How Do Indirect Effects of Contaminants Inform Ecotoxicology? A Review

Authors:

John W. Fleeger
Date Submitted: 2021-07-29
Keywords: chemical contaminants, community and ecosystem ecology, indirect effects

Abstract:

Indirect effects in ecotoxicology are defined as chemical- or pollutant-induced alterations in the density or behavior of sensitive species
that have cascading effects on tolerant species in natural systems. As a result, species interaction networks (e.g., interactions
associated with predation or competition) may be altered in such a way as to bring about large changes in populations and/or
communities that may further cascade to disrupt ecosystem function and services. Field studies and experimental outcomes as well as
models indicate that indirect effects are most likely to occur in communities in which the strength of interactions and the sensitivity to
contaminants differ markedly among species, and that indirect effects will vary over space and time as species composition, trophic
structure, and environmental factors vary. However, knowledge of indirect effects is essential to improve understanding of the potential
for chemical harm in natural systems. For example, indirect effects may confound laboratory-based ecological risk assessment by
enhancing, masking, or spuriously indicating the direct effect of chemical contaminants. Progress to better anticipate and interpret the
significance of indirect effects will be made as monitoring programs and long-term ecological research are conducted that facilitate
critical experimental field and mesocosm investigations, and as chemical transport and fate models, individual-based direct effects
models, and ecosystem/food web models continue to be improved and become better integrated.

Record Type: Published Article

Submitted To: LAPSE (Living Archive for Process Systems Engineering)

Citation (overall record, always the latest version): LAPSE:2021.0665
Citation (this specific file, latest version): LAPSE:2021.0665-1
Citation (this specific file, this version): LAPSE:2021.0665-1v1

DOI of Published Version: https://doi.org/10.3390/pr8121659

License: Creative Commons Attribution 4.0 International (CC BY 4.0)



X W processes ]

Review

How Do Indirect Effects of Contaminants Inform
Ecotoxicology? A Review

John W. Fleeger
Department of Biological Sciences, Louisiana State University, Baton Rouge, LA 70803, USA; zoflee@lsu.edu
Received: 19 November 2020; Accepted: 11 December 2020; Published: 16 December 2020 a};’edcgtfgsr

Abstract: Indirect effects in ecotoxicology are defined as chemical- or pollutant-induced alterations in
the density or behavior of sensitive species that have cascading effects on tolerant species in natural
systems. As a result, species interaction networks (e.g., interactions associated with predation or
competition) may be altered in such a way as to bring about large changes in populations and/or
communities that may further cascade to disrupt ecosystem function and services. Field studies
and experimental outcomes as well as models indicate that indirect effects are most likely to
occur in communities in which the strength of interactions and the sensitivity to contaminants
differ markedly among species, and that indirect effects will vary over space and time as species
composition, trophic structure, and environmental factors vary. However, knowledge of indirect
effects is essential to improve understanding of the potential for chemical harm in natural systems.
For example, indirect effects may confound laboratory-based ecological risk assessment by enhancing,
masking, or spuriously indicating the direct effect of chemical contaminants. Progress to better
anticipate and interpret the significance of indirect effects will be made as monitoring programs and
long-term ecological research are conducted that facilitate critical experimental field and mesocosm
investigations, and as chemical transport and fate models, individual-based direct effects models,
and ecosystem/food web models continue to be improved and become better integrated.
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1. Introduction to Indirect Effects

