The forces that shape community structure are those that
determine which species and how many species occur
together, which are common and which are rare, and the
interactions amongst them. The number of coexisting spe-
cies in ecological communities is a consequence of processes
operating at both local and regional scales (Rosenzweig
1995; Gaston 2000). Regional diversity is determined by
species formation and loss over earth history, and opportu-
nities for dispersal. Local diversity is determined by species
adaptations to the abiotic and biotic factors encountered at a
site, and by each species’ dispersal ability and life history
characteristics. Thus, the composition of an assemblage of
species at a location is the product both of large-scale spatial
patterns and the forces responsible for them, and local
conditions that influence which species are best adapted to
that environment, or best able to colonize it.

Community structure refers to the organization of a bio-
logical community based on numbers of individuals within
different taxonomic groups and functional roles, and the
underlying processes that maintain that organization.
Explanations for patterns in species diversity and community
structure frequently invoke niche-based models (MacArthur
1972; Chase and Leibold 2003), in which the presence and
abundance of individual species is a reflection of their fit to
habitat conditions and success in interspecific interactions,
the subjects of Chaps. 5 and 10 respectively. In relatively
stable or moderate environments, biological interactions are
considered to be particularly influential in the assembly and
maintenance of communities. For communities to exhibit
predictable structure requires that their assembly is the out-
come of non-random processes that result in repeatable
patterns. This leads us to expect that the same species, in
roughly the same abundances, will be found in the same
locale as long as environmental conditions do not change
greatly, and that similar communities should occur wherever
environmental circumstances are comparable. In addition,
many ecosystems experience periodic disturbances, and
streams are no exception. Environmental disturbances such
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as floods and droughts, when sufficiently extreme or fre-
quent, are likely to prevent biotic interactions from acting
with the strength and regularity required to result in con-
sistent community patterns. Very harsh environments or
frequent disturbances may severely restrict the number of
species that can survive those conditions and thus reduce
diversity, whereas a moderate level of disturbance may
enhance diversity by counteracting the tendency of a few
superior species to become dominant.

The countering view to niche models asserts that
assemblages are an unstructured sample of whichever spe-
cies are able to survive and reproduce under local environ-
mental conditions, changing as conditions change, and by
chance. A more formalized version, the neutral model of
Hubbell (2001, 2005), considers all species of a particular
trophic level to be essentially interchangeable, and so ran-
dom replacement following stochastic colonization and
extinction determines the momentary composition of
short-lived assemblages. Under this model, species are
ecologically equivalent and substitutable, to be replaced
from a regional species pool whenever a chance local
extinction depletes site diversity. The recolonization of a lost
population requires dispersal, and so distance, life-history
traits, and other factors, such as terrain, can determine
whether dispersal limits the opportunities for a particular
species to re-establish.

Studies of local assemblages often assume that commu-
nities are determined solely by environmental conditions and
species interactions at the local scale, without regard for such
larger scale processes as dispersal, speciation, and historical
biogeography. However, regional species pools and factors
that influence dispersal at large spatial scales influence local
diversity and assemblage structure by controlling the pool of
species available to colonize a location (Ricklefs and Sch-
luter 1993; Rosenzweig 1995). Processes occurring at large
spatial scales, such as the size and composition of the
regional species pool, opportunities for dispersal, and cli-
mate can influence local communities (Leibold and Chase
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2017). This is especially true in local communities if species
interactions are not the primary force governing community
structure, including systems with frequent disturbance events
such as floods and droughts, or when communities are
dominated by rare species with limited dispersal capacities
(Cornell and Harrison 2014).

Species sorting describes how regional diversity affects
local diversity through the action of environmental factors
acting at progressively smaller scales, often visualized as a
hierarchical series of filters (Poff 1997). It is also important
to remember that local communities are not isolated from
one another. They are connected via dispersal to other local
communities, forming a network or metacommunity, that in
turn is influenced by spatial heterogeneity and environmental
factors that are operating at different scales (Heino and
Mykrd 2008; Leibold and Chase 2017). Consideration of
regional diversity also reminds us that the long-term per-
sistence of a species usually does not depend solely upon its
survival in any one local community. Separate populations
of a species may exhibit different trends in different locales,
with the consequence that dispersal permits a long-term
regularity on a larger scale that is not apparent by detailed
investigation on a finer scale. Such a perspective lessens the
need for equilibrium-enhancing interactions because regio-
nal processes of immigration and emigration may contribute
some of the buffering against extinction that otherwise must
be attributed to biotic factors.

11.1 Global and Regional Patterns in Species

Diversity

Freshwater biodiversity varies at all scales, including among
regions of the world, along latitudinal and environmental
gradients, among ecoregions, and across habitats. As dis-
cussed in Chapter 1, freshwater habitats support more than
125,000 species of freshwater animals, comprising nearly
10% of all known species and approximately one-third of
vertebrate species (Balian et al. 2008; Strayer and Dudgeon
2010). Freshwater fishes are better known than invertebrates
and microorganisms, but are still far from fully catalogued,
especially in tropical latitudes where the diversity of fresh-
water fishes is known to be much greater than at temperate
latitudes (Lévéque et al. 2008). A comprehensive assessment
of freshwater biodiversity is presented in a series of articles
edited by Balian et al. (2008). These accounts are extremely
useful for cataloguing known diversity in all major fresh-
water groups, providing much information on biogeographic
patterns and the current status of many species.

Among freshwater organisms, fishes have been most
intensively scrutinized from the perspective of identifying
and attempting to explain global and regional patterns,
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because species-level distributions are well known for a
large fraction of the fauna. The global distribution of
freshwater fish species richness (number of species) is
shown in Fig. 11.1 (Oberdorff et al. 2011), and interesting
patterns are immediately apparent. More species occur at
low (tropical) than higher latitudes. Eastern North America
has more fish species than western North America or western
Europe. Some regions are notably depauperate. Three main
hypotheses have been invoked in the study of global pat-
terns: species-area, species-energy, and historical events.
Studies find that species richness increases with the area
under consideration, with available energy and ecosystem
productivity, and as a consequence of historical factors that
influence speciation and dispersal. Variation in regional
species richness itself is difficult to fully explain, but events
in earth history that influence species formation, extinction,
and differences in the ability of individual species to disperse
clearly influence the regional species pool, and contempo-
rary patterns in abundance and diversity in turn are influ-
enced by overall productivity, habitat diversity, and
biological interactions (Rosenzweig 1995; Cornell and
Harrison 2014). In an analysis of freshwater fish species
richness for 132 West European and North American rivers,
Griffiths (2006) concluded that contemporary ecological
factors provided the strongest statistical explanation of the
variation in freshwater fish species richness for both conti-
nents. Historical factors, while also significant, had less
explanatory power. We shall briefly consider each explana-
tion, and because studies often infer that each plays a role
and researchers usually try to deduce their relative weights,
most examples provide evidence for multiple causal
mechanisms.

11.1.1 Species-Area Relationships

The species-area hypothesis relates to a well-established
relationship between the number of species and the area of
study, first established using islands of differing sizes
(MacArthur and Wilson 1963, 1967). On a log-log scale,
species richness (S) increases with area (A) by an exponent,
z, which is empirically determined and can be compared
among taxa and locations studied. The relationship typically
is log-linear, according to the equation:

S = cA® (11.1)

where S = species richness, A = area of habitat, and ¢ and z
are parameters determined from the data. The slope param-
eter z quantifies the rate of increase in number of species
with area surveyed, and frequently falls between 0.2 and 0.4.
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Fig. 11.1 (a) Freshwater fish species richness for worldwide drainage
basins and (b) contribution of area-related (habitat size and diversity),
climate-related (climate/energy) and historical variables (climate history

A number of studies have established that species rich-
ness increases log-linearly with either drainage basin area or
river discharge (Fig. 11.2), including for the mollusks of
North America (Sepkoski and Rex 1974), and fishes of West
Africa (Hugueny 1989), South America (De Mérona et al.
2012), and Europe and North America (Oberdorff et al.
1997). Species richness is highly correlated with basin area
for rivers worldwide, and stronger statistical relationships
are observed when analyzed separately by continent
(Amarasinghe and Welcomme 2002). The exponent of the
species-area relationship always is greater in tropical than
temperate regions (0.25 for Europe, 0.26 for Asia, 0.49 for
Africa, 0.51 for South America), demonstrating a trend
toward a more rapid increase in species richness with
increasing river size at low latitudes.

On a global scale, total drainage area of the watershed
and river discharge as a proxy of river size can explain a
large proportion of the variation in freshwater fish species
richness (Oberdorff et al. 1995). The underlying basis is still
debated, but area-determined changes in rates of species

and geographic isolation) to explain variation in species richness
(Reproduced from Oberdorff et al. 2011)

formation and loss, and in habitat complexity, are possible
explanations. Larger rivers may harbor greater diversity of
habitat and food resources because of their size, and thus
sustain a greater number of coexisting species. More habitat
area may also permit larger population numbers within
species, thereby reducing the probability of species extinc-
tion. Rates of speciation may be higher in larger systems due
to corresponding increases in habitat heterogeneity and the
occurrence of geographical barriers, such as waterfalls
(Oberdorff et al. 2011). For example, higher speciation in
fishes was positively related to the level of natural frag-
mentation caused by waterfalls in sub-drainages of the Ori-
noco Basin (Dias et al. 2013). Research also suggests that
many of the species found in larger rivers appear to be
unable to live in small streams. Longitudinal studies of
riverine fishes find that addition, rather than replacement, of
species characterizes the change in community assemblages
along a river continuum, and a preponderance of larger
species is observed downstream (e.g., Horwitz 1978;
Schlosser 1987).
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Fig. 11.2 The relationship between species richness and basin
drainage area (a) freshwater mollusks of North American rivers,
(b) freshwater fishes of West African rivers (Reproduced from
Sepkoski and Rex 1974 and Hugueny 1989, respectively)

11.1.2 Latitudinal Diversity Gradients

An increase in numbers of species as one proceeds from high
latitudes towards the tropics is one of the most general of
geographic patterns of species richness (Hillebrand 2004;
Kinlock et al. 2018). Several hypothesis based on the sta-
bility of tropical climates over time, their areal extent and
higher biological productivity, and historic rates of specia-
tion have been proposed to explain this pattern (Mittelbach
et al. 2007; Heino 2011).

Although stronger in terrestrial than in freshwater envi-
ronments, this relationship unquestionably holds for the
fishes of running waters. Despite the incomplete state of
taxonomic knowledge, more than 4,000 species of fresh-
water fish are estimated to occur in the Neotropics and
approximately 3,000 in the Afrotropical region. This greatly
exceeds the roughly 1,400 species found in the lakes and
rivers of North America and 330 species of Europe (Lévéque
et al. 2008). In an analysis of the distribution of freshwater
taxa, Tisseuil et al. (2013) found greater species richness and
endemism of fishes, aquatic amphibians, birds, and mam-
mals in tropical and subtropical large drainage basins.
Endemism refers to the number of species that only occur in
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one area and are not found elsewhere. For all taxa except
fishes, variation in global distribution was related to differ-
ences in climate and productivity among regions. For fishes,
drainage area and environmental heterogeneity (altitudinal
range, land cover, and climate variability) were the main
drivers of global diversity patterns. By analyzing the global
distribution of endemic fishes, Hanly et al. (2017) found that
the species richness of endemic fishes increased with lake
age and area, and with river basin area, and decreased with
latitude.

