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Upstream to downstream: A shaded headwater stream, open canopy

mid-order stream, and a larger river. Photos by William Clements.

Recognizing patterns in nature and using these observations

to generate and test hypotheses are fundamental components

of scientific inquiry [1]. The science of ecotoxicology aims to

identify patterns that describe population and community

responses to contaminants. Our ability to predict these

responses is generally greatest for communities that change

consistently in response to a specific contaminant or class of

contaminants, thereby providing a direct path to extrapola-

tion, hypothesis testing, and scientific inference (see Predict-
ing the Effects of Contaminants). Although evidence suggests
that some communities respond similarly to both natural and

anthropogenic stressors [2], we know that regional variation

in how communities are composed as a result of environ-

mental, historical, biogeographical, or climatic factors com-

plicates our ability to identify general patterns. Several

studies have reported that the effects of contaminants

on populations and communities vary along environmental
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gradients [3]—varying altitudes, temperatures, depths, ocean

proximity, or soil humidity—or across broad geographic

regions [4–6]. Few attempts have been made, however, to

identify the mechanisms that cause this variation. We believe

that significant advances in bioassessment and predictive

ecotoxicology could result from developing approaches that

consider spatial and temporal variation in the sensitivity of

aquatic communities to anthropogenic stressors.

Although responses to contaminants vary considerably,

understanding the mechanisms responsible for differences

among locations has important practical applications. For

example, aquatic toxicologists have known for many years

that the physicochemical features of aquatic ecosystems such

as pH, temperature, water hardness, and dissolved organic

carbon influence the toxicity and bioavailability of contam-

inants. Because the mechanisms for interactions between

water quality and toxicity are well understood, these

physicochemical characteristics are routinely included in

establishing water quality criteria. In contrast to our well-

developed understanding of how abiotic factors influence

toxicity, we know relatively little about how community

composition influences responses to contaminants. In fact,

much of this variation is treated as noise and often considered

Predicting the Effects of Contaminants

One of the major goals of the science of ecotoxicology is to describe population and community responses to

contaminants. Our ability to predict effects of contaminants andmake scientific inferences is greatest for communities that

respond consistently to a specific chemical or class of chemicals. In situations where responses are highly variable,

understanding the mechanisms responsible for differences among locations is essential. The figure above illustrates how

we extrapoloate and generate hypotheses based on abiotic or context-dependent factors. For example, aquatic

toxicologists have known for many years that certain physicochemical characteristics of aquatic ecosystems (e.g.,

temperature, pH, water hardness, and dissolved organic carbon) greatly influence the toxicity and bioavailability of some

contaminants. These abiotic factors basically represent testable alternative hypotheses that may help explain site-specific

variation in contaminant effects. In contrast to our well-developed understanding of how abiotic factors influence toxicity,

we know relatively little about variation in sensitivity among communities. In fact, much of this variation is treated as noise

and considered an impediment to our ability to predict responses and make scientific inferences. We believe that natural

variation among communities also represents an opportunity to generate hypotheses and to identify ecological factors

that influence contaminant fate and effects. We introduce the concept of context dependency, which refers to variation in

ecological patterns and processes across environmental or spatiotemporal gradients. Specifically, we hypothesize that

many of the natural environmental factors that structure communities in aquatic ecosystems (e.g., food web structure,

disturbance, primary productivity, exposure history) also determine their responses to contaminants. Similar to the way in

whichweassess abiotic factors associatedwith contaminant bioavailability, observations about context dependency could

be used to test hypotheses about underlying ecological mechanisms responsible for differences among communities.