Many synthetic chemicals and naturally occurring chemical pollutants (e.g., poly-nuclear aromatic
hydrocarbons) impact living things by direct toxic action exerted on an organism’s physiology, behavior,
reproduction, or survivorship. Resulting lethal or sublethal (e.g., reproductive failure) effects may alter
the abundance and diversity of biota in contaminated habitats to such a degree that severe impacts to
ecosystem function and services occur. However, contaminants may also indirectly affect the biota
in numerous ways with equivalent consequences. Indirect effects are defined here as chemical- or
pollutant-induced alterations in the density or behavior of sensitive species in an exposed system that
then have cascading effects on tolerant species [1]. These effects occur at higher levels of biological
organization (i.e., populations, communities, and ecosystems) and cannot be identified or assessed
in single-species laboratory tests. The purpose of this review is to address indirect effects that are a
function of community ecology (i.e., effects that occur when species interaction networks are disrupted
by a contaminant), and because changes in populations or communities may cascade to higher levels,
indirect contaminant effects associated with ecosystem function and services will also be discussed.
Previous reviews on indirect effects have largely focused on specific topics, e.g., how community
ecology informs indirect effects [2,3] or indirect effects in aquatic ecosystems [1,4-7], rather than an
overview within the broader context of ecotoxicology as presented here. Although rarely studied
compared to traditional laboratory-based investigations of direct effects, the number of publications
that consider actual or potential indirect effects of chemicals or pollutants has increased over the last
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four decades (213 papers published in nine representative environmental toxicology journals from
1988 to 2019 mention indirect effects in a searchable field, as shown in Figure 1).
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Figure 1. The number of publications that consider indirect effects published in nine representative
environmental toxicology journals from 1988 (the first year the search term returned a publication)
to 2019. The journals are Environmental Toxicology and Chemistry, Ecotoxicology, Marine Pollution
Bulletin, Archives of Environmental Contamination and Toxicology, Environmental Pollution,
Bulletin of Environmental Contamination and Toxicology, Environmental Toxicology, Ecotoxicology and
Environmental Safety, and Aquatic Toxicology. A Web of Science advanced search was preformed using
search terms “indirect effects” AND the various “source titles” in September 2020. Publications that
use the term “indirect effects” but were unrelated to effects at the population, community, or ecosystem
level were excluded from the count.

When relatively sensitive species in a biotic community are affected directly and experience near
or complete extirpation, relatively tolerant species experience significant changes in the landscape of
species interactions. These interactions include predation, competition, parasitism, and mutualism
that occur within and among trophic levels and that govern abundance, distribution, and evolutionary
fitness. Behavioral changes from sublethal exposures in relatively sensitive species may also occur that
more subtly, but nevertheless, substantially alter species interactions [8]. As a result of these altered
interactions, the community may change after exposure to a chemical contaminant or a pollutant,
and relatively tolerant species may increase or decrease in abundance. Perhaps the most well-known
example of an indirect effect was observed in an experimental whole-lake amendment of an endocrine
disrupting chemical that inhibited reproduction and caused the near extirpation of fathead minnows [9].
Declines in this keystone species elicited dramatic cascading top—-down and bottom—up indirect effects
throughout the broader community; e.g., without minnows, zooplankton populations were released
from predation and increased in abundance, and the biomass of an apex predator decreased.

Indirect effects are made possible because contaminants frequently affect exposed organisms
differentially. Asymmetrical effects occur when one species is more sensitive and another is more
resistant to a contaminant [10]. A simple, straightforward example of indirect effects in a low
diversity system is illustrated by a hypothetical food chain in which one or a few producer species
are consumed by one or a few primary consumer species, which are in turn consumed by one or a
few secondary consumer species (Figure 2). Species in each trophic level in low diversity systems
would likely have similar tolerances to herbicides (that are toxic to most primary producers but not
most primary consumers) and pesticides (that are toxic to most primary and secondary consumers
but not most primary producers). Indirect effects in this community would likely be pronounced
and relatively predictable [11,12]. In this scenario, an herbicide addition would have a direct effect



Processes 2020, 8, 1659 30f18

on primary producers, and because biomass or primary production would be reduced, primary and
secondary consumers would experience reduced energy flow and a negative indirect effect on density
(a bottom—up effect). In this same system, pesticide addition would have a direct effect on herbivores,
reducing density. This could lead to a positive indirect effect on primary producers as herbivory
declines (a top—down effect).