Explanations for the latitudinal diversity gradient
(LDG) and greater diversity in the tropics frequently invoke
the species-energy hypothesis, which posits that more spe-
cies can be supported in areas of higher productivity.
Tropical environments, with higher solar insolation and
warm temperatures throughout the year, are on average more
productive, resulting in greater species diversity.
Species-energy relationships may also play an important role
in shaping community assemblages. When considering
community structure through this lens, energy availability,
rather than the size of an area, is considered the dominant
factor influencing species richness (Wright 1983). Greater
energy (e.g., net primary productivity) in an ecosystem
suggests that either there are more resources to support lar-
ger populations and so the risk of extinction is lower, or
there are more resources to be used by a greater diversity of
species (Hugueny et al. 2010). In analyses of global fish
diversity, net terrestrial primary productivity, along with
river size and flow regime, were important variables
explaining gradients in diversity (Oberdorff et al. 1995;
Guégan et al. 1998). Energy can also be related to climate
variables such as temperature, solar radiation, and precipi-
tation that in turn are related to the physiological tolerances
of species (Turner et al. 1987; Currie 1991). In a study that
included 926 basins worldwide (Fig. 11.1), area and
climate-related variables explained 77% of the variation in
fish diversity, although past climate and geographic isolation
also appeared as important factors in shaping fish commu-
nities (Oberdorff et al. 2011). By analyzing diversity patterns
of Odonata in Europe and Northern Africa, Keil et al. (2008)
found that evapotranspiration, which can be used as a proxy
for the energy input to an area, best explained species
richness. Although some studies support the species-energy
hypothesis, the mechanisms connecting energy and diversity
are not clear (Hugueny et al. 2010; Heino 2011; Oberdorff
et al. 2011).

The fishes of Europe and North America show a strong
latitudinal diversity gradient (Fig. 11.3); however, the gra-
dient is strong for resident but not for potadromous species
(fishes that migrate within river systems), evidence that
species vagility influences conformity to the LDG relation-
ship (Griffiths 2015). Note also that these analyses extend
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only to 20° latitude, and so do include the greater species
richness found in the tropics. The LDG also may vary with
type of freshwater habitat.

Whether a latitudinal diversity gradient exists for aquatic
invertebrates, resulting in more species in the tropics, is
uncertain because of limited information on geographic
patterns of taxonomic richness at the species level. For a
very large dataset of mayflies, stoneflies, and caddisflies,
Vinson and Hawkins (2003) found there was no simple
latitudinal gradient in local genus-level diversity, other than
a decline at very high latitudes. Ephemeroptera showed three
peaks in richness at 30°S, 10°S and N, and 40°N latitude,
with lower values near the poles. Plecoptera peaked at 40°N
and 40°S latitude. In contrast, Trichoptera showed less lat-
itudinal variation. Diversity of Ephemeroptera was highest in
the Afrotropical realm, Plecoptera in the Nearctic, and Tri-
choptera in Australia. Some of this variation likely is due to
incomplete sampling, and some to areas of radiation and
spread. In addition, the results of the study indicated that
local environmental factors explained a larger proportion of
the variation than historical factors related to biogeographi-
cal realms. By comparing aquatic insects sampled in 100
streams in subtropical Brazil and in Finland, Heino et al.
(2018) found richness at the genus level was greater in
Brazil than in Finland at both the regional and local level,
although differences were greater at the regional scale. In
contrast, aquatic insect abundance was greater in Finland,
likely because of higher nutrient availability.

While comparison of site-scale diversity provides insight
into regional patterns, it is limited in that the relationship
between site and regional diversity may not be linear. To
circumvent this difficulty, Pearson and Boyero (2009) first
developed statistical relationships between taxonomic
diversity and regional area, and then examined whether
latitude explained the remaining variation (the “residuals™)
for seven freshwater taxa. Diversity was greater at higher
latitudes for Ephemeroptera and Plecoptera, at low latitudes
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for Odonata, bony fishes, and Anura, and showed no lati-
tudinal trend for Trichoptera and Caudata. For Plecoptera, a
group that has radiated primarily in cold Nearctic regions
and is found mainly at higher altitudes in the tropics, a
positive relationship between latitude and residuals was
obtained; in contrast, a negative relationship was found for
Odonata, which are highly diverse at tropical latitudes.

Several studies in Europe document that species richness
of aquatic insects declines as one moves from mid to high
latitudes. Iversen et al. (2016) report that species richness of
Ephemeroptera, Plecoptera, and Trichoptera (EPT) fauna
declines steadily along a gradient from 35° to 75° latitude.
However, the decrease in richness with latitude was most
evident for fauna of the headwaters, while higher richness
was observed in the middle latitudes for fauna of lowland
rivers. Lower species richness at high latitudes can be
explained by low productivity resulting from low tempera-
tures and solar insolation for much of the year, and also time
since glaciation for colonization and adaptation by species
from more temperate regions. While species richness in
Ephemeroptera, Odonata, and Plecoptera was negatively
related to latitude in Europe, Heino (2009) noted that highest
diversity occurred in countries with high mountain ranges
such as France, Germany, and Austria, and the lowest levels
of diversity occurred in lowland countries such as the
Netherlands, Latvia, and Denmark, suggesting that habitat
heterogeneity also plays a fundamental role in shaping
species diversity.

11.1.3 Historical Explanations

Changes in landforms, climate, and connectivity over earth
history provide historical explanations for patterns in species
diversity, as they can influence speciation and extinction
events, open and close dispersal pathways, and affect time
for recolonization following disruptive events such as
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Fig. 11.3 Latitudinal diversity gradients for freshwater fishes in North
America and Europe. Regional species richness as a function of latitude
for (a) total, (b) resident, and (¢) potamodromous species for Atlantic
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glaciation. Comparisons of freshwater fishes of Europe and
North America provide evidence that historical events, in
particular recent glaciations, have left strong signatures on
their respective faunas. The European fish fauna is less
diverse than that of North America, and regions within North
America differ greatly. All of Canada and Alaska contain
some 180 species of fish, considerably fewer than the rich
Mississippi basin where most of the major adaptive radia-
tions in North America have occurred. The Tennessee and
Cumberland Rivers drainage realm alone includes some 250
species of fishes (Starnes and Etnier 1986). Species richness
declines from east to west across the United States (Moyle
and Cech 20006), due in part to major differences in extinc-
tion rates during the Pleistocene, as well as earlier geologic
influences (Smith et al. 2010). As a consequence, the
western U.S. contains only about one-fourth as many fish
species as does the east.

Comparison of species-area relationships for the fish
faunas of Europe and North America provides further evi-
dence that evolutionary and biogeographic history can have
a profound influence on regional diversity (Fig. 11.4).
Post-glacial recolonization was more restricted in Europe
relative to North America because drainage divides in Eur-
ope tend to run from east to west and re-establishment from
Iberia and the Adriatic was restricted by mountain ranges,
therefore glaciated areas were recolonized largely from the
Danube Basin. This likely limited both southward retreat and
subsequent northward recolonization for the European
fauna, whereas the North American fauna had a much larger
refugial area free from glaciation, and easier routes for
recolonization (Mahon 1984; Oberdorff et al. 1997). In both
Europe and North America, the fish faunas of glaciated
regions are species-poor in comparison to unglaciated
regions, and contain species that are larger, more migratory,
and give less parental care compared with the unglaciated
regions of the Mississippi and Missouri basins (Moyle and
Herbold 1987; Griffiths 2006).

At the last glacial maximum (LGM) some 18,000 years
ago, sea levels were lower and tropical forests became
fragmented and reduced in extent, the result of more arid
climatic conditions. Contemporary fish diversity and distri-
bution in tropical realms bears the signature of these events.
In a study including tropical basins of South America,
Central America, and Africa, Tedesco et al. (2005) found
that present day fish diversity was greater in basins that were
connected with rain forest refuges during the LGM, when
compared to regions that lacked connectivity. The authors
suggested that basins connected to rain forest refuges may
have had greater stability in discharge than more isolated
basins. In contrast, basins without connectivity most likely
experienced drier conditions and greater fish extinction
rates.
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Fig. 11.4 Fish species richness as a function of drainage basin area for
West European and North American rivers. Lines represent best fit
using a power function (Reproduced from Oberdorft et al. 1997)

Changes in sea level during the Pleistocene due to
alternating glacial advances and retreats may have influ-
enced connectivity between drainage basins, depending on
basin topography and coastal slope. Increased connectivity
among currently isolated coastal river systems in ancient
drainage networks (palaeo-drainages) during glaciated peri-
ods that lowered sea levels could facilitate fish dispersal
among catchments. In a worldwide study analyzing the
influence of historical connectivity on freshwater fishes, Dias
et al. (2014) found greater diversity and lower endemism in
basins that were connected during the LGM, when sea level
declined by as much as 120 m, compared to those that
remained isolated. These results highlight the role of dis-
persal processes in the present-day distribution of fishes.
Similarly, past connections among coastal catchments during
the LGM explained a large fraction (75%) of the genetic
variation in the freshwater tetra Hollandichthys multifas-
ciatus, endemic to streams of the Atlantic forest in southern
Brazil (Thomaz et al. 2015). Present-day distributions of the
26 tetra populations sampled in this study were better
explained by associations with 12 palaeo-drainages
(Fig. 11.5), rather than by habitat stability, a term esti-
mated by the permanency of Atlantic forest in the present
and during the last glacial maximum.

Far more ancient events in earth history also are reflected
in present-day diversity patterns, as is illustrated by fish
diversity gradients in the Amazon Basin. The modern
Amazon was formed by the joining of its western to its
eastern basins, which were isolated throughout the Miocene
and only began flowing eastward 1-9 million years ago
(Oberdorff et al. 2019). Present-day diversity patterns sug-
gest that the main center of fish diversity was located in
western areas, progressing eastward due to fish dispersal
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Fig. 11.5 Palaeodrainages in the Atlantic forest in southern Brazil during the last glacial maximum. The black line represents the current shoreline,
and the palacodrainages are shown in blue-green shades. Black dots represent the sampled populations (Reproduced from Thomaz et al. 2015)

after the basins were united and the Amazon River assumed
its modern course toward the Atlantic. This historical anal-
ysis helps to explain the unexpected finding of a decline in
diversity along an upriver-downriver gradient, which is
contrary to most findings but may reflect the history of the
Amazon drainage network.

