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1  �Introduction

Chemical contaminants influence ecological systems and patterns of species distri-
bution at a global scale (Nriagu and Pacyna 1988; Rockstrom et al. 2009; Stehle and 
Schulz 2015; Beketov et al. 2013). Well-documented examples include pesticides 
that directly reduce insect biomass and contribute to declines in insectivorous birds 
(Carson 1962; Hallmann et al. 2014, 2017; Eng et al. 2019), and methylmercury that 
biomagnifies up the food chain to poison higher-order consumers, including humans 
(Harada 1995; Lavoie et al. 2010). In fact, chemical pollution resulting from con-
taminant inputs has such potentially large effects on ecosystem structure and health 
that it is identified as one of the planetary boundaries needed to maintain a safe 
operating space for humanity (Rockstrom et al. 2009). Despite these concerns, the 
use and manufacture of chemicals used in agriculture, manufacturing, medications, 
and cosmetics have increased exponentially over the past 60 years (Bernhardt et al. 
2017). Furthermore, the ecological effects of these inputs of contaminants into the 
environment have been grossly understudied (Bernhardt et  al. 2017). Thus, 
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understanding and managing the extent and magnitude of the effects of contami-
nants on ecosystems will continue to be one of the major challenges of this century.

In this book, we identify two main pathways by which chemical contaminants 
affect ecosystems. First, contaminants affect ecosystems in contaminant bioaccu-
mulation and biomagnification in food webs (Carson 1962). Contaminants that bio-
accumulate within food webs, such as persistent organic pollutants (POPs) and 
organometals, can increase exposure in higher-order predators. Furthermore, the 
fate of these compounds may not be limited to the contaminated ecosystem, because 
dispersing organisms can transport these contaminants to other environments 
(Walters et al. 2008). The second pathway governs contaminant effects on ecosys-
tems by increasing mortality and altering behavior of specific taxa (Rohr et al. 2006; 
Clements and Rohr 2009; Halstead et al. 2014), which can indirectly affect other 
members of the community. For example, contaminants such as trace metals and 
current-use pesticides reduce prey abundances, alter competitive dominance of sen-
sitive taxa, and cause trophic cascades (Halstead et al. 2014; Rogers et al. 2016). 
Therefore, both ecological factors and physicochemical characteristics of contami-
nants determine effects of contaminants on aquatic ecosystems.

Aquatic ecosystems are particularly likely to receive inputs of chemical pollut-
ants as well as allochthonous resources because of their relatively low topographical 
position in the landscape (Allan 2004). Water, sediment, and detritus tend to move 
downhill with gravity, along with associated contaminants. This transport of materi-
als from land to water is long recognized to have important effects on ecosystem 
function, community dynamics, and species distributions. More recently, the move-
ment of animals from water to land as part of their ontogeny (i.e., complex life 
cycles), or other means of dispersal (i.e., movement by predators or flooding), has 
been identified as an important conduit of energy and nutrients back to land 
(Muehlbauer et al. 2014; Schindler and Smits 2017). Theory describing these link-
ages, which merge paradigms from both landscape and food web ecology, is now 
being used to answer questions regarding the ecological effects of contaminants and 
food web structure on contaminant flux (Kraus 2019a, b; Chumchal and Drenner 
this volume; Sullivan and Cristol this volume).

In this chapter, we review heuristic models useful for predicting the effects of 
chemical contaminants on ecological subsidies at the land-water interface. These 
models allow us to generalize empirical findings to new environments; more effi-
ciently utilize time and monetary resources by providing information about what, 
when, and where to measure effects; and to derive and test hypotheses that separate 
causal versus correlative agents of ecological change. We focus on effects of con-
taminants on production of animals with complex life histories, use and quality of 
terrestrial detritus to aquatic ecosystems, and the flux of contaminants through food 
webs both within and across ecosystem boundaries. We then construct a synthetic 
framework using conceptual control (a.k.a. programmatic) and food web models 
that pull together many of the factors and processes reviewed, including landscape, 
chemical/ecotoxicological, and ecological factors. Here we define control models 
as describing how subsidy endpoints are influenced by specific drivers and stressors, 
while conceptual food web models describe trophic relationships among organisms 
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that drive resource and contaminant flux across ecosystem boundaries (Gentile et al. 
2001; Miller et al. 2010). Finally, we use this framework to identify (1) patterns of 
contaminant effects on ecosystems, and (2) data gaps and areas for future research.

2  �Review of Conceptual Models

One of the major patterns evident from efforts to predict effects of aquatic contami-
nants on linked aquatic-terrestrial food webs is that the physicochemical character-
istics of contaminants determine the mechanism of potential effects on consumers 
(Kraus 2019a). For example, organometals and persistent organic pollutants like 
polychlorinated biphenyls (PCBs) are more likely to affect aquatic-terrestrial link-
ages by magnifying in bodies of adult insects and amphibians (i.e., “exposure” path-
way, Kraus et al. 2014a; “subsidy drives exposure” sensu Walters et al. this volume). 
On the other hand, trace metals and some pesticides are more likely to sever aquatic-
terrestrial linkages through direct effects on survival of animals with complex life 
histories through metamorphosis (i.e., “biomass” pathway, sensu Kraus et al. 2014a; 
“exposure drives subsidy” sensu Walters et al. this volume). As in the organization 
of this book, we invoke the physicochemical dichotomy of biomagnifying versus 
toxic contaminants as a heuristic starting point for reviewing the complex suite of 
factors identified as drivers of contaminant effects on ecological subsidies in linked 
aquatic-terrestrial ecosystems (Walters et al. this volume).

2.1  �Ecology Predicts Ecotoxicology: Subsidy Drives Exposure

Contaminants that accumulate in resource subsidies and biomagnify in food webs 
can lead to potentially harmful exposures in subsidized consumers. The effects of 
these contaminants ripple through linked aquatic-terrestrial food webs by disrupting 
reproduction, endocrine functioning, and metabolism of higher-order consumers, as 
well as reducing survival of their young (e.g., Custer et  al. 1998, 2003, 2005). 
Aquatic contaminants that biomagnify and persist in subsidies (e.g., adult aquatic 
insects) but do not tend to directly lower their production include methylmercury as 
well as many other persistent organic pollutants. For example, Chumchal and col-
leagues found that adult aquatic insects export methylmercury from ponds to ripar-
ian spiders (Speir et al. 2014; Chumchal and Drenner this volume). Methylmercury 
flux to riparian spiders was mediated by the emergence of small-bodied aquatic 
insect taxa (Tweedy et al. 2013). Furthermore, the maximum concentration of mer-
cury detected in odonates emerging from these small ponds exceeded wildlife health 
values for red-wing blackbird nestlings (Williams et al. 2017). Similarly, Walters 
and colleagues found that PCBs accumulated in a diverse assemblage of riparian 
insectivores (spiders and herptiles) in proportion to their reliance on aquatic prey 
(Walters et al. 2008) and that these concentrations reflected PCB concentrations and 
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congener profiles found in nearby river sediment (Walters et al. 2010;Kraus et al. 
2017). Maximum total PCB concentrations found in riparian spiders were 14-times 
higher than risk values protective of bird health for chickadee nestlings (Walters 
et al. 2010). Finally, Christine and Tom Custer and colleagues have found bioaccu-
mulation of multiple POPs including PCBs, dioxins and dichlorodiphenyl trichloro-
ethane (DDT) and derivatives in diet, eggs, nestlings, tissues, and blood of tree 
swallows foraging for aquatic insects near industrially polluted rivers (Custer et al. 
1998, 2003, 2005). Hatching success declined with summed concentration of diox-
ins and furans in eggs and newly hatched chicks (Custer et al. 2003).