Low diversity communities

Herbicide exposure Pesticide exposure
Sensitive primary producers; Tolerant primary producers;
Tolerant herbivores Sensitive herbivores
Decreased primary producer biomass Decreased herbivore biomass

Indirect Effect
Indirect Effect

Decreased herbivore and predator biomass ‘ | Increased primary producer biomass

Figure 2. Hypothetical indirect effects of separate exposures of a pesticide and an herbicide in a
low-diversity ecosystem. In each case, exposure will lead to strong and relatively predictable indirect
effects with straightforward causative mechanisms. Ecosystem state changes caused by direct and
indirect effects are described in shaded boxes.

However, given the wide ranges in tolerance among species within ecosystems [13,14],
the potential for an asymmetrical response increases with increasing species diversity [4,15].
Interaction networks [16,17] and feedback loops [8] also tend to become more complex as diversity
increases. Therefore, as biodiversity increases, indirect effects are likely to be more complex and
variable, milder due to possible compensatory responses, and less straightforwardly predictable [3].
In communities with complex food web structures and interaction networks, an herbicide addition
would exert a direct effect on relatively sensitive primary producers that would reduce producer
biomass and/or primary production (Figure 3). However, a positive indirect effect is possible over time
on relatively tolerant primary producer species as they are released from competition, and a resulting
increase in biomass or primary production for tolerant species may compensate at the ecosystem level
for effects on sensitive primary producers [4]. An indirect effect on primary and secondary consumers
may be negative because the overall basal food supply may be reduced, or it may be positive for
consumers that are able to exploit tolerant primary producers that increase in biomass (Figure 3).
For pesticide exposure in a diverse community, the direct effect on relatively sensitive herbivore species
reduces density, and a positive indirect effect is exerted on primary producers as herbivory is reduced
(Figure 4). However, a possible positive indirect effect on relatively tolerant herbivores could follow as
competition among consumer species is reduced and as the basal food resource is increased [15,18].
Of course, indirect effects will be much more complex and context dependent if herbicide and pesticide
exposures occur simultaneously, and it is possible that indirect effects could enhance or mask each
other [4,15]. Indirect effects in areas with complex mixtures of contaminants are especially difficult to
study and predict for these reasons, adding uncertainty to estimates of chemical risk [4,19,20].
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High diversity communities, herbicide exposure

Sensitive and tolerant primary producer species;
Tolerantherbivores

Decreased primary producer biomass for sensitive but not tolerant species

Indirect Effect 1, reduced
primary production and food
supply for herbivores

N

Indirect Effect 2, tolerant primary producer
species released from competition

Increased primary production for tolerantspecies

Indirect Effect 3, compensatory increasein
primary producer biomass for tolerantspecies

Decreased grazer biomass for species unable to
exploit tolerant primary producers

Increased grazer biomass for species able to
exploit tolerant primary producers

Figure 3. One scenario for indirect effects in a diverse community with relatively sensitive and relatively
tolerant primary producer species exposed to an herbicide. In this case, indirect effects may be mild but
will be difficult to predict, and they will vary depending on species composition and with changes in
environmental conditions. Ecosystem state changes caused by direct and indirect effects are described

in shaded boxes.

High diversity communities, pesticide exposure

Direct Effect

Tolerant primary producer species;
Sensitive and tolerant herbivore species

Decreased herbivore biomass for sensitive species but not tolerantspecies

Indirect Effect 1, decreased herbivory
Indirect Effect 2, tolerantherbivores
released from competition

Indirect Effect 1, decreased herbivory

Increased primary producer biomass

Indirect Effect 3, increased primary production
and food supply for tolerant grazers

Increased primary producer biomass;
Increased biomass of tolerant grazers

Figure 4. One scenario for indirect effects in a diverse community with relatively sensitive and relatively
tolerant herbivores species exposed to a pesticide. In this example, indirect effects may be mild but
will be difficult to predict, and they will vary depending on species composition and with changes in
environmental conditions. Ecosystem state changes caused by direct and indirect effects are described in
shaded boxes. This figure was based on a figure published in [1], page number 217, Copyright Elsevier.