Rather than treating variation as a nuisance that impedes our ability todetect statistical significance,webelieve that natural

variation canbe exploited to better understandecological processes that influence community responses to contaminants.
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an impediment in our ability to predict ecological responses

[7,8]. Although one of the major goals of ecotoxicological

research is to isolate specific factors associated with the

effects of contaminants, in reality the importance of many

environmental variables is often context dependent. In this

Focus article, we suggest that variation among communities

and along environmental gradients represents an opportunity

to identify specific ecological factors that influence contam-

inant fate and effects. Rather than considering this variation

as an obstacle, we believe variability among communities

can be exploited to understand the basic mechanisms at

work. With this insight, our ability to predict the effects of

contaminants in aquatic ecosystems can be significantly

improved if we recognize that responses to stressors often

depend on the context and consequently developing a

mechanistic understanding of this ‘‘context dependency.’’

Context-Dependent Responses
Context dependency refers to variation in ecological patterns

and processes across environmental or spatiotemporal gra-

dients. Ecologists have long recognized that community

patterns and processes often depend on environmental con-

text [9,10]. For example, the relative importance of a species

in stream ecosystems can vary longitudinally [8] or across its

range of distribution [11]. Much of the research on context

dependency in basic ecology has focused on quantifying the

strength of biotic interactions, especially those involving

keystone or other dominant species, along an environmental

gradient. In fact, Menge and Sutherland [12] proposed the

most widely cited example of context dependency in ecology.

They hypothesized that the relative importance of competi-

tion and predation varied along disturbance gradients. In

other words, at low disturbance, more competitive organisms

dominate the ecosystem, pushing out less competitive

species. At high disturbance, such as a forest fire or human

interventions, all species are at risk. After this seminal paper

was published, other investigators reported context-depend-

ent responses in a wide variety of marine [13] and freshwater

[14,15] ecosystems. Because context dependency compli-

cates our ability to generalize about important ecological

processes, it has undoubtedly contributed to many conten-

tious debates in ecology. Indeed, several major controversies

in ecology, such as the importance of how species interact, the

role of disturbance, and the relationship between species

diversity and ecosystem function, can be resolved after

recognizing the context dependency of these processes.

Context-Dependent Responses
in Ecotoxicology
In this Focus article, we propose that responses of aquatic

communities to contaminants are often context dependent

and vary along environmental gradients. Specifically, we

hypothesize that many of the environmental factors that

structure communities in aquatic ecosystems (e.g., food

web structure, disturbance regime, life history characteristics,

primary productivity, exposure history) also determine com-

munity responses to contaminants. These relationships may

be relatively simple, in which responses to contaminants

change monotonically. For example, the effects of some

contaminants decrease with increasing ecosystem produc-

tivity or a history of previous exposure. More complex

responses in which effects are greatest (or lowest) at some

intermediate level are also possible. We know that commun-

ities subjected to moderate levels of natural disturbance may

tolerate contaminants and other forms of anthropogenic

disturbance much better [2]. Therefore, we predict that the

effects of contaminants will be greatest in highly stable

communities, decrease at some intermediate level of disturb-

ance, and then increase as a result of potential interactions

between the natural and chemical stressors.

Context-dependent responses to contaminants have been

identified using both experimental and comparative ap-

proaches. Results of mesocosm experiments have routinely

shown that contaminants can alter community structure, but

Relyea et al. [16] also demonstrated that the magnitude of

these effects depended on the types of predators present (e.g.,

invertebrate vs vertebrates). Similarly, Rohr and Crumrine

[17] reported that initial community composition determined

the direct and indirect effects of pesticides on pond commun-

ities. Stream ecologists used a comparative approach as part

of the lotic intersite nitrogen experiment (LINX), a large-

scale research program designed to quantify factors that

control nitrogen export [18]. A similar approach could be

developed in ecotoxicology to examine ecological factors

that determine contaminant fate and effects. The basic exper-

imental design would be to locate communities along an

important environmental gradient (e.g., watershed area) or in

different geographical regions (e.g., tropical vs temperate

streams) that receive the same or similar stressors. Observing

similar responses along this gradient would suggest no con-

text dependency, allowing investigators to make broader

inferences about contaminant effects. In contrast, significant

variation in responses among communities would support the

hypothesis of context dependency. Here, our interests would

be primarily in identifying the ecological factors responsible

for these differences.