Contaminants in aquatic ecosystems can be strong drivers of terrestrial food web 
exposure. However, other factors, besides contaminant type and concentration, can 
influence subsidy production, contaminant flux, and impacts on recipient food 
webs. Approaches including field surveys (Walters et al. 2008; Raikow et al. 2011), 
experiments (Chumchal and Drenner this volume), conceptual models (Chumchal 
and Drenner this volume; Otter et al. this volume), network models (Sullivan and 
Manning 2019; Sullivan and Cristol this volume), and meta-community frameworks 
(Schiesari et al. 2018) have explicitly incorporated ecological factors in predicting 
exposure resulting from subsidy-mediated contaminant flux. Specifically, these 
approaches have revealed that organism life history, community structure, ecosys-
tem productivity, landscape structure, and disturbance are important predictors of 
subsidy-mediated exposure for contaminants that biomagnify and do not strongly 
reduce subsidy flux. For example, Chumchal and colleagues have shown that adult 
aquatic insect emergence from ponds and concomitant mercury flux is increased by 
nutrient enrichment (bottom-up control) but decreased by presence of top predators 
like fish (top down control; Jones et al. 2013; Tweedy et al. 2013; Chumchal and 
Drenner this volume). Community structure and composition was also altered by 
these factors (i.e., nutrient enrichment and predation), which combine with concen-
tration of methylmercury at the base of the food web to influence the flux of meth-
ylmercury by adult aquatic insect prey (Tweedy et al. 2013). Sullivan and colleagues 
found that mercury and selenium body burdens of riparian spiders were more 
affected by riparian zone width, vegetation structure, and distance from hydrologi-
cal disturbance than flux of these contaminants in adult aquatic insects (Alberts and 
Sullivan 2016). In the case of persistent organic pollutants, Walters and colleagues 
demonstrated that the distance that PCBs penetrate riparian habitats tracks patterns 
of insect dispersal away from water (Raikow et al. 2011). Thus, ecological factors 
strongly influence the patterns of contaminant flux, and thus terrestrial food web 
exposure, for these contaminants.

Certainly, study of the movement of contaminants through food webs is not new. 
American bald eagle populations famously crashed as a result of DDT accumula-
tion from contaminated fish that caused egg shell thinning and population collapse 
(Grier 1982). Vultures across the Indian subcontinent met a similar fate as a result 
of renal failure after exposure to the anti-inflammatory drug diclofenac through eat-
ing contaminated dead livestock (Oaks et al. 2004; Green et al. 2004). In fact, the 
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direct exposure effect of biomagnifying contaminants on higher-order consumers 
has often been the focus of studies on food web–related effects of contaminants, 
likely because of the similar position of these animals to humans in the food web. 
However, knowledge of subsidy-mediated exposure to contaminants has lagged. 
Recent efforts to fill this data gap have borne several conceptual models aimed at 
synthesizing findings.

Several approaches have been taken to predict the effects of biomagnifying con-
taminants on cross-ecosystems linkages. Sullivan and colleagues enumerated mul-
tiple food web pathways of biologically mediated flux of contaminants across the 
aquatic-terrestrial boundary (Sullivan and Rodewald 2012). They also tested factors 
driving the effects of this flux and illustrate how to model these factors using net-
work theory (Sullivan and Rodewald 2012; Alberts and Sullivan 2016; Sullivan and 
Cristol this volume). For example, they show how changes in fish species composi-
tion caused by dam removal can reduce fish-mediated transfer of aquatic contami-
nants to terrestrial food webs (Sullivan and Cristol this volume). Kraus and 
colleagues used meta-analysis and qualitative models to look for patterns of transfer 
of contaminants across insect metamorphosis based on contaminant physicochemi-
cal properties (Kraus et al. 2014b, Kraus 2019. Persistent organic contaminants and 
organometals that are not highly toxic to aquatic insects at concentrations typically 
found in the environment are likely to affect terrestrial food webs via an “exposure” 
pathway (sensu Kraus et al. 2014a; Kraus 2019a, b). These compounds accumulate 
in larval insects and are retained through metamorphosis, in some cases bioamplify-
ing to higher concentrations in adults as they lose body mass during metamorphosis 
(Kraus et al. 2014b). These increased contaminant concentrations can lead to higher 
contaminant flux mediated by resource subsidies and to greater toxic effects on 
consumers (Walters et al. 2010; Chumchal and Drenner 2015; Kraus 2019a, b).

Chumchal and Drenner (this volume) present a conceptual model based on their 
empirical work showing the preeminence of ecological factors (top predators, nutri-
ent enrichment, and drying disturbance) in driving aquatic-insect-mediated flux of 
methylmercury from ponds to terrestrial predators. Schiesari et al. (2018) built on 
these findings using a meta-community perspective to model the role of dispersing 
organisms in directly or indirectly mediating contaminant flux across ecosystem 
boundaries. Multiple factors, including other contaminants, can modulate dispersal 
and alter contaminant fluxes (Schiesari et al. 2018). This pattern has led to several 
conceptual models showing insect-mediated contaminant flux as being driven by 
factors altering contaminant retention through metamorphosis and survival to meta-
morphosis (Chumchal and Drenner 2015; Kraus 2019a; Otter et al. this volume). 
Finally, Schultz and colleagues included contaminants in their review of environ-
mental alterations propagating from aquatic to terrestrial ecosystems (Schultz et al. 
2015). In their conceptual model, they highlighted the potential for cascading food 
web effects of insect-mediated contaminant flux as well as loss of aquatic insect 
prey because of aquatic contaminants (Schultz et al. 2015).
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2.2  �Ecotoxicology Predicts Ecology: Exposure Drives Subsidy

Contaminants affect production of adult aquatic insects and processing of terrestrial 
detritus in aquatic ecosystems. These impacts ripple through linked aquatic-
terrestrial ecosystems, altering subsidies dynamics in food webs and ecosystems. 
For example, trace metal inputs resulting from widespread hard rock mining can be 
ubiquitous limiters of aquatic to terrestrial subsidies. Burdon (this volume) describes 
the role of acid mine drainage (mixtures of elevated concentrations of trace metals, 
major ions, and low pH) and agricultural land use in driving a productivity gradient 
in adult aquatic insect emergence from New Zealand streams. Burdon found that 
emergence was lowest from mining-impacted streams and that the shift in emer-
gence production due to adult aquatic insect biomass explained >20% of the vari-
ance in riparian spider densities. Kraus and Pomeranz (this volume) similarly 
summarize findings from the United States showing a 97% reduction in adult 
aquatic insect emergence from mountain streams in the Colorado Mineral Belt 
(USA) resulting from highly elevated concentrations of bioavailable trace metals. 
This loss of insect prey coincided with a 75% reduction in riparian spider popula-
tions (also explaining ~20% of the variation in densities) observed across the land-
scape. Additionally, Kraus and Pomeranz (this volume) demonstrate how the diet of 
insectivorous stream trout shifts over this same stream-metal gradient, with con-
sumption of terrestrial arthropod prey increasing 82% in the most contaminated 
streams (Kraus et al. 2016). Loss of resource subsidy exchange in linked aquatic-
terrestrial food webs can lead to reduced frequency of trophic interactions, fewer 
interacting taxa, and altered food web stability (Sullivan and Manning 2019).