Indirect effects may be of a greater magnitude than the direct effects of contaminants [9],
and given the intricacies of ecological interactions, indirect effects may be more complex [11] and
difficult to predict [2,3]. As a result, the assessment of chemical contaminants or pollutants that
potentially contribute to indirect effects presents a significant challenge for ecotoxicology. For example,
pesticides may sublethally diminish immune function, leading to increased parasite loads and
heighted parasite-induced negative effects on hosts [21]. Few studies routinely quantify parasite
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load when examining pesticide effects in field, mesocosm, or laboratory studies, and studies that do
consider them require an unusual range in expertise (i.e., zoology, immunochemistry, parasitology;,
analytical chemistry) among investigators. Furthermore, because many new chemicals are introduced
annually and because many pollutants have been growing in use (e.g., neonicotinoids), new challenges
to understand indirect effects and their interactions with communities will continue to be presented.
For example, the assessment of indirect effects associated with plastics [22], nanoparticles [23],
and perfluoroalkyls [24] have only recently been undertaken.

Many trends are becoming apparent in studies that investigate indirect effects. For example,
contaminant-induced indirect effects will likely result from exposure to toxicants and chemical
contaminants in all chemical classes when species within a community express large differences
in toxicological sensitivity to the chemical. Contaminants in many chemical classes have been
examined; however, indirect effects caused by pesticides have been most commonly identified, e.g., [25].
Although chemicals in many different classes have been shown to elicit indirect effects, chemical
properties may affect the timing and the expression of indirect effects. For example, water-soluble
contaminants may express indirect effects quickly, especially in pelagic ecosystems, because they are
readily bioavailable [12]. However, highly hydrophobic chemicals may partition to non-aqueous phases
(e.g., food, soils, or sediments) before uptake, slowing tissue level buildup within and between trophic
levels; indirect effects may be strongest after biomagnification reaches critical levels. Furthermore,
indirect effects have been identified in a wide array of ecosystems, although the largest number of field
and experimental studies, as well as models, have been developed in freshwater ecosystems [20,26].
Finally, it is perhaps not surprising that indirect effects, particularly those acting via altered behavior,
have not yet been broadly studied and quantified; multiple organisms across the trophic spectrum
must be studied simultaneously in real time using environmentally realistic mesocosms or field-based
studies, and the system often must be studied for longer durations than are typical of toxicological
exposures (i.e., months to years).

2. Indirect Effects and Behavior

Direct and indirect contaminant effects on behavior (sometimes called trait-mediated effects)
have become the focus of increased scrutiny [8,27-30]. The mechanisms underlying the subtle direct
effects of contaminants on behavior are caused by the disruption of chemical, endocrine, and neural
signaling mediated by receptors, enzymes (e.g., cholinesterase activity), and/or transporters [8].
Since direct effects of contaminants on behavior are physiologically complex and associated with
receptors [31], species-specific responses to exposure are likely, and responses will undoubtedly vary
with developmental stage and with varying environmental conditions. Furthermore, because consumer
behavior is affected at low, sublethal concentrations, indirect effects occur in environments with low,
chronic contamination, increasing the range of conditions and the frequency of habitats at which
indirect effects may occur, e.g., at wastewater or sewage outfalls [29]. As a result, indirect contaminant
effects associated with behavioral modifications are probably much more common than those associated
with high levels of chemical-induced mortality or reproductive failure [3].