The most convincing examples of context dependency based

on field studies are drawn from remote ecosystems that

receive similar concentrations of a specific contaminant

but differ markedly in some important ecological character-

istic. For example, concentrations of organochlorines and

methyl mercury (methyl Hg) in top predators from remote

lakes are known to vary with factors such as watershed area,

surface area, trophic status, and the length of the food chain

[19–22]. Site-specific variation in the effects of contaminants

attributable to physicochemical characteristics that determine

bioavailability are well known to aquatic toxicologists. These

differences in physicochemical characteristics in general are

not considered examples of context dependency and are not

discussed here. Instead, we focus on variation in community

composition and how this variation may influence responses
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to contaminants. For example, we know that the structure and

composition of macroinvertebrate communities varies natu-

rally from headwater streams to larger rivers. We also know

that the effects of contaminants on these communities also

vary, most likely as a result of previous exposure or dis-

turbance history [3,23]. In the following sections, we discuss

examples of context-dependent responses associated with

trophic transfer and ecological effects of contaminants. In

addition to the practical goal of improving our ability to

predict contaminant fate and effects in different ecosystems, a

major objective of these studies is to identify mechanisms that

are responsible for differences among communities.

Fate of contaminants

Contaminant concentrations in aquatic organisms vary over

time and space because of the influences of natural processes

and human activities. Within one species such as lake trout,

contaminants that bioaccumulate and biomagnify (e.g.,

methyl Hg and persistent organic pollutants [POPs]) can

be 5- to 10-fold higher in one lake than in another neighboring

system because of inherent differences in the species’ ecol-

ogy, the systems’ characteristics, or the activities occurring in

the watershed. Understanding variability in fish contaminants

and how it is affected by context has been a major focus of

ecotoxicology for decades and is critical for contaminants

that affect aquatic biota or their consumers. Although we have

identified several key influences on the bioavailability of

contaminants to the base of the food web (e.g., Hg in biota

is affected by pH, dissolved organic carbon, lake temper-

ature), the transfer of contaminants across trophic levels

(e.g., rate of biomagnification) also differs among systems.

Whether context dependency is a critical driver of this

process is not clear; however, a clear path forward is pre-

sented to compare biomagnification of contaminants across

ecosystems given the increasing use of stable isotope analyses

to quantify trophic transfer.

Incorporating stable isotope analyses into biomagnification

studies has allowed broader comparisons to assess the effects

of ecological context on contaminant fate in food webs.

Stable isotopes of nitrogen, carbon, and, more recently, sulfur

have added considerably to our understanding, because they

trace sources of nutrients to consumers (d13C and d34S) and
measure relative trophic position of the biota (d15N) [24]. A
popular application of stable isotopes in ecotoxicology is

using d15N to quantify the rates at which contaminants

biomagnify, because concentrations of POPs or methyl Hg

are significantly and positively related to trophic position

[24–26]. Both POPs (polychlorinated biphenyls [PCBs],

DDT, toxaphene, polybrominated diphenyl ethers, and so

forth) or methyl Hg and the heavier isotope of N (15N)

increase as energy is transferred from prey to predator.

Significant relationships between contaminants and d15N
have been found in marine and freshwater systems in arctic,

temperate, and tropical regions and in a range of ecosystems

(streams, lakes, reservoirs, estuaries, coastal zones). The

slope of the relationship is considered to be the average rate

of contaminant transfer through the food web, whereas the

intercept represents the inputs of contaminants to the base of

the food web [27]. Within the limited comparisons that have

been completed, model slopes vary from one system to

another. For example, Houde et al. [28] found higher bio-

magnification rates for some POPs in larger, deeper lakes or

lakes that were at a higher latitude or longitude. Across

broader scales, models can and should be contrasted to assess

how context affects biomagnification.