Insecticides and elevated concentrations of nutrients and major ions from salt 
pollution can also reduce quantity of resource subsidies to land and water. For 
example, Morrissey and colleagues found that adult aquatic insect emergence was 
greatly reduced by a commonly used class of agricultural insecticide, neonicoti-
noids (Morrissey et al. 2015; Cavallaro et al. 2018; Stanton et al. 2018). In a labora-
tory study of 6 neonicotinoid compounds, Raby et al. (2018) found that percentage 
of insects to complete adult emergence was the most sensitive life history endpoint 
for midges and mayfly species (based on EC50 concentrations) for 5 of the 6 com-
pounds. Furthermore, emergence biomass was reduced by >90% at concentrations 
that killed only 50% of pre-emergent larvae. In a study of contaminant effects on 
detrital subsidies to streams, Evans-White et al. (this volume) concluded that ele-
vated concentrations of salts and nutrients altered decomposition of terrestrial plant 
detritus. This change reduced local detrital subsidization of stream life and led to a 
shift in the community composition of microbial and insect detritivores (Evans-
White et al. this volume).

Because of the negative effects of some contaminants on subsidy production, 
these contaminants can also reduce contaminant flux (the product of contaminant 
concentration in subsidy and subsidy biomass or production) across ecosystem 
boundaries (Kraus 2019a; Kraus and Pomeranz this volume). For example, the 
reduction in aquatic insect emergence caused by trace metal toxicity to larvae, 
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combined with excretion of metals by emerged adults during metamorphosis, leads 
to lower insect-mediated metal flux from high metal streams (Kraus et al. 2014a). 
This phenomenon could have important, albeit untested, effects on contaminant flux 
in ecosystems containing contaminant mixtures whereby biomagnifying contami-
nants are also present. For example, in the Prairie Pothole Region of North America, 
wetlands accumulate atmospherically derived methyl mercury (Hall et  al. 2009), 
and large fluxes of methylmercury (mass of methylmercury per surface area of 
water per day) can be exported from wetlands by adult aquatic insects (Chumchal 
and Drenner 2015). However, agricultural runoff to these wetlands, specifically 
inputs of insecticides, is known to directly reduce adult aquatic insect emergence 
(Raby et al. 2018). As a result, the effects of toxic insecticides on production of 
adult aquatic insect subsidies (i.e., direct mortality of larvae) could reduce methyl-
mercury flux from these wetlands to linked terrestrial food webs.

Variation in species sensitivity to contaminants leads to changes in relative spe-
cies abundance and diversity, as well as interactions among aquatic organisms 
(Clements et al. 2000; Clements and Newman 2002; Clements et al. 2010; Clements 
et al. 2016). Thus, species sensitivity can alter the effects of aquatic contaminants 
given the respective characteristics and consumption of resource subsidies in linked 
aquatic-terrestrial ecosystems (Kraus et  al. 2014a; Sullivan and Manning 2019; 
Kraus and Pomeranz this volume). For example, mixtures of trace metals including 
Cu, Cd, Zn, and Pb structure stream communities in areas of historic mining such as 
the Colorado Mineral Belt (Clements et al. 2000). Some species of mayfly are more 
sensitive to the effects of dissolved metals, and concomitant low pH, compared to 
other taxa such as dipterans (Clements et al. 2000). As a result, emergence of may-
flies drops more precipitously than emergence of dipterans over the same metals 
gradient (Kraus et  al. 2014a). Moreover, riparian spiders that eat adult aquatic 
insects at these sites decline with availability of dipteran, but not mayfly prey (Kraus 
et al. 2014a). Thus, relative sensitivity of taxa, as well as their decline over the con-
tamination gradient, affects the response of riparian predators to subsidies.

Sensitivity to contaminants also varies with life stage, which has strong implica-
tions for predicting effects of aquatic contaminants on adult aquatic insect emer-
gence. For example, Wesner and colleagues as well as others have shown that effects 
of contaminants on adult aquatic insect emergence can be stronger than predicted by 
effects on larvae (Schmidt et al. 2013; Wesner et al. 2014; Henry and Wesner 2018; 
Wesner 2019; Raby et  al. 2018; Kotalik et  al. 2019). One potential mechanism 
responsible for this relationship appears to be enhanced mortality during metamor-
phosis, in which death occurs disproportionately in the penultimate developmental 
stage (e.g., pupal stage in holometabolous insects or wingpad stage in hemimetabo-
lous insects) (Wesner et al. 2014; Raby et al. 2018; Wesner et al. this volume). This 
presents a challenge in using bioassessments based on larval insects alone to infer 
patterns of emergence, since larval populations may show only subtle changes in 
response to contaminants even as adult populations show precipitous declines 
(Schmidt et al. 2013; Raby et al. 2018; Wesner 2019). However, declines in adult 
abundances do not necessarily lead to declines in larval populations due to high 
fecundity and immigration of aquatic insects. For example, genetic analyses suggest 
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that only a small number of successful adult matings are needed to sustain robust 
larval populations  (Bunn and Hughes 1997). Future work modeling the stage-
specific responses of insects to contaminants, perhaps using recently developed 
theory in population and community ecology on stage-structured dynamics (e.g., de 
Roos and Persson 2013), would improve our understanding of ontogenetic changes 
in contaminant sensitivity.

Several approaches have been developed that could be used to predict the effects 
of contaminants on resource subsidies. For example, Rohr and colleagues use com-
munity ecology theory to derive predictions regarding effects of chemical contami-
nants on different aquatic ecosystems (Rohr et al. 2006; Clements and Rohr 2009). 
They predict that in some cases, contaminants act like predators, depressing prey 
availability and potentially leading to indirect effects such as trophic cascades and 
apparent competition. An experimental test of these hypotheses uncovered that 
response of aquatic ecosystems to a mixture of agrochemicals was best predicted by 
direct effects of contaminant(s), reproductive rates, interaction strengths with other 
taxa, and links to ecosystem function of each functional group of species included 
in the experiment (Halstead et al. 2014). Other researchers similarly showed that 
community level effects of a widely used insecticide (bifenthrin) cascaded through 
the food web to alter adult aquatic insect emergence, reducing aquatic subsidies 
available to terrestrial consumers (Rogers et al. 2016).

Also applying community ecology theory to predict effects of chemical contami-
nants, Clements and colleagues developed hypotheses of how environmental gradi-
ents, such as previous chemical exposure, upstream-downstream community 
variation and disturbances, could shape community responses to contamination 
(i.e., context-dependency, Clements et al. 2012; Clements et al. 2016). Specifically, 
they suggested that disturbance would vary longitudinally (although not necessarily 
in a linear manner) based on the Intermediate Disturbance Hypothesis (Menge and 
Sutherland 1987). They expected contaminants to have the least effects (greater 
resilience) on communities within the watershed experiencing intermediate levels 
of disturbance (Kiffney and Clements 1996; Clements et al. 2016). In support of this 
hypothesis, they found early successional diatom communities in headwater streams 
in Colorado to be less sensitive to the direct effects of metal pollution than late suc-
cessional diatoms in higher-order streams (Medley and Clements 1998). Although 
implications for aquatic-terrestrial linkages were not discussed, these patterns sug-
gest that position within the watershed could partially determine the effects of con-
taminants on the production and use of resource subsidies (see Sect. 2.3 Other 
Considerations below for more on this point).