Comparative studies of taxonomically related fish groups
clearly show that history and biogeography can influence the
taxonomic and ecological diversity of a region. The Nida
River in south-central Poland and the Grand River in

Ontario, Canada, are two river systems that exhibit similar
gradients from the headwaters downstream and occupy
similar climates. Hence, they might be expected to support
about the same number of species, filling roughly similar
ecological roles. There are in fact many similarities
(Fig. 11.6), due largely to the abundance of cyprinids in
both, and comparable species in the Esocidae, Cottidae, and
Gasterosteidae (Mahon 1984). Yet, there also are prominent
differences, including the diversity in North America of
Centrarchidae and Ictaluridae, and radiation within the
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genera Notropis and Etheostoma. The Grand River drainage
contains more species overall, especially in smaller streams.
In addition, more species in the Grand River are specialized
stream dwellers, whereas the Nida includes a greater pro-
portion of large species that are only occasional stream
dwellers. Explanations for such differences always are
speculative. Mahon (1984) suggests that the success of the
lentic specialists (Centrarchidae and possibly Ictaluridae) in
North America closed out the migratory option typical of the
larger cyprinids of Europe, and favored species that formed
resident populations in small streams. This may help to
explain the greater North American diversity of smaller
species.

Geographic diversity patterns of the Ephemeroptera,
Plecoptera, and Trichoptera, differ among biogeographic
realms. The greatest number of species of Ephemeroptera are
found in the Palearctic and Nearctic regions, but higher
genus diversity occurs in the Neotropical and Afrotropical
realms (Barber-James et al. 2008). Plecoptera genus and
species diversities are greatest in Palearctic and Nearctic
realms, while Trichoptera are most diverse in the Oriental
region (De Moor and Ivanov 2008; Fochetti and Tierno De
Figueroa 2008). Given that the initial evolution of these taxa
occurred prior to the splitting of the Pangean supercontinent
(Balian et al. 2008), such disparate patterns among aquatic
insects suggest either different centers of radiation or dif-
ferential success in surviving subsequent environmental
changes. For example, greater genus richness and endemism
of Ephemeroptera in the southern hemisphere can be related
to greater diversity in Gondwana than in Laurasia, greater
extinction rates in the northern hemisphere, and higher cli-
mate heterogeneity in the southern hemisphere
(Barber-James et al. 2008). Both recent (glaciation) and
older (tectonic) geological influences are implicated by
studies of the distribution of Trichoptera of the Iberian
Peninsula. Consistent with other studies of Mediterranean
basins, Bonada et al. (2005) found that trichopteran species
composition shifts from a dominance of Palearctic species in
northern basins to an increasing presence of North African
and endemic species in southern basins. This reflects the
combined influence of glaciations during the Quaternary that
shifted northern species to more southern latitudes, and the
joining of the Eurasian and African plates during the Tertiary
that enabled North-African species to enter the southeast of
the Iberian Peninsula.

It is evident that species-area, species-energy, and earth
history all are valid explanations for large-scale patterns in
species richness. From a number of analyses, Oberdorff et al.
(2011) concluded that the macroecological variables of
drainage area and system productivity provided the strongest
explanations of global patterns in freshwater fish species
richness, and history less so, with the caveat that the influ-
ence of history is more challenging to establish. Distance
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from a large area providing refuge from glaciation was one
measure of historical influence with some explanatory
power. It should be noted, however, that after river size and
net primary productivity are factored out, North American
rivers are still 1.7 times as rich as European ones (Oberdorff
et al. 2011), and their fish assemblages differ in body form,
size, and other aspects (Fig. 11.6) that no doubt have their
explanations in the origin of lineages. Clearly, the distribu-
tion of species at large scale varies greatly, for reasons that
we at least partly understand. We turn next to a question of
much importance for the study of ecological communities:
how does local species richness vary with regional species
richness?

11.2 Local Patterns in Species Diversity

The most basic information regarding a local assemblage of
species includes which species are present, what are their
relative abundances, and can we expect to encounter the
same species in the same relative abundance at the next
sampling. In general, we shall see that the local assemblage
is a subset of the species pool of the region. The number of
species recorded is strongly influenced by sampling effort,
thus requiring some standardization of methods in order to
make valid comparisons. As is true in all ecological com-
munities, a moderate number of species are common and
most are rare. The most abundant species at a site tend to
persist over time, unless environmental conditions change.
We begin with an assessment of these patterns before pro-
ceeding to a consideration of the forces responsible.

11.2.1 Influence of the Regional Species Pool

Local richness is influenced both by regional richness and by
local factors. A linear relationship between regional and
local species richness suggests that local environmental
conditions do not limit local richness, while an asymptotic
relationship suggests that local environmental or biotic fac-
tors may ultimately limit the number of species at a site
(Heino et al. 2009). From an analysis of fish species richness
across a large area of the southwestern Iberian Peninsula of
Europe, encompassing 436 sites distributed across 23 river
basins, Filipe et al. (2010) found that local species richness
(LSR) was strongly associated with regional species richness
(RSR) for both native and introduced species (Fig. 11.7).
Environmental factors including rainfall seasonality and
stream slope also influenced local richness, but had less
influence. However, considerable variation at the local scale
remained unexplained, indicating a role for additional
environmental variables and biological interactions. A study
of the LSR-RSR relationship in stream diatoms in boreal
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Fig. 11.6 Some of the fish
species occupying small drainage
basins (300 km? or less) in (a) the
Grand River system, southern
Ontario, and (b) in the Nida River
system, south-central Poland
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streams in Finland found a relatively strong linear relation-
ship between diatom species richness sampled from stream
riffles, and regional species richness across multiple drai-
nages on a 1,100 km north-south latitudinal gradient
(Soininen et al. 2009). Roughly speaking, the number of
diatoms collected from a single riffle ranged from a

<)

LA=<<]J ‘ Nocomis spp.
Rhinichthys cataractae

Ictalurus nebulosus

Noturus flavus

Esox lucius X (see Nida River) @ﬁ
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maximum of one-third to one-half of the number in the
drainage system, to a minimum of 10-25%. Using data on
macroinvertebrate assemblages from 705 streams sampled as
part of the Swedish national lake and stream survey, Sten-
dera and Johnson (2005) found no simple generalization
between LSR and RSR. However, it did appear that
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Fig. 11.6 (continued)
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maximum local species richness was usually in the range of
15-35% of regional species richness.

11.2.2 Influence of Sampling Effort

A complete survey of all the species within a local assem-
blage is an extremely challenging task. Such studies are
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unusual partly because the taxonomic knowledge of many
groups is inadequate, and partly because the exhaustive
compilation of a species list is rarely a priority. It is more
usual to find either a detailed study of a single taxon, or an
ecological investigation where the focus is on the more
common species, while taxa that are difficult to identify are
lumped, often at the family or genus levels. Estimated spe-
cies richness at a locale is highly sensitive to sample size and
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Fig. 11.7 Relationship between local species richness (LSR) and
regional species richness (RSR) in (a) diatoms in streams in Finland, and
(b) fishes in Mediterranean streams of the Iberian Peninsula. (Repro-
duced from Soininen et al. 2009 and Filipe et al. 2010, respectively)

the thoroughness with which all habitats are sampled. This is
because many species are rare, hence often undetected, but
an increasing number of rare species will be included as
sampling effort increases. Two statistical approaches are
commonly used to address this issue and make sample
estimates more comparable across sites (Chao et al. 2014).
Rarefaction uses a plot of number of species against number
of samples from a random re-sampling of the data set to
estimate species richness for a given sample size. Asymp-
totic estimators extend the species accumulation curve to
derive an estimate of species richness that is relatively
independent of additional sampling effort.

The importance of sample size is nicely illustrated by a
study of macroinvertebrates collected from individual stones
in a large reach of rapids (2040 m wide, approximately
1 km in length) of the River Lestijoki, Finland (Kuusela
1979). The number of individuals per stone was positively
correlated with the number of species per stone (Fig. 11.8a).
In addition, the cumulative number of species increased with
the logarithm of the cumulative number of stones sampled;
that is, at a decelerating rate. The latter relationship has been
reported from streams of widely different regions
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(Fig. 11.8b), and clearly illustrates the dependence of local
species richness on sampling effort. Whether sampling
included one or multiple habitats also can influence the
number of species collected. For diatoms, Smucker and Vis
(2011) found that a multiple habitat approach (pools, riffles,
rocks, sand) resulted in higher species richness and evenness
than when sampling only epilithic habitat (rocks in riffles).

11.2.3 Common and Rare Species

A general observation from surveys of ecological commu-
nities is that a few species are common and most are quite
rare. A collection of 52,000 insect specimens that emerged
as adults from a stream flowing underneath an 11-m?
greenhouse near Schlitz, Germany, yielded a total of 148
species, but the 15 most abundant species contributed 80%
of the total number of individuals (Illies 1971). Woodward
et al. (2002) report a similar finding for the Broadstone
Stream, UK, which is relatively species-poor due to the
stream’s acidity derived from acid deposition. Demonstrat-
ing remarkable consistency over 24 years of study, a core
community of eight taxa always was present, contributing
75% or more of total individuals (Fig. 11.9). A practical
consequence of the tendency for a few species to dominate
an assemblage is that collection of a small number of sam-
ples will include most of the common species, whereas
further sampling effort will continue to produce additional
species almost (but not quite) indefinitely. This underlies the
relationship between sample size and local species richness
(Fig. 11.8), which in turn influences the amount of sampling
effort necessary to characterize a system.

Why a few species should be more abundant, widespread,
and successful and many species quite rare remains one of
the great enigmas of ecology. Species that have wide
regional distributions usually are locally abundant as well
(Gaston and Blackburn 2000). By comparing stream insects
collected at 50 headwater stream sites located in a drainage
basin with data collected at 110 stream sites in 5 ecoregions
in Finland, Heino (2005) found a positive and significant
relationship between the local abundance of species and
regional distribution. Although such a relationship can be an
artifact of sampling, such as failing to detect rare species, it
is likely that the explanation has an ecological basis in
organism-niche relationships, dispersal abilities, and popu-
lation growth rates.