A compilation of existing contaminant-d15N datasets could

allow one to determine whether higher contaminant concen-

trations in top predators are attributable to greater rates of

food web processing (model slopes) or inputs to the base of

the food web (model intercepts), and whether the magnitude

of these coefficients are context dependent. Higher contam-

inant concentrations in top predators in one lake compared to

another could be explained three different ways: first, if the

rates of trophic transfer are the same, but inputs to the base of

one food web are higher (Fig. 1A); second, if the basal inputs

are the same, but the rate of biomagnification differs

(Fig. 1B); and third, if the rates and inputs are the same,

but the food webs have different lengths (Fig. 1C). Several

interesting questions related to context dependency can be

examined by comparing the current literature or by de novo

designing studies of food webs across gradients (e.g.,

latitude). For example: Do systems with higher productivity

have lower rates of contaminant biomagnification, perhaps

because of higher biomass or growth dilution within the food

web? Are contaminants transferred at a greater rate in lotic

than lentic systems? Does community complexity affect the

trophic transfer of contaminants?

The length of an aquatic food chain is another key ecological

factor that determines the concentrations of methyl Hg and

POPs in top predator fishes, because these chemicals bio-

magnify from prey to predator. Rasmussen and colleagues

[20,29] unequivocally demonstrated this when they grouped

temperate lakes into three classes based on the length of the

pelagic food chain leading to the top predator, lake trout.

Concentrations of PCBs and Hg in lake trout increased 3.5-

and 2.0-fold, respectively, with each additional increase in the

length of the underlying food chain. As a result, contaminant

exposure (and related effects) for upper-trophic-level fishes

(and fish-eating wildlife and humans) was highest for systems

supporting the longest food webs.

Invasive species and context-dependent responses. Clearly,

invasive species have affected the structure of aquatic food

webs by outcompeting some species, causing shifts in habitat

use by others, and providing an alternate food source for

predators. These changes in food web structure could influ-

ence contaminant concentrations in top predators if the

invasions (1) increased the length of the food chain support-

ing a species or (2) resulted in diet shifts from a higher to

lower or lower to higher source of contaminants. In lakes

invaded by the zooplankton predator Bythotrephes, fish

occupied a higher trophic position because of invasion-

induced changes in zooplankton communities. Although this
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longer food web was predicted to increase Hg concentrations

in fish [25] (Fig. 2), a regional survey of lakes showed no

effects of Bythotrephes invasions [26]. Similarly, Hg con-

centrations in several species of piscivorous fishes did not

change after planktivorous smelt invaded the ecosystem [30].

In contrast to these findings, the invasive round goby likely

influenced Hg levels in piscivorous fish. Despite decreases in

Hg inputs to Lake Erie, Hg in piscivorous fishes either

remained constant or increased after goby invasions, perhaps

because of increased recycling of sediment-associated con-

taminants through the goby’s benthic diet [31] (Fig. 2).

Similarly, invasion of zebra mussels in the Great Lakes likely

maintained elevated concentrations of PCBs in spottail

shiner, even though PCB inputs were declining [32]. Finally,

in a lake invaded by a planktivorous fish, native forage fish

shifted their diet to benthic carbon, resulting in a 50%

increase in their Hg concentrations [33]. In summary,

although the effects of invasive species on contaminant

concentrations in other consumers are variable, these situa-

tions provide excellent opportunities to test context-depend-

ent responses.

Effects of contaminants

Because community structure and ecosystem processes vary

naturally along environmental gradients, likely responses to

contaminants will also differ among locations. Identifying

these context-dependent responses in ecotoxicology goes

beyond quantifying simple stressor–response relationships

and examines how communities inhabiting different locations

respond to the same or similar stressors. In other words, we

are especially interested in knowing how the slopes of con-

centration–response relationships vary among ecosystems.

