 
structure depend on the 
amount of effective time that 
insects have had to disperse 

 Ruhí et al. ( 2012a ) 

 Hydroperiod  Extreme hydrological 
variability (e.g., intermittence) 
slows down primary 
succession and prolongs 
pioneer invertebrate 
communities 

 Ruhí et al. ( 2013 ) 

 Submersed 
aquatic 
vegetation 

 Establishment of aquatic 
macrophytes has a positive 
feedback on succession by 
increasing habitat structure 
and complexity, and by 
reducing the foraging 
effi ciency of predators 

 Gee et al. (1997), 
Fairchild et al. 
( 2000 ), Ruhí et al. 
( 2011 ) 

 CWs for domestic and 
municipal wastewater 
treatment; stormwater 
CWs 

 Water quality  Invertebrate richness and 
diversity tends to respond 
negatively to high nutrient 
loadings via differential loss 
of oligosaprobic organisms 

 Spieles and Mitsch 
( 2000 ), Becerra- 
Jurado et al. ( 2009 ), 
Hsu et al. ( 2011 ), 
Herrmann ( 2012 ) 

 CWs for treatment of 
acid mine drainage 

 Water quality  Precipitation of metals (e.g., 
iron hydroxides) interferes 
with oxygen uptake, although 
rarely represents direct 
toxicity 

 Mays and Edwards 
( 2001 ) 

 CWs for agricultural 
landscape restoration 

 Water quality  Nonpoint-source pesticide 
pollution via agricultural 
runoff increases mortality of 
wetland insect larvae 

 Schulz and Peall 
( 2001 ) 

 Urban CWs  Connectivity  Habitat fragmentation may 
limit dispersal and hence 
prevent “natural” community 
dynamics 

 Zedler and Leach 
( 1998 ) 

 Invasion  A high propagule pressure 
may facilitate invasion by 
alien predators and cause 
top-down effects in wetland 
food webs 

 Zedler and Leach 
( 1998 ) 

 Public 
overuse 

 Trampling and vandalism may 
cause physical disturbance of 
wetland habitat 

 Zedler and Leach 
( 1998 ) 
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that stimulate departure, Baines et al.  2014 ) and on the interaction between habitat 
connectivity (i.e., the spatial template of aquatic habitats at the landscape level) 
and species dispersal capacity (which differs widely among invertebrate groups, 
Bilton et al.  2001 ; Bohonak and Jenkins  2003 ). Active dispersers (especially fl ying 
adult hemipterans, dipterans, and coleopterans) may dominate during the coloniza-
tion stage. In turn, passive dispersers may travel long distances and start to arrive 
shortly after, creating distinct spatial patterns of diversity due to the stochastic 
processes that govern their dispersal (Ruhí et al.  2013 ). Moreover, research exam-
ining the effects of habitat isolation on the abundance of active early colonists (the 
backswimmer  Notonecta ) has shown that it may be inaccurate to consider coloni-
zation probability as a monotonically decreasing function of habitat isolation, since 
colonizers may be behaviorally adapted to bypass habitats they fi nd early in the 
dispersal process to settle later on (McCauley et al.  2009 ). This advances the notion 
that successional trajectories may be more complex than predicted by models that 
focus on habitat template and species’ dispersal abilities alone. Habitat connectiv-
ity does not only determine local composition and structure, but also beta diversity 
or variation in composition among local communities (Forbes and Chase  2002 ) and 
susceptibility to invasion. On the other hand, when propagules arrive at the vacant 
habitat probabilities of successful colonization can be further controlled by water 
and habitat factors like emergent plant cover, light refl ectance from the water sur-
face, water chemistry, or fi sh presence (De Szalay and Resh  2000 ; Resetarits and 
Binckley  2009 ,  2014 ). Overall, dispersal capacity and habitat connectivity largely 
mediate the linkage between emigration and colonization rates, but much of the 
subsequent trajectory depends on local  environmental   characteristics and biotic 
interactions.  

    The Mid- and the Advanced Succession  Phases   

 The colonization phase in CWs shares many characteristics with the  fl ooding  
phase observed in natural temporary wetlands (after Lake et al.  1989 ), namely a 
distinct community, an increasing species richness over time, and a dominance of 
aerial colonizers (Moorhead et al.  1998 ; Schneider  1999 ; Boix et al.  2004 ). 
However, subsequent successional phases observed in CWs differ in several ways 
from the phases described under the temporary wetland paradigm. Whereas the 
mid- and the advanced succession phases have been described as autogenic in 
CWs (Fig.  15.2 ; modifi ed from Ruhí  2012 ), in natural temporary wetlands under-
going secondary succession the fi nal phase is considered allogenic (Lake et al. 
 1989 ; Boix et al.  2004 ). 

 The mid-succession phase in CWs is characterized by the arrival of passive 
dispersers that increase idiosyncrasy among localities (Ruhí et al.  2013 ), and 
by profound changes in community structure (Barnes  1983 ; Solimini et al.  2003 ; 
Ruhí et al.  2013 ). Besides, the advanced succession phase in CWs has been usually 
studied by means of space-for-time substitution approaches (e.g., by contrasting 
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community patterns over CWs differing in age); as a consequence, hypotheses and 
constructs on how communities may change beyond the 3-year horizon are cur-
rently very limited. Classical succession theory suggests that during the advanced 
succession phase, invertebrate abundance and cumulative species richness should 
reach an asymptote. Abundance should respond to increasing ecosystem produc-
tion, attaining maximum values towards the advanced successional phase (Margalef 
 1968 ; Odum et al.  1971 ; Legendre et al.  1985 ). In turn, the arrival of species new to 
the system should decrease as succession proceeds and ecological niches become 
occupied (Margalef  1968 ). Because species replacing early colonizers may be taxo-
nomically diverse (spread across several taxonomic groups), the relative importance 
of the few species-rich pioneer groups should decrease over time (Barnes  1983 ; 
Christman and Voshell  1993 ; Herrmann et al.  2001 ; Solimini et al.  2003 ; Ruhí et al. 
 2009 ). If this is true, assemblage relatedness (for example, measured as taxonomic- 
tree complexity and clustering, Δ + Λ + respectively, Warwick and Clarke  1995 ; 
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  Fig. 15.2    Synthesis of the observed temporal changes in ( a ) community structure (species rich-
ness, abundance, taxonomic distinctness), ( b ) dominant biological traits (life cycle, dispersal, 
feeding specialization), and ( c ) composition trajectories (relative to reference or natural com-
munities) that invertebrate communities in CWs and RWs tend to display over time (modifi ed 
from Ruhí  2012 )       
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Clarke and Warwick  2001 ) should also change over time. These predictions have 
been empirically corroborated  i  n some cases (see Ruhí et al.  2011  for a 13-year 
study in a Swedish CW), but they would need to be tested in a variety of CW types, 
climates, and time horizons. Finally, it is interesting to note that in some cases com-
munities characterizing the  advanced succession  phase may be richer than those 
found in younger  man-made wetlands   or in natural wetlands, due to a compositional 
overlap between these two (Ruhí et al.  2011 ). Trophic specialists may nevertheless 
be restricted to natural sites (Fairchild et al.  2000 ), hence composition similarities, 
rather than absolute numbers of species, should be used when comparing CWs and 
RWs to natural wetland communities.  

    The Importance of the  Local Habitat   

 Throughout primary succession, invertebrate communities are infl uenced by a rapidly 
changing environment associated with pond age (Marchetti et al.  2010 ). Sediment 
in-fi lling and redistribution, often accelerated by riparian soil disturbance during the 
construction process, create microhabitats differing in substrate particle size and 
organic content (Angélibert et al.  2004 ). The chemical composition of the organic 
fraction is likewise variable, particularly when comparing  detritus   of in- pond vs. 
terrestrial origin (Spieles and Mitsch  2003 ). Gradual changes in water depth, in light 
reaching the sediments, in water temperature, and in oxygen may further affect the 
conditions that invertebrates experience over the succession phases. Nevertheless, 
macrophyte establishment is likely the most important single factor facilitating suc-
cession (Van de Meutter et al.  2008 ; Kim et al.  2014 ). Plants provide structural habi-
tat (e.g., protective cover, adult emergence, and oviposition sites), surface for 
epiphytic algae, leaf/stem tissues consumed by specialist herbivores, and detrital 
resources. Therefore, invertebrate food-web assembly highly depends on the suc-
cessful establishment of macrophytes, both directly (as a resource or a physical 
support for resource growth) and indirectly (as a way for potential prey to hide and 
decrease predation pressure; Warfe and Barmuta  2004 ). This is in agreement with 
the important role that submersed macrophytes play in lake ecosystem processes 
(Carpenter and Lodge  1986 ).  

     Food-Web Assembly and Controls   

 Food webs in CWs are often considered three-tiered, with primary producers and 
detritus as basal sources, and two levels of consumers. As these food webs assem-
ble, the number of biotic interactions increases and particular energetic pathways 
change in relative importance. A prevalent view is that bottom-up processes may 
generally dominate (Spieles and Mitsch  2003 ), with food-web assembly following 
an approximately predictable pattern of sequential dominance of functional feeding 
groups (Spieles and Mitsch  2003 ; Ruhí et al.  2011 ). Within this context, scrapers of 
benthic biofi lms, fi lter-feeders that consume detritus, and deposit feeders that 
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collect settled particles, are all likely to benefi t from the early arrival and growth of 
algae. In contrast, shredder abundance and diversity may track availability of plant 
tissues of terrestrial and in-pond origin (Spieles and Mitsch  2000 ; Ruhí et al.  2011 ). 
Phytoplankton proliferation in shallow ponds can intercept light needed for macro-
phyte growth, whereas early macrophyte establishment may reduce phytoplankton 
abundance and potentially produce an alternative stable state (Scheffer et al.  1993 ). 
These stable-state changes can have very different bottom-up implications for inver-
tebrates; whereas phytoplankton dominance should favor fi lter-feeders and collec-
tors, macrophyte dominance may benefi t a much wider range of invertebrates based 
on both habitat modifi cation and increased food availability. Extensive cover by 
free-fl oating plants and metaphyton (common in nutrient-rich ponds) also intercepts 
light at the water surface and suppresses growth of both submersed macrophytes 
and phytoplankton (Irfanullah and Moss  2005 ). Additionally, free-fl oating plants 
and metaphyton provide habitat and food resources invertebrates adapted for life 
near the surface (Fontanarrosa et al.  2013 ), and the settling of relatively short-lived 
metaphyton scums (Saunders et al.  2012 ) may also contribute to sediment collec-
tors’ diets (Spieles and Mitsch  2003 ). Whereas fi lter-feeders  and   sediment collec-
tors are expected early in succession, more specialized herbivores may depend on 
the prior establishment of particular plant species. For example, a study by Fairchild 
et al. ( 2000 ) comparing aquatic beetle assemblages of recently created mitigation 
marshes (age 1–8 years) to those inhabiting nearby reference marshes (age >35 
years) found that although overall species richness at the mitigation sites rapidly 
approached that of the reference wetlands, species within the phytophagous fami-
lies Curculionidae and Chrysomelidae were typically restricted to the much older 
reference marshes. 

 Top-down controls also occur in CW invertebrate food webs, and are often 
exerted by nonnative vertebrate predators (Zedler and Leach  1998 ). Fish predation 
is known to reduce invertebrate density, biomass, size, foraging behavior, and diversity 
(Fairchild et al.  2000 ; McPeek  2004 ; Chase et al.  2009 ). Fish are often size- selective 
and prey on multiple trophic levels, and their impacts on the invertebrate community 
strongly depend on fi sh identity and abundance (Lazzaro et al.  2009 ). Consumption 
by waterfowl (Marklund et al.  2002 ) can similarly reduce invertebrate abundances. 
Since game fi sh are often stocked, and waterfowl encouraged, in recreational CWs 
(often for “aesthetic” reasons), vertebrate predation pressure may be greater in these 
systems than in most natural wetlands (Zedler and Leach  1998 ).  Invertebrate com-
munity   assembly, and successional trajectories as a whole, may highly depend on 
whether and when these vertebrates enter the local food web. 

 Invertebrate predators can similarly cause top-down effects in created wetland 
food webs. In a controlled mesocosm experiment, Chase ( 2003 ) found that preda-
tion by the heteropteran  Belostoma  suppressed overall herbivore (snail) abundance, 
thereby augmenting primary production at low-nutrient levels. However, at higher 
nutrient levels predation modifi ed the relative abundance of the herbivore species 
but did not exert top-down control of  primary   production. Given the importance of 
colonization in CWs, dispersal mass effects may be especially important in these 
systems, hence variation in invertebrate predator:prey abundance may present food- 
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web implications via top-down controls (Hein and Gillooly  2011 ). Jeffries ( 2002 ) 
found that after experimentally manipulating relative numbers of predator:prey spe-
cies in earthen ponds, subsequent dispersal caused a return to the original richness 
ratios. Although many predators are strong fl iers and may occur in small numbers 
in marginally suitable sites early in succession (Bie et al.  2012 ; Miguel-Chinchilla 
et al.  2014 ), the need for prior establishment of food resources may accentuate 
apparent dispersal limitation of predator species (Fig.  15.3 ). Consistent with this 
prediction, Shulman and Chase ( 2007 ) found that mosquitoes were most abundant 
in isolated ponds, whereas predatory beetles reduced mosquito densities  in   ponds 
situated closer to source habitats. Microinvertebrate prey (zooplankton and meio-
fauna), with their high rates of biomass-specifi c production (P/B; Stead et al.  2005 ), 
could subsidize unexpectedly high predator  abundances   during early food-web 
assembly.

       Other Considerations: Invasive Plants, Priority Effects, 
and  Compartmentalization   

 CWs and RWs, owing to their initially high resource availability, are particularly 
prone to habitat preemption by invasive plants (Spieles  2005 ; Matthews and Spyreas 
 2010 ). A range of effects have been documented, with some invasive plants reduc-
ing invertebrate diversity and modifying food-web structure (Zedler and Kercher 
 2004 ; Cañedo-Argüelles and Rieradevall  2011 ). This, combined with priority 
effects (effects of the order in which species initially enter the community) can 
potentially cause divergent successional trajectories to develop, relative to a desired 
or expected reference. The importance of submersed macrophytes may thus be even 
higher in CWs and RWs than in natural systems (Carpenter and Lodge  1986 ), since 
they can affect not only concurrent food-web structure but also future successional 
trajectories. Within this context, it is important to note that although “local” food- 
web assembly is typically described for CWs and RWs as a single entity (based on 
integrated sampling of a wide range of microhabitats), many food-web interactions 
in lentic ecosystems occur within-microhabitats (Lodge et al.  1988 ; Burks et al. 
 2006 ). This scale-dependency may not only bias estimates of food-web connectance 
and prey:predator ratios (as observed in streams, Thompson and Townsend  2005 ), 
but may also hinder an accurate understanding of how food webs assemble in CWs 
(Fig.  15.3 ). Food-web topology may be relatively simple during early succession, 
and increasingly modular as microhabitats form and differentiate. Models predict 
that modularity (or compartmentalization) is positively associated with food-web 
persistence (Stouffer and Bascompte  2011 ); therefore, increasing habitat complex-
ity should theoretically increase the robustness of the assembling food web. On the 
whole, CWs and RWs provide a useful arena to study  invertebrate   primary succes-
sion, but a greater understanding of the interplay between habitat succession and 
food-web assembly based on  empirical   evidence (currently very limited) would be 
benefi cial if we are to predict successional trajectories and target outcomes.   
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    Invertebrates as Bioindicators of Ecological Conditions 
in Created and Restored Wetlands 

     Indicator   Potential and Examples of Their Use 

 Another important focus of research on invertebrate communities in created 
wetlands has been that of exploring their usefulness as indicators of wetland status 
and function. Aquatic macroinvertebrates have long been used as bioindicators in 
streams, dating back to at least Kolkwitz and Marsson’s ( 1908 ) saprobien system of 
relating organic pollution to stream communities. The concept has since evolved 
into many confi gurations of pollutants and indicator metrics (Goodnight  1973 ; 
Cairns and Pratt  1993 ). Application of the bioindicator approach to lentic systems 
was spurred in the United States by federal regulation of wetlands, but direct appli-
cation of indices designed for lotic systems (e.g., Spieles and Mitsch  2000 ) has been 
complicated by the hydrogeomorphic diversity of wetland ecosystems, by the 
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unique biotic and abiotic conditions of each system, and by stressors that can differ 
greatly from those of streams (Adamus and Brandt  1990 ). Given the wide variety of 
wetlands and the necessary specifi city of site, condition, and objective, there is no 
single standard approach to the use of macroinvertebrates as wetland bioindicators. 
That being said, a number of researchers have proposed specifi c wetland integrity 
indices based on a local  macroinvertebrate community   (Table  15.2 ). In the Great 
Lakes region, for example, several studies have evaluated the potential of stream 
invertebrate metrics for use in a biotic index for coastal wetlands (Burton et al. 
 1999 ; Kashian and Burton  2000 ; see Great Lakes marshes chapter). Aimed particu-
larly at seasonal domestic wastewater and stormwater impacts, these studies found 
the proportions of three indicator taxa (Ephemeroptera, Isopoda, and Trichoptera) 
and four trophic guilds (predators, collector-fi lterers, herbivores, and detritivores) to 
be useful metrics in these wetlands. Notably, 28 of 38 stream metrics tested were 
not found to be useful in this particular context. In semiarid Mediterranean wetlands 
of Spain, where stressors include hydrologic, nutrient, and salinity fl uctuation, the 
ratio of Coleoptera to Heteroptera and the overall family richness of aquatic macro-
invertebrates were included in a wetland integrity index (Ortega et al.  2004 ). In 
urban wetlands of northern California (Lunde and Resh  2012 ), a screen of 56 mac-
roinvertebrate metrics yielded eight with utility; these included the relative abun-
dance of indicator taxa (Ephemeroptera, Odonata, Trichoptera, Tanypodinae and 
Chironomidae, Oligochaeta, and Coleoptera) and  feeding   guilds (scrapers and pred-
ators). Ethiopian marshlands subjected to hydrologic and agricultural stress were 
categorized by macroinvertebrate taxon richness, indicator taxa, and tolerant taxa in 
an index proposed by Yimer and Mengistou ( 2010 ). In the Himalayan foothills of 
India, where silt and organic suspended solids are stressors, the overall density of 
aquatic macroinvertebrates was found to be the strongest predictor of wetland 
condition (Sharma and Rawat  2009 ). Awal and Svozil ( 2010 ) suggested that macro-
invertebrate species richness can be used as a primary indicator of wetland integrity 
in Melbourne, Australia. Clearly, there is wide interest in the use of the invertebrate 
community as an indicator of wetland condition. It seems, however, that there may 
be as many macroinvertebrate integrity indices as there are wetlands.