Because most species are minor components of ecologi-
cal webs, the completeness of the species list may not matter
greatly for most ecological analyses. Nonetheless, the few
exhaustive inventories are of interest because they give a
sense of just how biologically diverse stream communities
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Fig. 11.8 (a) The number of species collected increases with the size
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stones sampled: 1, River Javavankoski, Finland (Kuusela 1979); 2,
Vaal River, South Africa (Chutter and Noble 1966); 3, Lytle Creek,
Utah (Gaufin et al. 1956); 4, Rio Java, Costa Rica (Stout and
Vandermeer 1975). Solid lines are 95% confidence limits
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Fig. 11.9 The proportion of sampling occasions that included each
taxon over 24 years of study in the Broadstone Stream, U.K. Numbers
along the lower axis refer to individual species. The core community
consisted of eight taxa that were always present. These included 1,
Nemurella pictetii; 2, Leuctra nigra; 3, Plectrocnemia conspersa; 4,

Taxon

Sialis fuliginosa; 5, Pentaneurini; 6, Ceratopogonidae; 7, Heterotrisso-
cladius marcidus/Brillia modesta; 8, Polypedilum abicorne. The pH
optima for individual taxa are indicated where known (Reproduced
from Woodward and Hildrew 2002)
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can be. Perhaps the most complete species lists come from
long-term studies of a small German stream, the Breitenbach
(Table 11.1), and of the Broadstone Stream in the UK
(Schmid-Araya et al. 2002). More than one thousand
invertebrate species have been collected from the Breiten-
bach, and because this list was compiled using aerial as well
as aquatic collections it is uncertain what fraction derives
from habitats other than the stream, including a small
impoundment and other standing water habitats. However, it
is thought to be less than one third of the invertebrate species
in the stream (P. Zwick, personal communication). This
compilation indicates that the greatest invertebrate diversity
is located in a few groups, including several minute, inter-
stitial phyla (Nematoda, Rotatoria, Annelida, and Platy-
helminthes) and the highly diverse Diptera, especially the
midge family Chironomidae. In general, it is the smallest
taxa that are most diverse (Palmer et al. 1997). The Broad-
stone Stream is relatively depauperate because of high
acidity; however, its count of 131 invertebrate species like-
wise reflects high representation by small taxa that are often
overlooked (Schmid-Araya et al. 2002).

In summary, there are numerous factors that contribute to
some areas being relatively rich in species while other areas
are less so. A first level of explanation must take into
account regional diversity, which is influenced by history,
topography, climate, and geography; intensity of the sam-
pling effort at both within and between-habitat levels; and
local environmental conditions. There is also good reason to
believe that interactions between species, which likely vary
in their intensity depending upon environmental conditions,
play a major role in determining local species richness. This
provides the link between the topics of species diversity and
community structure, and we turn now to the latter.

Table 11.1 A total of 1085

3 Insecta

species of metazoans reported as -

of 1989 from a two-km stretch of ~ Diptera

the Breitenbach, a small stream Coleoptera

near Schlitz in northern Germany. Trich )

From Zwick (1992) richoptera
Ephemeroptera
Plecoptera
Hymenoptera
Megaloptera
Planipennia
Odonata
Total
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11.3 Local and Regional Controls
of Community Assemblages

The discussion of community structure and the rules that
govern community assembly has generated a rich literature
in ecology. To enter into this topic, it is useful to distinguish
some key ideas, keeping in mind that they are not fully
independent from one another. Niche-based models focus on
the interplay between biotic interactions (usually predation,
herbivory, competition) and abiotic forces (primarily habitat
and disturbance) that determine the suitability of a place for
a particular species. The habitat template model (Southwood
1988) emphasizes the association of species with habitat
features, such that individual species occur where they are
best suited and more species are found where habitat con-
ditions are most diverse. In this long-favored explanation of
stream community structure, the physiological, morpholog-
ical, behavioral, and life history attributes of individual
species determine which will successfully colonize and
maintain populations in a particular environment. Both abi-
otic and biotic factors can be visualized as a series of filters
that determine the subset of the regional species pool that is
most likely to successfully colonize and maintain popula-
tions. In contrast, explanations emphasizing stochastic
variability suggest that local extinctions and dispersal are
more influential than local environmental conditions in
structuring communities.

Disturbance models emphasize the interplay between
species interactions and variation in flow, temperature, and
other environmental factors that periodically reduce the
abundance of some or all species in an assemblage. Because
predation, competition, and herbivory can potentially elim-
inate local populations, disturbance can serve as a countering

Number Other metazoa Number
468 Nematoda 141
71 Rotatoria 130
57 Annelida 56
18 Platyhelminthes 50
18 Crustacea 24
3 Hydrachnellea 22
2 Mollusca 12
2 Gastrotricha 6
1 Vertebrata 3
Nematomorpha 1
640 445



338

force, limiting the effectiveness of strongly interacting spe-
cies, and either facilitate or prevent recolonization by dis-
placed species. A focus on disturbance seems appropriate to
fluvial ecosystems because they appear to be highly variable
and occasionally harsh environments. In addition, benthic
invertebrates and algae are patchily distributed, and this
suggests that disturbance, biotic interactions, and recolo-
nization may combine to govern population dynamics at the
local scale (Townsend 1989). Because dispersal ability
varies among species, individual mobility, propensity to
drift, and aerial flight ability all are important traits that may
permit the persistence of weak competitors and vulnerable
prey in environments where they might otherwise lose out.

11.3.1 Consistency in Assemblage Composition
Evidence that communities have predictable structure,
implying primacy of habitat and niche-based explanations, has
often been sought by analyzing patterns in species composi-
tion. Consistency in assemblage composition over time, and
similarity in assemblage structure among locations whose
environments are comparable, suggests that underlying pro-
cesses, rather than randomness, govern community formation.
A core community of eight taxa in the aforementioned
Broadstone Stream (Fig. 11.9) was present for more than two
decades of study, and species turnover generally was low.
High persistence of assemblage composition and dominance
by the same handful of species in the stream strongly suggests
that dominant species in the locale are not simply a random
sampling of a larger species pool, but instead are those whose
traits allow them to be especially successful in the environ-
mental conditions at that location. This community was per-
sistent until the 1990s when reduction in acidity due to
controls in anthropogenic emissions created conditions
amenable to colonization by a large, predaceous dragonfly,
Cordulegaster boltoni. Additionally, an increase pH over time
supported an invasion of the stream by brown trout Salmo
trutta in 2005. The abundance of invertebrates declined in
response to predator introduction, and food chains lengthened
with the addition of top predators, while modelling indicated
that persistence and food web stability decreased. Notably,
most species that were observed in the initial Broadstone
studies conducted in acidic waters four decades earlier were
still present. Other invertebrates typically associated with less
acid conditions have not colonized the streams, suggesting
that shifts in food web dynamics may be delaying community
recovery (Layer et al. 2011).

The degree of community persistence appears to vary
with environmental conditions. Two surveys of 27 streams
in the same locale as the Broadstone Stream suggested
greater persistence of taxa within cold- than warm-water
streams (Townsend et al. 1987). Species persistence of fish
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assemblages was high and similar in two streams surveyed
nine years apart, but the difference between collections was
greater in the stream that exhibited higher seasonal and
year-to-year variation in flow regime, maximum summer
temperatures, and frequency of dewatering (Ross et al.
1985). Other studies reporting less overall persistence in
assemblage structure (Grossman et al. 1982) have also
attributed this to environmental variability. Based on ten
years of sampling in Coweeta Creek, North Carolina,
Grossman et al. (1998) concluded that environmental vari-
ability in flows rather than habitat or resource availability
best explained variation in fish assemblages. Indeed, lack of
assemblage persistence or of relationships between species
composition and habitat variables may be a frequent finding
wherever unpredictable floods and droughts introduce high
temporal variation into stream assemblages (Angermeier and
Schlosser 1989).

11.3.2 Local Environmental Factors and Spatial
Characteristics of River Networks

Spatial comparisons of biological assemblages provide
insight into the roles of community structuring mechanisms.
Local communities of species that are spatially separate
often are partially linked by dispersal in what is referred to as
a metacommunity (Wilson 1992; Leibold et al. 2004). This
framework highlights the importance of spatial processes,
including spatial variability in environmental conditions, in
dispersal pathways and site proximity, and in the dispersal
abilities of individual species. Although each local com-
munity is the result of species sorting, in which ‘filtering’ by
local environmental factors ensures that each species occurs
where environmental conditions are suitable, dispersal from
neighboring communities also plays a role (Heino et al.
2015). Comparisons among biological communities across
space should find greatest differences when local conditions
are variable and dispersal is low. Conversely, when dispersal
rates are high, communities are typically more similar,
especially when among-site environmental differences are
modest, and species can often persist in habitats that are less
favorable because of frequent recolonization (Leibold et al.
2004; Chase et al. 2005). Populations of organisms with the
ability to disperse over long distances are often strongly
influenced by local environmental factors, which determine
whether a species can persist once it reaches a given locality.
In contrast, populations of species with lesser dispersal
ability are frequently limited by the relative connectivity of a
system, as spatially and/or temporally heterogeneous envi-
ronments may constrain their ability to colonize new habitats
(Heino 2011; Padial et al. 2014).

In a study of macroinvertebrate assemblages from ten
grassland streams in the Taieri River catchment on the South
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Island of New Zealand, Thompson and Townsend (2006)
posited that if assemblage structure was explained best by
dispersal, the greatest similarity among community assem-
blages would be in adjacent sites. However, if more distant
assemblages were similar, it would potentially lend support
to the argument that similar environmental conditions were
more important in structuring communities. Their results
indicated that dispersal was the primary factor. Assemblage
similarity was best explained by spatial proximity for species
with low dispersal ability, a mixed model worked best for
species with moderate dispersal abilities, and neither model
worked especially well for species of high dispersal ability.
It is important to note that there is a tendency for ecological
conditions to be spatially correlated; therefore, using com-
parisons of natural assemblages to test models based on
species sorting by environmental conditions versus dispersal
of ecologically equivalent species in structuring communi-
ties should be done with caution. However, in this study,
Thompson and Townsend (2006) did not find a relationship
between distance and the similarity of physical and chemical
conditions for the ten streams. Thus, they attributed the
observed negative relationship between spatial distance and
community similarity to the distance limitations of aerial
dispersal and the possible influence of chance order of
arrival on community assembly.

The species of tropical floodplain rivers provide a natural
experiment in community assembly because seasonal fluc-
tuations in discharge result in repeated cycles of extirpation
and recolonization of floodplain habitat at the local scale. By
experimentally manipulating habitat complexity, Arrington
et al. (2005) showed that species-specific differences in
dispersal ability of fishes significantly affected the fish
assemblage response to changes in habitat availability.
Dispersal was most important to community assembly in
newly formed habitat patches, whereas in older patches,
abundances of individual species increasingly were influ-
enced by habitat characteristics. Similarly, Padial et al.
(2014) assessed the relative importance of environmental
and spatial variables to aquatic communities of the Parana
River floodplain in Brazil. Spatial variables, primarily those
related to distance between sampling sites and connectivity
between sites, were more important in explaining variation
in the presence of larger organisms with lower dispersal
abilities, such as fish and macrophytes, while local envi-
ronmental variables were more important in explaining the
distribution of smaller organisms, such as phytoplankton,
that had greater dispersal capacities (Fig. 11.10).