Identifying mechanisms responsible for context-dependent

responses may help explain why stressors have significant

effects in some environments but not in others. The basic

approach would be similar to that used in laboratory studies

designed to investigate abiotic factors that modify toxicity

and bioavailability (e.g., water hardness, pH, dissolved

organic carbon, temperature). Rather than focusing on phys-

icochemical characteristics, however, we would identify

communities along some important environmental gradient

and assess variation in responses to a specific contaminant

along this gradient.

Longitudinal variation in species richness, community com-

position, and functional processes is perhaps the most impor-

tant unifying paradigm in stream ecology [34]. Because

stream communities often change predictably from head-

water streams to large rivers (Fig. 3), responses to contam-

inants likely will also vary along this gradient. Compared

with headwaters, mid-order (4th–6th) streams are character-

ized by greater primary production, lower amounts of coarse

particulate organic material, higher species richness, abun-

dant grazers, and a more variable flow regime. Although

these specific longitudinal patterns will differ depending on

location, each of these factors could influence community

responses to contaminants. Microcosm experiments con-

ducted with macroinvertebrate communities collected along

a longitudinal gradient showed that headwater communities

were more sensitive to heavy metals than those from mid-

order reaches [3]. Differences in the natural disturbance

regime were likely responsible for this variation, suggesting

that communities from variable environments were ‘‘prea-

dapted’’ to moderate levels of anthropogenic stress [2]. In

this example, we have a reasonable understanding of the

mechanism responsible for this variation. Because commun-

FIGURE 1: Conceptual models of how contaminant concentrations

in top predators (relative concentrations indicated by size) could

vary because of (A) similar rates of trophic transfer (slopes of

log[contaminant] vs d15N but a higher input to the base of the food

web; (B) similar inputs to the base of the food web but a higher rate of

biomagnifications;and(C)similar ratesofbiomagnificationbuta longer

food web (modified from Kidd et al. [47]).
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ities from highly variable environments are often dominated

by opportunistic or r-selected species capable of reproducing

and recolonizing rapidly, we would expect them to show

greater resistance or resilience to contaminants. Similarly, we

expect that communities with a long-term history of exposure

to a specific stressor would show greater tolerance to that

stressor. Microcosm experiments have shown that commun-

ities collected from metal-contaminated streams were more

resistant to metals compared with reference communities

[35]. These patterns are consistent with the pollution-induced

community tolerance hypothesis, which states that increased

tolerance occurs when sensitive species are eliminated from a

community [36]. Interestingly, the increased tolerance for one

set of stressors often results in greater susceptibility to other,

novel stressors. Stream microcosm experiments have shown

that metal-tolerant communities were more susceptible to

acidification [37], UV-B radiation [38], and predation [35]

compared with reference communities. These findings sug-

gest that communities retain a long-term record of exposure

that may persist long after a contaminant has dissipated or

degraded [39].

Variation in landscape features such as vegetation, topology,

elevation, and geology directly influences community

composition and provide an opportunity to investigate

context-dependent responses at larger spatial scales. Spa-

tially extensive surveys of streams in North America,

Europe, New Zealand, and other regions have been used

to identify regional reference conditions [40] and to classify

watersheds based on landscape features [41]. We know

from these studies that underlying geomorphological

characteristics of a watershed determine local water quality

[42] and contaminant bioavailability; however, we know

relatively little about how these features will affect

ecological responses to contaminants. In a regional assess-

ment of geology, water quality, and macroinvertebrate

communities in the Colorado Rocky Mountains, Schmidt

et al. [43] showed that variation in the effects of metals

among watersheds was likely a result of underlying

geology. These studies highlight the importance of consid-

ering regional variation in community composition when

assessing potential effects of contaminants on aquatic

communities.