In contrast to the previous approaches, Kraus and colleagues use physicochemi-
cal properties of contaminants to predict the effects of chemical contaminants on 
aquatic-terrestrial linkages (Kraus et al. 2014b; Kraus 2019a, b). For example, trace 
metals, PAHs, and current-use insecticides that stress larval aquatic insects during 
their development drastically reduce emergence of adult aquatic insects (via larval 
mortality), thereby reducing the quantity of aquatic prey subsidies available to ter-
restrial consumers (Kraus et al. 2014a; Wesner et al. 2014; Kraus 2019a). Across 
contaminant classes, except for insecticides, they also suggest that classes more 

J. M. Kraus et al.



351

toxic to insects are less likely to persist in insect bodies across metamorphosis 
(Kraus 2019b). This relationship between direct toxicity and persistence of con-
taminant classes across metamorphosis drives the effects of aquatic contaminants 
on subsidized insectivores (Kraus 2019b). For directly toxic contaminants, Kraus’ 
framework suggests that reduction of emergence production, rather than increased 
exposure, will be the main mechanism by which insectivores of adult aquatic insects 
are affected by aquatic contamination.

2.3  �Other Considerations

Resource exchange between aquatic and terrestrial ecosystems is a well-studied 
phenomenon in ecology (Minshall 1967; Polis et  al. 1997; Baxter et  al. 2005; 
Gratton and Vander Zanden 2009; Muehlbauer et al. 2014, see Collins and Baxter 
this volume for a brief overview). Theory describing animals with complex life 
histories and factors affecting timing and success of ontogenetic switch points (i.e., 
metamorphosis) is also well developed (Wilbur and Collins 1973; Wilbur 1980; 
Wilbur 1997; Schreiber and Rudolf 2008; de Roos and Persson 2013). Combined, 
these bodies of research may be usefully applied to predict the effects of aquatic 
contaminants on aquatic-terrestrial linkages.

As previously discussed, ecological drivers of subsidy production and use by 
consumers can govern contaminant effects on aquatic-terrestrial linkages. Polis and 
colleagues introduced the concept that productivity of the ecosystem producing the 
subsidy (donor) and ecosystem receiving the subsidy (recipient) would drive the 
direction and effects of resources subsidies across ecosystem boundaries (Polis 
et al. 1997, 2004). Specifically, they hypothesized that the effects of subsidies on 
consumers would increase with the ratio of donor to recipient production. In a meta-
analysis, Marczak et al. (2007) found empirical evidence that consumer response to 
subsidies increased with the ratio of resource subsidies to alternative in situ prey. 
This concept suggests that contaminant flux in resource subsidies may have larger 
effects on consumers when resource subsidies are relatively more abundant than in 
situ resources.

Also building on the idea that relative productivity would influence consumer 
use and response to subsidies, Wipfli and Baxter (2010) presented a framework 
based on Vannote et al.’s (1980) River Continuum Concept. They predicted that the 
role of upstream, terrestrial, and marine allochthonous production in salmonid 
resource use would vary longitudinally within a watershed. They suggested that ter-
restrial resources would be more likely to support salmonid production in low-order 
streams, and that marine inputs become more important closer to the ocean. In line 
with this prediction, we would expect that the effects of aquatic contamination on 
the use of terrestrial inputs by salmonids would be more important in headwater 
streams. Several studies have found that reduction of aquatic prey by aquatic pollu-
tion can lead to increased reliance by fish on terrestrial insect subsidies in low-order 
streams (Kraus et al. 2016; Burdon et al. 2019). Thus, longitudinal position in the 
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watershed could influence reliance of consumers on subsidies and increase the pro-
pensity of subsidies to mitigate effects of aquatic contamination.

Habitat shape or dimensions also affect subsidy fluxes across the aquatic-
terrestrial boundary. For example, secondary production of macroinvertebrates is >5 
times higher in streams than in lakes. However, an average-sized lake exports ~10 
times higher insect emergence biomass than an average-sized stream in part, because 
an average stream width is smaller than an average lake radius (Gratton and Vander 
Zanden 2009). At the landscape scale, stream network geometry generates hotspots 
of adult aquatic insect flux, particularly at stream confluences (Sabo and Hagen 
2012; Kopp and Allen 2019). Integrating the disciplines of freshwater geomorphol-
ogy and subsidy production at the landscape scale (e.g., Schmidt et al. 2018) repre-
sents an exciting opportunity to predict cross-ecosystem contaminant flux.

Finally, for animals with complex life histories, larval conditions and environ-
mental predictability can alter optimal timing and size at metamorphosis (Wilbur 
and Collins 1973). These factors can affect success of metamorphosis, future fit-
ness, and subsidies to terrestrial consumers (Kotalik et al. this volume; Schreiber 
and Rudolf 2008; de Roos and Persson 2013). Contaminants can increase timing to 
metamorphosis if larval conditions are so stressful that animals cannot survive the 
total reorganization of body tissues (Clements et al. 2000; Kotalik and Clements 
2019). Alternatively, if contaminants are pulsed, then naïve larvae that are develop-
mentally mature enough to emerge, emerge earlier than noncontaminated larvae 
(Lee et  al. 2016; Richmond et  al. 2016; Rogers et  al. 2016). Importantly, these 
physiological responses are predicated on the history of stress and previous expo-
sure, as well as other interacting factors (including density and resource availabil-
ity) that affect the timing, size, and ability of immature larvae or nymphs to 
metamorphose into an adult (Courtney and Clements 2000; Cain et al. 2006).

3  �Synthesis Models

Multiple factors contribute to the biologically mediated flux of energy, nutrients, 
and contaminants across ecosystem boundaries (Fig. 1). To better understand the 
similarities and differences among these factors, we categorized them into four 
broad groups. Landscape factors are defined as those that shape the distribution of 
chemical contaminants and their bioavailability across the landscape. 
Ecotoxicological factors represent parameters associated with studies of the effects 
of chemical contaminants on organisms and environmental health including the 
chemical properties of contaminants and interaction of contaminants with the envi-
ronment and living organisms. Ecological factors include measurements of organ-
isms and their traits (e.g., both functional traits and physiological sensitivity) at 
different levels of organization. We group nutrients with ecological factors as they 
are a commonly measured parameter of ecological studies. To summarize the effects 
of these multiple factors on adult aquatic insect emergence, contaminant flux medi-
ated by these insects, and impacts on terrestrial consumers, we employed a control 
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model that expresses the directionality of control by “drivers” on ecosystem “end-
points” (Gentile et al. 2001).