   One useful application of wetland macroinvertebrate bioindicators is in the eval-
uation of CWs and RWs, as compared with reference wetlands (Table  15.3 ). CWs 
for mitigation, wastewater treatment, education, habitat provision, or other reasons 
are typically evaluated by the development of vegetation (Breaux and Serefi ddin 
 1999 ) or by the effi cacy of particular functions, such as water quality improvement 
(Hosomi et al.  1994 ). Detailed evaluation of a  biotic community   can supplement 
these standard metrics and broaden the understanding of CW development and per-
formance. Research along these lines has shown that wetland macroinvertebrate 
communities do not necessarily develop at the same rate as wetland vegetation. In 
an evaluation of mitigation wetlands, Spieles et al. ( 2006 ) found that macroinverte-
brate taxon richness and diversity did not differ between 10-year old created wet-
lands and natural reference wetlands, though the proportion of tolerant invertebrates 
and the trophic structure of the respective macroinvertebrate communities did differ. 
In this study, the 10-year old  macroinvertebrate community   was dominated by detri-
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    Table 15.2     Selected applications of macroinvertebrates as biological indicators of ecological 
condition in wetlands   

 Location 
 Wetland 
type  Primary stressors  Focal invertebrate metrics  Source 

 Brazil  Natural  Eutrophication  Odonata abundance, 
richness 

 Maltchik et al. 
(2010) 

 Palustrine  Dissolved solids  Hydrologic 
 Ethiopia  Natural  Eutrophication  Overall richness  Yimer and 

Mengistou ( 2010 )  Palustrine  Dissolved solids  Tolerant taxa richness 
 India  Created  Hydrologic  Community density  Sharma and 

Rawat ( 2009 ) 
 Riverine 

 Iran  Natural  Eutrophication  Taxon richness  Ahmadi et al. 
(2011)  Lacustrine  Dissolved solids  Diversity index 

 Coleoptera abundance, 
richness 
 Chironomidae abundance, 
richness 

 Spain  Natural/
created 

 Eutrophication  Coleoptera abundance, 
richness 

 Ortega et al. 
( 2004 ) 

 Riverine/
palustrine 

 Dissolved solids  Heteroptera abundance, 
richness 

 Hydrologic  Overall richness 
 Spain  Natural  Eutrophication  Chironomidae abundance, 

richness 
 Trigal et al. 
(2009) 

 Palustrine  Habitat alteration  Dytiscidae abundance, 
richness 
 Odonata abundance, richness 
 Tanypodinae abundance, 
richness 
 Macropelopini abundance, 
richness 
 Diversity index 

 USA: 
California 

 Natural/
created 

 Land use  Ephemeroptera abundance, 
richness 

 Lunde and Resh 
( 2012 ) 

 Palustrine  Dissolved solids  Odonata abundance, 
richness 
 Trichoptera abundance, 
richness 
 Tanypodinae abundance, 
richness 
 Oligochaeta abundance, 
richness 
 Coleoptera abundance, 
richness 
 Feeding guilds 

(continued)
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tivores, while the reference community was herbivore dominated. Other studies 
have similarly found equal or greater macroinvertebrate richness  and   diversity in 
CWs of 4–20 years in age as compared with natural reference wetlands (Levin et al. 
 1996 ; Craft et al.  1999 ; Balcombe et al.  2005 ), but dissimilar trophic guild distribu-
tion among created and reference systems (Craft et al.  1999 ). As noted before in this 
chapter (Fig.  15.2 ), Stewart and Downing ( 2008 ) observed that macroinvertebrates 
are quick to colonize newly created wetlands and rapidly achieve biomass, density, 
and richness that are equivalent to much older wetlands, but they also noted that 
macroinvertebrate communities are highly infl uenced by the plant community and 
by the availability and quality of coarse particular organic matter. Thus, trophic 
representation in macroinvertebrate communities may be a useful indicator of veg-
etation  and   detrital development in CWs.

        Caveats   

 There are also some important caveats to the use of macroinvertebrates as wetland 
bioindicators, the fi rst of them being temporal. Macroinvertebrate populations can 
be highly variable by season and year. In a comparison of two CWs with hydrogeo-
morphic similarity but different ages (15 and 45 years) and successional stages, 
Spieles and Horn ( 2009 ) found similar macroinvertebrate communities in terms of 
richness, diversity, biomass, and trophic distribution despite wide differences in 
water chemistry and soil quality, but community measures within wetlands differed 
signifi cantly by season. This seasonal variation can make system-wide signals of 
age, location, or condition diffi cult to discern, and it means that sampling regimes 
must be temporally diverse and consistent among sites. The second caveat is spatial; 
the same sampling technique in different locations of the same wetland can yield 
very different results. For instance, Balcombe et al. ( 2005 ) found differences in the 

 Table 15.2  (continued)

 Location 
 Wetland 
type  Primary stressors  Focal invertebrate metrics  Source 

 USA: 
Michigan 

 Natural  Eutrophication  Ephemeroptera abundance, 
richness 

 Kashian and 
Burton ( 2000 ) 

 Lacustrine  Hypoxia  Trichoptera abundance, 
richness 

 Dissolved solids  Isopoda abundance, 
richness 
 Feeding guilds 

 USA: 
North 
Carolina 

 Natural  Highway 
proximity 

 Overall richness  King et al. 
(2000)  Riverine  Taxon dominance 

 Feeding guilds 
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macroinvertebrate communities in benthic and water column samples in vegetated 
vs. open water habitat. As with temporal variability, this spatial variability could 
easily confound assessments. A third caveat deals with sampling and identifi cation 
effort. Excessive sampling and species-level identifi cation could easily become pro-
hibitively laborious, and yet minimal sampling and overgeneralization may not pro-
vide adequate resolution. A useful discussion of this problem is provided by King 
and Richardson ( 2002 ), who evaluated the effi cacy of different levels of sampling 
intensity. Finally, any macroinvertebrate-based assessment of wetlands needs to 
account for differences in landscape and geographic setting. To this point, Hall et al. 
( 2004 ) found landscape characteristics to be signifi cant factors for wetland macro-
invertebrate communities in Texas, while Davis et al. ( 2006 ) identifi ed the need for 
regional specifi city as the primary impediment to widespread use of macroinverte-
brate bioindicators for wetlands in Australia. Together, these caveats suggest limita-
tions to the utility of macroinvertebrate bioindicators in wetlands. However, when 
used as part of a suite of biological and physicochemical measurements, the  macroin-
vertebrate community   can be an important tool in the understanding and evaluation 
of CW  and   RW condition.   

   Table 15.3    Selected applications of macroinvertebrates as biological indicators of ecological 
condition in created wetlands (CWs) as compared with reference wetlands   

 Location  CW type 
 General comparison with reference 
wetland(s)  Source 

 Australia  Palustrine  Similar macroinvertebrate communities 
among three created metropolitan wetlands 
of similar age 

 Awal and Svozil 
( 2010 ) 

 USA: West 
Virginia 

 Palustrine  Similar macroinvertebrate communities 
among created and natural wetlands; spatial 
variability within wetlands 

 Balcombe et al. 
( 2005 ) 

 USA: North 
Carolina 

 Estuarine  Rapid equivalence with natural system in 
terms of density and species richness, but 
not diversity or trophic structure 

 Levin et al. 
( 1996 ) 

 USA: North 
Carolina 

 Estuarine  Created wetland macroinvertebrate 
equivalence with natural system by year 15, 
5–10 years after plant community 

 Craft et al. ( 1999 ) 

 USA: Iowa  Lacustrine  Macroinvertebrate communities vary by 
wetland, strongly infl uenced by CPOM, 
vegetation and turbidity 

 Stewart and 
Downing ( 2008 ) 

 USA: Ohio  Palustrine  Richness similar in created and natural 
wetlands, but trophic structure differs by 
construction method 

 Spieles et al. 
( 2006 ) 

 USA: Ohio  Palustrine  Trophic differences in wetlands of different 
successional stages; seasonal community 
variability within wetlands 

 Spieles and Horn 
( 2009 ) 
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    Confl icting Demands on Wetland Ecosystem Services: Integrated 
Constructed Wetlands as a Paradigm 

    Nutrient Retention and Biodiversity   Enhancement, an Assumed but Rarely 
Tested Concert 

 Eutrophication continues to be a global pressing issue for freshwater ecosystems 
and biodiversity (Smith and Schindler  2009 ), and in the light of the European Water 
Framework Directive (EU 2000/60/EEC) and the Convention for Biological 
Diversity, management approaches that simultaneously address water pollution and 
biodiversity should be emphasized. Increasing evidence supports that surface-fl ow 
CWs could potentially provide a wide range of services in agricultural landscapes, 
including water treatment, biodiversity enhancement, and recreational–educational 
functions (Knight et al.  2001 ; Hansson et al.  2005 ; Becerra-Jurado et al.  2010 ; Boets 
et al.  2011 ; Hsu et al.  2011 ). Over the last fi ve decades, numerous studies have 
focused on the water treatment function, and design options are now well advanced 
(Kadlec and Wallace  2008 ; Vymazal  2010 ). However, few studies have focused on 
the potential of these systems to enhance regional biodiversity, and their biodiver-
sity potential has only recently garnered more attention.  

    Integrated Constructed   Wetlands 

  Integrated Constructed Wetlands (ICWs)   are a type of surface-fl ow CW consisting 
of a series of interconnected ponds with emergent macrophytes and controlled water 
depths (Scholz et al.  2007 ). Despite being mainly designed to reduce nutrients and 
pollutants from agricultural, livestock, municipal, industrial, and domestic wastewa-
ters, suitable habitat for aquatic macroinvertebrates can be also integrated in their 
design. Recognized features infl uencing macroinvertebrate diversity are the total 
number of ponds and their overall size (the more and the bigger, the better; Hsu et al. 
 2011 ), the wetland system profi le and shape (Hansson et al.  2005 ; Scholz et al. 
 2007 ), and shore sloping and habitat complexity (Williams et al.  1999 ; Hansson 
et al.  2005 ) (Table  15.4 ; Fig.  15.4 ). Research has shown that these systems can actu-
ally host communities with a high a proportion of unique species (Becerra-Jurado 
et al.  2010 ), advancing the notion that wetlands (regardless of type) may importantly 
contribute to biodiversity at the landscape level (Williams et al.  2004 ). In Ireland, 
fi ve interconnected ponds were compared to fi ve nearby natural wetlands and nine 
river sites (Becerra-Jurado et al.  2010 ,  2014 ). A total of 135 taxa were collected 
from the ICWs, with 38 % of the taxa being unique to these systems (see character-
istic groups in Table  15.5  and  Appendix ).    Ponds located near the ICW system out-
fl ow contributed disproportionally to overall diversity (72 % of the taxa). In general, 
excessive nutrient loadings (through a negative impact on some sensitive taxa that 
are not able to complete their life cycles; Hawkes  1998 ) and variation in pH due to 
differences in microbial respiration (Feldman and Connor  1992 ; Becerra-Jurado 
et al.  2009 ) may be particularly important controls in ICW systems.
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     Although water treatment constitutes the primary function of ICWs and similar 
surface-fl ow wetlands, research is increasingly focusing on how to combine this 
demand with biodiversity enhancement. Several critical questions should be further 
investigated: (1) Are there optimal trade-offs between the inherently confl icting 
demands of these systems? (2) Can their ecological (or biodiversity) potentials be 
accurately predicted?; and (3) Are there features that lead to an optimized design 
under a multifunctional perspective? If answered positively, these avenues could 
inform guidelines on ICW construction, and their potential to mitigate pollution and 
biodiversity erosion  in   agricultural landscapes could be adequately appraised.    

    Conservation and Management Issues 

    Wetland  Construction and Restoration  : An Evolving Science 

 The ability of CWs and RWs to recover biodiversity and ecosystem functions is, up 
to the present time, limited (Ballantine and Schneider  2009 ; Hossler et al.  2011 ; 
Moreno-Mateos et al.  2012 ; Kovalenko et al.  2013 ). CWs and RWs of all types 
(including depressional, tidal, and riverine wetlands) from all over the world tend to 
be ~25 % less biodiverse and functional than reference systems in pre-disturbance 
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Outflow 
into river
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Inflow 
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  Fig. 15.4    Schematization of an ICW with a design that integrates wastewater treatment from 
farms and macroinvertebrate diversity enhancement (plant symbols represent helophytes, hygro-
phytes, and hydrophytes)       
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   Table 15.5    Most important taxa characterizing ICW vs. natural wetlands in Ireland (up to 50 % 
cumulative community dissimilarity)   

 Taxa  Tolerance 
 ICW 
ab. 

 Natural 
ab.  Diss.  Diss./SD  Contrib.% 

  Asellus aquaticus   High  34.47  9.99  6.55  1.42  10.54 
 Chironomidae  High  13.76  18.08  3.52  1.18  5.66 
  Planorbis  spp.  High  4.90  16.49  3.51  1.00  5.65 
  Plea minutissima   Medium  10.91  2.98  2.18  0.88  3.51 
 Coleoptera larvae  Medium  10.96  5.39  1.96  0.80  3.15 
  Cloeon dipterum   Medium/low  10.20  10.14  1.77  1.25  2.84 
  Noterus clavicornis   Medium  5.88  7.15  1.49  1.41  2.39 
 Oligochaeta  High  8.99  6.31  1.38  0.82  2.22 
  Pisidium  
spp/ Sphaerium  spp 

 Medium  5.01  2.73  1.29  1.05  2.07 

  Chaoborus crystallinus   Medium/low  5.66  3.42  1.26  0.86  2.02 
  Radix labiata   Medium  2.34  5.21  1.20  0.78  1.93 
 Tricladida  High  4.94  3.36  1.19  1.36  1.91 
 Hydracarina  Medium  0.47  4.19  1.05  0.86  1.68 
 Coenagrionidae  Medium/low  7.18  5.04  1.01  1.30  1.63 
  Erpobdella octoculata   High  1.15  4.11  0.95  1.05  1.52 
  Haliplus rufi collis   Medium  4.98  1.98  0.91  1.02  1.46 
  Helobdella stagnalis   High  3.40  3.34  0.86  1.20  1.38 

   Tolerance  = Tolerance to organic pollution,  ICW ab  = Average abundance in ICW,  Natural 
ab  = Average abundance in natural wetlands,  Diss.  = Average dissimilarities between wetland 
types,  Diss./SD  = measure of consistency in the contribution to dissimilarity,  Contrib. %  = percent-
age contributed to the overall Bray-Curtis dissimilarity between communities (adapted from 
Becerra-Jurado et al.  2010 )  

states, decades or centuries after construction or restoration (Moreno-Mateos et al. 
 2012 ) (Fig.  15.5 ). However, diversity of macroinvertebrate communities in CWs 
and RWs tends to converge to that from reference “undisturbed” wetlands within 
5–10 years after construction or restoration (Moreno-Mateos et al.  2012 ). Another 
recent meta-analysis on worldwide wetlands showed nonsignifi cant differences in 
aquatic invertebrate diversity between restored and natural wetlands (Meli et al. 
 2014 ). As discussed previously, the frequently described “quick” development or 
recovery of CWs and RWs is generally based on macroinvertebrate abundance and 
species richness data, and could be explained by aerial active dispersal, by passive 
aquatic dispersal (when wetlands are reconnected to stream or tidal fl ow), and even 
by aerial passive dispersal when propagules are carried in by birds (Badosa et al. 
 2010 ). Fast life cycles may also accelerate the recovery of their populations (Levin 
and Talley  2002 ). Other studies have also shown that macroinvertebrate communi-
ties can recover in 15–25 years in coastal ecosystems (Borja et al.  2010 ). However, 
recovery is less obvious in studies measuring species similarity. Some studies have 
shown recovery of the benthic invertebrate community in less than 5 years (Stanczak 
and Keiper  2004 ), while others report that only 56 % of species similarity is reached 
more than 20 years after wetlands were created (Hartzell et al.  2007 ). Using 
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ordination methods, clear groupings in community structure and composition are 
consistently observed when comparing macroinvertebrate communities from natu-
ral and created wetlands (Fig.  15.6 ). Even when conspicuous change in plant com-
munities and the physical  environment   occurs (Fig.  15.7 ), macroinvertebrate 
communities inhabiting CWs and RWs generally differ signifi cantly from those 
found in natural nearby or reference communities (Ruhí et al.  2013 ). More research 
is thus necessary to understand the long-term recovery of macroinvertebrate com-
munities, including the frequently neglected aspect of biotic interactions.