The roles of local conditions and dispersal capabilities in
explaining patterns in community assemblage can vary
depending on the position of a site within a river network.
Headwaters are more isolated than larger streams because
the overland distance between headwater streams is greater,
and organisms have to move against the current to colonize
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upstream sites (Heino et al. 2015). Several studies have
showed that local processes are more important in headwater
communities than in downstream reaches. Brown and Swan
(2010) found no correlation in headwater streams between
similarity of macroinvertebrate communities and distance
between sites (Fig. 11.11a); however, there was a significant
correlation between community assemblage and environ-
mental conditions, suggesting that species sorting rather than
dispersal was the main factor influencing community struc-
ture in headwater streams (Fig. 11.11c). In contrast, in
mainstem sites, similarity between communities declined
with increasing distance (Fig. 11.11b), and there was a
positive relationship between community assemblage and
the similarity of environmental conditions (Fig. 11.11d).
This suggests that community assemblage in the mainstem is
influenced both by dispersal capabilities and local species
sorting. However, other studies have not found clear asso-
ciations in species composition between headwater and
mainstem sites. The relative importance of local conditions
and spatial variables to community composition differed
among taxonomic groups in streams and rivers of the
Danube basin in Hungary (Schmera et al. 2018). For
macroinvertebrates, local environmental variables had a
strong influence on community structure in streams, while
both environmental conditions and spatial variables were
important in communities in larger systems. For fishes and
diatoms, environmental conditions and spatial characteristics
influenced community assemblages in smaller streams, but
did not explain variation in assemblage structure in the larger
sites.

Seasonal variation also can affect the relative influence of
local environmental conditions on the composition of
aquatic communities along a river network. In northern
Sweden, Gothe et al. (2013) found that local variables
including water chemistry and frequency of low flows acted
as strong filters at upstream sites in all seasons, but were
important at downstream sites only during autumn, sug-
gesting that seasonal changes in dispersal can create tem-
poral variation in community assemblages. Comparing the
effects of local (e.g., flow regime and habitat characteristics)
and regional (e.g., distance among sites) factors in dryland
streams of Arizona, US, Cafiedo-Argiielles et al. (2015)
found that local variables were most important in explaining
community assemblages. This is unsurprising, as dryland
systems are characterized by distinct seasonality in flow and
spatial heterogeneity in environmental conditions, including
in both perennial and intermittent reaches. Similar to many
of the aforementioned studies, the effect of local environ-
mental conditions on community assemblage varied among
taxa with different dispersal capacities. The distributions of
invertebrates with low dispersal capacities were most influ-
enced by local habitat conditions, while strong dispersers
were present in all suitable habitats. Interestingly, the
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presence of taxa with intermediate dispersal capacities was
related to topographic distance, suggesting that these species
can escape from most harsh conditions, but do not have the
ability to reach all suitable habitats.

How dispersal capabilities and spatial relationships of the
river system influence community assemblages is governed
by the size of a river network and connectivity within the
network (Heino et al. 2015). Depending on connectivity
within a river network and dispersal mode of organisms,
stream systems can differ in the importance of dispersal in
overcoming spatial fragmentation of populations and com-
munities (Tonkin et al. 2018). In low connectivity systems,
such as arid-land streams that can be highly fragmented by
episodic drying, the river network will play a smaller role as
a dispersal route than in systems with continuous connec-
tivity by water (Fig. 11.12). Variation among organisms in
dispersal mode also influences how species distributions
interact with connectivity and spatial characteristics of a
watershed. Freshwater fishes can only disperse along aquatic
corridors, but many macroinvertebrates and amphibians are
only restricted to aquatic environments for part of their
development. In headwater streams of the Central Amazon,
Stegmann et al. (2019) found that distance to large-river
floodplain systems had a greater influence on fish assem-
blages than distance among sites or local conditions.
Streams located closer to large rivers showed greater taxo-
nomic and functional richness, suggesting that floodplains
can influence upstream assemblages, probably through
increased dispersal during flood pulses and higher habitat
availability during the dry season. In contrast, overland
connectivity influences the structure of aquatic invertebrates,
as Razeng et al. (2016) found for streams in central Aus-
tralia. Dispersal through valleys was more important in
structuring invertebrate communities than dispersal based on
distance between sites or through waterways, likely related
to the arid conditions of the study sites. Compared to other
studies conducted in arid lands, local environmental condi-
tions had little influence on the community structure in this
example, probably because the study sites were relatively
homogenous.

Understanding the relative influence of the factors gov-
erning community structure can provide insight to manage-
ment options (Datry et al. 2015). For example, when local
environmental variables are most important in shaping local
communities, conservation efforts may be more effective if
they are focused on local habitat conservation. In contrast, in
systems where dispersal is the main factor regulating the
distribution of species and community assemblage, efforts to
maintain connectivity within a river network and to enhance
refuges or areas of the stream that are relatively buffered
from disturbance during times of limited connectivity should
be prioritized.
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Fig. 11.12 Conceptual model of the explanatory power of river
network, degree of connectivity, and dispersal mode to local commu-
nity composition via overall dispersal. Taxa illustrating differences in
dispersal mode: (a) diving beetle, Boreonectes aequinoctialis; (b) giant
waterbug, Abedus herberti; (c) desert sucker, Catostomus clarki,
(d) dragonfly, Ophiogomphus occidentis; (e) crayfish, Pacifastacus
leniusculus; (f) rainbow trout, Oncorhynchus mykiss (Reproduced from
Tonkin et al. 2018)

11.3.3 The Habitat Template and Species Traits

Habitat template theory places particular emphasis on the
matching of habitat requirements of individual species to the
abiotic and biotic conditions of a locale (Southwood 1988;
Townsend and Hildrew 1994). Increasingly, such efforts
examine the traits of species with the expectation that attri-
butes such as size, body shape, lifespan, and mode of dis-
persal will help us understand why certain species succeed
where others do not, and may also provide clues regarding
the environmental factors that are responsible for structuring
communities. A conceptual elaboration of this approach
connects the regional to the local species pool through a
hierarchical series of filters that determines the likelihood
that a particular subset of colonists will be successful at a
locale (Fig. 11.13). As initially developed by Tonn et al.
(1990) and Poff (1997), and further elaborated by Heino
(2009) and Cornell and Harrison (2014), the local assem-
blage of species is filtered from a regional species pool first
through dispersal barriers, which are influenced by factors
such as topography and climate, but also by differences in
species’ dispersal capabilities; and secondly by environ-
mental filters that exist at a hierarchy of scales, such as flow
and temperature regimes, and macro- and microhabitat
variables. We expect systems that experience frequent dis-
turbance and recolonization to be strongly influenced by the
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species pool, whereas those more strongly structured by
species interactions may be less so.

The ability of individual species to reach a location and
then persist there in the face of whatever environmental
conditions and biological interactions a species encounters
will be determined by many aspects of its morphology,
physiology, life history, and dispersal ability. There are
referred to as species traits, and biological assemblages
increasingly are being viewed from the perspective of spe-
cies traits rather than taxonomic identity (Poff et al. 2006;
Menezes et al. 2010). Using a trait-based approach allows
scientists to more efficiently make comparisons of species
assemblages among regions because traits, rather than spe-
cies, may be shared more commonly among sites (Verberk
et al. 2013). Suites of traits have been defined for a variety of
taxonomic groups, including plants, algae, invertebrates, and
fishes (Statzner and Béche 2010). Over the past few decades,
traits have been applied in the study of community assembly
(Poff 1997; Lamouroux et al. 2004), stream health and
biomonitoring (Menezes et al. 2010; Statzner and Béche
2010), community and ecosystem function (Naeem and
Wright 2003; Tolonen et al. 2017), and in predicting species
invasions (Olden et al. 2006; Statzner et al. 2008).

Traits are typically divided into biological and ecological
categories (Vieira et al. 2006). Biological traits traditionally
include morphological, physiological, and life history attri-

butes, while ecological traits are related to habitat
Regional pool of species,
defined in terms of multiple
species traits
Watershed /
basin filters

Valley / reach
filters

Channel unit
filters

Microhabitat
filters

Fig. 11.13 The number and types of species at a site reflect the
influence of regional diversity and species traits (trophic, habitat, life
history, etc.) that allow them to pass through multiple biotic and abiotic
filters at hierarchical spatial scales. The species found within a
particular microhabitat possess traits suitable for prevailing
watershed/basin, valley bottom/stream reach, and channel unit and
habitat conditions (Reproduced from Poft 1997)
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preferences. However, suites of traits are different for dif-
ferent taxonomic groups. In fishes, traits typically reflect
life-history strategies (e.g., longevity, migration), body size,
reproductive attributes, trophic habits, habitat preference,
and tolerance to physicochemical variables (Frimpong and
Angermeier 2010). In macroinvertebrates, biological traits
typically include attributes such as maximum body size,
number of reproduction cycles and descendants per year,
method of reproduction, method of dispersal, resistant life
stages, respiration mode, locomotion mode, diet, and feeding
habits. Ecological traits for macroinvertebrates are fre-
quently related to habitat requirements such as altitude,
substrate, lateral and longitudinal distribution, and to
physicochemical tolerance (e.g., salinity, temperature, and
pH among other variables) (Schmera et al. 2017). Each trait
typically includes several subcategories or modalities
(Table 11.2) that are assigned specific codes and values that
are used for empirical analyses. Specialists have generated
databases of traits for fishes and macroinvertebrates that
have facilitated the use of species traits to address ecological
and management questions (Macroinvetebrates:
Usseglio-Polatera et al. 2000; Poff et al. 2006; Tomanova
et al. 2006; Statzner et al. 2007; Fishes: Noble et al. 2007;
Frimpong and Angermeier 2009). However, further work is
still needed to expand these data bases to other genera and
regions (Statzner and Béche 2010). Verberk et al. (2013)
emphasize that traits do not occur in isolation, nor does a
single trait define the relationship between a species and the
environment. Rather, the combination of traits within a
species govern the adaptive response of an organism to
environmental conditions. Thus, environmental conditions
do not act on single traits, but rather on a species, which is
an assemblage of traits.