In general, the factors influencing contaminant effects on aquatic-terrestrial link-
ages are dependent upon the identity of contaminants within the study systems. This 
pattern arises because contaminants vary in the control pathways that dominate their 
effects on contaminant flux, subsidies, and consumers (Fig. 2, Table 1). For exam-
ple, methylmercury does not tend to drive subsidy production but does drive con-
taminant flux by biomagnifying within the food web. For example, Chumchal and 
Drenner (this volume) show that pond permanency, nutrients, and predators alter 
mercury flux to terrestrial systems by changing the community composition, emer-
gence production, and methylmercury concentration of adult aquatic insects emerg-
ing from ponds. Specifically, fish reduce emergence of large predatory dragonflies 
and damselflies (Odonata) but not smaller bodied dipterans, while nutrients increase 
overall emergence biomass. More ephemeral ponds are less likely to have fish, and 
thus have higher exports of mercury-laden predatory odonates and odonate-mediated 
adult emergence mercury flux. Meanwhile, the concentration of methylmercury 
available for uptake into freshwater food webs is codetermined by atmospheric 
(Hammerschmidt and Fitzgerald 2006), land-use, and organic factors such as pres-
ence of organic matter (dissolved organic carbon, DOC; e.g., Chaves-Ulloa et al. 
2016), and anaerobic/redox conditions commonly linked to mercury methylation in 
freshwater ecosystems (Ullrich et al. 2001). The concentrations of methylmercury 

Fig. 1  Conceptual control model of major factors governing effects of aquatic contaminants on 
resource subsidies and subsidized consumers with a focus on freshwater-terrestrial linkages. 
Factors are grouped by category including landscape, ecotoxicological, and ecological and vari-
able type. For variable type, squares are landscape drivers, circles are chemical stressors, diamonds 
are pathways or proximate drivers, and hexagons are endpoints or measured outcomes. Bold hexa-
gons highlight focal endpoints. Arrows represent directionality of control. (See Table 1 for further 
details)
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Fig. 2  Conceptual control model highlighting major factors found to govern effects of various 
aquatic contaminants on resource subsidies and subsidized consumers. Bold arrows and symbols 
represent pathways shown to be important in driving effects for methylmercury (a) as summarized 
in Chumchal and Drenner (this volume), trace metals (b) as summarized in Kraus and Pomeranz 
(this volume), and nutrients (c) as summarized in Evans-White et al. (this volume). Arrows repre-
sent directionality of control. (See Fig. 1 and Table 1 for further details)

within food webs is also strongly influenced by trophic biomagnification, which 
leads to exponentially higher concentrations as the number of trophic levels within 
a food web increases. Thus, understanding the effects of mercury on cross-ecosystem 
linkages requires knowledge of the ecological, chemical, and landscape factors 
affecting aquatic productivity, food web structure, and mercury methylation 
(Fig. 2a).

On the other hand, at toxic concentrations, trace metals drive subsidy production 
and thus contaminant flux in mineralized streams in areas mined for hard-rock min-
erals (Paetzold et al. 2011; Kraus et al. 2014a; Kraus and Pomeranz this volume). 
Mayfly emergence decreases more rapidly across a concentration gradient of trace 
metals than emergence of aquatic dipterans (Kraus et al. 2014a). Furthermore, this 
relationship has been validated using stream mesocosm exposures on representative 
montane stream benthic assemblages (Kotalik and Clements 2019; Kotalik et  al. 
2019). The distribution and concentration of trace metals in these streams is 
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Table 1  Variables included in control model predicting effects of landscape, ecotoxicological, and 
ecological factors on resource subsidies, contaminant flux, and subsidized consumers, with a focus 
on aquatic insect subsidies to terrestrial insectivores

Variable
Type of 
variable Reason for inclusion

Landscape factors

Lithology Driver Rock type predicts stream chemistry including pH, 
concentrations, and identity of dissolved solids and acid-
neutralizing capacity.1,2,3 Lithology can also influence land use 
(e.g., through influencing distribution of extractable minerals).4

Hydrology Driver Hydroperiod, timing of flow, flooding, and water source 
(ground vs. surface) alter geomorphology, water chemistry, 
contaminant concentrations, and species traits with cascading 
effects on cross-ecosystem movements of resource 
subsidies.5,6,7,8

Geomorphology Driver Topographic and bathymetric features of freshwater ecosystems 
have cascading effects on species traits and magnitude of 
resource subsidies.9,10,11

Land use/ 
Landscape 
properties

Driver Anthropogenic land uses such as resource extraction, 
urbanization, industrialization, and agriculture can determine 
the type and form of contaminants transported to aquatic 
ecosystems, including nutrients.4,12,13 Land use and landscape 
properties such as vegetative cover can also influence 
hydrology, geomorphology, and water chemistry (e.g., inputs of 
dissolved organic carbon), which alter bioavailability of many 
contaminants.5,14

Climate Driver Precipitation, temperature, and atmospheric currents can alter 
distribution, concentration, and ecological effects of 
contaminants on aquatic ecosystems, including changes to 
species distributions, density, phenology, and diversity.8,12,15,16

Ecotoxicological factors

Water chemistry Driver/
stressor

Chemical characteristics of water such as pH, conductivity, 
hardness, and dissolved organic matter can alter the 
physicochemical properties of contaminants, which affects their 
bioavailability17,18,19. They also have direct effects on organism 
physiology and cellular functioning.17

Physicochemical 
properties of 
contaminant

Stressor Characteristics such as lipophilicity, molecular weight, 
molecular form, elemental components, ionization potential, 
and softness shape the toxicity and accumulation of these 
contaminants in organisms.17,20

Contaminant 
concentration in 
environment

Stressor Concentration of contaminants in water, sediment, and food 
interact with their physiochemical properties, water chemistry, 
and species traits to affect toxicity of contaminants as well as 
their accumulation in organisms.17,18,21

Contaminant 
bioaccumulation

Stressor/
pathway

Contaminant accumulation by organisms from all sources in the 
environment (e.g., food, water, and sediment) occurs when 
uptake and ad/absorption occur at a faster rate than excretion or 
metabolism. Bioaccumulation is related to contaminant 
concentrations in organisms and can be related to both the 
toxicity to the organism and trophic/metamorphic contaminant 
transfer.17,21

(continued)
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Table 1  (continued)

Variable
Type of 
variable Reason for inclusion

Contaminant 
toxicity

Stressor/
pathway

Toxicity describes the effects of contaminants on organismal 
endpoints including reduced survival, reproduction, and 
population density as well as altered cellular function and 
behavior. These changes have cascading effects on community 
composition and ecosystem function. Toxicity is influenced in 
part by contaminant physicochemical properties, environmental 
concentration, species traits, and environmental/biological 
context (e.g., species interactions and other stressors).21,22

Contaminant 
concentration in 
organisms

Endpoint Concentration is a measure of contaminant mass per unit body 
or tissue mass within an organism. This measure differs from 
bioaccumulation, which is a process, although contaminant 
concentration within tissues is used to estimate 
bioaccumulation. Contaminant concentration in resources can 
affect transfer of contaminants through food webs and, in the 
case of aquatic insects, the flux of contaminants from aquatic to 
terrestrial ecosystems.21,23,24

Contaminant 
transfer

Endpoint Trophic or metamorphic transfer of contaminants through food 
webs or across ecosystem boundaries can expose consumers in 
remote locations to contaminants bioaccumulated elsewhere. 
Transfer is often measured as the ratio of concentrations in 
predator and prey or adults and larvae. Physicochemical 
properties of a contaminant often predict its propensity to be 
transferred from predator to prey or from larvae to adult in 
animals with complex life histories.21,24,25

Contaminant flux Endpoint Defined as the movement of contaminant mass from water to 
land or land to water per unit area per unit time. Contaminant 
flux is estimated as the product of resource subsidy biomass and 
contaminant concentration in the subsidy. Thus, it is mediated 
by the multiple factors that control subsidy production and 
contaminant concentrations. Contaminant flux may be the best 
determinant of consumer exposure in cases where other factors 
such as habitat are not limiting.6,26