         Context-Dependent Success, Uncertainties, and the Risk 
of No-Net-Loss Policies 

 The recovery of wetland structure and functioning is highly  context-dependent   
(Meli et al.  2014 ), and can be affected by multiple abiotic factors. For example, 
large wetlands (especially those over 10–100 ha), wetlands in temperate climates, 
and hydrologically connected wetlands may recover faster than small, isolated, or 
cold-climate wetlands (Moreno-Mateos et al.  2012 ). Small wetlands may be more 
isolated and may act as habitat islands (O’Connell et al.  2013 ), and the chances of 
plant propagules arriving spontaneously, and then persisting, are lower than in 
larger or more connected ecosystems. A similar situation may exist in wetlands with 
low hydrological connectivity (like some depressional wetlands), where the effec-
tiveness of hydrochory and other propagule dispersal  mechanisms   is limited 
(Nilsson et al.  2010 ). Finally, higher temperature might accelerate the nutrient turn-
over of soils of created and restored wetlands (Rustad et al.  2001 ) and also, 
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  Fig. 15.5    Recovery of density and richness of some of the main biological components of wet-
lands after restoration or construction. Reference state refers to a condition similar to that existing 
before those wetlands were degraded due to human actions. Adapted from Moreno-Mateos et al. 
( 2012 )       
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potentially, the number of reproductive cycles of aquatic macroinvertebrates, thus 
affecting community dynamics—and hence successional trajectories—of the over-
all  macroinvertebrate assemblage   (Ruhí et al.  2012a ). Taken together, these fi ndings 
suggest that wetland creation and restoration is highly context-dependent and must 
be more place-based than has been practiced so far. For example, wetland designs 
facilitating immigration and the rapid establishment of critical habitat (e.g., reveg-
etation) may be particularly important in cold climates. 
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  Fig. 15.6    Nonmetric multidimensional scaling ordinations of different studies on composition 
and structure of invertebrate assemblages in natural vs .  CWs. ( a ) and ( b ) show communities in fi ve 
ICWs in Ireland and reference (nearby natural) systems (Becerra-Jurado et al.  2009 ) sampled in 
Spring and Summer; whereas ( a ) shows similarities in macroinvertebrate structure (Bray-Curtis 
similarities on relative abundances), ( b ) shows similarities in composition (Sorensen on presence–
absence data). Acronyms represent the different sites (ICW sites: FEN, HAB, KC, MH, WEX; 
Reference sites (NAT): C, D, M, R, T). In both cases, differences between ICW and CW communi-
ties were smaller than seasonal effects. ( c ) shows similarities in macroinvertebrate structure 
between pioneer communities (sampled seasonally during the fi rst year after construction) in CWs 
designed for biodiversity enhancement (CW) and in reference wetlands (NAT), in three different 
areas (PE, BT, PS) in Catalonia (Ruhí et al.  2009 ). Finally, ( d ) shows aquatic coleopteran compo-
sitional similarities between young CWs (<3 years), old CWs (≥10 years), and reference wetlands 
(NAT) in Sweden (Ruhí et al.  2011 )       
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  Fig. 15.7    CW for biodiversity enhancement close to Banyoles, Catalonia. The goal of this CW 
was to increase amphibian populations within the framework of the LIFE-Nature project LIFE03 
NAT/E/000067. The  upper picture  shows bare shores and scarcity of macrophytes 0.5 years after 
wetland construction; the  lower picture  shows the dense macrophyte community (dominated by 
common reed  Phragmites australis  and cattail  Typha latifolia ) that established shortly after (still 
present)       
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 Beyond  spatial and temporal contingency  , CW and RW responses to human 
interventions are also highly uncertain today (Zedler and West  2008 ; Matthews 
and Spyreas  2010 ). Even the need for the most commonly used restoration 
actions, such as  revegetation  , is questioned due to unclear benefi ts in most cases 
(Moreno-Mateos et al.  in press ). While some studies report a need for revegeta-
tion (Klimkowska et al.  2007 ; Kiehl et al.  2010 ), in efforts aiming to restore or 
create salt marshes (Morzaria-Luna and Zedler  2007 ; Garbutt and Wolters 
 2008 ), other studies show the lack of positive effects of this intervention 
(Wolters et al.  2008 ). In many cases, regardless of the creation or restoration 
approach used,  environmental factors such   as invasive species, or extreme cli-
matic events, might force recovery trajectories to converge or diverge over short 
(~10 years) periods of time (Collinge and Ray  2009 ). Thus, a combination of 
environmental and anthropogenic factors, often stochastic, may limit success, 
or signifi cantly delay the time to full success, in the recovery trajectories of CW 
and RW ecosystems. Overall, the still limited knowledge on these environmen-
tal and anthropogenic infl uences underpins the need for place- based, adaptive 
approaches. 

 For these reasons, knowledge is limited at this point to support ecosystem trad-
ing policies, like  biodiversity offset policies   (including  “no-net-loss” (NNL) poli-
cies     ). In terrestrial ecosystems, models have shown that when metrics more complex 
than richness are considered (e.g., species composition and community structure), 
recovery may lag over centuries (Curran et al.  2014 ). Similar results could be 
expected in aquatic ecosystems, which is in agreement with the fact that even com-
munities in the  advanced  succession phase generally differ in composition (often by 
missing rare species) from reference ones. Under that scenario, NNL regulations 
could be actually creating a net loss, due to the long-term interim loss caused during 
the recovery process until the reference is supposedly reached (Gutrich and 
Hitzhusen  2004 ); and also due to the loss of uniqueness of the ecosystem that has 
been degraded, which may or may not recover to pre-disturbance conditions 
(Gardner et al.  2013 ; Curran et al.  2014 ). Because NNL of wetland habitat acreage 
does not translate into NNL of biodiversity, before offset policies can be considered 
safe, research will need to shed light into best construction and restoration practices 
(to increase and accelerate recovery rates), and into ecologically-meaningful ways 
of measuring recovery.   

    Conclusions 

 Creation and restoration of lentic waterbodies in altered landscapes can certainly 
have positive effects on freshwater biodiversity, particularly for faunal groups that 
suffer habitat fragmentation (e.g., Lichko and Calhoun  2003 ; Rannap et al.  2009 ; 
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Ruhí et al.  2012b ). In such cases, the recovery of “stepping-stone” habitat patches, 
by increasing habitat availability at the landscape level, may have positive effects on 
 metacommunity dynamics   even if the CWs or RWs are not structurally and func-
tionally analogous to natural wetlands. Additionally, CWs and RWs provide many 
societal values, including important aesthetic and recreational benefi ts (Fig.  15.7 ). 
However, precisely because both connectivity and aesthetic values are often high in 
CWs and RWs, and these systems are often used by emblematic fauna and enjoyed 
by humans, a frequent problem has been to assume that they may be equivalent to 
natural wetlands. Research has shown that structural and functional differences 
between CWs-RWs and natural wetlands persist for long periods, with successional 
trajectories depending on many factors that are diffi cult to predict. Additionally, 
CWs and RWs are being increasingly designed to fulfi ll several objectives simulta-
neously (Hansson et al.  2005 ; Becerra-Jurado et al.  2010 ; Moreno-Mateos and 
Comín  2010 ; Ruhí et al.  2011 ), and because the virtues of multifunctionality in 
 CWs and RWs   are still uncertain, this topic will likely receive increasing attention. 
The scientifi c advancement of these two key topics (anticipation of outcomes and 
combination of services) will determine, to a large extent, the impact that CWs and 
RWs can make to freshwater biodiversity conservation.     
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       Appendix 

  Macroinvertebrates   reported from fi ve constructed wetlands for wastewater treat-
ment in Ireland (WW; Becerra-Jurado et al.  2009 ,  2014 ), in a created wetland for 
stormwater treatment in Sweden (SW; Ruhí et al.  2011 ,  2012a ), and in three created 
wetlands for biodiversity enhancement in Catalonia (B1, B2, B3; Ruhí et al.  2013 ). 
Taxonomic hierarchy and names after Fauna Europaea (http://www.faunaeur.org)
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    Chapter 16   
 Invertebrates in Managed Waterfowl Marshes                     

       Joshua     D.     Stafford     ,     Adam     K.     Janke    ,     Elisabeth     B.     Webb    , and     Steven     R.     Chipps   

            Introduction 

  Wetlands   provide critical habitats for breeding, migrating, and wintering water-
fowl. Accordingly, management agencies and conservation organizations have 
long-sought to improve habitats for waterfowl during key life phases through 
active management of wetland ecosystems. The tools used for wetland manage-
ment are diverse, though most focus on the manipulation of hydrology and (or) 
vegetation (e.g., disking, mowing), sowing of annual plants to provide high-
energy foods, or controlling vertebrate populations, such as fi sh or exotic mam-
mals, that can have negative effects on management goals. Managed waterfowl 
marshes are unique environments, because unlike other systems explored in this 
volume, active wetland management for waterfowl, and hence a “waterfowl 
marsh” may be found in most wetland ecosystems and are ubiquitous in the 
northern hemisphere. Accordingly, we have adapted a  broad   defi nition of man-
aged waterfowl marshes and review literature on a diversity of ecosystems rang-
ing from large coastal wetlands to isolated systems, such as playa lakes or 
prairie potholes. In this context, we defi ne managed wetlands as those that 
receive direct manipulations intended to alter the naturally occurring hydrology, 
vegetation, or biotic communities of the wetland (hereafter active management) 
with the goal of providing habitat for waterfowl during at least one phase of 
their annual life cycle. 

 There is considerable variability in the objectives, intensity, and approaches 
to managing wetlands as waterfowl habitat. Such management may not explic-
itly focus on promotion of invertebrate populations and may occur on highly 
variable time intervals ranging from days to decades. Combinations of many 
wetland management techniques are often used in an integrated strategy, and 
impacts of such practices are often anecdotal, particularly as they relate to 
aquatic invertebrate populations. For example, the  widespread practice   of water-
level manipulation for wintering waterfowl in the southern United States is 
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intended to promote access to plant-based food for waterfowl, but only recently 
have researchers begun to understand how invertebrates respond to those manip-
ulations and their importance for wintering waterfowl (Anderson and Smith 
 2000 ; Foth et al.  2014 ; Tapp and Webb  2015 ). Wetland management for water-
fowl often conveys multiple benefi ts to fi sh, wildlife, and plant communities 
(Baldassarre  2014 ) and likely refl ects practices and principles detailed in previ-
ous chapters. In this chapter, we review wetland management practices used to 
promote waterfowl habitat and their impacts on aquatic invertebrates in those 
systems. 

    Waterfowl Classifi cation and Foraging  Ecology   

 Understanding the impetus behind wetland management for waterfowl fi rst 
requires a general understanding of the diversity of life-history strategies and 
functional morphology among waterfowl. For the purposes of this review, we 
focused our discussion of waterfowl to those within the family Anatidae. 
Anatidae is a diverse family comprising 5 subfamilies (Dendrocygninae, 
Anserinae, Stictonettinae, Tadorninae, Anatinae) and 171 extant species occu-
pying all continents except Antarctica (Baldassarre and Bolen  2006 ). Detailed 
phylogenies of the group have been described elsewhere (e.g., Livezay  1997 ); 
the relevant discussion of these phylogenies for our review is to identify taxa 
that are likely to benefi t from invertebrates in management wetlands. The fi rst 
criterion for inclusion in our discussion is that the species consume inverte-
brates to successfully complete some part of their life- cycle. Herbivory, or more 
generally a plant-based diet (i.e., plant seeds and vegetation), is ubiquitous 
among  Anatidae  . The subfamily Anserinae (geese and swans) is comprised of 
herbivores, which exclusively forage on plant material, even during periods of 
high protein demand during ontogeny. Plant-dependent species also occur 
throughout other subfamilies within Anatidae (e.g., whistling ducks within 
Dendrogygninae) and many species rely on plant-dominated diets throughout 
most of their life cycle. The second criterion for inclusion in our discussion is 
that the species or taxa must consume invertebrates in habitats that are subject 
to management during a phase of their life cycle. Species that fall within the 
Mergini tribe of the Anatinae subfamily (sea ducks) for example consume con-
siderable amounts of invertebrates in their diets but forage primarily in pelagic 
systems that are not subject to management. With these two criteria, our discus-
sion focuses primarily on duck species in two subfamilies:  Tadorinae   (shell-
ducks and torrent ducks) and Anatinae (pochards, stiff-tailed ducks, and 
surface-feeding ducks). Further, our discussion will be primarily constrained to 
species and examples within this group that occupy ranges in western Europe 
and North America, where most active management for invertebrates and 
research occurs and is relatively well documented. 
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 Among the species meeting the above criteria, there remains considerable vari-
ability in their reliance on invertebrates. The extent of aquatic invertebrate use 
among waterfowl species is driven by two main factors: interspecifi c adaptations 
for foraging and interseasonal variation in nutrient demands. There are two general 
foraging strategies used by ducks in aquatic systems: diving and surfacing feeding 
or dabbling (Fig.  16.1 ). Diving is characteristic of sea ducks, stiff-tailed ducks, and 
pochards and facilitates foraging within the water column and along the benthos. 
Long-tailed ducks ( Clangula hyemalis ) are the deepest-documented diving ducks, 
having achieved diving depths in excess of 50 m (Schorger  1947 ), although most 
diving ducks likely restrict foraging to depths of 0.5 to 3 m (Baldassarre  2014 ). 
Dabbling ducks are constrained to foraging by skimming the surface,    submerging 
their head and neck, or tipping up to submerse their head and upper body to reach 
foods at deeper depths - up to approximately 40 cm (Pöysä  1983 ). Location of for-
aging within the water column can have considerable infl uence on invertebrate use 
and availability among waterfowl species using varying foraging strategies. For 
example, midge-larvae that emerge along the water surface are consumed exten-
sively by surface-feeding ducks, whereas benthic invertebrates such as amphipods 
are consumed extensively by diving ducks such as lesser scaup ( Aythya affi nis ; 
Afton and Hier  1991 ).

   Interspecifi c morphological variation among ducks has a well-documented 
infl uence on the structuring of waterfowl communities in wetlands through 
infl uences on foraging effi ciency or functional foraging depths (Siegfried  1976 ; 
Pöysä  1983 ; Nudds and Bowlby  1984 ; Torrence and Butler  2006 ). Bill shape 
and structure, neck length, and body length are the primary morphological fac-
tors infl uencing this differentiation. The role of body and neck length and bill 
structure in determining foraging depths is particularly pronounced among 

  Fig. 16.1    Diving ( a ) and surface feeding by tipping up ( b ) or skimming ( c ) are the primary foraging 
habits used by waterfowl that consume invertebrates in wetlands       
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surface-feeding ducks, which are all characterized by elongated necks and 
bodies and fl at bills lined with variable densities of lamellae to facilitate fi lter-
ing food. Neck and body lengths infl uence functional feeding depths of surface-
feeding ducks and facilitate depth-dependent segregation of conspecifi c forag-
ing guilds in wetlands (Pöysä  1983 ; Pöysä et al.  1994 ; Isola et al.  2000 ). 
Lamellar densities among surface-feeding ducks facilitate considerable vari-
ability in invertebrate consumption; species such as  mallards ( Anas platyrhyn-
chos )   with relatively coarse lamellae densities (8 lamellae/cm) consume larger 
macroinvertebrates (Batzer et al.  1993 ), whereas  northern shoveler ( Anas 
clypeata )   can capture and consume microinvertebrates such as rotifers because 
of their high-density lamellae (21 lamellae/cm) (Euliss et al.  1991 ). Less vari-
ability in lamellar density has been documented  among   diving ducks (6.7–8.3 
lamellae/cm; Lagerquist and Ankney  1989 ) though interspecifi c variation in 
lamellar densities has been reported to contribute to structuring of conspecifi c 
foraging guilds of both surface-feeding and diving ducks in wetlands (Nudds 
and Bowlby  1984 ; Lagerquist and Ankney  1989 ). 

 Because they migrate and reproduce in highly seasonal environments, water-
fowl face many energetic demands throughout their annual life cycle. 
Accordingly, diet can vary considerably throughout the year, depending on 
motivations for foraging related to major life-cycle events (e.g., ontogenesis, 
migration, clutch formation, feather molt) and composition and availability of 
prey in foraging habitats. The annual progression of the life cycle of waterfowl 
starting in spring is: breeding (territory establishment, clutch formation, incuba-
tion, and brood rearing); remigial feather molt in late summer; fall migration; 
overwintering; and fi nally spring migration to the breeding grounds (Fig.  16.2 ). 
Most species in our discussion are seasonally monogamous, forming pair bonds 
on the wintering grounds and maintaining them through spring migration and 
breeding. Pairs subsequently dissolve after clutches are completed and females 
are responsible for brood rearing independent of their mates. This life-history 
trait is important in considering the relative importance of invertebrates in wet-
lands throughout the annual cycle of males and females, which have highly vari-
able nutrient demands within a year. In general, protein demands increase 
throughout spring into the breeding season; with peak invertebrate consumption 
on the breeding grounds and followed by a transition to plant- based (seeds and 
vegetative material) diets late in the breeding season and throughout the non-
breeding periods (Fig.  16.2 ).

   Migration among birds and presumably ducks is fueled almost exclusively by 
lipids because of its high-energy density and  suitability   for extramuscular storage 
(Jenni and Jenni-Eiermann  1998 ). Invertebrates are generally sought as protein 
sources rather than lipid or carbohydrate energy sources, which are often derived 
from plant-based foods. Therefore invertebrates are not consumed as much during 
migration as during the breeding season, except in cases of species with more 
carnivorous diets (e.g., lesser scaup, Anteau and Afton  2008b ; Anteau et al.  2014 ), 
or those seeking to build or maintain protein reserves during migration for use 
in clutch formation. The tendency to transition from plant-based diets to ani-
mal-based diets late in winter and throughout spring migration in anticipation of 
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nutrient demands for reproduction has been documented in many species (e.g., 
Euliss and Harris  1987 ), with some dabbling ducks selectively foraging on inver-
tebrates disproportionate to their availability in wetlands during spring migration 
(Tidwell et al.  2013 ). 

 Waterfowl lay relatively large, nutrient-rich eggs and therefore incur substan-
tial protein and lipid costs during clutch formation, which are often satisfi ed by 
invertebrate consumption on the breeding grounds or reserve accumulation prior 
to arrival on the breeding grounds (Ankney et al.  1991 ; Alisauskas and Ankney 
 1992 ). Duck diet studies ranging from generally herbivorous species, such as 
gadwalls ( Anas strepera ; Ankney and Alisauskas  1991 ) or canvasbacks ( Aythya 
valisineria ; Bartonek and Hickey  1969 ), to carnivorous species, such as lesser 
scaup (Afton and Hier  1991 ) or northern shovelers (Ankney and Afton  1988 ), 
have consistently illustrated the ubiquity of invertebrate consumption during the 
breeding season. Protein, and therefore invertebrate demands, remain throughout 
the breeding season associated with ontogenic growth of precocial young, which 
depart the nest and begin feeding on invertebrates ( aquatic   and emerging adults) 
within 24 h of hatching (Sedinger  1992 ). Distribution and abundance of aquatic 
invertebrates during brood rearing periods can infl uence habitat use, behavior 
and growth rates of broods and individual ducklings and, thus, are often the focus 

  Fig. 16.2    Generalized life-cycle and diet requirements of omnivorous waterfowl. The relative size 
of the circle outside the life cycle illustrates the relative reliance on plant-based foods or inverte-
brates in waterfowl diets during each phase in their life cycle. Although many exceptions and 
deviations on this pattern exist, the general pattern for increasing reliance on invertebrates during 
the breeding season and plants-based foods during the non-breeding season holds across many 
omnivorous waterfowl species       
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of wetland management strategies in breeding habitats (Hunter et al.  1984 ; Cox 
et al.  1998 ). 