Efforts to demonstrate that species traits match with
environmental variables have met with at least moderate
success. To test the hypothesis that functional organization
of fish communities is related to hydrological variability,
Poff and Allan (1995) described habitat, trophic, morpho-
logical, and tolerance characteristics using six categories of
species traits for each of the 106 fish species present at 34
sites in Wisconsin and Minnesota. Two ecologically-defined
assemblages were identified, associated with either hydro-
logically variable streams (high variation in daily flows,
moderate frequency of spates) or hydrologically stable
streams (high predictability of daily flows, stable baseflow
conditions). Fish assemblages from variable sites had gen-
eralized feeding strategies, were associated with silt and
general substrate categories, were characterized by
slow-velocity species with headwater affinities, and were
tolerant of sedimentation. These findings indicate that
hydrologic regime acts as an environmental filter, supporting
theoretical predictions that variable habitats should harbor
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Table 11.2 Trait categories and
their modalities from an analysis
of relationships between species
traits and environmental variables
for invertebrate assemblages of

Trait
Maximum size

Body flexibility

streams in France. Based on Body form
Lamouroux et al. (2004) Life span
Voltinism

Aquatic stages
Reproduction
Dispersal
Resistance form
Respiration

Locomotion/relation to
substrate

Feeding habits

Ovoviviparous, individual eggs,” egg masses,
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Modalities

7 categories from <2 mm to >80 mm
None (<10°), low (10-45°), high (>45°)
Streamlined, flattened, cylindrical, spherical
<1 year, >1 year

<1, 1, >1 generation/year

Egg, larva, nymph, imago

b asexual

Aquatic active, aquatic passive, aerial active, aerial passive
Eggs, cocoons, cells resists desiccation, diapause/dormancy, none
Tegument, gill, plastron, spiracle (aerial)

Flyer, surface swimmer, swimmer, crawler, borrower, interstitial, temporarily
attached, permanently attached

Absorber, deposit feeder, shredder, scraper, filter feeder, piercer, predator,

parasite, parasitoid

[solated eggs can be free or cemented to substrate. "Egg masses can be free, cemented, in vegetation or

deposited terrestrially

resource generalists whereas stable habitats should include a
higher proportion of specialist species.

The hierarchical filter model implies that associations
between traits of the species assemblage and habitat vari-
ables should exist at multiple spatial scales. Lamouroux et al.
(2004) assessed correlations between traits and environ-
mental variables across spatial scales within two river basins
in France, after first summarizing the functional composition
of invertebrate communities using 60 categories of 12 bio-
logical traits (Table 11.2). Roughly half of the tested rela-
tionships between traits and environmental variables were
significant at the microhabitat scale, and about one-fourth of
the tests were significant at the reach scale. Although a
number of invertebrate traits differed between basins, this
was not attributable to between-basin habitat differences. In
this example, filters at the microhabitat scale clearly were
most influential on the suite of community traits. Using 11
ecological traits and 11 biological traits, Usseglio-Polatera
et al. (2000) identified gradients in body size, reproductive
rate, and feeding ecology within 472 European macroin-
vertebrate taxa. Because they were able to aggregate taxa
into groups with similar traits, the authors speculated that
improved resolution of habitat affinities or response to pol-
lution might be attained using a subset of species sharing a
similar suite of traits, rather than using the entire assemblage.

Any consideration of species traits must recognize that
some traits tend to co-occur and others may rarely, if ever be
found, in the same species. For example, large body size,
long lifespan, and low reproductive potential form one
common suite of attributes; small body size, short lifespan,
and high reproductive potential another. These are fre-
quently referred to as slow and fast, or K and r species,
respectively (Begon et al. 2006). Mixtures between these

two suites of attributes are rare, suggesting a trade-off exists
between two alternate life styles, or these two suites of traits
may represent two ends of a spectrum.

Three life history strategies for fishes in tropical regions
and in North America have been proposed: (i) opportunistic
(characterized by small body size, earlier maturation, high
reproductive effort, low fecundity, and low investment in
individual offspring), (ii) periodic (characterized by large
body size, late maturation, moderate reproductive effort,
high fecundity, and low investment per offspring), and
(iii) equilibrium (characterized by variable body size, mod-
erate to long life span, low reproductive effort, low batch
fecundity, and high investment per offspring). In this model,
the r strategy is divided into opportunistic and periodic
strategies and the equilibrium strategy is related to K species
(Winemiller and Rose 1992; Winemiller 2005). This model
has been applied to investigate the relationship between
fishes and environmental variables, species distribution, the
role of local and regional factors on fish assemblages, and
the impact of hydrologic alteration in rivers (Hoeinghaus
et al. 2007; Frimpong and Angermeier 2010).

The relative contribution of local environmental condi-
tions and spatial characteristics of a river network on com-
munity structure, described earlier for species, has also been
investigated using species traits. Using both taxonomic and
functional approaches, Hoeinghaus et al. (2007) found that
the taxonomic make-up of fish assemblages in Texas, US,
was related to species’ geographic distributions and histori-
cal processes, and linked primarily to dispersal, suggesting
that regional factors strongly influenced local fish assem-
blages. However, functional analyses based on trophic and
life-history traits indicated that local factors such as habitat
stability and predation pressure can have equal influence on
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local assemblage composition. The functional approach was
able to distinguish more stable, deepwater sites dominated
by piscivores from sites with more variable habitat where
opportunistic groups were dominant. This study suggests
that trait analysis may be a more effective approach than
species identity in describing relationships between assem-
blages and the environment. Similar results were obtain by
Logez et al. (2013) for fishes in rivers of Europe, where
temperature and physical structure (e.g., slope, benthic
sediment structure) were the primary environmental vari-
ables that explained trait distribution in the community,
indicating that similar environmental conditions resulted in
similar trait distributions.

Additional studies have found trait-based analyses to
provide insight into the relative influence of environmental
and spatial factors. An analysis of species and trait compo-
sition of macrophytes, macroinvertebrates, and fishes in
headwaters and larger streams in Denmark found that
environmental variables were more strongly associated with
variation in traits than with taxonomic composition of fishes
and macroinvertebrates (Gothe et al. 2017). Larger scale
spatial factors had a stronger influence on macrophyte and
fish communities, likely related to their lower dispersal
capacity compared with macroinvertebrates. In the River
Teno drainage in Finland and Norway, Tolonen et al. (2016)
also found that trait composition of macroinvertebrate
communities was more strongly related to local environ-
mental variables than was species composition, indicating
that local processes may act as filters to combinations of
traits.

Several studies have compared the performance of spe-
cies traits and taxonomic composition in detecting anthro-
pogenic impacts on riverine systems. An investigation of the
impacts of agriculture on macroinvertebrate communities in
streams of New Zealand was able to distinguish sites based
on land use practices from analyses of both traits and tax-
onomy. However, differences among the land use categories
were more pronounced using traits, such as number of
reproductive cycles, life duration of adults, egg laying
modes, and parental-care behavior (Dolédec et al. 2006).
Similarly, trait analysis was informative in a study of the
responses of macroinvertebrates to a gradient of human
disturbance in the Han River, the largest tributary of the
Yangtze River in China (Li et al. 2019). Multivoltinism, fast
development, short life span, and small body size were
dominant at more disturbed sites, while univoltine species,
characterized by slower development, larger body size, and
longer life span, were more abundant at reference sites.
Interestingly, species with strong flying dispersal capacity
were found at more disturbed sites, most likely because this
trait facilitates dispersal and recolonization. Burrowers and
sprawlers were also more abundant at more disturbed sites,
possibly due to their ability to cope with increased siltation.

11 Lotic Communities

Both trait and taxonomic composition differed with extent of
human disturbance, but environmental conditions explained
a larger proportion of trait than taxonomic variation, as
suggested by the habitat template model. Further application
of trait analysis to the study of anthropogenic impacts will
benefit from identification of additional traits that more
precisely indicate the causes of changes to lotic communities
(Statzner and Béche 2010; Verberk et al. 2013).

Although assemblage diversity traditionally has been
evaluated based on the number and relative abundance of
species or other taxonomic unit, recent attention has turned
to the diversity of organisms’ functional traits. Functional
diversity and richness are determined by converting an
assemblage of species into an assemblage of traits, most
commonly using feeding habits, body size, substrate pref-
erences, and locomotion. Functional diversity is then cal-
culated from the relative abundance of organisms possessing
those traits (Schmera et al. 2017).

Recent evidence suggests that functional diversity can
reveal differences among assemblages more effectively than
analyses based on species richness and abundance (Cadotte
et al. 2011; Gagic et al. 2015). For example, Ephemeroptera,
Plecoptera, and Trichoptera exhibited no differences in taxon
richness between land use categories in savanna streams of
the Cerrado, Brazil (Castro et al. 2018). However, functional
richness and functional dispersion (measures of functional
diversity) were higher in the less disturbed site, where
Shannon’s index of species diversity was also greater
(Fig. 11.14). This reduction in functional diversity indicates
that environmental conditions in the most disturbed habitats
could support only a limited number of functional roles,
consistent with the habitat template hypothesis. In other
cases, however, species richness and functional measures of
diversity can show similar patterns in the same system.
Pease et al. (2012) observed the expected increase in species
richness and functional diversity of fishes from the head-
water to the lower reaches in the Grijalva River, Mexico,
likely related to greater food and habitat resources in the
lowland reaches.

11.4 Disturbance, Diversity, and Community
Structure

Hurricanes, fires, floods, and droughts are well-known
examples of extreme disturbances that episodically cause
high mortality to populations of many species in forest,
grassland, coral reef, river, and other ecosystems. Because
species vary in their resistance to disturbance, as well as
rates of recolonization and recovery, disturbance can ame-
liorate strong biological interactions and help to maintain
populations of species that might otherwise be eliminated by
their consumers or competitors. Streamflow is both the most
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obvious and the most readily quantified disturbance variable
in fluvial ecosystems, and flow variability is evident at all
scales from the turbulence around a stone to the occasional
extremes of major floods and droughts. Thus, small-scale
disturbance might act almost continuously, whereas larger
disturbances occur less frequently. Seasonal temperature
extremes, pathogen outbreaks, sediment pulses from bank
failure, and the arrival of a novel species each might con-
stitute a disturbance to a particular system.

Two major axes of environmental variation that affect
stream community structure are environmental harshness
and disturbance frequency. These axes are independent, as
one environment might be uniformly harsh, a second subject
to frequent and extreme disturbances (Peckarsky 1983).
Both act to restrict the abundance and diversity of species
that are found at a location, but they differ in that perennially
harsh environments such as those that are very cold or highly
acid have an on-going effect, whereas disturbance implies an
alternation with periods of more benign conditions. Thus
harsh environments would be expected to contain relatively
few species and experience less species replacement,
whereas frequently disturbed environments would be
expected to contain more species and exhibit higher species
turnover. Because strong biotic interactions including com-
petition and predation can reduce species diversity, it may be
that an intermediate level of disturbance promotes diversity
by ameliorating species effects on one another (Connell
1978; Ward and Stanford 1983).

Because the stream benthos is subject to ongoing turbu-
lence and disturbance, it is possible that strong biological
interactions may be frequently interrupted, resulting in a

continuously shifting mosaic of habitat conditions and spe-
cies colonization and replacement. This is the model of patch
dynamics (Townsend 1989), and it is consistent with the
patchy distribution of algae and invertebrates on the
streambed (Downes et al. 1998). A fluctuating environment
combined with continual dispersal and colonization permits
more species to co-occur than would be true if conditions
exhibited greater constancy. It also confers some regularity
to pattern, because environmental circumstances are pre-
dictable in the aggregate even though they are unpredictable
for any given place and time.