Studies on behavior have identified an exceptionally broad range of direct effects of contaminants
belonging to many chemical classes, any of which could potentially lead to indirect effects. A partial
listing for fishes indicates pollution-induced alterations of cognition, personality, sociability, memory,
learning, appetite, parental care, boldness, and foraging as well as escape and sheltering behaviors [30].
For example, ecologically relevant exposures to metals and pesticides interfere with fish olfaction
and behavior with observable effects on survival and reproductive success that could lead to indirect
effects [32]. A meta-analysis of studies on amphibians found that exposure to contaminants increased
rates of abnormal swimming (an increase of 168% compared to controls across all studies), a reduction
in activity levels (—36%) and reproductive behaviors (—20%), and a reduced capacity to exhibit escape
responses (—42%) [28]. Contaminants also alter behavior in invertebrates; the combination of predator
presence and sublethal pesticide exposure resulted in a significant increase in drift behavior and a
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higher mortality rate in larval mayflies [33], and malathion caused male crickets to increase periods
of non-directional movement, such as twitching and grooming, and to seek shelter less often [34].
These observations suggest that many more direct, yet subtle, alterations in behavior leading to indirect
effects are likely to be found associated with a broad range of chemicals and in many taxa.

The potential complexity of behaviorally induced indirect effects is illustrated in a study in which
perch (Perca fluviatilis) exposed to a psychiatric drug became more active and bolder than control
fish [35]. Changes in behavior led to an increase in feeding rate on zooplankton. A cascading decline
in zooplankton abundance could reduce the food supply to competitor fish species that do not express
increased boldness. In addition, a reduction in herbivory caused by a declining zooplankton abundance
may lead to a positive indirect effect on phytoplankton biomass. Moreover, increased boldness could
also expose perch to increased rates of predation [29]. The broad range of direct effects suggests
that alterations in the behavior of a sensitive species frequently reduce fitness (leading to reduced
density) or cause effects on species interactions via influences on predators, prey, or competitors,
further increasing the likelihood of indirect effects.

Behavioral responses that elicit indirect effects will also likely prove to be strongly interactive and
context dependent, and many examples have already been observed. For example, environmental
factors such as temperature may alter the effects of toxicants on behavior. Jacquin et al. [36] found
that high temperatures aggravated the effects of pesticides in goldfish, and Lagesson et al. [37] found
that exposure to a hormonal growth promoter increased boldness behavior in mosquitofish, but that
this increase depended on temperature. Araujo et al. [38] observed that shrimps balanced exposure to
contaminants with a sheltering behavior that protects individuals from predators; when confronted
with a choice between a cleaner habitat with no shelter and a contaminated habitat with shelter,
shrimps preferred the cleanest area, but when the uncontaminated area contained a predator signal,
shrimps balanced the risk of predation and exposure to contamination by selecting a moderately
contaminated area further away from predator signals, thereby increasing their exposure to the
contaminant. These studies suggest that indirect effects will prove to be nearly ubiquitous, and they
will be the subject many additional studies that examine trait-mediated effects.