 Protein demands also increase after breeding when adult (>second year) 
males and females undergo synchronous replacement of fl ight feathers during 
the remigial molt. This synchronous molting strategy of waterfowl renders them 
fl ightless for periods of 2–7 weeks (Hohman et al.  1992 ) during which selection 
for wetlands with abundant invertebrate food sources has been documented for 
some species (Kohler and Kohler  1998 ). After completion of the remigial molt, 
waterfowl initiate fall migration and most species rely on plant-based diets that 
are often subsidized by grains in agricultural fi elds. Use of invertebrates during 
this period appears to be restricted to species with carnivorous diets (e.g., lesser 
scaup; Afton et al.  1991 ) or those constrained to large water bodies (Ross et al. 
 2005 ). Plant-based diets tend to persist throughout the wintering period in many 
species until the aforementioned shift from plant-based diets to invertebrates 
occurs in anticipation of spring migration or breeding. Despite the prevalence of 
plant material in waterfowl diets during fall and winter, invertebrate consump-
tion during the period is ubiquitous (e.g., Baldassarre et al.  1983 ; Euliss and 
Harris  1987 ; Ballard et al.  2004 ) and is likely necessary to  deriv  e essential 
amino acids for metabolism or for maintenance and synthesis of somatic tissues 
(Loesch and Kaminski  1989 ; Heitmeyer and Fredrickson  1990 ; Richardson and 
Kaminski  1992 ).  

    Goals of Waterfowl Management in  Wetlands   

 The three principle motivations for wetland management for waterfowl are (1) 
provision of space for non-foraging activities (i.e., courtship and pair formation, 
or roosting) (2) facilitating waterfowl-based recreation (i.e., observing or hunting) 
and (3) provision of food for foraging waterfowl. These three motivations are 
rarely mutually exclusive and the focus of this chapter is on the fi nal motivation 
(food) so we only briefl y mention the fi rst two (space for waterfowl and (or) rec-
reation) to provide context for some wetland-management programs targeting 
waterfowl that may not emphasize food resources as a desired management out-
come. Management focused on provision of space for waterfowl seeks to provide 
either roosting habitats, refuges from hunting pressure during fall and winter, or 
nesting cover. As alluded to earlier, many waterfowl shift from wetland food 
resources to terrestrial food resources, generally in the form of waste agricultural 
seeds, throughout the non-breeding period. However, these species still seek out 
and use wetlands for roosting and supplemental foraging habitats, which can 
become limiting in some landscapes (Fox et al.  1994 ; Anteau et al.  2011b ). 
Accordingly, some wetland management strategies aim to provide suitable roost-
ing cover for waterfowl without any explicit concern for food within those habi-
tats. Another common objective for wetland management during the non-breeding 
season is to provide refuge from anthropogenic disturbances (primarily hunting) 
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for migrating or wintering waterfowl (Madsen  1995 ; Knapton et al.  2000 ). In 
general, most ducks included in our discussion nest in upland habitats around 
wetlands and use wetlands only for foraging or roosting. However, some species 
nest over water in wetland  vegetation   and therefore have specifi c nesting habitat 
requirements that can be the focus of wetland management practices (e.g., red-
heads,  Aythya americana ; Low  1945 ). 

 Many waterfowl-based wetland management strategies aim to increase 
abundance of food resources for waterfowl during at least one period of their 
annual life cycle. Wetland management for invertebrates and waterfowl is the 
focus of this chapter, so we will only briefly mention the context of that man-
agement, and provide more detail on methods and results later. In general, 
   wetland management practices for waterfowl foods overwhelmingly focus on 
the manipulation of vegetation or hydrologic regimes to promote early succes-
sional plant communities capable of producing large quantities of carbohy-
drate-rich seeds for waterfowl during the non-breeding period. Primary 
waterfowl breeding habitats in northern temperate and arctic latitudes, where 
invertebrates are most important in the diet, are rarely subject to management 
control, whereas wetland complexes used during non- breeding periods at mid- 
and southern latitudes, where waterfowl consume mostly plant-based diets, 
are often subject to substantial annual management control. Despite the over-
all focus on plant-based foods in many waterfowl management practices, 
invertebrate community responses to plant-focused manipulations are increas-
ingly recognized at southern latitudes (e.g., Gray et al.  1999 ; Davis and 
Bidwell  2008 ; Foth et al.  2014 ; Tapp and Webb  2015 ) and some management 
and conservation efforts are ongoing at northern latitudes with the intention to 
increase invertebrate abundance in wetlands used by migrating or breeding 
waterfowl (e.g., Hornung and Foote  2006 ; Anteau and Afton  2008a ; Anteau 
et al.  2011a ). 

 An additional motivation for wetland management relevant to waterfowl aims 
to attract waterfowl or infl uence their distribution to satisfy wetland and waterfowl- 
based recreationists, such as observers, photographers, or hunters. Such manage-
ment engages a broad constituency, can foster strong sociopolitical and fi nancial 
support for wetland conservation (e.g., Enck et al.  1993 ; Adams et al.  1997 ; 
Vrtiska et al.  2013 ), and may provide positive local economic impacts that 
strengthen support for wetland conservation (Gren et al.  1994 ; Grado et al.  2001 ). 
Nongovernmental organizations with recreation-based constituencies, such as 
Ducks Unlimited, Inc. in North America, have made substantial contributions to 
wetland conservation and in raising  public   awareness and support for wetland 
conservation issues beyond those relevant exclusively to recreational endeavors 
(Tori et al.  2002 ). Widespread public interest in waterfowl conservation, driven 
strongly by waterfowl hunters in the case of North America (Organ et al.  2010 ), 
along with the international migratory behavior of waterfowl across the world has 
led to the development of many international conservation strategies with net ben-
efi ts for wetlands and aquatic invertebrates therein. For example, since its incep-
tion in 1986,  the North American Waterfowl Management Plan (NAWMP)   and 
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associated funding support mechanisms in the United States, Canada, and Mexico 
have expended over $4 billion (USD) on conservation of over 63,000 km 2  of wet-
land habitats throughout North America (NAWMP  2012 ). A  comparable   interna-
tional agreement and conservation strategy exists in Eurasia (African-Eurasian 
Waterbird Agreement) to identify conservation priorities for Eurasian waterfowl 
and other wetland-dependent birds.  

    Where Wetlands Important to Waterfowl Occur 

 Wetlands of importance to waterfowl occur in many regions of the Northern 
Hemisphere, and in North America in particular. Their geographic location may 
partly relate to their importance in providing invertebrate forage. In the United 
States, wetlands most subject to active waterfowl management tend to occur in the 
 mid- and southern latitudes  . Key regions include California’s Central Valley, wet-
lands of the Great Basin region in Oregon, Nevada, and Utah, the Playa Lakes 
region of Texas, the Mississippi Alluvial Valley, the Upper Mississippi River and its 
associated pools and wetlands, and Nebraska’s Rainwater Basin. Within most of 
these areas large wetland complexes (e.g., Bear River Migratory Bird Refuge in 
Utah) are managed primarily for waterfowl and other migratory birds and, there-
fore, are well suited to the provision of plant and animal foods. Other regions, such 
as the Mississippi Alluvial Valley, comprise predominantly small, privately owned 
wetlands (e.g., rice fi elds) that provide habitat for migrating and wintering water-
fowl. Breeding habitats at more northern latitudes in the United States and Canada, 
including the Prairie Pothole Region, the Boreal Forest, and Arctic region of Canada 
and Alaska, are keystone habitats for waterfowl, but because of their geographic 
isolation and extreme climatic variability, receive little direct active management 
for waterfowl. 

 Hagy et al. ( 2014 ) reviewed wetland conservation issues of relevance to 
waterfowl  in Latin America  . They concluded that most priorities involved 
inventorying existing wetland areas and bird populations; management of wet-
lands at meaningful scales in this region (for invertebrates or otherwise) was not 
a common priority. Numerous important wetland systems exist for waterfowl 
outside of North America, but many are not subject to management consider-
ation. Much of coastal United Kingdom and continental Europe and Africa con-
tain thousands of areas deemed critical wetland habitats for migratory waterfowl, 
most of which are accounted for and may be investigated using the Critical 
Site Network Tool and associated publications (  http://wow.wetlands.org/
INFORMATIONFLYWAY/CRITICALSITENETWORKTOOL/tabid/1349/lan-
guage/en-US/Default.aspx    ). Notable regions include the Camargue Region of 
France, the Ebro Delta of Spain, and the rice-growing regions of Australia and 
Japan. Wetland areas in Argentina are often subject to waterfowl hunting, but 
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the extent of wetland management on these sites is poorly documented (Ferreyra 
et al.  2014 ). Many of these regions are associated with rice or other agriculture 
subject to fl ooding, although managed marshes exist in some regions, especially 
the Camargue, that provide important foraging habitats for migratory waterfowl 
(Arzel et al.  2009 ). 

 Unfortunately, little has been written on management of wetlands outside of 
North America for invertebrate production for waterfowl. Most studies of inver-
tebrates and waterfowl in these other regions describe associations between 
duck use and invertebrate abundances (e.g., Phillips  1991 ), foraging ecology 
(e.g., Giles  1990 ), or diet (e.g., Mouronval et al.  2007 ). Similarly, critical net-
works of wetlands for waterfowl exist throughout Asia, Australia and New 
Zealand, Africa, and the Indian Subcontinent, but the extent of management for 
invertebrates in these regions is largely undocumented. Detailing the interna-
tional scope of wetlands managed for waterfowl would be untenable for this 
chapter; therefore, we focus on general  ecological principles   of wetland man-
agement that should broadly apply to invertebrate communities and waterfowl, 
acknowledging that the majority of examples and insights are of North American 
studies.   

    Wetland Management Strategies 

  Wetland management   for waterfowl takes many forms that can generally be 
classifi ed into three strategies; hydrologic manipulations, direct-vegetation 
 manipulations  , and biotic manipulations (of vertebrates). Use of these strategies 
is rarely exclusive and they are often implemented simultaneously in systems 
ranging from geographically isolated wetlands such as Playa Lakes or prairie 
wetlands to coastal or riverine wetlands. Similarly, a wide gradient of manage-
ment intensity exists with two extremes spanning from systems that may receive 
management on decades-long return intervals to those that receive active manip-
ulations or management on intraannual (seasonal) or perhaps even daily time-
scales. For example, as we discuss in detail below, efforts to eradicate fi sh 
populations in prairie wetlands over a few years can have long-lasting positive 
impacts that favor improved waterfowl habitat for many years after active man-
agement has occurred. In contrast many wetland management strategies for 
waterfowl use seasonal or even monthly/weekly management of vegetation or 
water levels based on fi ne-tuned understanding of seasonal habitat needs of 
waterfowl. Our discussion focuses primarily on active management strategies 
applied on annual time scales, but we also discuss longer-term management 
strategies, specifi cally related to biotic manipulation of vertebrates or invasive 
species in managed wetlands.  
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     Hydrologic Manipulations   

 Hydrologic manipulations in wetlands are typically achieved using levees contain-
ing water control structures with the capacity to introduce or remove water from the 
wetland (Fredrickson and Taylor  1982 ; Gray et al.  1999 ). Examples of water control 
structures include screw and fl ap gates and fl ash-board (also referred to as drop- 
board) risers (Gray et al.  2013 ). Water can be introduced to manage wetlands 
through gravity-fl ow water source from a higher elevation or through use of gas or 
electric pumps capable of moving water across elevation gradients and into man-
aged wetlands (Gray et al.  2013 ). 

 Water-level manipulations in wetlands are often done for a variety of manage-
ment objectives related to providing favorable water depths for foraging water birds, 
eliciting a vegetative response, or promoting dry soil conditions that allow for addi-
tional management activities such as direct-vegetation or soil manipulations 
(Fredrickson and Taylor  1982 ; Isola et al.  2000 ; Taft et al.  2002 ; Greer et al.  2007 ). 
Within seasonal wetlands managed for early successional  moist-soil plant commu-
nities  , water levels are typically reduced during spring, to provide suitable condi-
tions for germination and growth of annual grasses, sedges, rushes, and forbs. These 
plants are fast growing, reach sexual maturity quickly (i.e., <3 months), and produce 
large quantities of seeds with relatively high nutritional quality for dabbling ducks 
(Haukos and Smith  1993 ; Gray et al.  1999 ). To reduce monocultures of perennially 
emergent plants, including cattail ( Typha  spp.) and phragmites ( Phragmites austra-
lis ), which are also poor producers of seeds for waterfowl, managers of prairie wet-
lands often periodically draw down water levels in late spring every 4–6 years 
(Merendino et al.  1990 ; Gray et al.  2013 ). This water-level manipulation disrupts 
the life-history needs of these two wetland species, allowing other plants to 
recolonize. 

 Within managed wetlands, the duration and timing of inundation, or hydro-
period, as well as depth of fl ooding, can infl uence macroinvertebrate abundance, 
species richness, community composition, and production (Batzer and Resh 
 1992 ). However the relationship between hydroperiod and invertebrate commu-
nity response is not consistent among wetlands types and has resulted in contra-
dictory results (Neckles et al.  1990 ; Schneider and Frost  1996 ; Hall et al.  2004 ; 
Batzer  2013 ). For example, temporary and seasonal wetlands in California with 
longer hydroperiods had greater invertebrate diversity and abundance for some 
taxa (Batzer and Resh  1992 ), whereas hydroperiod explained minimal variation 
in invertebrate metrics within seasonal woodland wetlands in northern Minnesota 
and Wisconsin (Palik et al.  2001 ; Batzer et al.  2004 ; Hanson et al.  2010 ). 
Alternatively, emergent invertebrate taxonomic richness, biomass, and produc-
tion peaked in riparian wetlands along the Platte River with intermediate hydro-
periods, compared to sites with longer or shorter hydroperiods (Whiles and 
Goldowitz  2001 ). The contradictory results of  numerous   studies examining the 
relationship between  wetland   hydrology and invertebrate communities led 
Batzer ( 2013 ) to conclude that while hydrology, and specifi cally hydroperiod, 
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was clearly important in structuring invertebrate communities within seasonally 
fl ooded wetlands, generalization about the direction and strength of this rela-
tionship was likely confounded by the sensitivity of invertebrates to other envi-
ronmental factors (e.g., water and air temperature, water depth and chemistry, 
predators, etc.). 

 Hydroperiod can indirectly infl uence wetland invertebrate diversity and produc-
tion by supporting populations of vertebrate predators, which are often implicated 
as a primary factor structuring wetland invertebrate communities (Schneider and 
Frost  1996 ; Corti et al.  1997 ; Wissinger  1999 ). Depending on the water source, 
inundating wetlands and maintaining water levels for longer time periods allows for 
the colonization and survival of fi sh, which prey on invertebrates (Batzer and Resh 
 1992 ). Wetlands with shorter hydroperiods or those that are drawn down more fre-
quently typically support lower vertebrate predator densities, especially fi sh (Batzer 
and Wissinger  1996 ). In a study that simultaneously evaluated effects of hydrope-
riod and predation on Mississippi River fl oodplain invertebrate communities, total 
invertebrate taxa richness, abundance, and biomass were lower in sites with more 
predators and the strength of this relationship increased with  duration   of fl oodplain 
inundation (Corti et al.  1997 ). Schneider and Frost ( 1996 ) reported greater abun-
dance and diversity of predators in vernal ponds with longer hydroperiods and sub-
sequent increased effects of biotic interactions, particularly predation, on invertebrate 
populations. 

 The timing of spring water-level drawdowns in managed wetlands infl uences the 
macrophyte community composition, with earlier drawdowns often resulting in ger-
mination  of   moist-soil plant species capable of producing large biomasses of seeds 
(Fredrickson and Taylor  1982 ; Gray et al.  2013 ). However, there is also potential for 
early drawdowns to preclude invertebrate taxa with longer life-history stages 
(Wilbur  1987 ; Neckles et al.  1990 ). Wetlands with shorter hydroperiods, or those 
drawn down earlier in the spring, may restrict presence of some species because 
they are unable to complete the aquatic portion of their life cycle before water is 
removed from the wetland or they lack capacity to survive longer dry periods in 
desiccation-resistant life stages (Schneider and Frost  1996 ; Corti et al.  1997 ). In 
addition, managed wetlands with differing hydrology or spring drawdown dates 
exhibit distinct temporal patterns of insect emergence, which can result in varying 
peaks of adult insect biomass availability along a temporal gradient (Whiles and 
Goldowitz  2001 ). 

 Late-summer inundation of managed seasonal wetlands can infl uence inverte-
brate communities: Anderson and Smith ( 2000 ) reported the greatest invertebrate 
abundance and biomass in playas fl ooded in September (compared to later November 
inundation) and Batzer et al. ( 1993 ) found greater densities of benthic midge larvae 
 in   moist-soil wetlands inundated earlier in autumn. Although both studies noted 
that earlier fl ooding schedules did not necessarily  r  efl ect natural conditions, early 
fall fl ooding is sometimes implemented by wetland managers to create inundated 
wetland habitat for autumn migrating shorebirds and early migrating dabbling 
ducks (Batzer et al.  1993 ; Anderson and Smith  2000 ). 
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  Wetland   hydrology is often manipulated to directly alter macrophyte distribu-
tion, structure, and community composition, which in turn can infl uence aquatic 
invertebrate communities, making it challenging to separate the effects of manipu-
lating hydroperiod and  vegetation   on invertebrates (Fredrickson and Taylor  1982 ; 
Batzer and Resh  1992 ; Hall et al.  2004 ; Batzer  2013 ). Hydrologic variation is the 
driving force structuring diversity and production of wetland plants, which increase 
structural habitat for invertebrates, serve as refugia from predators, provide attach-
ment sites, and produce detritus consumed by many invertebrates (Batzer and 
Wissinger  1996 ). Whiles and Goldowitz ( 2001 ) reported greatest plant species rich-
ness and production at Platte River wetlands with intermediate levels of fl ood dura-
tion and speculated that the high invertebrate species richness and production at 
these same sites could be linked to macrophyte communities. In an experimental 
study that manipulated wetland plant density, de Szalay and Resh ( 2000 ) found 
greater macroinvertebrate diversity in areas with high densities of emergent plants, 
but also reported greater overall invertebrate abundance and lower diversity in open 
water areas. Given that invertebrate communities vary with wetland plant species 
composition, as well as varying structure or density within the same plant species, 
it is  challenging   to understand and differentiate the effects of various wetland man-
agement practices on aquatic macroinvertebrates (Olson et al.  1995 ; Streever et al. 
 1995 ; Batzer  2013 ). 