Individual species will differ in their vulnerability to a
particular disturbance event, reflecting many aspects of
morphology, behavior, and lifestyle; thus the impact of the
same disturbance may differ among species (Lytle and Poff
2004). In addition, between-habitat differences occur as a
consequence of bed and substrate characteristics, influencing
the availability of refuges within the substrate (Matthaei
et al. 1999) and resulting in microhabitats where disturbance
is less pronounced (Lancaster et al. 1991; Matthaei et al.
2000).

Several authors have highlighted the importance of
characterizing disturbances in terms of type, intensity,
duration, frequency, and spatial extent when studying their
effects on ecosystems, as it will aid in comparing events
within and among systems (Lake 2000; Winemiller et al.
2010). Peckarsky et al. (2014) describes several methods to
assess streambed disturbance in headwater streams, includ-
ing photographs of the stream bed, hydrological indices,
Shields number, and visual characterization of channel
stability.
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11.4.1 The Influence of Extreme Events
Changes in local and seasonal abundances of the stream
biota in response to flow variation received frequent mention
in previous chapters. Periphyton, benthic macroinverte-
brates, and fishes all can be strongly influenced by fluctua-
tions in flow. In piedmont rivers of the Venezuelan Andes,
benthic invertebrates are subject to frequent flash floods
during the rainy season and droughts during the dry season.
Total macroinvertebrate abundance exhibited a strong neg-
ative relation with average monthly rainfall, used as a sur-
rogate of flow because no stream gauges were available
(Flecker and Feifarek 1994). Numbers recovered during
flood-free periods due to colonization and recruitment,
resulting in a strong positive relationship between insect
abundances and time elapsed since the last storm
(Fig. 11.15). In the Glenfinish River in Ireland, a catas-
trophic flood (a 1-in-50-year event) that occurred in August,
1986, produced a 70% decline in taxon richness and reduced
densities to 5% of pre-flood levels. Interestingly, responses
to the flood differed among taxa. The smallest and more
abundant chironomids were less affected than Ephe-
meroptera, Plecoptera, and Trichoptera, which needed 3—
5 years to recover. Insects with fast life cycles (r-strategy)
recovered faster than slow life cycle, large-bodied species
(K-strategy), which in turn showed faster recovery than
mollusks and crustaceans (Woodward et al. 2016).
Disturbance has been shown to have dramatic,
ecosystem-wide effects. Examples include those where
floods and droughts are of sufficient magnitude that habitat is
disrupted and many of the organisms present are displaced,
comparative studies of rivers basins with different distur-
bance regimes, and instances where disturbance most
severely affects a species that is a strong interactor within a
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Fig. 11.15 The number of aquatic insects in a river of the Andean
foothills subject to a pronounced dry season and frequent floods during
the rainy season. Time elapsed since the most recent rainfall event
>25 mm is used in lieu of stormflow data (Reproduced from Flecker
and Feifarek 1994)
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community. Sycamore Creek, Arizona, is a desert stream
subject to extreme flash floods that might occur a few times
annually. Fisher et al. (1982) describe the recovery of the
system following a late summer flood, until another flood
some 60 days later re-started the sequence. Biomass of algae
and invertebrates were reduced by nearly 100%, but recov-
ery occurred quickly, particularly by the algae, which ini-
tially was dominated by diatoms and later by filamentous
green and blue-green algae (Fig. 11.16). Macroinvertebrate
recovery also was rapid, but slower by several weeks than
the algal recovery. Nutrient uptake and community meta-
bolism changed over community succession, and this highly
productive system began to export surplus primary produc-
tion. The Sycamore Creek example nicely demonstrates the
effects of a disturbance that occurs with unpredictable reg-
ularity, and so ecosystem dynamics can only be understood
within the cycle of disturbance and recovery. Periodic
drought obviously can severely disrupt stream ecosystems as
well. Based on an evaluation of resilience and recovery of
Sycamore Creek to a number of spates and droughts,
Boulton et al. (1992) concluded that droughts had the greater
impact.

Extreme drying can have profound impacts on aquatic
communities. Bogan et al. (2015) described temporal shifts
in community composition in intermittent, arid-land streams
of the Madrean Sky Islands in Arizona, US, during seasonal
drying. In these headwater systems, flow is generally inter-
mittent and streams can remain dry for more than 9 months
of the year; however, some streams are perennial, and con-
tain macroinvertebrate taxa that are rare in the intermittent
streams. As droughts begin, lateral connectivity with riparian
areas is lost. This is followed by loss of longitudinal con-
nectivity as flow ceases, leaving only isolated pools
(Fig. 11.17). In response, most lotic species disappear, and
only relatively tolerant Coleoptera, Hemiptera, and Tri-
choptera remain. The new habitat is subsequently colonized
by other coleopterans and hemipterans that are not typically
encountered under flowing conditions. As the drought per-
sists, vertical connectivity is lost and invertebrate richness
decreases markedly. Such declines are even evident in the
drought-tolerant groups. Some invertebrates may initially
migrate to hyporheic habitats, but as this refuge dries, only
organisms that have evolved resting stages can remain. As
flow returns to the stream, only 10-12 species of resistant
taxa typically are present, but recovery is rapid, reaching
abundance levels similar to perennial streams in 8-
10 weeks. Recovery continues as strong aerial dispersers
colonize streams. These species are drought-tolerant taxa
that remained dominant in perennial pools during the
drought. Total recovery of the macroinvertebrate assemblage
is typically observed in streams that are near dry season
refuges (e.g. headwater seeps and springs, perennial pools,
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Fig. 11.16 Temporal succession of the biota in Sycamore Creek, Arizona, following flooding. (a) Percent cover of algal patch types; (b) Mean
invertebrate numbers and biomass after flooding. Values are means and 95% confidence intervals (Reproduced from Fisher et al. 1982)

Fig. 11.17 Changes in aquatic
invertebrate species richness in

Seasonal flow contraction and drying

Aerial dispersal to rewetted habitats

streams of Madrean Sky Island as
flow decreased (solid line) and
recovered (dashed line). A-D:
thresholds during the drying
period. E: recovery by taxa
resistant to drought. F: recovery
via aerial recolonisation of
resilient taxa. G: full recovery via
multiple resistance and resilience
(instream and overland)
pathways. Processes contributing
to species loss and recovery are
indicated at the top of the figure
(Reproduced from Bogan et al.
2015)
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flowing reaches) that maintained flow for at least 4-
5 months.

Notably, these patterns were observed during predictable
seasonal droughts in conditions under which the macroin-
vertebrate community has evolved. Extreme droughts can
convert perennial to intermittent systems, and researchers
have documented changes in expected species composition.
In particular, large predators were lost from many habitats.
However, macroinvertebrate densities increased and species
richness remained similar when compared to typical sea-
sonal drying (Bogan and Lytle 2011). Collectively, these
results indicate that drought severity and habitat isolation
can influence local and regional invertebrate richness

Dry Flow resumes

(Fig. 11.18). The greatest number of species were observed
in streams that experienced mild and more predictable
droughts and had greater connectivity to perennial refuges,
while only the most resistant species are found in more
isolated streams under severe drought conditions (Bogan
et al. 2015).

11.4.2 Disturbance Frequency and Biotic
Responses

Flow variation has been shown to mediate species interac-
tions. Throughout most of Arizona, the introduced
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Fig. 11.18 Conceptual model describing the interactive effects of
drought severity (based on drying intensity and duration) and habitat
isolation (distance to nearest perennial refuge) on stream invertebrate
species richness. A: Richness increased by the colonization of lentic
taxa during part of the year under moderate drought disturbance. B-D:

mosquitofish Gambusia affinis has replaced a native poe-
ciliid, the Sonoran topminnow Poecilopsis occidentalis,
largely through predation on juveniles (Meffe 1984). In
mountainous regions subject to extreme flash floods, how-
ever, long-term coexistence of the two species results from
the native fish’s superior ability to avoid downstream dis-
placement. Hydropsychids (Trichoptera) and simuliids
(Diptera) exhibit a similar interaction seasonally in coastal
Californian streams (Hemphill and Cooper 1983). On hard
substrates in fast-flowing sections, black fly larvae are more
abundant in spring and early summer, while caddis larvae
predominate thereafter. Winters of high discharge lead to
greater numbers of simuliids, and winters of low flow lead to
higher densities of hydropsychids. By scrubbing substrate
surfaces with a brush, Hemphill and Cooper showed that
disturbance benefited simuliids because they were the more
rapid colonizers, whereas caddis larvae were superior at
monopolizing space on rock surfaces. As time passed since
the last disturbance, hydropsychid larvae gradually replaced
simuliids due to their aggressive defense of net sites.
Because flow variation is such a pervasive feature of the
fluvial environment, many organisms show adaptation to

A: Predictable, mild
seasonal drought and
low isolation-- lotic and
lentic taxa ‘time-share’
between wet and dry
season

B: Low drought severity,
high isolation-- weak
dispersers experience
stochastic extirpations

C: Moderate drought
severity and isolation--
some sensitive taxa
and weak dispersers
are lost

D: High drought
severity, low isolation--
resistant taxa and
colonists from nearby
refuges

E: Severe drought and
isolation-- only the most
resistant taxa remain

Richness decreased due to high drought severity or isolation, or a
combination of both. E: in highly isolated sites under high drought
severity, only highly resistant or resilient taxa remain (Reproduced
from Bogan et al. 2015)

resist or minimize its effects (Lytle and Poff 2004). Timing
of life cycle events such as egg-laying or emergence can be
effective when flow extremes have a degree of predictability.
The emergence of young rainbow trout from spawning
gravel in spring appears to be an example of synchronizing a
sensitive life cycle stage with the long-term average
dynamics of the flow regime. The rainbow trout
Oncorhyncus mykiss, one of the most widely introduced
species world-wide, succeeds in new environments where
the flow regime matches its native range and fails in other
environments where it does not, apparently because floods
harm trout fry (Fausch et al. 2001). Position shifts to pro-
tected areas are a common behavioral response to high
flows, such as the relocation of fishes from the thalweg to the
floodplain during a flood event in an Illinois river (Schwartz
and Herricks 2005). In arid-land streams of the southwestern
US prone to flash flooding, giant waterbugs (Belostomati-
dae) crawl out of streams in advance of the flood, using
rainfall as the cue (Lytle 1999). Morphological adaptations
including streamlining and other adaptations to minimize
drag were described in Sect. 5.1.2.
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Any pattern of disturbance that recurs with some
long-term regularity is referred to as a disturbance regime.
Riseng et al. (2004) characterized disturbance in 97 Mid-
western US streams that differed in their frequency of spates
and droughts using several measures of low and high flow
occurrence, substrate movement, and summer water tem-
perature (which can reach stressful levels during low flow
periods). In locations where scouring floods reduced con-
sumer biomass, algal biomass was strongly influenced by
nutrient supply, whereas in more stable streams grazers
depressed algal biomass regardless of nutrient concentration.
The different disturbance regimes identified in this study
were clearly a product of regional patterns in geology and
precipitation, and so exhibited a degree of spatial pre-
dictability. In some California rivers, a grazing caddis larva
is abundant during flood-free periods and escapes most
predation due to its large size and robust case, but is highly
vulnerable to high flows and rolling stones during floods
(Wootton et al. 1996). During flood-free periods and in
dammed rivers, the main energy pathway is from algae to the
caddis; however, after flooding occurs in unregulated river
segments, more energy flows to smaller grazers and then to
young steelhead trout. In essence, disturbance regime acts as
a switch, causing one of two possible food web configura-
tions to become dominant.