3. Indirect Effects and Community Ecology

Community ecology provides a theoretical framework that anticipates and may predict the strength
of and when and where indirect effects will occur [2—4,6,39]. Experimental studies and ecosystem
models both indicate that interaction strength among species within communities plays an important
role in determining the frequency and prominence of indirect effects [3,4,12]. Although interaction
strength is sometimes equated with trophic state by measures such as grazing rate, keystone species,
superior competitors, foundation species, and pollinators are also strong interactors, and changes
in abundance or behavior that are induced by a chemical contaminant may have a range of indirect
effects from subtle to extremely disruptive to ecosystem function [9,40]. In addition to interaction
strength, large variations in sensitivity to direct effects among species or functional groups have
been shown to influence indirect effects [10]; communities in which relatively sensitive species are
ecological dominants increase the potential for indirect effects, and to the contrary, communities in
which abundant functional groups with many species that function in the same ecological role that are
less sensitive to direct effects will have reduced indirect effects [12]. Modeling also suggests that indirect
effects may be greater in eutrophic ecosystems [12,41], although few studies have empirically tested this
hypothesis (however, see [42] for an exception). Biodiversity may also affect the frequency and strength
of indirect effects. Low diversity systems with few species (and therefore few tolerant species, [4,15])
and with a simple food chain structure (e.g., few trophic levels) may be more prone to pronounced
indirect effects than high diversity systems with complex food webs with many functionally redundant
species. Therefore, indirect effects in diverse communities with complex trophic relationships may be
more difficult to characterize, anticipate, and model.
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Although rarely studied explicitly, the magnitude and frequency of indirect effects will undoubtedly
differ as biodiversity and species composition vary over space and time within communities.
Zhao et al. [15] performed a mesocosm experiment to test for direct and indirect effects of herbicides
and pesticides by manipulating the species number within trophic levels and the number of trophic
levels within the experimental community. Direct effects of herbicides and pesticides were both
reduced in treatments with a higher diversity of primary producers and herbivores, respectively,
because more relatively tolerant species were present in high diversity treatments. Herbicide additions
indirectly reduced herbivore biovolume, but this indirect effect was reduced when more primary
producer species were present but was increased when a predator species was added to the community.
Pesticide addition indirectly increased producer biovolume, and increasing the number of producer,
herbivore, and predator species increased the indirect effect.

One challenge for future investigation is to evaluate the significance of low levels of chemical
contamination on indirect effects [43]. Evidence is growing that commonly used chemicals such as
pesticides alter biotic communities at low concentrations [44,45]. Two examples provided here reflect
the ecological impact of seemingly subtle changes in community composition caused by pesticides
that lead to very different indirect effects. Mensens et al. [46] found that pesticide exposure reduced
diatom diet quality by shifting the community structure from dominance by lipid-rich species toward
dominance by lipid-poor species, and that energy flow to herbivores was concomitantly reduced.
Becker et al. [47] determined that snails that host the human parasite Schistosorma are relatively tolerant
of pesticides and become dominant over their less tolerant competitors. This enhancement of snails that
host the parasite led to increased schistosomiasis transmission to humans. Undoubtedly, more examples
will arise as studies accumulate.

Community theory offers many possible predictions and insights for contaminant effects on species
diversity [3]. For example, the general expectation from a high contaminant load is that species diversity
will decrease; however, diversity could increase at lower or intermediate levels of contamination if
there is a disproportionate effect on competitive dominants [3]. Therefore, community ecology may be
a source of testable hypotheses for effects of contaminants as climate change and other perturbations
occur. In addition, species diversity and indirect effects have potentially complex and intertwined
relationships because of the association between biodiversity and ecosystem function. It is becoming
axiomatic that species diversity affects ecosystem function, and that function (and services) decline
when biodiversity is lost [48,49]. Since the direct effects of contaminants frequently reduce species
diversity, indirect effects on ecosystem processes and services occur as species are reduced in abundance
or extirpated. Much of the discussion of community theory and indirect effects centers on keystone
species [50] and the loss of a sensitive keystone species may have significant long-term indirect
consequences on ecosystem function [51]. The loss of biodiversity may also diminish the ability of
communities to persist and be resilient after disturbances including from pollution events [52], or it may
increase the possibility that the community will enter an alternative state that changes the ecosystem
function for an extended period of time. For example, anthropogenic nutrient pollution contributes
to coral-to-macroalgae phase shifts on reefs, and these shifts are enhanced by other anthropogenic
factors [53]. Finally, lower diversity may make communities more vulnerable to other stressors
including other contaminants, climate change, and invasive species [2].