Ecological factors

Nutrients Driver/
stressor

Nutrients have positive physiological effects on organisms, 
because they comprise important building blocks of cells or 
cellular processes and historically have been found at low 
concentrations. Low concentrations can lead to increased 
organismal growth and reproduction and lower C:N ratios. At 
high concentrations, nutrients can become contaminants.27,28

Species traits/
behavior

Pathway/
endpoint

Physiological (e.g., sensitive vs. tolerant) and functional traits 
(e.g., consumers vs. producers) of species can determine their 
responses to contaminants. Species traits such as body size, 
growth rate, and pollution tolerance influence population 
densities and growth in contaminated ecosystems.21,28,29 
Behaviors like predator avoidance, habitat selection, resource 
consumption, and timing of metamorphosis can be influenced 
by contaminants.21,30,31 These changes in species traits also 
directly affect traits of resource subsidies.6

(continued)
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Variable
Type of 
variable Reason for inclusion

Population traits/
density

Endpoint Contaminants can change all the demographic parameters of 
populations including birth, death, immigration, and 
emigration.21 These changes can not only directly lower 
population densities and magnitude of resource subsidies, but 
also lead to positive indirect effects on other more tolerant 
organisms mediated by community interactions (e.g., trophic 
cascades).31,32

Community 
interactions/ 
composition

Endpoint Changes in community composition can alter the type and 
strength of species interactions including predation and 
competition, as well as emergent properties of communities 
such as diversity and food chain length.22 These factors alter 
subsidy production, contaminant flux, and ecosystem 
function.6,28,32 Contaminants affect communities through direct 
and indirect effects on organism survival, behavior, and 
traits.22,33

Ecosystem traits/
function

Endpoint Productivity, decomposition, respiration, and nutrient cycling 
are all functions of ecosystems that are altered by the effects of 
contaminants on water chemistry, species traits and diversity, 
and community interactions.22,28,35 Ecosystem productivity can 
influence magnitude and direction of resource subsidies.34

Resource subsidies Endpoint Production, flux, and dietary quality of resource subsidies to 
consumers can all be altered by contaminants mediated by 
effects on species traits, population density, community 
composition, and ecosystem function.6,24,36

Subsidized 
consumers

Endpoint Resource subsidies can alter physiology, reproduction, 
behavior, population densities, and community composition of 
subsidized consumers.34 In many cases, resource subsidies 
increase or maintain consumer densities by providing an 
alternative resource in addition to other food or when in situ 
resources are not readily available. Because subsidized 
consumers may exist at densities not sustainable by in situ 
resources, indirect effects of subsidies on recipient food webs 
such as apparent competition and trophic cascades may be 
common.34 However, when organisms that become subsidies, 
such as aquatic insects, bioaccumulate contaminants, they can 
act as contaminant vectors among ecosystems, exposing 
subsidized consumers to toxic effects of contaminant flux.6,24,36

Supporting citations are included
1Wanty et al. (2009), 2Bluth and Kump (1994), 3Sullivan et al. (2007), 4Schmidt et al. (2012), 5Poff 
et  al. (2006), 6Chumchal and Drenner (this volume), 7Greenwood and McIntosh (2008), 
8Muehlbauer et  al. (this volume), 9Iwata (2007), 10Lamouroux et  al. (2002), 11Townsend et  al. 
(1997), 12Kaushal et al. (2014), 13Gurnell et al. (2007), 14Jansson et al. (2008), 15Debecker et al. 
(2017), 16Clements et al. (2012), 17Hamelink et al. (1994), 18Hare (1992), 19Fornaroli et al. (2018), 
20Wu et al. (2013), 21Newman and Jagoe (1996), 22Clements and Newman (2003), 23Deforest et al. 
(2007), 24Kraus et al. (2014b), 25Walters et al. (2016), 26Kraus (2019a, b), 27Dodds (2006), 28Evans-
White et al. (this volume), 29Buchwalter et al. (2008), 30Vonesh and Kraus (2009), 31Rogers et al. 
(2016), 32Kraus et al. (2014a), 33Morin (2009), 34Polis et al. (1997), 35Rosi-Marshall and Royer 
(2012), 36Walters et al. (2008)

Table 1  (continued)
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determined by rock type, mineralization, and mining history (Wanty et al. 2009; 
Schmidt et al. 2012). In industrial and urban scenarios, trace metals inputs to fresh-
waters might be more linked to land use, point sources, and atmospheric sources 
(Nriagu 1996). However, in all cases, the effects of trace metals on benthic insects 
are influenced by metal concentration, water chemistry (which affects bioavailabil-
ity), and species traits (Clements et al. 2000; Buchwalter et al. 2008). Thus, under-
standing the effects of trace metals on cross-ecosystem linkages requires focusing 
on lithology, land use, and water chemistry parameters affecting their bioavailabil-
ity as well as taxon-specific sensitivity (Fig. 2b).

Finally, nutrients can function as both a subsidy and a contaminant in aquatic 
ecosystems (Evans-White et al. this volume). As previously mentioned, nutrients 
can increase emergence of aquatic insects, and thus resource subsidies to terrestrial 
insectivores (Chumchal and Drenner this volume). They can also increase the nutri-
tive value of terrestrial detrital subsidies to aquatic ecosystems by decreasing the 
carbon to nitrogen ratio (C:N) on biofilms that colonize detritus before and during 
decomposition (Evans-White et  al. this volume). At sufficiently high concentra-
tions, however, nutrients become chemical contaminants of aquatic ecosystems. For 
example, high nitrogen and phosphorous runoff from agricultural fertilizers 
increases algal blooms, resulting in anoxic conditions in lakes and estuaries (Dodds 
2006). In terms of terrestrial detrital subsidies to aquatic ecosystems, high nutrient 
concentrations can lead to rapid decomposition of detritus and release of associated 
carbon into the water column (Benstead et al. 2009; Rosemond et al. 2015; Evans-
White et al. this volume). In streams, this pattern leads to increased rates of down-
stream export of the energy derived from these detrital subsidies, resulting in 
reduced resources for local detritivores (Evans-White et  al. this volume). These 
effects are especially marked for less labile detritus (Ferreira et al. 2015), which 
depends in part on the species of plant contributing terrestrial organic carbon to the 
aquatic ecosystem (Tank et al. 2010). Thus, understanding the effects of nutrients as 
a contaminant on cross-ecosystem linkages requires knowledge of the landscape 
factors affecting nutrient concentrations and ecological factors influencing terres-
trial plant species composition (Fig. 2c; Cross et al. 2003).

For all contaminants, their influence on aquatic-terrestrial linkages is constrained 
by traits and behaviors of resource subsidies and their consumers. For example, 
subsidies that are comprised of living organisms “choosing” to move between 
aquatic and terrestrial ecosystems, either as part of their development or foraging 
(i.e., “active” subsidies, sensu Kraus et al. 2011), respond directly to the effects of 
contaminants. These responses vary among species and can take the form of habitat 
selection, changed foraging decisions, increased contaminant bioaccumulation, 
reduced reproduction, and reduced survival through metamorphosis (Custer et al. 
2003; Vonesh and Kraus 2009; Schmidt et al. 2013; Wesner et al. 2014; Kraus et al. 
2014b, 2016). The effects of aquatic contaminants on active subsidies such as ani-
mals with complex life cycles are thus likely to be mediated by behavior, sensitivity 
to contaminants, and processing of contaminants by the subsidies. On the other 
hand, subsidies that are passively deposited or moved between ecosystems by fac-
tors external to themselves (i.e., salmon carcasses, leaf litter, or accidental input of 
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terrestrial organisms into water) integrate the effects of contaminants on the living 
organisms that are their vectors of movement or responsible for their processing/
consumption (Kraus et al. 2010). The effects of aquatic contaminants on passive 
subsidies are thus more likely to be mediated by contaminant effects on consumers 
of those resources. Therefore, predicting the response of subsidies and linked con-
sumers to contaminants depends in part on understanding ecological responses of 
those organisms/resources.