     Direct-Vegetation Manipulations   

 Wetland vegetation may be manipulated to achieve habitat objectives for migrat-
ing waterbirds, and these techniques strive to set back plant succession to 
enhance overall seed production and improve water-cover ratios. Such tech-
niques also may infl uence abundance and diversity of aquatic invertebrates. 
Common manipulations include prescribed burning (Fig.  16.3a ), grazing, mow-
ing, and disking of soils, sometimes in conjunction with planting agricultural 
grains. Davis and Bidwell ( 2008 ) reported that wetlands experiencing these dif-
ferent types of  vegetation   manipulation yielded similar aquatic invertebrate 
richness and diversity, although these metrics were generally greatest in grazed 
wetlands and least in disked wetlands. Notably, plant biomass in mowed areas 
was less than unmanipulated areas, supporting the need to leave some vegeta-
tion intact (Davis and Bidwell  2008 ). Although direct manipulations didn’t 
offer a distinct advantage in enhancing invertebrate communities, the authors 
suggested direct manipulations were reasonable given management objectives 
of controlling nuisance plant species and enhancing seed production (Davis and 
Bidwell  2008 ). In a study evaluating autumn invertebrate communities in man-
aged, seasonally inundated wetlands in the Lower Mississippi Alluvial Valley, 
Tapp and Webb ( 2015 ) reported no effects of mowing on invertebrate biomass 
or family richness but did fi nd invertebrate production was approximately ten 
times greater on sites that were mowed.
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  Fig. 16.3    These photos illustrate two types of active wetland management for waterfowl habitat 
conducted by the US Fish and Wildlife service at the 130 km 2  Horicon National Wildlife Refuge 
in southeastern Wisconsin, USA. Figure ( a ) depicts the use of prescribed fi re as a direct-vegetation 
manipulation intended to increase availability of open foraging habitats and macrophyte diversity 
in a 1200 ha wetland impoundment that was completely dominated by cattail vegetation. Figure 
( b ) shows a trap full of carp in the Rock River that feeds the wetland complex. The trap uses an 
electronic barrier and vertical bars in the river to capture and remove carp moving upstream to 
spawn (Photos courtesy of USFWS)       
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   Gray et al. ( 1999 ) reported that aquatic invertebrate biomass and diversity was 
greatest in mowed and control plots in moist-soil units in Mississippi, with tilled 
and disked plots generally being least in these metrics. In a study of an experimen-
tally manipulated cattail marsh, Murkin et al. ( 1982 ) reported invertebrate popula-
tions were unaffected by various treatments to manipulate vegetation cover-water 
ratios, but noted that dabbling duck  pair   densities were correlated positively with 
invertebrate biomass on treated plots. Overall, direct manipulations of  vegetation   
appears to have mostly neutral infl uences on invertebrate biomass and diversity, 
with potentially positive effects on production, and thus appear to be a reasonable 
practice when such manipulations obtain other desirable management objectives.  

     Biomanipulation   

  Wetland management strategies   designed to manipulate vertebrate populations to 
improve wetland functioning or suitability for waterfowl are often termed bioma-
nipulation. The most common of these practices focus on the management of 
fi shes because the presence of fi shes can have a strong infl uence on invertebrate 
composition and nutrient dynamics in wetland food webs. Aquatic invertebrates 
are generally less abundant in wetlands that harbor fi sh populations owing to 
direct predation by fi sh, changes in phytoplankton and  macrophyte communities  , 
or a combination of both (Mallory et al.  1994 ; Hanson and Riggs  1995 ; Parkos 
et al.  2003 ). In wetlands of the Prairie Pothole Region (PPR), the presence of fi sh 
had a greater infl uence on  macroinvertebrate composition   than surrounding land-
use attributes (Tangen et al.  2003 ). It has even been suggested that the absence of 
fi shes can promote greater richness of aquatic birds, plants, amphibians and inver-
tebrates in small, isolated wetlands (Scheffer and van Geest  2006 ). Thus, the 
introduction and (or) management of fi shes in wetlands raises important concerns 
among wildlife biologists because of potential interactions between fi shes and 
waterfowl. 

 Wetland macroinvertebrates represent important food resources for both fi sh 
and waterfowl. In a South Dakota study, diets of spring-migrating lesser scaup 
were similar (92%) to those of yellow perch ( Perca fl avescens ), an intensively 
managed sport fi sh (Strand et al.  2008 ).  Fishes   can also have important indirect 
effects on wetland invertebrate communities. The presence of fi sh in a New York 
marsh resulted in reduced abundance of snails and midge predators, but greater 
abundance of epiphytic midges owing to indirect effects of fi sh on competitive/
predatory release from other invertebrates (Batzer et al.  2000 ). Although a vari-
ety of fi shes are known to inhabit wetlands  a  nd shallow lakes, two species in 
particular—fathead minnow ( Pimphales promelas ) and common carp ( Cyprinus 
carpio )—have been well studied with regard to their effects on food web struc-
ture and nutrient cycling in shallow lakes and wetlands and provide a good case-
study of the role of biotic manipulations in wetland management for 
waterfowl. 
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     Fathead Minnow      

 The fathead minnow is widely distributed in central North America (Scott and 
Crossman  1973 ) and has been introduced to many areas along the Atlantic and 
Pacifi c coast drainages in the United States (Andreasen  1975 ). Commonly found in 
wetlands, fathead minnow densities can reach over 350,000/ha (Duffy  1998 ). 
Because fathead minnows are a valued baitfi sh, they are easily moved among water-
bodies via “bait bucket” introductions by anglers. Fathead minnow are also com-
monly harvested from wetlands and sold to commercial bait dealers (Duffy  1998 ). 
In palustrine wetlands of eastern South Dakota, the annual wholesale value of fat-
head minnows averaged about $232/ha in the early 1990s (Carlson and Berry  1990 ). 

 The effects of fathead minnow on wetland invertebrates have been well docu-
mented (see Zimmer et al. Chap.   8     of this volume). Early work in Minnesota showed 
that invertebrate abundance, biomass, and taxon richness were lower in wetlands 
containing fathead minnows (Hanson and Riggs  1995 ). Similarly, a study of 19 
semi-permanent wetlands in west-central Minnesota showed that invertebrate com-
munity structure was affected by fathead minnow abundance, wetland depth, and 
abundance of aquatic macrophytes, with fathead minnow being the most infl uential 
parameter measured (Zimmer et al.  2000 ). In addition to reducing invertebrate 
abundance, fathead minnows are known to affect other important biotic and abiotic 
attributes in wetlands (Anteau and Afton  2008a ; Anteau et al.  2011a ). In the eastern 
PPR, wetlands that contained  fathead minnows h  ad fewer cladocerans, calanoid 
copepods, ostracods, and larval tiger salamanders but greater turbidity, total phos-
phorus, and chlorophyll- a  concentrations (Zimmer et al.  2001 ,  2002 ). Because fat-
head minnows often represent a dominant species in wetlands where fi sh occur, they 
can have strong ecosystem affects that infl uence plant and invertebrate abundance 
(Zimmer et al.  2002 )—that ultimately affects waterfowl use. Mallard ducklings, for 
example, grew and survived better in  fi shless   wetlands compared to wetlands that 
 contained   fathead minnow (Cox et al.  1998 ).  

     Common Carp      

 Native to Europe and Asia, the common carp has been introduced worldwide and is 
found on every continent except Antarctica (Weber and Brown  2009 ). In North 
America, common carp are often a dominant species in shallow lakes and riverine 
wetlands and are considered by biologists as a nuisance species with regard to 
waterfowl management in wetlands. A survey of National Wildlife Refuge manag-
ers in the United States revealed that 80% of refuges with wetland impoundments 
identifi ed common carp as a management challenge (Ivey et al.  1998 ). The benthi-
vorous feeding behavior of adult carp can have direct, “bottom-up” effects on 
aquatic systems that results in increased nutrient concentration, greater turbidity, 
and reduced submerged macrophyte abundance (Parkos et al.  2003 ). Similarly, 
nutrient enhancement via excretion and (or) increased decomposition of aquatic 
macrophytes can increase turbidity and have profound effects on ecosystem state 
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(i.e., clear- or turbid-water state; Scheffer et al.  1993 ). In Great Lakes wetlands, 
carp-related turbidity above 20 nephelometric turbidity units was associated with 
fewer submerged plant species (mean = 2.6 plants) than observed in wetlands with 
lower turbidity (mean = 10.5 plants; Lougheed et al.  1998 ). 

 Life-history attributes of common carp, such as rapid growth and early maturation, 
contribute to their success in introduced environments, where they can rapidly 
expand to reach high biomass (>3000 kg/ha; Weber and Brown  2009 ). In experi-
mental wetlands, total phosphorus, turbidity, and suspended solids were positively 
related to carp biomass (175–476 kg/ha), whereas macrophyte and macroinverte-
brate abundance decreased with increasing carp biomass (Parkos et al.  2003 ). Early 
life stages of common carp (<100 mm total length) are known to consume zoo-
plankton (Meijer et al.  1990 ), but effects of common carp on zooplankton densities 
are often equivocal. Common carp have been associated with increases (Drenner 
et al.  1998 ; Parkos et al.  2003 ) and decreases (Lougheed et al.  1998 ) in zooplankton 
biomass. At  sizes   greater than 100 mm, common carp switch to foraging on benthic 
macroinvertebrates and detritus and can reduce benthic invertebrate abundance and 
diversity. In a recent review, Weber and Brown ( 2009 ) found that in 94% of the 
surveyed literature, benthic macroinvertebrates decreased in response to  common 
carp.   Invertebrate taxa that are negatively infl uenced by common carp include 
amphipods, annelids, chironomids, and odonates (Miller and Crowl  2006 ; Weber 
and Brown  2009 ; Anteau et al.  2011a ). Both predation (Kloskowski  2011 ) and 
reduction of macrophytes (Matsuzaki et al.  2007 ) are believed to be responsible for 
the reduction of invertebrate biomass in carp-invaded communities. 

 The establishment of common carp has long been implicated in the disappear-
ance of aquatic macrophytes and reduction of waterfowl use in shallow lakes and 
wetlands (Bajer et al.  2009 ). At biomass concentrations of <30 kg/ha, carp were 
shown to have no effect on macrophytes or waterfowl abundance in Illinois  wetlands. 
However, when carp biomass exceeded 250 kg/ha, vegetative cover declined by 
17% and waterfowl use was only 10% of that documented before carp became 
established (Bajer et al.  2009 ). Similarly, Ivey et al. ( 1998 ) estimated that carp inva-
sion in Malheur National Wildlife Refuge in Oregon reduced waterfowl production 
there to 25% of the level observed prior to carp invasion. Because fi shes such as 
carp and fathead minnow can  have   dramatic effects on wetland plants, invertebrates, 
and waterfowl, a variety of management approaches have been developed  to   aid in 
control or removal of these wetland fi shes (Fig.  16.3b ).   

    Control/Manipulation of Wetland  Fish Populations   

 Biomanipulation is a common technique used to improve water quality and ecosys-
tem functioning in eutrophic lakes and wetlands. In a review of biomanipulation 
techniques commonly applied to fi sh assemblages, Drenner and Hambright ( 1999 ) 
found that partial fi sh removal was the most successful technique (90%) in improv-
ing water quality and habitat conditions for plants and aquatic invertebrates. In a 
related study of 18 Dutch shallow lakes, removing less than 70% of fi sh biomass 
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had no impact on water turbidity, but in lakes where fi sh biomass was reduced 
below 30% of their initial abundance, water clarity improved appreciably (Drenner 
and Hambright  1999 ). Other techniques, such as piscivorous fi sh stocking (26% of 
studies reviewed), piscivore stocking with partial fi sh removal (60%), and elimina-
tion of fi sh followed by re-stocking (67%) generally appear to be less successful at 
combating eutrophication (Drenner and Hambright  1999 ). 

 In efforts to restore waterfowl populations in Lake Christina, Minnesota, the lake 
was chemically treated with rotenone in the late 1980s to reduce the abundance of 
benthivorous fi sh (primarily carp). Early responses to fi sh removal showed that the 
cladoceran community shifted from small-bodied taxa (e.g.,  Bosmina  spp.) to larger 
cladoceran taxa (e.g.,  Daphnia  spp.) within 6 months (Hanson and Butler  1990 ). 
Concomitant with changes in zooplankton composition, chlorophyll- a  concentra-
tions declined and water transparency and submergent macrophytes increased dra-
matically (Hanson and Butler  1990 ). Three years post-treatment, use of Lake 
Christina by migrating waterfowl increased signifi cantly, presumably due to changes 
in macroinvertebrate abundance and submerged plants (Hanson and Butler  1994 ). 
Although reductions in fi sh biomass can have profound effects on plant- invertebrate- 
waterfowl interactions in wetlands, they are generally not permanent because over 
time, because fi sh populations increase via recruitment, invasion, and (or) introduc-
tions. For example, Lake Christina has been chemically treated three times in the 
last 40 years to reduce effects of benthivorous fi sh. Similar efforts  to   reduce carp 
populations through direct removal or through rotenone treatments in systems man-
aged for waterfowl are ubiquitous across the United States and report variable long- 
term success (Fig.  16.4 ; e.g., Cahoon ( 1953 ) at Lake Mattamuskeet in North 
Carolina or Weier and Starr ( 1950 ) in coastal marshes in Ohio).

   Stocking of piscivorous fi sh, such as  walleye ( Sander vitreus )  , has been used to 
control fathead minnow populations in wetlands. Fisheries managers in the PPR 
often use semi-permanent and permanent wetlands to temporarily rear juvenile wall-
eye, thus providing an opportunity to evaluate effects of walleye stocking on wetland 
attributes. In Minnesota wetlands, the stocking of walleye fry (12,000 fry/ha) resulted 
in signifi cant reductions in fathead minnow populations (Herwig et al.  2004 ; Ward 
et al.  2008 ). In addition, walleye stocking resulted in increases in water clarity, cla-
doceran abundance, and some macroinvertebrates whereas phytoplankton biomass 
declined (Reed  2006 ; Potthoff et al.  2008 ; Fig.  16.4 ). Changes in biotic and abiotic 
wetland attributes following stocking of walleye fry was attributed to their rapid diet 
shift from invertebrates to small fi sh (i.e., fathead minnows). As with fi sh removal 
techniques, however,  effects   of walleye stocking can be short-lived, requiring 
repeated re-stocking to maintain desired wetland conditions (Potthoff et al.  2008 ).  

    Other  Biomanipulations   

  Fish   are the most commonly manipulated vertebrates in wetlands managed for 
waterfowl because of their direct and indirect impacts on food web structure. 
However, other vertebrates are often targeted for reduction (or removal) in efforts 
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to improve wetland conditions for waterfowl. Aquatic mammals have received 
considerable attention in this respect where a variety of strategies have been used to 
manage their populations in waterfowl marshes. Muskrats ( Ondatra zibethicus ) and 
beavers (    Castor canadensis ) for example can be “friend or foe” to wetland manag-
ers and are often a focus of habitat management strategies. Beavers and muskrats 
have well-documented roles in improving waterfowl habitat in wetlands through 
their impacts on water levels (Beard  1953 ; see beaver wetlands Chap.   12     of this 
volume) and vegetation density and composition (Clark  2000 ; de Szalay and 
Cassidy  2001 ), respectively. Further, habitat heterogeneity created by beavers may 
infl uence aquatic invertebrates, such as increasing diversity (Hood and Larson 
 2014 ). However, confl icts between these species and wetland management objec-
tives often exist and can become the focus of population reduction efforts. The most 
common confl icts between wetland managers and beavers relate to construction of 
dams in areas that interfere with water control structures—beavers often respond to 
drawdowns in managed systems by constructing dams on outlet pipes. Similarly, 
muskrat populations can be of management concern in cases where their abundance 
has negative impacts on desired vegetation within a wetland or because of their 
tendency to construct burrows in the steep slopes of dikes around wetland impound-
ments. Considerable design and engineering efforts go into abating the latter of 
these issues related to the optimal slope and dimensions of dikes around impound-
ments or through burying fence to prevent burrowing into dikes. 

  Fig. 16.4    Stocking walleye fi ngerlings to reduce fathead minnow abundance has proven to be an 
effective management strategy for improving wetland habitat and water quality in Prairie Pothole 
wetlands. By reducing fathead minnow abundance, walleyes impose a trophic cascade, resulting in 
increased water clarity, submerged macrophytes, and greater macroinvertebrate abundance. Below 
are two wetlands—one stocked with walleye to reduce fathead minnow density (walleye stocked) 
and one that contains only fathead minnows (control site). Photo courtesy of B. Herwig, Minnesota 
Department of Natural Resources       
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  Nutria ( Myocastor coypus )   is another aquatic mammal garnering increased 
attention among wetland managers in North America. Nutria were imported to 
several states for fur production during the 1930s, and were also deemed useful as 
a means to control undesirable aquatic vegetation (Carter and Leonard  2002 ). Since 
this time, nutria have become well established in the wild in several North American 
states, and are most abundant along the Gulf Coast and in Oregon (Carter and 
Leonard  2002 ). Nutria can cause crop damage, destroy wetland infrastructure via 
burrowing (e.g., undermining levees), and have been implicated in the loss of coastal 
wetlands in Louisiana though  direct    vegetation   damage. Therefore, nutria likely 
indirectly infl uence wetland invertebrate populations through the removal of impor-
tant vegetation and substrates, and destruction of wetland infrastructure. Fortunately, 
control techniques, such as trapping and toxicants, exist to reduce nutria popula-
tions where they have become problematic. 