FIGURE 2: Shifts in food web structure that can result after species invasions and their effects on hypothetical contaminant concentrations

(represented by the numbers adjacent to each trophic level) in biota during a period of declining atmospheric and catchment inputs. (A) Initial

pelagic food web with hypothetical contaminant concentrations. (B) Despite reductions in inputs of contaminants to the base of the food web,

invasion of a zooplankton predator (e.g.,Bythotrephes) leads to a longer foodweb and no change in fish contaminant concentrations. (C) Continu-

ing declines in contaminant inputs to lakes are not reflected in top predator fish because they shift to a benthic and more contaminated diet after

invasion by a benthic fish (e.g., round goby).
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Comparative studies across broad geographic
regions

Natural populations and communities are characterized by

spatial heterogeneity, with unique species assemblages inhab-

iting polar, temperate, and tropical environments. Because

the communities associated with these broad geographic

regions differ both in species composition and in food-web

structure, their sensitivity to contaminants may also differ.

Community susceptibility to contaminants is a function of

both biological diversity and inherent species sensitivity. The

diversity of species is generally considered to increase toward

the tropics, indicating that the number of species that poten-

tially could be affected by pollutants is greater [4]. Our ability

to determine community sensitivity to contaminants is largely

limited to single-species laboratory and multi-species meso-

cosm studies. These studies are constrained by the scale of

the exposure systems, thus excluding larger predators, and

limited to species performing well in such systems. Datasets

are also biased toward temperate regions, where most studies

have been undertaken (i.e., North America, Europe) and are

very limited for more extreme environments (e.g., Antarctica)

and for some key species groups (e.g., marine corals).

Studies aimed at validating the protective value of toxicity

thresholds have compared sensitivities of species using a

species sensitivity distributions approach. Dyer et al. [6]

compared the species sensitivity distributions of acute tox-

icity data for 95 species of temperate, coldwater, and tropical

fish for six organic compounds. Fish from the regional groups

showed comparable threshold sensitivity to DDT, with trop-

ical fish generally being less sensitive, whereas no significant

difference in sensitivity was found for other compounds.

Brock et al. [5] reviewed the published data assessing spatial

extrapolation in ecological effects and concluded that

although the composition of freshwater communities varies

across biogeographical regions, climatic zones, and habitat

types, the distribution of species threshold sensitivities does

not vary markedly. Tropical freshwater fish species are not

generally more sensitive to environmental contaminants than

temperate fish species. When compared with temperate

species, a trend is seen of a slight increase in the sensitivity

of tropical invertebrates to a few selected chemicals, whereas

for a few other chemicals the reverse was observed.

Kwok et al. [4] recently undertook the most extensive com-

parison of temperate and tropical freshwater species for 18

chemical substances (ammonia, 9 metals, 2 narcotics, and 6

pesticides: carbaryl, chlordane, chlorpyriphos). Sensitivity

comparisons were made based on the calculated threshold

hazardous effect concentration for a 10% response. They

found that for most metals, temperate species tended to be

more sensitive than their tropical counterparts; however, for

un-ionized ammonia, phenol, and some pesticides (e.g.,

chlorpyrifos), tropical species are probably more sensitive.

The authors concluded that an extrapolation factor of 10

should be applied when water quality guidelines derived from

temperate regions are used for tropical regions. Examining

the species sensitivity distribution response curves, Kwok

Shredders
Grazers
Predators
CollectorsStream Order

1 --
Low light low NPP

Predicted Longitudinal Changes
CPOM Input

2 --
Abundant shredders; few grazers
Abundant CPOM
Low species richness
Stable flow regime

3 --

4 -- High light high NPP
Few shredders; abundant grazers

5 --

FPOM
Export Abundant FPOM

High species richness
Variable flow regime

6 --

7 -- Low light low NPP

8 --

Abundant collectors
Low species richness
Regulated flow regimeRela�ve Channel Width 

FIGURE 3: Longitudinal variation in community composition and function of stream ecosystems as predicted by the river continuum concept [34].