To further help predict the effects of contaminant physicochemical properties in 
governing aquatic-terrestrial linkages, we built a food web model that can be applied 
to multiple contaminants and subsidy types (Fig. 3, Table 2). This model differs 
from our control model (Fig. 1) in that it shows energy and contaminant flow among 
focal taxa of the linked aquatic-terrestrial food web (Fig. 3a). Like the patterns illus-
trated in the control model, we suggest that the pathways of major energy and con-
taminant fluxes through the food web will be governed in part by contaminant 
identity and physiochemical properties (see Kraus 2019a, for more details). 
Specifically, we show how some contaminants can virtually eliminate aquatic prey 
for terrestrial consumers, leading to prey loss as the mechanism driving effects on 
terrestrial consumers (Fig. 3b). For detrital inputs, loss of aquatic prey for aquatic 
consumers can increase consumption and, reliance upon, terrestrial subsidies 
(Fig. 3b). Lastly, bioaccumulative aquatic contaminants can negatively impact ter-
restrial consumers of animals with complex life histories (e.g., insects) by exposing 
consumers to elevated concentrations of contaminants in prey (Fig. 3c). For terres-
trial inputs to aquatic ecosystems, bioaccumulative contaminants can increase detri-
tal contaminant concentrations either through adsorption or uptake by biofilms. 
However, alternative aquatic prey may also be exposed in these environments and 
accumulate contaminants, making aquatic food web exposure possible through 
either aquatic or terrestrial prey sources (Fig. 3c).

4  �Data Gaps

Mapping these control and mechanistic pathways reveals crucial management foci 
as well as data gaps in predicting the effects of aquatic contaminants on aquatic-
terrestrial linkages. For example, further linking of information on transport of 
aquatic mercury by adult aquatic insects with information on the distribution and 
bioavailability of methylmercury in freshwaters would allow derivation of spatial 
predictions of biologically mediated mercury flux to terrestrial consumers across 
the landscape. Shape and hydrology of aquatic ecosystems would also influence 
these predictions. For lotic systems, researchers and managers might need to focus 
on downstream effects of mercury contamination (Otter et al. this volume), espe-
cially since streams and rivers tend to become wider downstream and may export 
more adult aquatic insects compared to lower-order streams (Gratton and Vander 
Zanden 2009). For lentic systems, surface area as well as the depth profile could 
affect flux of aquatic insects, and therefore mercury to land (Gratton and Vander 
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Fig. 3  Simplified food web model of freshwater-terrestrial linkages in reference conditions (a) 
and affected by bioaccumulative (b) and toxic contaminants (c). Arrows represent directional flux 
of energy (black) and contaminants (red). Bioaccumulative contaminants are more likely to lead to 
consumer exposure, while toxic contaminants reduce availability of aquatic resources and may 
cause consumers to shift diets toward terrestrial prey or suffer population declines. Variation in 
weights of arrows represents general differences in relative magnitude of fluxes. (See Table 2 for 
more details)

Synthesis: A Framework for Predicting the Dark Side of Ecological Subsidies



362

Zanden 2009; Chumchal and Drenner 2015). Most information regarding the effects 
of trace metals on aquatic-terrestrial linkages comes from field and mesocosm stud-
ies of high elevation montane stream communities with adult aquatic insects and 
spiders as the focal subsidy/consumer (Kraus et  al. 2016; Kotalik and Clements 

Table 2  Variables included in simplified food web model predicting effects of bioaccumulative 
and toxic contaminants on freshwater-terrestrial linkages

Variable Predicted effects

Aquatic ecosystem

Larval aquatic 
insects

Aquatic contaminants reduce densities of larval aquatic insects and 
accumulate in their tissues.1,2 Bioaccumulated contaminants can be 
transferred from larvae to insectivore consumers3.

Aquatic 
insectivores

Consumers of aquatic insect larvae can suffer from lack of food when prey 
densities are reduced by toxic contaminants. Some generalist insectivores 
consume more terrestrial invertebrate subsidies as aquatic prey availability 
decreases or bioaccumulation increases because of contamination.4,5 
Insectivores can also see lower reproductive success when exposed to 
bioaccumulative contaminants in prey tissues.6

Detritivore
macroinvertebrates

Detritivorous invertebrates in freshwater ecosystems are often subsidized 
by terrestrial plant and animal detritus.7 The availability of these resources 
to consumers can be reduced or altered by toxic and bioaccumulative 
contaminants.8 Bioaccumulative contaminants can enter the detrital food 
web as detritivores consume contaminated bacterial biofilms associated 
with the detritus.8

Terrestrial detritus Terrestrial detritus is composed of terrestrial animal and plant inputs, such 
as invertebrates, terrestrial leaf litter, and other sources of terrestrial 
plant-based carbon falling or washing into freshwaters.7,9

Terrestrial 
ecosystem

Adult aquatic 
insects

Aquatic contaminants can reduce density and biomass and alter timing of 
emergence of adult aquatic insects.10–12 Because larval insects lose 20–80% 
of their body mass during metamorphosis, bioaccumulative contaminants 
that persist in their bodies across metamorphosis become more 
concentrated (i.e., bioamplification).13

Terrestrial 
insectivores

Terrestrial insectivores can consumer terrestrial invertebrates and/or be 
subsidized by adult aquatic insects emerging from freshwater ecosystems.9 
Reductions in biomass of prey caused by aquatic contaminants can cause 
shifts in diet or population decline.10,14,15 Aquatic insects can be a vector of 
aquatic contaminant exposure to terrestrial consumers.13,16

Terrestrial 
invertebrates

Terrestrial invertebrates are an important prey source for insectivores.9

Terrestrial plants Riparian and terrestrial plant matter are the basis of production for many 
terrestrial and aquatic food webs.7,17 Herbivorous invertebrates can 
consume multiple parts of living plants, while detritivores eat dead plant 
matter.

Supporting citations are listed below
1Hare (1992), 2Clements et  al. (2000), 3Walters et  al. (2011), 4Kraus et  al. (2016), 5Ward et  al. 
(2012), 6Custer et al. (2003), 7Minshall (1967), 8Evans-White et al. (this volume), 8Nakano and 
Murakami (2001), 10Kraus et al. (2014a), 11Rogers et al. (2016), 12Cavarallo et al. (2018), 13Kraus 
et al. (2014b), 14Graf et al. (2019), 15Graf et al. (2020), 16Walters et al. (2008), 17Hairston et al. (1960)
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2019; Kotalik et al. 2019). To understand how these patterns play out in different 
ecosystems, other ecological drivers such as subsidy production, community com-
position, and subsidy/consumer traits need to be considered. For example, environ-
mental gradients such as disturbance (e.g., drought and flooding frequency) or 
longitudinal variation (e.g., low to high stream order) within a watershed can change 
the relative magnitude of resource subsidies and contaminant flux, as well as their 
impacts on consumers (Greenwood and McIntosh 2008; Wipfli and Baxter 2010; 
Schultz et  al. 2015; Burdon this volume; Chumchal and Drenner this volume). 
Finally, while the effects of nutrient enrichment on aquatic ecosystems have gener-
ally been well studied, the effects of nutrients on cross-ecosystem linkages are less 
well known. For example, harmful algal blooms can create anoxic conditions that 
might lead to reduced emergence as well as increased export of algal toxins in adult 
aquatic insects (Moy et al. 2016).