 Ironically, another emerging threat for waterfowl habitat in North America 
comes from an exotic species of waterfowl, the  mute swan ( Cygnus olor )   which was 
introduced from its native range in Europe (Petrie and Francis  2003 ). Mute swans 
are increasingly a concern for wetland and waterfowl managers across a diversity of 
ecosystems because of their impacts on aquatic plant productivity and potential 
indirect effects on invertebrate populations. Many studies have shown reductions in 
aquatic macrophytes in wetlands associated with grazing by mute swans (e.g., Allin 
and Husband  2003 ; Tatu et al.  2007 ; Stafford et al.  2012 ); however, the direct effects 
of such grazing on macroinvertebrates in these wetlands are equivocal (e.g., Allin 
and Husband  2003 ) and understudied. Direct control efforts on mute swans have 
been conducted  in   some systems though such efforts are often met with controversy 
from the general public (Ellis and Elphick  2007 ).   

     Controversies and Challenges   

 Of controversies facing wetland management for waterfowl, we suggest the fore-
most is the notion that active waterfowl management, for invertebrates and other-
wise, promotes static, artifi cial situations intended to maintain consistent hydrology 
and cover-water ratios that approximate 50:50 (i.e., hemi-marsh; Weller and 
Spatcher  1965 ). Various studies support the notion that waterfowl abundance in 
breeding, migratory, and wintering regions is greatest in wetlands where cover- 
water interspersion approaches even ratios (Kaminski and Prince  1984 ; Smith et al. 
 2004 ; Webb et al.  2010 ). However, these intended recommendations may work 
against normal wetland hydrologic cycles, resulting in wetlands that are less pro-
ductive or functional over the long-term, which may impede ecosystem health and 
services. Recent clarifi cations to wetland management concepts have encouraged 
more natural manipulations (e.g., use of fi re) and hydrology under controlled situa-
tions. Nonetheless, the mandate to manage migratory birds may create a mismatch 
in wetland quality and productivity, and we suggest this topic requires specifi c study 
on the costs and benefi ts of such practices. We note, however, that wetland 
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complexes, properly managed, may rotate through various stages; thus, in some 
situations static conditions may be more easily avoided. 

 Another important and contemporary challenge to waterfowl management for 
invertebrates is accessibility of water for active wetland management. This is of 
recent and particular importance in the western United States, where many states 
can experience drought conditions that lead to confl icts for water use. Regions that 
actively manage wetlands (e.g., in the Klamath Basin; Burke et al.  2004 ) face pres-
sure on providing water for wetland management given urban and agriculture 
requirements in the area and downstream. In arid areas, wetlands that remain 
unfl ooded during breeding or migration may result in considerable losses of water-
fowl habitat, and prolonged dry periods exacerbate the need for solutions to water 
shortages that address ecological and anthropogenic demands (Burke et al.  2004 ). 
Water banks, where water is temporarily purchased from willing sellers for specifi c 
uses, may provide one mitigation option, but long-term solutions are evasive (Burke 
et al.  2004 ). 

 Perhaps the greatest challenge to effective wetland management to provide 
invertebrates for waterfowl is the lack of consistent and conclusive trends identifi ed 
by previous research on the environmental factors and ecological processes that 
infl uence wetland  invertebrate   communities (Batzer  2013 ). Inability to detect con-
sistent patterns in invertebrate response to wetland management practices may be 
because invertebrates, which are tremendously diverse taxa, are simultaneously 
infl uenced by numerous ecological and environmental factors including detritus, 
hydrology, water chemistry, and predation (Batzer  2013 ). Many studies have evalu-
ated effects of wetland management on invertebrate biomass and community com-
position, however invertebrate secondary production, or the formation of animal 
biomass over time, is less commonly evaluated and the dynamics of aquatic inver-
tebrate populations are likely an important element to consider when determining 
the implications of wetland management for waterfowl (Anderson and Smith  2000 ; 
Whiles and Goldowitz  2001 ; Tapp and Webb  2015 ). Secondary production of inver-
tebrate communities incorporates invertebrate abundance, biomass, growth, and 
even colonization of different invertebrate taxa, which may make it a useful metric 
to evaluate overall invertebrate response to wetland habitat management strategies 
(Benke and Huryn  2010 ). Studies of aquatic invertebrates are challenging, time- 
consuming, and often costly; however, this frontier in wildlife and wetland research 
needs to be explored more fully if best management practices are to be science- 
driven. Research on waterfowl selection of different invertebrate groups relative to 
different life-history events may provide more insight into when and where inverte-
brates as a food resource are most limiting, and which should be the focus of man-
agement. In addition, variation inherent in  invertebrate   communities make active 
management for invertebrates diffi cult, and recommendations, management strate-
gies, and best practices are lacking. The dearth of information may be apparent from 
our literature review, and we believe new emphasis be focused on bottom-up pro-
cesses that relate to invertebrate communities with respect to active and passive 
wetland management practices (Box  16.1 ). 
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  Box 16.1: Neonicotinoids: An Emerging Threat to Invertebrate 
Communities in Managed Wetlands? 

 Neonicotinoids are a class of pesticide developed in the 1980s that have been 
widely adopted for agricultural use throughout North America and Europe, in 
large part because they are selectively more toxic to insects than vertebrates 
(Kollmeyer et al.  1999 ; Tomizawa and Casida  2005 ), and their use has grown 
considerably since 2000 promoted by their fl exible use, and systemic (uptake by 
the plant) activity (Goulson  2013 ). However, >90 % of active ingredients found 
in neonicotinoids applied as seed treatments enter the soil, where half- life can 
range from 200 to >1000 days (Goulson  2013 ). Given the relatively long half-
life and high degree of water solubility of many neonicotinoids, repeated appli-
cation has the potential to accumulate high concentrations in soils, which can 
then leach to groundwater or surface water following precipitation events 
(Gupta et al.  2008 ; Starner and Goh  2012 ). Recently, neonicotinoids were 
detected in >90 % of wetlands sampled within the prairie pothole region of 
Saskatchewan (Main et al.  2014 ), whereas Hladik et al. ( 2014 ) reported neonic-
otinoid occurrence in all Midwestern streams sampled, many with concentra-
tions exceeding acute and chronic exposure levels for aquatic macroinvertebrates. 
In addition to  receiving   neonicotinoids indirectly through hydrologic inputs 
from the surrounding watershed, managed wetlands also have the potential for 
increased  neonicotinoid concentrations   through direct application as part  of 
  moist-soil management practices. Portions of managed wetlands are sometimes 
planted with agricultural grains (usually corn) as part of the  soil disturbance   to 
reset vegetative successional patterns (though disking action) and provide an 
alternative, high carbohydrate food source for dabbling ducks, however if 
managers use neonicotinoid-treated seed, direct application of these insecticides 
has the potential to infl uence wetland macroinvertebrate communities. 

 Beketov et al. ( 2008 ) demonstrated that a single-pulse application of the 
neonicotinoid thiacloprid altered long-term community structure of stream 
macroinvertebrates in a mesocosm, with populations of longer-lived species 
less likely to recover. A study in the Netherlands reported a signifi cant nega-
tive correlation between  imidacloprid concentrations   in surface waters and 
macroinvertebrate abundance, including orders Diptera and Ephemeroptera, 
which commonly occur in wetland ecosystems (Van Dijk et al.  2013 ). 
However, this study relied on disparate, previously collected data, where 
invertebrate and neonicotinoid samples were collected in different locations 
(up to 1 km apart) and times (up to 160 days apart) (Van Dijk et al.  2013 ). 
Prolonged exposure in water to the neonicotinoid imidacloprid was linked to 
changes in growth, persistence, and community composition of aquatic inver-
tebrates, particularly to individuals in the functional group known as shred-
ders, potentially reducing ecosystem functions related to decomposition, 
nutrient cycling, and water quality (Kreutzweiser et al.  2009 ; Agatz et al. 
 2014 ; Chagnon et al.  2015 ). Currently, little is known on  neonicotinoid   
concentrations in managed wetlands and the potential to impact on aquatic 
invertebrate communities, however if results of lab studies translate to fi eld 
conditions, direct application of neonicotinoid-treated seeds in managed 
wetlands could pose an emerging threat to wetland invertebrates. 
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       Conclusions 

 Invertebrates in managed wetlands ( Appendix ) clearly provide valuable food 
resources for waterfowl during all portions of the annual cycle. Because many species 
rely on proteinaceous foods prior to and during nesting, and young feed almost 
exclusively on aquatic invertebrates, management to promote these resources may 
be particularly valuable. However, it appears that  invertebrate production   for water-
fowl is often a consequence of other wetland management practices intended to 
promote desirable vegetation and carbohydrate-rich foods. Correspondingly, few 
studies have involved invertebrate production in managed waterfowl marshes, 
although this topic is beginning to receive more attention. 

 Managed wetlands for waterfowl occur globally, but we have focused on those in 
North America and Europe. However, wetland management strategies vary consid-
erably even within close geographic areas. Hydrologic manipulations are common, 
which involve controlling hydroperiods and extent of inundation to achieve desired 
results. These techniques may infl uence macroinvertebrates, but results are incon-
sistent. Direct manipulations of  vegetation   may also affect invertebrate abundances 
and diversity, but likely provide results similar to unmanaged wetlands. Vertebrates 
may also be managed to  “biomanipulate” wetlands  . Fish, in particular fathead min-
nows and common carp, can negatively infl uence invertebrate abundance, biomass, 
and richness in wetlands of importance to waterfowl. These species may be subject 
to control, thereby improving water quality, ecosystem function, and invertebrate 
populations. Finally, other vertebrate species, such as mute swans and nutria, may 
alter wetland habitats in a fashion that negatively impacts invertebrate foods for 
waterfowl. It may also be desirable to control these species. 

 Wetland management for waterfowl may create long-term artifi cially static 
hydrologic patterns with the potential to negatively impact wetland ecosystem pro-
cesses. Efforts are ongoing to improve hydrologic practices for waterfowl. Issues of 
availability of water resources for wetland management affect many regions, espe-
cially in western North America.  Climate change   could exacerbate these issues and 
present important socioeconomic and ecological challenges. Finally, the infl uence 
of waterfowl habitat management on invertebrates remains poorly understood, and 
a unifi ed approach, perhaps in the context of adaptive resource management, would 
improve understanding and effi ciency of management strategies for waterfowl.      

     Appendix 

 Aquatic invertebrates collected from waterfowl marshes across North America.
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    Chapter 17   
 Invertebrate Assemblages and Their 
Ecological Controls Across the World’s 
Freshwater Wetlands                     

       Dani     Boix      and     Darold     Batzer        

        Introduction 

 The 15 habitat-based chapters in this book (Table  17.1 ) provide a unique opportu-
nity for cross-wetland comparisons of invertebrate assemblages. Because of the 
global coverage and the enormous natural variation among the habitats covered, it 
permits a  “macro” scale perspective   on wetland invertebrate distribution and ecol-
ogy, never before attempted. For example, the infl uence of habitat size on inverte-
brate taxonomic richness has been examined within several wetland types (e.g., 
rock pools, Vanschoenwinkel et al.  2009 ; alpine ponds, Wissinger et al.  1999 ). 
However, in this book, we were dealing with habitats like rock pools that can be 
<1 m across to the Pantanal at almost 200,000 km 2  in area. We deal with small habi-
tats with very simplistic  water budgets   (e.g., precipitation in temporary alpine 
ponds, groundwater in springs), to large habitats that concurrently receive water 
from precipitation, groundwater, and surface fl ows and also concurrently have tem-
porary, semipermanent, and permanent hydroperiods (e.g., fl oodplains). Thus, we 
examine variation in wetlands and their invertebrates through a very broad macro-
scopic rather than a narrow habitat-specifi c perspective, and we feel this yields 
some new and insightful ways to view wetland invertebrate ecology.

       Invertebrate Assemblages Across Different  Types of Wetlands   

 To begin our macroscopic tour of wetland invertebrates, we fi rst examine assem-
blage structure among the different wetland types. We focus on the family level 
because this is the lowest taxon that was reliably reported by authors across all habi-
tats, and this level eliminates, to some extent, biogeographic considerations (a great 
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number of genera only occur in specifi c areas or continents, but this is the case for 
relatively few families). However, family level classifi cation was only comprehen-
sively covered in chapter appendices for certain higher taxonomic groups, mostly 
macroinvertebrates. Thus, for our analysis, we focus on mollusks, leeches, large 
branchiopods, malacostracans, odonates, the so-called EPT  taxa   (Ephemeroptera, 
Plecoptera, and Trichoptera), hemipterans, coleopterans, and dipterans, compiling 
cross-habitat summary tables for each. 

 In each table, we list all families of a group reported across all of the wetland 
types (see those appendices), ranked by percent occurrence (vertical axis). We 
also rank the different kinds of wetlands by how many families of a group were 
reported (least to most; horizontal axis). For each taxonomic group, a small num-
ber of families were ubiquitous across all wetland types (occurred in virtually 
every wetland type; e.g., Chironomidae). We considered these families as  gener-
alists , able to exploit any wetland regardless of its environmental conditions 
(acknowledging that more specialization undoubtedly occurs for many genera or 
species in these groups). The families that only occurred in a single wetland type 
were considered  rare . These rare taxa were mostly incidental colonizers, have 
very specifi c habitat needs, or in some cases occurred in very restrictive locations 
(e.g., only Australia or South America). While individual species in these rare 

    Table 17.1    Fifteen habitat-based chapters in this book, with the abbreviated habitat names we 
used for habitat labeling in summary tables   

 Book chapter titles  Abbreviated habitat names 

 2. Invertebrates in Rock Pools  Rock pools 
 3. Invertebrate Communities of Alpine Ponds  Alpine ponds 
 4. Invertebrates in Temporary Wetland Ponds of the Temperate 
Biomes 

 Temporary ponds 

 5. Invertebrates of Freshwater Temporary Ponds in 
Mediterranean Climates 

 Mediterranean ponds 

 6. Invertebrates in Irish Turloughs  Turloughs 
 7. Peatland Invertebrates  Peatlands 
 8. Invertebrates in Permanent Wetlands (Long-hydroperiod 
Marshes and Shallow Lakes) 

 Permanent marshes 

 9. Invertebrates in Great Lakes Marshes  Great Lakes marshes 
 10. Invertebrates in the Florida Everglades  Everglades 
 11. Invertebrates in Groundwater Springs and Seeps  Springs 
 12. Invertebrate in Beaver-Created Wetlands and Ponds  Beaver ponds 
 13. Invertebrates in Temperate-zone River Floodplains  Temperate fl oodplains 
 14. Invertebrates in Neotropical Floodplains  Neotropical fl oodplains 
 15. Invertebrates in Created and Restored Wetlands  Created wetlands 
 16. Invertebrates in Managed Waterfowl Marshes  Waterfowl marshes 
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families may be noteworthy (highly specialized), we felt these rare families would 
provide minimal information regarding cross-habitat ecological controls on 
invertebrates. 

 Those families that were neither ubiquitous nor rare, were deemed the most 
likely to suggest how invertebrate assemblages might be controlled across envi-
ronmental gradients or transitions. We refer to these families as being  constrained ; 
i.e., they were clearly adapted for wetland conditions, but some environmental 
factor (or factors) controlled whether they occurred in some wetland types and not 
others. After identifying constrained families in a group, we then looked for gra-
dients and/or transitions in the richness of these moderately widespread families 
across the set of 15 wetland types, focusing on which habitats supported large 
numbers of otherwise constrained taxa and which habitat supported few or none. 
   We further provided gross characterizations of the environmental conditions that 
occur in the different wetlands, focusing on relative size, relative hydroperiod 
lengths, primary sources of water input, whether the water fl owed (was lotic) or 
not (was lentic), how the vegetation was structured, and whether fi sh occurred or 
not. These six different environmental factors and the criteria we used to identify 
variation for each factor are summarized in Table  17.2 . Criteria by intention only 
refl ect gross change. Note also that several wetland types defy even a relatively 
gross categorization (in sizes, hydroperiods, water sources, or fl ow patterns). 
Thus, we often used multiple values or ranges in values to describe some wetlands 
(e.g., Mediterranean ponds range from small to medium in size, fl oodplains sup-
port a range of vegetation types).

   For every taxonomic group, we discovered a large range in the numbers of fami-
lies supported by the different wetland types, with some types supporting only a 
handful (or even none) and others supporting a large number of families (>20 for the 
larger insect orders and mollusks). This indicates that considerable variation among 
wetland types is captured using family-level classifi cation. In the following 
 subsections, we use the generated Tables  17.3 ,  17.4 ,  17.5 ,  17.6 ,  17.7 ,  17.8 ,  17.9 , 
 17.10 , and  17.11  to discuss each of the different macroinvertebrate taxonomic 
groups, looking for patterns in family richness and possible mechanisms of environ-
mental control. We then follow that analysis with an attempt to integrate effects of 
multiple taxa on overall wetland change, and then fi nally to develop an overarching 
model that could help explain the enormous  vari  ation in invertebrate assemblages 
across wetlands globally.