We hypothesize that natural variation in aquatic communities from upstream to downstream could result in context-dependent responses to

contaminants and other stressors. CPOM¼ coarse particulate organic material; FPOM¼fine particulate organic material; NPP¼net primary

productivity.
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et al. [4] also showed marked differences between temperate

and tropical species for several compounds, indicating differ-

ing community sensitivity once the effect threshold was

exceeded. These data indicate that both a tolerance threshold

and a community sensitivity measure should be used to assess

the risk to ecological communities.

Temporal variation in contaminant effects

In addition to the natural variation among communities and

along spatial gradients described, temporal variation in the

abundance of sensitive species and life stages will likely

influence responses to contaminants. Winner et al. [44]

observed seasonal variation in the sensitivity of zooplankton

communities to Cu exposure. Similarly, mesocosm experi-

ments conducted with macroinvertebrate communities

showed that summer communities, which were dominated

by smaller, early instars of aquatic insects, were more sensi-

tive to metals than communities collected in late spring [45],

which were dominated by larger individuals. These inves-

tigators suggested that phenology and life history character-

istics of sensitive resident species should be considered when

designing biomonitoring programs and establishing water

quality criteria. Results of these studies demonstrate the

importance of accounting for temporal changes in community

composition when assessing impacts of anthropogenic

stressors.

Should We Care About Context
Dependency?
Given the rich history of ecotoxicology and bioassessment, it

is surprising that context dependency of ecological responses

to contaminants has received so little attention. This may be

explained partially by the significant challenges associated

with using descriptive approaches to identify context depend-

ency. Because of the difficulty conducting manipulative

experiments at ecologically realistic spatial or temporal

scales, our ability to make causal inferences is limited.

Investigating context dependency will require tradeoffs

between experimental control and our ability to make broader

statements about ecological factors that determine commun-

ity responses. We know that unique environmental conditions

and differences in community composition will likely result

in significant variation in the impact of contaminants. How-

ever, we also recognize that testing the effects of all chem-

icals of concern on all sensitive species across all localities is

not realistic [5]. Thus, a risk screening or tiered approach

should be used to quantify variation in the probability of

effects and to identify context-dependent responses. Devel-

oping an understanding of the importance of abiotic factors

that influence contaminant bioavailability relative to context-

dependent factors that determine community responses to

contaminants is also important. Although we have treated

abiotic and context-dependent factors independently in this

Focus article, we know that physicochemical characteristics

directly influence communities. Therefore, it is likely that

abiotic factors will interact with context-dependent factors to

determine responses to contaminants.

Understanding how different communities respond to con-

taminants is also difficult because multiple environmental

drivers that operate across a continuum of spatial and tem-

poral scales determine community composition. Unlike

mechanistic models used to predict contaminant bioavail-

ability (e.g., biotic ligand model; equilibrium partitioning;

quantitative structural activity relationships), ecological

models are considerably more complex and highly interac-

tive. Thus, we may never have a unified theory that predicts

how communities in different locations will respond to con-

taminants. However, comparisons of community structure

among ecosystems (e.g., tropical vs temperate streams), along

latitudinal gradients (e.g., headwater streams vs large rivers),

or among streams in different geomorphological units, could

provide insight into the underlying mechanisms responsible

for context-dependent responses. Finally, an appreciation for

context dependency will be necessary to understand potential

interactions between contaminants and global change. By

developing stressor–response relationships for communities

located along well-defined gradients of temperature, hydro-

logic variability, UV-B radiation, or other variables associ-

ated with global change, one could possibly produce a more

comprehensive understanding of how these changes may

interact with contaminants [46]. Although context depend-

ency complicates our ability to make broad generalizations in

ecotoxicology, it provides an opportunity to better understand

the factors responsible for variation among communities.

Rather than treating natural spatiotemporal variation as a

nuisance that inflates p values and impedes our ability to

detect statistical significance, we encourage ecotoxicologists

to consider ways to exploit this variation and test specific

hypotheses about how ecological processes influence

responses to contaminants.
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