The effects of other contaminants such as current-use pesticides, pharmaceuti-
cals, and biotoxins (as well as contaminant mixtures) on aquatic-terrestrial linkages 
are poorly understood, and there are many gaps in the mapping of their pathways of 
effects. For example, in the case of current-use pesticides, Morrissey and colleagues 
have published field and laboratory studies on effects of neonicotinoids on emerg-
ing aquatic insects and insectivorous birds in the heavily agricultural Prairie Pothole 
region of Canada (Morrissey et al. 2015; Cavallaro et al. 2018; Stanton et al. 2018). 
However, no data have yet been published for other current-use pesticides or on 
current-use pesticide accumulation and transfer across metamorphosis for these 
insects. For pharmaceuticals and personal care products (POPs), as well as algal 
toxins, insect-mediated transfer of these compounds to aquatic and riparian birds 
and riparian spiders has only recently been documented (Moy et al. 2016; Richmond 
et al. 2018). However, effects of these transfers on insect consumers or on patterns 
of adult aquatic insect emergence are not well understood. Finally, Kraus and col-
leagues synthesized the current knowledge on transfer of contaminants across meta-
morphosis (Kraus et al. 2014b), but there are many contaminants that were either 
missing from this synthesis or were incompletely studied. Even metamorphic trans-
fer of mercury, which is a particularly well-studied contaminant, was only measured 
in a few studies. In fact, transfer of methylmercury, which is the most common 
organic form of mercury found in animals, was only reported in one study.

In addition to contaminant-specific data gaps, we also lack knowledge about 
certain aspects of how aquatic contaminants alter aquatic-terrestrial linkages more 
broadly. In particular, the specific roles of multiple chemical contaminants in driv-
ing patterns observed in the environment require further study. For example, agri-
cultural systems and wastewater effluent may contain multiple pesticides, nutrients, 
trace metals, and other contaminants. We expect that these contaminants will have 
interactive effects on aquatic-terrestrial linkages. Study of the role of aquatic insects 
in transferring these contaminants and contaminant mixtures across metamorphosis 
is in its infancy, as are the effects on detrital processing. But given their near-
ubiquitous distribution and their known effects on aquatic ecosystems, greater 
understanding of their effect pathways on aquatic-terrestrial linkages will be crucial 
for researchers formulating questions and for resource practitioners managing risks 
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in the environment. Mapping of multiple pathways of exposure and toxicity using 
our synthetic models could help with generating predictions under these complex 
scenarios. Other gaps in our knowledge include information on how disrupted 
aquatic-terrestrial linkages affect a broad suite of consumers. Specifically, what are 
the effects of shifting diets, contaminated prey, loss of prey, and change in prey 
taxonomic composition, and are there any generalizations to be made across ecosys-
tems (as in Wipfli and Baxter 2010)? Finally, we lack knowledge about how regional/
continental variation in the distribution of contaminants on the landscape impacts 
aquatic-terrestrial linkages and recipient consumers. Unanswered questions include: 
what are the effects of different contaminants across the landscape? How do regional 
patterns in contaminant distribution and bioavailability impact cross-ecosystem 
linkages? How do the effects of contaminants interact with other global stressors? 
Ultimately, including aquatic-terrestrial linkages and resource subsidy metrics 
(such as detrital endpoints and adult aquatic insect emergence) in regulatory and 
management decisions will be necessary to estimate “safe” contaminant concentra-
tions for linked aquatic and riparian life.

5  �Applications and Next Steps

One of the central themes that emerges from our conceptual control model is that 
understanding contaminant effects across ecosystem boundaries requires expertise 
from a wide range of scientific disciplines including geology, analytical chemistry, 
biogeochemistry, hydrology, ecology, physiology, statistical modeling, and land-
scape ecology, among others. As those of us who have tried to assemble these teams 
can attest, the most challenging aspect of building interdisciplinary teams is in find-
ing experts who can communicate across disciplinary boundaries (Fiore 2008). We 
hope that our conceptual control model (Fig. 1) will improve communication by 
explicitly demonstrating how knowledge, for example, of lithography can help to 
predict the risk of metal contamination in riparian birds.

We could also view the conceptual model (Fig. 1) as a guide to risk assessment 
in the face of incomplete knowledge. For example, Dixon (2012, p. 191) used mod-
els like ours to derive a risk assessment of agriculturally applied chlorpyrifos, an 
organophosphate insecticide, to four species of birds without collecting new empiri-
cal data. The assessment used conceptual and mechanistic models to build a road-
map of how chlorpyrifos could move from seed coatings in corn fields to tissue 
concentrations in birds with different foraging traits. Dixon then quantified the risk 
to birds by assigning literature-derived values to each step along the roadmap, 
including studies that measured diet composition, consumption rate and foraging 
time of birds, dissipation rates of chlorpyrifos from plant surfaces, population size 
of seeds, and concentration-dependent mortality rates of birds to contaminants.

Similarly, we envision scientists using our conceptual and mechanistic models 
(Figs. 1, 2, and 3) as a roadmap to model cross-ecosystem contaminant flux. By 
assigning numerical information and associated uncertainty to factors in Figs. 1, 2, 
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and 3, perhaps with a Monte Carlo analysis, teams could prioritize data collection 
to areas of high uncertainty, thereby maximizing impact and limiting cost. For 
example, if a monitoring survey revealed that a wetland contained 7 μg/l of total 
dissolved Se, we would be concerned, because that value is >4 times higher than the 
US EPA aquatic life criterion. Yet, there is considerable mechanistic uncertainty in 
the concentrations of Se that will move through food webs or across ecosystems to 
affect birds receiving subsidies from wetlands. A first step in resolving this uncer-
tainty might be to derive literature estimates of the variation in the fraction of total 
dissolved Se that becomes bioavailable, Se retention through food webs, and the 
consumption rates of local birds on adult aquatic insects. In doing so, we might 
discover large uncertainties in the fraction of bioavailable Se, but lower uncertain-
ties in the fraction retained through metamorphosis (presumably most of it is 
retained, Kraus et al. 2014b). This would allow researchers to focus sampling on 
factors that affect bioavailability, such as the fraction of Se that is organic versus 
inorganic (Wang and Lovell 1997).

Aquatic contaminants affect aquatic-terrestrial linkages in cryptic and nonintui-
tive ways. Understanding how these contaminants affect aquatic-terrestrial linkages 
will require the continued use of standard ecotoxicological methods, such as 
laboratory-based concentration-response testing, community mesocosm exposures, 
and field surveys. Yet, these approaches are unlikely to keep pace with the volume 
of new contaminants. As a solution, systematic approaches that combine fundamen-
tal principles from multiple disciplines into contextual and predictive models will 
be essential. Our hope is that the conceptual frameworks we present here, as well as 
this book, will help researchers and practitioners formulate questions and conduct 
studies that increase understanding of our complex and increasingly battered natural 
world (Paine 1996) and aid in efficient and effective management decisions protec-
tive of linked aquatic-terrestrial ecosystems.
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