               Mollusca      

 Generalist mollusks include pulmonate snails (Planorbidae, Physidae) and 
Sphaeriidae fi ngernail clams (Table  17.3 ), which all can tolerate both drying and 
low levels of dissolved oxygen (pulmonates air breathe; Brown and Lydeard  2010 ). 
Wetland conditions pose few constraints for these generalists. Table  17.3  shows that 
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numbers of constrained taxa increased steadily as overall molluscan family richness 
increases among the 15 wetland types, with a surge in constrained family richness 
for Irish turloughs (Chap.   6    ), Great Lakes marshes (Chap.   9    ), and permanent 
marshes (Chap.   8    ). This change in constrained taxa occurs as hydroperiods lengthen 
and water sources other than precipitation (especially groundwater) begin to domi-
nate water budgets. Thus, drying and a lack of calcium for shell formation are likely 
strong constraints for non-generalist mollusks. The large increase of constrained 
mollusks in permanent marsh and Great Lakes marsh habitats coincides with a prev-
alence of lush emergent, submersed, and fl oating macrophyte growth (Table  17.3 ) 

    Table 17.2    Labels used to categorize environmental conditions in the 15 habitat types applied in 
summary Tables  17.3 – 17.11    

 Environmental variables a   Wetland examples 

  Size  
 XS—<10 m diameter (long axis)  Rock pools, some temporary ponds 
 S—10–100 m diameter  Some temporary ponds, springs 
 M—100–1000 m diameter  Permanent marshes 
 L—1000–10,000 m diameter  Peatlands, Great Lakes marshes 
 XL—>10,000 m diameter  Everglades, Neotropical fl oodplains 
  Hydroperiod  
 Sh—short (<3 months of inundation)  Most rock pools 
 Me—medium (3–12 months)  Mediterranean ponds 
 Lo—long (1–10 years)  Permanent marshes 
 Pe—permanent (or nearly so)  Springs 
  Water source  
 P—precipitation  Temporary ponds, peatlands 
 GW—ground water  Springs, turloughs 
 R—runoff (lateral) of surface water  Floodplains, Great Lakes marshes 
  Flow  
 Le—lentic (standing water)  Rock pools, permanent marshes 
 Lo—lotic (fl owing water)  Neotropical fl oodplains, springs 
  Vegetation  
 E—emergent macrophytes  Permanent marshes 
 F—fl oating, submersed macrophytes  Permanent marshes 
 W—woody trees and shrubs  Neotropical fl oodplains 
 O—mostly open water (acknowledging peripheral 
emergent vegetation occurs) 

 Alpine ponds 

  Fish  
 (+)—widespread  Everglades, Neotropical fl oodplains 
 (−)—rare or absent  Rock pools, temporary ponds 
 (+/−)—usually occur, but sometimes absent  Permanent marshes 
 (−/+)—usually absent, but sometimes occur  Alpine ponds 

   a For any measure, a habitat may be assigned more than one label (e.g., XS-S for temporary ponds)  
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that creates a complex three-dimensional habitat for snails, which primarily graze 
algae and biofi lms from surfaces (Brown and Lydeard  2010 ). Thus, a lack of this 
kind of habitat is likely another constraint on mollusks. Molluscan family richness 
is high in the habitats where fi sh predation is also a pervasive force (see  permanent 
  marshes Chap.   8    ), but this constraint is probably minimized by protections con-
ferred by molluscan shells. 

 Endemic and threatened species of mollusks exist, including hydrobiid snails 
(see Chap.   11    ), ampullariid (apple) snails (see Chap.   10    ), vertiginid snails (see 
Chap.   6    ), and unionid clams (see Chap.   9    ). Several mollusks have become important 
exotic invasives that threaten wetlands, including zebra mussels (Dreissenidae; see 
Chap.   9    ), Asiatic clams (Corbiculidae), some apple snails (Ampullariidae, see Chap. 
  10    ), and the golden mussel (Mytilidae; see Chap.   14    ). Mollusks are arguably the 
most important invertebrates in freshwater wetlands, overall, given that they can be 
sensitive  to   multiple environmental constraints, snails are perhaps the most impor-
tant herbivores in wetlands, and several mollusks are species of special concern.  

     Hirudinea      

 Relatively few families of leeches (6) were reported from wetlands globally 
(Table  17.4 ). None were completely ubiquitous, with leeches being absent from 
rock pools (probably due to short hydroperiods and poor access; see Chap.   2    ) and 
springs (which to us was a surprise, as neither conditions nor access should be prob-
lematic across all springs; see Chap.   11    ). Glossiphoniidae occur in every other kind 
of habitat, and  Erpobdellidae   were also fairly widespread, regardless of wetland 
conditions. A few wetland types supported additional leech families. Some of those 
leech families with restricted distributions are parasitic on fi sh (Govedich et al. 
 2010 ), and  occurrence   may refl ect fi sh presence, or at least a connection to fi sh bear-
ing waters.  

     Large Branchiopoda   

 No generalist families were observed for large branchiopods, and this taxonomic 
group was not recorded from seven wetland types (Table  17.5 ). Branchinectidae and 
Chirocephalidae were the most widespread families, and yet were only recorded 
from 5 of 15 wetland types each. Only two wetland types recorded high family rich-
ness, rock pools (Chap.   2    ) and Mediterranean ponds (Chap.   5    ), although the lists for 
some wetlands types were based on representative habitats and were not intended to 
be exhaustive. 

 Wetland types where large branchiopods were absent are characterized by per-
manent or long hydroperiods, whereas the two taxon-rich wetland types had medium 
to short hydroperiods. Large branchiopods have long been recognized as a group of 
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crustaceans that inhabits almost exclusively temporary ponds (Hartland-Rowe 
 1972 ). However, besides hydrology, patterns for large branchiopods could be also 
related to fi sh predation. The wetland types where large branchiopods were lacking 
generally also supported fi sh; rock pools and Mediterranean ponds are  fi shless   habi-
tats. Both environmental factors, permanence and fi sh predation, are known to con-
trol invertebrate community structure in many wetlands (Wellborn et al.  1996 ), and 
it is likely that richness patterns of large branchiopods are directly or indirectly 
related to these factors. However, large branchiopods are known to occasionally 
occur in permanent waters without fi sh, and in some arctic and alpine ponds with 
fi sh (Jeppesen et al.  2001 ; Beladjal et al  2007 ). The relatively high large branchio-
pod richness in temperate fl oodplains (Table  17.5 ) was somewhat of a surprise given 
 frequent   inundations by river water  and   high fi sh abundances.  

     Malacostraca      

 Most wetland types supported only a handful of families of Amphipoda, Decapoda, 
or Isopoda. Family richness was low across small, short-hydroperiod, precipitation- 
based wetland types, especially those with simplistic vegetative community struc-
tures (Table  17.6 ). No families were truly ubiquitous, and we did not classify any as 
generalists. Numerous families occurred in only a single wetland type, mostly due 
to restricted biogeographic ranges. 

 Despite being a small habitat type, springs supported a rich assortment of mala-
costracan families, probably because the group frequently inhabits groundwater 
(see Chap.   11    ). Family richness was also very high in permanent marshes (Chap.   8    ) 
and temperate fl oodplains (Chap.   13    ) (Table  17.6 ). Here  malacostracans   can be 
among the most abundant invertebrates, and given their large body sizes are 
undoubtedly crucially important ecologically (as consumers, and as fi sh and duck 
foods). They are similarly important ecologically in Great Lakes marshes and the 
Everglades (see Chaps.   9     and   10    ). Although typically considered to be restricted to 
permanent waters (Wiggins et al.  1980 ), there are numerous accounts of  va  rious 
malacostracans successfully persisting in dry wetland.  

     Odonata      

 The dragonfl y and damselfl y fauna of most wetland types was composed mostly of 
generalist families (Table  17.7 ). When wetlands supported numerous non-generalist 
families, it was often due to biogeographic reasons, i.e., the surveys included habi-
tats outside of Europe and North America. At a macroscopic level, the Odonata 
seem to lack much specialization. Strong fl ying and long-lived adults should be able 
to access most wetland habitats, and virtually all species are generalist predators 
able to exploit most any prey resource (Tennessen  2008 ). However, ample evidence 
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exists that more specialization occurs among genera and species within families 
(especially Coenagrionidae and Libellulidae;    see beaver pond Chap.   12    ).  

     EPT    Taxa   (Ephemeroptera + Plecoptera + Trichoptera) 

 We examined the mayfl ies, stonefl ies, and caddisfl ies together because their pooled 
richness is often a metric used to assess the environmental health of streams and 
rivers (Rosenberg et al.  2008 ). Despite the large numbers of EPT taxa in wetlands 
worldwide, only three families, the Baetidae, Leptoceridae, and  Limnephilidae   
were ubiquitous generalists (Table  17.8 ). No plecopterans were generalists, although 
a few were reasonably widespread constrained taxa. Plecoptera is often discounted 
completely in wetlands, but this is probably not warranted for some wetland types. 

 Constrained EPT families were best represented in long hydroperiod habitats 
and in those with lotic characteristics (springs, beaver ponds, fl oodplains). Springs 
(Chap.   11    ) had the most EPT families, but many of them only occurred there. Long 
hydroperiod, lentic habitats such as permanent marshes (Chap.   8    ) and Great Lakes 
marshes (Chap.   9    ) had very high EPT family richness. Great Lakes marshes are 
where invertebrates have been most successfully used in bioassessment (see Chap. 
  9    ), and perhaps the prevalence of EPT families in those habitats makes the practice 
effi cacious (as it is in EPT-rich streams). Alternatives  to   EPT taxa have been sought 
for bioassessment in many wetlands (e.g., Ruhí and Batzer  2014 ), but this may not 
be necessary in those wetland types where EPT taxa thrive. 

  Limnephilid caddisfl ies   are probably the only EPT family that plays a major 
ecological role in wetlands. In some alpine (Chap.   3    ) and temporary ponds (Chap. 
  4    ), limnephilids can be very speciose and abundant, and can be  important   large- 
bodied shredders of coarse organic matter (leaf litter) (e.g., Klemmer et al.  2012 ). 
Baetid mayfl ies can be occasionally abundant in some wetlands, and are likely 
important prey items for predators in those locations (see Chap.   12    ).  

     Hemiptera      and  Coleoptera   

 We discuss both of these orders together because they varied across wetland types 
in fairly similar ways. Several aquatic families of Hemiptera and Coleoptera com-
prised the generalist component, including many of the families most familiar to 
researchers (e.g., Corixidae, Dytiscidae, Gyrinidae, Hydrophilidae, Notonectidae). 
It seems that these families can successfully exploit wetlands regardless of condi-
tions, likely because they are all strong fl yers able to colonize any available habitat 
(Batzer and Wissinger  1996 ). 

 The constrained taxa also included some typical aquatic families (e.g., 
Belostomatidae), but increasingly semiaquatic and terrestrial families (e.g., surface 
and shore bugs, nonaquatic herbivorous and predaceous beetles and bugs) were 
reported as overall family richness increased across the habitats (Tables  17.9  and 

D. Boix and D. Batzer

http://dx.doi.org/10.1007/978-3-319-24978-0_12
http://dx.doi.org/10.1007/978-3-319-24978-0_4
http://dx.doi.org/10.1007/978-3-319-24978-0_3
http://dx.doi.org/10.1007/978-3-319-24978-0_9
http://dx.doi.org/10.1007/978-3-319-24978-0_9
http://dx.doi.org/10.1007/978-3-319-24978-0_8
http://dx.doi.org/10.1007/978-3-319-24978-0_11
http://dx.doi.org/10.1007/978-3-319-24978-0_12


625

 17.10 ). Those habitats with numerous semiaquatic and terrestrial families tended to 
support complex vegetative communities, and it is likely that many of the nona-
quatic families were associated with these plants. 

 However, the plethora of  terrestrial Hemiptera   and especially Coleoptera fami-
lies in Mediterranean ponds (Chap.   5    ) was perplexing, given that vegetative com-
plexity is not unusually high there (see Tables  17.9  and  17.10 ). However, one factor 
that was unique to  Mediterranean ponds   was the arid to semiarid climate (that 
defi nes those habitats). Researchers that study wetland invertebrates are well aware 
that drying is a signifi cant constraint on the aquatic fauna (Wiggins et al.  1980 ). 
However, water-loss is also a major threat to terrestrial arthropods (Schowalter 
 2000 ). It seems plausible that wetland habitats may be very attractive to terrestrial 
 invertebrates      of arid climates because the perimeters and vegetation of the wetlands 
would be humid, lush refugia. Even the terrestrial invertebrates associated with veg-
etation in other wetland types (e.g., beaver ponds, Chap.   12    ) may be exploiting the 
plants because of the humid conditions near the water surface, and not simply 
because plants are food. 

 When considering the terrestrial fauna, however, we need to recognize that some 
of the cross-habitat variation refl ects sampling and  processing   protocols. In virtually 
all instances, the researchers were using equipment (nets, large cores) designed to 
sample the aquatic fauna, and they happened to also collect large numbers of ter-
restrials. In some cases, researchers may simply disregard the terrestrial fauna, even 
if present, because of a solely aquatic focus to their research questions. Thus, the 
terrestrial fauna is likely underrepresented in our summary tables. Even so, it is 
obvious that the terrestrial fauna is a very important component of many wetland 
habitats (see Chaps.   12    ,   13    , and   14    ). If terrestrial invertebrates of wetlands were 
specifi cally targeted, using devices that would collect them effi ciently (e.g., pitfall, 
malaise, or sticky traps), we would not be surprised to fi nd that the terrestrial fauna 
was richer taxonomically than the aquatic fauna (there are more species of nona-
quatic Coleoptera than all aquatic invertebrate species combined; Triplehorn and 
Johnson  2005 ). It seems obvious that to truly understand how invertebrates function 
ecologically  in   wetland ecosystems, the terrestrial fauna,       in both wet and dry phases, 
needs to be addressed.  

     Diptera      

 For the true fl ies (Table  17.11 ), an unusually large number of generalist families 
occurred (9). The constrained families were relatively few, and we could fi nd no 
consistent pattern of richness related to any particular environmental factor. While 
dipteran family richness in the Everglades (Chap.   10    ) was relatively small 
(Table  17.11 ), chironomid midges have received considerable attention there, with 
very large numbers of genera and species being recorded (see Appendix in Chap. 
  10    ). Some Everglades midge genera and species have proved environmentally sen-
sitive (see King and Richardson  2002 , Chap.   10    ). For the Diptera, like the Odonata, 
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family level classifi cation may yield meagre amounts of information regarding envi-
ronmental controls,  and   fi ner taxonomic resolution may be required to acquire sig-
nifi cant knowledge.   

    Cross-Wetland Comparison Using Multiple  Taxonomic 
Groups   

 In order to compare family richness patterns among wetland types using all of the 
major taxonomic groups, we compiled the information from Tables  17.3 – 17.11  into 
a single summary Table  17.12 . In this table we ranked the family richness of each 
taxonomic group according with its maximum richness value observed across all 
wetland types. Thus, category 0 includes wetland types without any family for a 
specifi c taxonomic group, and category 1 includes wetland types with <25 % of the 
richness of the richest wetland type for a specifi c taxonomic group. Category 2, 
category 3, and category 4 include wetland types with 25–50 %, 51–75 %, and 
>75 % of maximum richness, respectively. We ranked the 15 wetland types in terms 
of both constrained family richness and total family richness, but prioritize con-
strained taxa for rankings as they should provide the most ecological insight 
(Table  17.12 ).

   Richness patterns of the nine analyzed taxonomic groups clearly distinguished 
between high- and low-richness wetland types (Table  17.12 ). A group of fi ve wet-
land types, Alpine ponds, Rock pools, the Everglades, Turloughs, and Created wet-
lands had low overall richness of constrained families. Another small group, 
Permanent marshes, Mediterranean ponds, and Temperate fl oodplains, had high 
overall family richness. When comparing the wetland types with low richness to the 
wetland types with high richness according to whether the families they supported 
were generalist, constrained, or rare, another obvious pattern emerged (Table  17.13a ). 
Whether wetlands were high richness or low richness, they supported fairly similar 
numbers of generalist families (from 24 to 29). However, high-richness wetlands 
supported over 2–3 times the number of constrained families as low-richness wet-
lands (Table  17.13a ). Rare families were few or absent from low-richness wetland 
types, while they were common in high-richness wetland types.

   Focusing on the compositions of constrained families in low-richness wetlands 
(Table  17.13b ), we found certain unique taxonomic groups were favored in each. In 
Alpine ponds, EPT taxa seemed to do well, and the authors of Chap.   3     spend consider-
able time discussing cold-water adaptations for the resident fauna, a feature of many 
EPT taxa. In Rocks pools, large branchiopods overwhelmingly dominated the con-
strained taxa (53 %), and the authors of Chap.   2     emphasize why this group does well 
there (well adapted for desiccation, and benefi t from an absence of certain predators). 
In the Everglades, hemipterans, malacostracans, and molluscans did well, and the 
authors of Chap.   10     note how crayfi sh and certain snails play critical roles in Everglades 
ecology. In Created wetlands, various insect groups do well, and the authors of Chap. 
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  15     emphasize the importance of aerial colonization in these newly created habitats. 
EPT taxa, which are considered environmentally sensitive, appeared to do well in 
Created wetlands, which was a surprise given they are the most human-impacted habi-
tats covered  in   this book. In Turloughs, coleopterans and molluscans did well, with at 
least the latter group probably benefi tting from the strong groundwater connection. 
Most importantly, Table  17.13b  clearly demonstrates that completely different factors 
are responsible for the low richness in each of the fi ve habitats (i.e., a universal con-
straint on richness is not operating), and further establishes that the constraints being 
imposed on overall assemblages are concurrently benefi tting certain taxa (i.e., a hand-
ful of taxa still thrive, with this group being unique in each wetland type).  

     Taxa Sorting   (or Taxa Filtering): Assemblage Models 

 One initial fi nding of our macroscopic examination of taxon richness among wetland 
types was that some of the factors that we thought might be most important in con-
trolling richness, e.g., habitat size, hydroperiod, and the presence or absence of fi sh, 
did not seem to be controlling overall richness patterns. Indeed, among the low-
richness wetland types, Rock pools are very small, have temporary hydroperiods, 

        Table 17.13    Kinds of invertebrate families that characterize the fi ve low-richness and three high- 
richness wetland types, based on rankings in Table  17.12  and data from Tables  17.3 – 17.11                

 (a) Numbers of generalist, constrained, and rare families in the 5 low-richness and 3 high- 
richness wetland types 

 Generalist  Constrained  Rare 

 Alpine ponds  26  18  3 
 Rock Pools  25  19  0 
 Everglades  27  28  2 
 Created wetlands  29  30  1 
 Turloughs  24  31  0 
 Permanent marshes  29  78  13 
 Mediterranean ponds  29  75  19 
 Temperate fl oodplains  29  69  6 

 (b) Taxonomic groups that dominate (>15 % of total) the constrained set of invertebrate 
families in each of the fi ve low-richness wetland habitat types ( n  = total number of constrained 
families reported from Tables  17.3 – 17.11 ) 

 Alpine 
ponds 
( n  = 18) 

 Rock Pools 
( n  = 19)  Everglades ( n  = 28) 

 Created wetlands 
( n  = 30) 

 Turloughs 
( n  = 31) 

 39 % EPT 
taxa 

 53 % Lg 
branchiopods 

 25 % Hemipterans  23 % EPT taxa  32 % 
Coleopterans 

 16 % 
Hemipterans 

 21 % Malacostracans  20 % Coleopterans  29 % 
Molluscans 

 18 % Molluscans  17 % Dipterans 
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and lack fi sh, while the Everglades is very large, mostly permanent, and supports a 
plethora of fi sh. Among the high-richness wetlands types, Mediterranean temporary 
ponds are fairly small, have mostly short hydroperiods, and lack fi sh, while Permanent 
marshes are fairly large, almost always hold water, and usually support fi sh. Other 
kinds of constraints on richness were clearly operating, but what were they? 