Disturbance frequency can influence the responses of
entire aquatic communities. Many studies have focused on
the effects of floods; however, more recent work has been
focused on low flows and drought in response to climate
change and the intensification of anthropogenic water
withdrawals. Using stream mesocosms, Ledger et al. (2008)
investigated the effects of low flow frequency on periphyton
by conducting short dewatering disturbances (6 days) in
high frequency (33-day) and low frequency (99-day) cycles.
In the controls, Gongrosira incrustans, a crustose green alga,
was dominant and was accompanied by small unicellular
diatoms (Rhoicosphenia) and blue-greens (Phormidium).
With dewatering events, Gongrosira decreased in abundance
due to its vulnerability to drying. When the frequency of
dewatering was low, Gongrosira was able to partially
recover, but under high frequency disturbances the species
only grew in small patches, leaving space available to other
algae, particularly mat-forming diatoms. Contrasting traits
between Gongrosira and the diatoms likely explain the
effects of disturbance on the algal community. Gongrosira
has the ability to gain and retain space through crust for-
mation, but cannot resist dry conditions, while diatoms can
take advantage of available substrate space through rapid
growth, but do not have the traits to retain space when
competing with other species.

The effects of low water events can be species- and
habitat-specific. Haghkerdar et al. (2019) experimentally
manipulated the number of daily disturbances in stream
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mesocosms by simulating the effects of flood disturbance on
substrate. The richness of macroinvertebrate taxa declined as
disturbance frequency increased. The abundance of Chi-
ronomidae, the dominant group of organisms, was not
affected by disturbance frequency, but the abundance of the
remaining populations decreased as disturbance increased,
suggesting that disturbance effects can vary among taxa.
Walters and Post (2011) studied the effects of low flows on
benthic communities by diverting between 40 and 80% of
the water from three streams in the western US. Total bio-
mass of aquatic insects declined with decreasing flows, with
greater effects observed in riffles than pools. Some feeding
groups such as collectors and scrapers were most affected,
but family-level richness did not vary with altered flows.

In tropical headwater streams of Bolivia that experienced
a range of environmental conditions related to altitude, cli-
mate, and flow regime, environmental variables were con-
sidered to be more important than dispersal capabilities in
shaping communities (Datry et al. 2016). However, streams
that experienced moderate environmental conditions were
more influenced by dispersal. Under extreme environmental
conditions, neither species sorting nor dispersal explained
community structure, suggesting that neutral processes may
shape communities in more extreme environments. Datry
et al. (2015) speculate that under the dynamic conditions
experienced by many streams and rivers, the relative con-
tribution of species sorting and dispersal can vary as the
system recovers from a disturbance. Shortly after distur-
bance, dispersal is an important process that enhances the
arrival of organisms, but after a patch has been colonized,
processes related to species sorting can shape local
communities.

As previously mentioned, the effects of disturbance on
communities can be mitigated by the presence of refuges, or
regions of the stream buffered from a disturbance. Refuges
from one disturbance event sometimes provide protection
from multiple kinds of disturbance, but this is not always
true. For instance, examples of refuges from increased flow
include pools, floodplains, areas downstream of large boul-
ders, and interstitial areas between rocks. Refuges from
drought can be found in perennial pools, the hyporheic zone,
and leaf litter accumulations. Organisms that persist in
refuges after a disturbance can play a fundamental role in the
persistence of populations as they can colonize habitat pat-
ches in the stream where organisms were lost due to dis-
turbance (Lake 2000).

It is important to note that organisms can also be the
source of disturbance, altering the physical, chemical, and
biological structure of streams. Such species are considered
ecological engineers, and their ability to influence habitat
structure has the potential to affect the abundance and dis-
tribution of other species (Jones et al. 1994). The grazing
fish Parodon apolineri has been classified as an ecological
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engineer, as it creates observable grazing scars and a patchy
distribution of algae and sediments on stone surfaces. By
quantifying the spatial pattern of scars in a neotropical
stream and by experimentally manipulating densities of
Parodon, Flecker and Taylor (2004) demonstrated that
grazing enhanced habitat heterogeneity, although with time
or at higher densities grazing tended to reduce algae and
sediments to a more uniform condition of low abundance.
However, the hypothesized correspondence between habitat
heterogeneity and richness of the algal and invertebrate
assemblages was not observed, perhaps because the time-
scale at which those taxa respond was slower than the loss
and renewal dynamics generated by grazing Parodon.
Sockeye salmon Oncorhynchus nerka can affect stream
benthic communities through their seasonal spawning
migrations. In streams of Alaska, the biomass of algae and
insects tends to increase during the spring, but then
decreases by 75-85% during salmon nest excavation, and
also post spawning, when salmon disturb the streambed to
maintain the nest free of sediments (Moore and Schindler
2008). After salmon die, algae quickly reach pre-spawning
levels, but invertebrate recovery is slower. Anthropogenic
activities have altered the distribution of some species of
ecosystem engineers through the introduction of non-native
species. Beavers (Castor canadensis), notorious for their
engineering capabilities, were introduced into the Cape Horn
Biosphere Reserve in southern Chile in the mid-1940s
(Anderson and Rosemond 2007). They have subsequently
altered riparian and in-stream diversity through changes in
hydrogeomorphic and biogeochemical processes.

11.5 Summary

The number of coexisting species in ecological communities
is a consequence of processes operating at both local and
regional scales. The assemblage of species at a location are a
sub-set of the species in the region, which are themselves a
product of species formation, loss, and dispersal over earth
history. The local assemblage is also the result of species
sorting that is influenced by local environmental conditions
and other species present, and by each species’ dispersal
ability and life history characteristics.

Patterns in the regional species richness of freshwater
organisms are best known for fishes, whose global distri-
bution reveals a number of intriguing patterns. The number
of species of freshwater fishes is inversely related to latitude,
increases with drainage area and discharge of the river sys-
tem, and differs among regions at the same latitude in both
number of species and the body plans and traits of species
present. Greater productivity, more habitat diversity, and
more habitat area are amongst the explanations for these
patterns. Historical changes in landforms, climate, and
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connectivity provide further insight into patterns in species
diversity, as they can influence speciation and extinction
events, open and close dispersal pathways, and affect time
for recolonization following disruptive events such as
glaciation. Comparisons of freshwater fishes of Europe and
North America provide evidence that historical events, in
particular recent glaciations, have left strong signatures on
their respective faunas. Post-glacial recolonization was more
restricted in Europe relative to North America because
drainage divides in Europe tend to run from east to west, and
re-establishment from Iberia and the Adriatic was restricted
by mountain ranges. In contrast, the North American fauna
had a much larger refugial area in unglaciated regions of the
Mississippi and Missouri basins, and easier routes for
recolonization. Present-day patterns in freshwater fish
diversity in tropical rivers also bear the signature of past
glacial events. Lower sea levels during the last glacial
maximum allowed for connections at their lower termini
between some now-isolated river systems, and greater aridity
resulted in differential isolation among rivers during periods
of tropical forest fragmentation. It appears that macroeco-
logical variables of drainage area and system productivity
provide the strongest explanations of global patterns in
freshwater fish species richness, and history less so, with the
caveat that the influence of history is more challenging to
establish. Although the historical biogeography of aquatic
insects is less well known, diversity in major insect groups
likewise shows continental-scale patterns such that number
of species and genera differ among biogeographical regions.

Local species richness varies in proportion to regional
species richness, indicating that site surveys are likely to find
more species in areas with a larger species pool. A compre-
hensive survey of all species at a site is a challenging task,
especially for invertebrates and the smallest organisms, due
to incomplete taxonomic knowledge and the fact that most
species are rare and escape detection in all but the most
extensive sampling. As a consequence, most invertebrate
studies focus on the more common species in the assem-
blage. Community structure refers to the organization of a
biological community based on numbers of individuals
within different taxonomic groups and functional roles, and
the underlying processes that maintain that organization.
Niche-based explanations for patterns in species diversity
and community structure focus on the fit of individual spe-
cies and their traits to habitat conditions, and the influence of
interspecific interactions. However, environmental distur-
bances such as floods and droughts, when sufficiently
extreme or frequent, are likely to prevent biotic interactions
from acting with the strength and regularity required to result
in consistent community patterns. In these circumstances,
species assemblages are likely to be composed of those
species best adapted to environmental extremes and those
most capable of dispersal and recolonization of disrupted



References

environments. Studies of species assemblages in streams
frequently explore the relative importance of these two
contrasting explanations.

All organisms have some capacity to disperse, and local
assemblages most likely are connected to other, neighboring
assemblages by occasional or frequent movements between
them. Differences in dispersal modes, as when fish are lim-
ited to connecting waterways but insects are capable of aerial
dispersal, and degree of physical connectivity, influence
whether each local assemblage is structured more by local
environmental conditions or more by proximity to
neighbors.

Species traits such as size, body shape, lifespan, and
mode of dispersal are increasingly explored as an alternative
to species identity to help us understand why certain species
succeed where others do not. This perspective intersects well
with a conceptual framework in which the local assemblage
of species is filtered from a regional species pool first
through dispersal barriers, which are influenced by factors
such as topography and climate, but also by differences in
species’ dispersal capabilities; and secondly by environ-
mental filters that exist at a hierarchy of scales, such as flow
and temperature regimes, and macro- and microhabitat
variables. Supporting evidence exists in trait-based analyses
that provide insight into the relative influence of environ-
mental and spatial factors in determining the composition of
local assemblages.

The role of disturbance in local community structure has
been the focus of much study in lotic ecosystems, especially
with regard to flood and drought events. Local conditions
can be perennially harsh, as when temperature, pH, or some
other environmental variable is continually extreme, or can
alternate between moderate and extreme condition, as with
episodically recurring floods and droughts. This is seen in
desert streams, when scoured communities accrue biomass
following a flood, only to be re-set when the next flood
occurs; and in tropical streams during the rainy season, when
insect numbers correspond to days since the last substantial
rain event. Experimental manipulation of the frequency of
de-watering shows how species traits determine patterns of
recovery and species replacement. Differential dispersal
ability among species and connectivity within a river net-
work also are important explanatory variables in the
response of stream communities to hydrologic disturbance.
Finally, not all disturbance is abiotic, as organisms also are
disturbance agents. This is seen when the nest-building
activities of large salmon runs disturb the stream bed, and in
some  tropical  streams  where very  abundant
sediment-feeding fishes create a patchwork of feeding scars
on benthic substrates.
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