 We think the answer is fairly obvious, but entails three mechanisms that ecolo-
gists working on wetlands may simply forget to consider (see Model  17.1 ). The 
fi rst is biogeography. The pool of taxa available to colonize a wetland type that 
occurs across a broad geographic range, such as Permanent marshes, will be larger 
than the pool available to colonize a wetland type that has a restricted (or isolated) 
geographic range, such as the Everglades or Irish Turloughs. The second is cli-
mate. The pool of taxa available to colonize a wetland type that occurs in a mild 
climate, such as Temperate fl oodplains, will be larger than the pool available to 
colonize a wetland type set in a harsh climate, such as cold Alpine ponds (the very 
hot climate in the Everglades may also impose constraints). The third is related to 
history. The pool of taxa available to colonize a wetland type that is geologically 
old (such Temperate fl oodplains) will be larger than the pool available to colonize 
a wetland type that is geologically young (such as Alpine ponds  or   the Everglades). 

Pool of taxa

>

Pool of taxa

>

BIOGEOGRAPHY

CLIMATE

HABITAT 
HISTORY

Habitat present across a 
broad biogeographic area 
(e.g. Permanent marshes, 

Mediterranean ponds) 

Mild climatic conditions 
(e.g. Temperate 

floodplains) 

Long geologic history 
(e.g. Temperate 

floodplains) 

Habitat present in a 
restricted biogeographic 

area (e.g. Everglades, 
Turloughs) 

Harsh climatic conditions 
(e.g. Alpine ponds, 

Everglades)

Short geologic history
(e.g. Alpine ponds, 
Created wetlands) 

+

+

+

+

  Model 17.1    Diagram showing three mechanisms (biogeography, climate, and history) that deter-
mine the available pool of taxa that can colonize wetland habitats of a region. Symbols (shapes for 
taxa are arbitrary) correspond to generalists ( open ), constrained ( grey ), and rare taxa ( black ). 
Habitats located across a limited biogeographic region, with harsh climatic conditions, and a short 
geologic history are characterized by a reduced pool of taxa       
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If geologic age is relevant, it is not surprising that invertebrate family richness in 
Created wetlands, that may be only decades old, is also low (see Chap.   15    ).

   These larger constraints will dictate the size and composition of the taxa pool 
available to a specifi c wetland or set of wetlands, and depending on the characteris-
tics of the available taxa may modify the relative importance of traditional environ-
mental constraints (habitat size, hydrology, vegetation, or predation). This innate 
variation may be why fi nding overarching mechanisms for the environmental con-
trol of wetland invertebrates have been so elusive (Batzer  2013 ). None-the-less, the 
authors of virtually every chapter in this book provide compelling evidence that 
various abiotic and biotic constraints strongly affect wetland invertebrate communi-
ties, and we now try to model how  this   control might occur. 

     Environmental Filters   

 The family richness patterns observed across wetland types and among taxonomic 
groups suggest the existence of a variety of constraints on each wetland type and 
each taxonomic group. Most of these constraints occur across environmental gradi-
ents that vary between and within wetland types (Model  17.2 ). Differences in these 
abiotic and biotic conditions in each wetland type imply a more or less severe con-
straint for a specifi c taxonomic group, while also offering opportunities for some 
groups, i.e., constraints on some taxa may confer benefi ts for others (see 
Table  17.13b ). For wetland invertebrates, one of the most known examples is the 
confl icting relationship between hydroperiod lengths and predation rates (Schneider 
and Frost  1996 ; Wellborn et al.  1996 ; Wissinger  1999 ; Zokan and Drake  2015 ).

   Thus, several and different environmental fi lters (abiotic and biotic controls) 
operate in each wetland type and will explain the community characteristics of 
each. Following this rationale, we use Model  17.3  to show how low-richness com-
munities are characterized by environmental gradients that create a severe fi lter (i.e., 
low numbers of taxa are adapted), and we use Model  17.4  to show how high- richness 
communities are less fi ltered by environmental factors. The fi ltering mechanisms 
for abiotic controls act in a hierarchical manner selecting organisms that have 
matching biological traits in a sequential way for the different environmental factors 
(Poff  1997 ; Ripley and Simovich  2009 ). However, if abiotic factors do not control a 
system (i.e., benign environmental conditions exist), the potentially rich community 
will then become fi ltered by biotic controls (i.e., competition, predation). The rela-
tive importance of abiotic versus biotic control, in turn, will act as an assembly rule 
determining the community composition. Thus, communities in habitats with strong 
abiotic control (i.e., more fi ltered) will be clustered together phylogenetically (i.e., 
taxa forming these communities will probably share more traits than would be 
expected by chance; see Table  17.13b ), whereas communities in habitats with weak 
abiotic control will be controlled by biotic factors (i.e., competition and predation) 
and be characterized by a  phylogenetic overdispersion   (i.e., taxa forming these 
communities will be composed by organisms that share fewer traits than would be 
expected by chance) (Ruhí et al.  2013 ). The main abiotic and biotic fi lters identifi ed 
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for wetland invertebrates have been discussed elsewhere (hydroregime, habitat het-
erogeneity, water quality, macrophytes, predation, and competition; e.g., Declerck 
et al.  2005 ; Williams  2006 ; Vanschoenwinkel et al.  2009 ; Quintana et al.  2015 ), 
including, to some extent, by authors of every  chapter   of this book.

         Human Impacts   Altering Assemblage Models 

 Human impacts can alter both the compositions of taxa pools (Model  17.5 ) and the 
actions of environmental fi lters (Model  17.6 ). Global drivers (Model  17.5 ) such as 
biogeography can change due to movements of taxa among  biogeographic regions  , 

Pool of taxa

>

G

G

>

Env. factor 1
(Abiotic factor 1; e.g. wetland 
size or hydroregime)

Env. factor 2
(Biotic factor 1; e.g. predation 
or competition)

Env. factor i

> > >

  Model 17.2    Diagram showing how assemblage composition might develop in four hypothetical 
wetland habitats ( colored boxes  at the bottom) from the available pool of taxa (upper ellipse of 
open, black, and grey taxa; see Model  17.1 ). Environmental fi lters (abiotic and biotic mechanisms; 
 central boxes ) differentially sieve the pool of taxa in each wetland type. Environmental gradients 
(G) for each fi lter are represented by  colored bars , with the environmental gradients and resulting 
habitat assemblages for each of the four habitats indicated by the same color. Two of these hypo-
thetical habitats host taxa-rich assemblages ( blue  and  green boxes ), while, due to more truncated 
environmental gradients, the other two habitats host taxa-poor assemblages ( red  and  orange 
boxes ). The compositions of the two taxa-poor assemblages differ because they are each con-
strained by different environmental gradients. Similarly, compositions of the two taxa-rich assem-
blages also differ because they are subject to different gradients for each environmental factor. 
More detail on how environmental fi ltering mechanisms operate in taxa-poor (Model  17.3 ) and 
taxa-rich (Model  17.4 ) wetlands is provided below       
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which nowadays occur mostly from human actions (Sax et al.  2005 ). Species origi-
nate in a specifi c evolutionary context, occurring in specifi c bioregions isolated 
from other species by borders that can’t easily be crossed naturally. Although gen-
eralizations about why certain human-introduced taxa establish successfully are 
being debated (Simberloff et al.  2013 ), some tendencies are shared (Williamson 
 1996 ; Roy and Kauffman  2001 ). For example, low-diversity communities tend to be 
more invasion prone, and successfully introduced taxa tend to have generalist rather 
than specialist traits (McKinney and Lockwood  2001 ). Climate, another global 
driver (Model  17.5 ), is also changing, and will likely strongly modify potential 
pools of taxa for wetlands. With new ranges in climatic conditions (temperature, 
precipitation, etc.), native species not adapted to cope will be eliminated, native 
species able to adapt will persist, and new species previously unable to live in the 
region may successfully colonize. It will be diffi cult to predict how a pool of taxa 
will be affected by climate change, in terms of numbers of species. First, the ratio 
between the numbers of species whose geographical ranges will expand versus 

Pool of taxa

>

Env. factor 1
(e.g. hydroregime)

G

G

G

Env. factor 2
(e.g. wetland size & connectivity)

Env. factor 3 
(e.g. predation)

>

>

>

>

  Model 17.3    A focused example of how environmental fi ltering might create a low-richness 
assemblage (e.g., Rock pools; Table  17.12 ). Starting with the available pool of taxa (Model  17.1 ), 
different environmental gradients sequentially reduce the assemblage from 15 to 4 taxa, with the 
degree of fi ltering indicated by the range of each gradient (i.e., short-ranges imply a greater reduc-
tion than long-ranges). Symbols located under the environmental gradient ( red bar ) represent taxa 
adapted for that range (i.e., these taxa are not excluded by this environmental factor). Symbols 
outside of the bar are nonadapted taxa and are excluded from this wetland by this environmental 
factor. For example, the fi rst environmental factor causes a major reduction in taxa (from a possible 
15 down to 8), while the third environmental factor only excludes a single taxon from the pool of 
5 taxa that were adapted to the two fi rst environmental factors       
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contract will vary among taxonomic groups (Rosset and Oertli  2011 ). Second, con-
tradictory predictions are generated by different analytic approaches. The metabolic 
theory of ecology predicts an increase in species richness with climate change 
(Meerhoff et al.  2012 ),  while   bioclimatic approaches predict that current species 
ranges will contract or become fragmented, resulting in reduced species richness 
with climate change (Hughes  2003 ). Moreover, changes in land-use patterns may 
inhibit migration and adaptation of species due to climate change (IPCC  2007 ).

    Invasive species and climate change may have both direct and indirect effects 
over the environmental fi ltering process (Model  17.6 ). Introduced taxa may modify 
predation impacts, food-web functioning, habitat structure (i.e., presence of macro-
phytes), and water quality (e.g., impacts of  Procambarus clarkii  crayfi sh 
 introductions; Rodríguez et al.  2005 ; Geiger et al.  2005 ). Climate change will mod-
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> 

> 
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  Model 17.4    A focused example of how environmental fi ltering might create a high-richness 
assemblage (e.g., Permanent marshes; Table  17.12 ). Starting with the available pool of taxa (Model 
 17.1 ), different environmental gradients sequentially reduce the assemblage from 15 to 10 taxa, 
with the degree of fi ltering indicated by the range of each gradient (i.e., short-ranges imply a 
greater reduction than long-ranges). Symbols located under the environmental gradient ( green bar ) 
represent taxa adapted for that range (i.e., these taxa are not excluded by this environmental fac-
tor). Symbols outside of the bar are nonadapted taxa and are excluded from this wetland by this 
environmental factor. For example, the fi rst environmental factor imposes a minimal reduction 
(from a possible 15 taxa down to 14). The third environmental factor exerts the most fi ltering but 
still only excludes 3 of the 13 taxa that were adapted to the two fi rst environmental factors       
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ify hydroregimes, perhaps the key environmental control on invertebrate commu-
nity structures in wetlands (as indicated by virtually every chapter in this book). 
Climate change may also disrupt trophic linkages (Winder and Schindler  2004 ; 
Brucet et al.  2012 ), or decouple processes controlling phenological and behavioral 
responses (Adrian et al.  2006 ; Hassall et al.  2007 ). In aquatic environments, species 
introductions and climate change can act synergistically, since climate change can 
modify the ecological impacts of invasive species by enhancing their competitive 
and predatory effects on native species, and by increasing the virulence of some 
diseases (Rahel and Olden  2008 ). Other human activities, such as agriculture, live-
stock grazing, or urbanization, may also alter environmental fi ltering processes in 
wetlands by modifying hydroregimes, habitat structures (landscape changes, fi re 
frequency and intensity, etc.), or water qualities (pollution, eutrophication, etc.) 
(Holland et al.  1995 ; Batzer and Wissinger  1996 ; Euliss and Mushet  1999 ). As 
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Pool of taxa

>

Pool of taxa

BIOGEOGRAPHY

CLIMATE

HABITAT 
HISTORY

Habitat present across a 
broad biogeographic area 
(e.g. Permanent marshes, 

Mediterranean ponds) 
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(e.g. Temperate 

floodplains) 
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(e.g. Temperate 

floodplains) 

Habitat present in a 
restricted biogeographic 

area (e.g. Everglades, 
Turloughs) 

Harsh climatic conditions 
(e.g. Alpine ponds, 

Everglades)
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(e.g. Alpine ponds, 
Created wetlands) 

+

+
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+

Introduced species from others bioregions

Species adapted 
to a drier or 

hotter climate

  Model 17.5    Diagram showing how human impacts can alter the confi guration of the available 
pool of taxa (see Model  17.1 ). Symbols correspond to generalist taxa ( open ), constrained taxa 
( grey ), and rare taxa ( black ). Generalist taxa ( open symbols ) are further divided into three types by 
color: native taxa ( black ), new taxa introduced by humans ( red ), and new taxa able to naturally 
invade due to climate change ( orange ) (taxa that newly colonize will likely have generalist tenden-
cies). Introduced taxa probably establish more easily in nonsaturated communities (i.e., taxa-poor 
communities).  Yellow crosses  indicate taxa that climate change removes from the pool of taxa. 
Climate change probably creates a reduction in taxa richness due to habitat fragmentation or an 
inability of taxa to change their geographic distributions (e.g., surrounding human land uses pre-
vent it). However, climate change may also add some new taxa to the pool of taxa. Climate change 
should mainly affect rare and constrained taxa       
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human activities intensify, small, shallow, and/or temporary wetlands that are easily 
drained or fi lled by sediment will be most affected (Grillas et al.  2004 ; Boix et al. 
 2012 ; see Chaps.   4     and   5    ). However, even large, permanent wetland areas will 
become degraded (e.g., Dimentman et al.  1992 ; Richardson et al.  2005 ; see Great 
Lakes marshes Chap.   9    ). 

 In general,    human impacts will have two main effects on environmental fi ltering 
(Model  17.6 ). First, human activities can increase the intensity of environmental 
fi ltering (reduce the environmental gradients for the habitat), and habitats will sup-
port fewer taxa. For example, if natural hydroperiods are truncated, that fi lter will 
operate more broadly across more wetland habitats and more intensively in indi-

Pool of taxa

>

G

G

>

Env. factor 1
(Abiotic factor 1 )

Env. factor 2
(Biotic factor 1)

Env. factor i

> > >>

Homogenization & 
Singularity loss

Poorest 
communities

  Model 17.6    Diagram showing how human impacts can alter how environmental fi ltering mecha-
nisms operate (see Models  17.2 ,  17.3 , and  17.4 ). The original range of an environmental gradient 
can be either reduced or extended by humans.  Solid lines  indicate the residual environmental gra-
dients from their original ranges.  Dashed lines  indicate the portion of a gradient that was truncated; 
a color change indicates a gradient that was extended. For example, the red habitat was not human 
altered. The  blue  and  green  habitats had their environmental gradients reduced by human impacts. 
In the  orange  habitat, human activity extended the gradient of the fi rst environmental factor 
( yellow- bar fragment ), but reduced the second gradient ( dashed-line fragment ). For the  blue  habi-
tat, the reduced gradients induced it to become a taxa-poor assemblage, similar to the  red  habitat 
(e.g., an invading taxa eliminates numerous native wetland species). In the case of the  orange  and 
 green  habitats, human impacts modify each wetland in such a way that they now support similar 
assemblages (e.g., humans alter hydroperiods to become more similar, and invertebrate assem-
blages also homogenize). Thus,  dashed boxes  at the bottom of the diagram are the old communi-
ties, whereas  solid boxes  are the newly created ones       
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vidual wetland habitats (Zokan and Drake  2015 ). Second, habitat and biotic homog-
enization can occur at regional scales. For example, introductions of  P. clarkii  
crayfi sh into Europe has caused wetlands to shift from clear stable states to consis-
tently turbid states (with low macrophyte density, high plankton chlorophyll con-
tent, low zooplankton abundance, etc.; Scheffer et al.  1993 , see Chap.   8    ) that host 
similar invertebrate communities (Rodríguez et al.  2005 ). Other examples of habitat 
homogenization at regional scales can be observed in areas of intensive agriculture, 
where temporary waterbodies are converted into more permanent ones to provide 
water for livestock or irrigation, reducing the range of available habitat types. 
Furthermore, habitat homogenization can also occur within individual wetlands, 
since waterbodies transformed by human activities tend to have fewer depth irregu-
larities and more simplistic littoral zones. 

 Global biodiversity of wetlands is high (Gopal and Junk  2000 ), but the vulnera-
bility of these habitats is also high. To conserve high invertebrate biodiversity, pri-
orities must be the preservation of existing natural wetlands, and the prevention of 
homogenization (biotic or habitat) across different scales (global biotic, regional 
biotic, among habitats, within habitats). Even wetlands in close proximity can 
exhibit very different environmental gradients, and support different taxa (e.g., 
Smith et al.  2003 ; Jeffries  2003 ; Escrivà et al.  2010 ). For some invertebrates, life 
cycles require the existence of wetland heterogeneity; e.g., taxa that migrate between 
temporary and permanent wetlands (Wissinger  1997 ). Management efforts may 
reverse, or  at   least mitigate past human impacts. Wetland restoration or creation is 
undoubtedly a valuable strategy to mitigate wetland loss, although biological recov-
ery can be slow (see Moreno-Mateos et al.  2012 ; Chap.   15    ). To conserve biodiver-
sity, it is necessary to maintain the natural heterogeneity in environmental gradients 
across and within wetlands (Biggs et al.  1994 ; Gee et al.  1997 ; Moss et al.  2009 ), 
especially ecologically key gradients—i.e.,  natural   hydrological functioning 
(Wissinger  1999 ; Euliss et al.  2004 ).      
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