4. Ecosystem Function/Services and Indirect Effects

Environmental regulations are ultimately intended to preserve ecosystem function (e.g., net primary
production, decomposition rates, oxygen dynamics, nutrient cycling) and the ecosystem services
(including provisioning, regulating, and supporting services) by which humans benefit. Although the
direct and indirect effects of contaminants on ecosystem function have been subject to experimental
investigation (for an example of effects on the decomposition rate, see [54]), effects are often inferred
from studies on populations and communities. There are many reasons why relatively few studies
directly test for contaminant direct and indirect effects on ecosystem function. Ecosystem studies
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require different and specialized (usually field-based) methods compared to the more assessable
laboratory or mesocosm studies that follow contaminant-induced changes in density/survivorship
or community structure. Large-scale manipulative experiments examining ecosystem function
are especially informative but are expensive, difficult to conduct, and particularly rare [9,55,56].
Furthermore, the results of studies in one ecosystem are difficult to generalize or apply to other
ecosystems or other ecosystem functions. In addition, there are two fundamentally different types of
indirect contaminant effects that occur associated with ecosystem function that are seldom explicitly
distinguished. First, pollutants and contaminants may directly influence important ecosystem functions
that secondarily affect biota and wildlife. A common indirect effect at the ecosystem level is a reduction
in resource availability to biota; e.g., primary production may be reduced by a pollutant resulting in
reductions in the flow of energy up the food web [57] or more subtly, a decrease in the supply of food
may increase the severity of direct contaminant effects on consumers [58]. Second, direct contaminant
effects may also indirectly alter ecosystem function and services provided by the biota. For example,
an ecosystem engineering species may be inhibited by a xenobiotic that slows the engineering process,
e.g., bioturbator activity may be affected as a direct effect, altering the cycling or flux of nutrients from
sediments [59]. Overall, studies designed to test effects on ecosystem function are seldom included in
ecological risk assessment, suggesting a disconnect between ecological processes and the investigatory
tools needed to consider chemical risk, although calls for an increased ecosystem perspective to
improve the risk characterization of chemicals are common, e.g., [39,58,60]. Unfortunately, indirect
effects will grow in importance as climate change continues and as more chemicals are introduced and
dispersed globally.

Certainly, pollutants are known to directly and indirectly affect ecosystem function and ecosystem
services (e.g., nutrient pollution increases primary production and subsequent oxygen declines
associated with decomposition lead to bottom-water hypoxia and dead zones). However, less is
known about the indirect effects of many specific chemical contaminants or toxicants on ecosystem
function, and relatively few comprehensive reviews have addressed single compounds; however,
see [61]. Peters et al. [62] reviewed toxicant effects in freshwater environments, and many instances of
indirect effects were identified. The most commonly studied contaminant effect on ecosystem function
was on leaf litter breakdown; reductions in the decomposition rate of organic matter in streams were
indirectly attributed largely to declines in the feeding activity of macroinvertebrates caused by chemical
contaminants. Perhaps the best known instance of an indirect effect of a chemical contaminant on an
ecosystem service directly linked to humans is that of population declines of Gyps vultures in India
due to diclofenac toxicity, which resulted in an increase in feral dogs scavenging on decaying carcasses
and a consequent increase in human rabies infections from dog bites [63]. However, indirect effects on
function and services are being explicitly examined in ecosystem models [64-66] for selected habitats
or chemicals.

Indirect contaminant effects are being shown to affect many environmental issues and to foster
unexpected or potentially undesirable outcomes. Indirect effects on ecosystem function have been
found to affect biodiversity [4], be caused by invasive species [67,68], to occur during conservation
efforts [69] and during habitat restoration [70,71], and after large-scale disturbance events such as
oil spills [72,73], eutrophication [74], and climate change [51,75]. One concerning possibility is that
pre-existing levels of contamination may affect the rate of recovery of biological functions after habitat
restoration (e.g., wetland construction in areas in which soil contamination was not mitigated prior to
construction); if the restored habitat is attractive to colonists, a so-called ecological trap may occur in
which an existing contaminant load may reduce the survivorship or reproductive potential of colonists,
slowing increases in biodiversity and the recovery of ecological function [76]. Mitigation efforts and
recovery from the 2010 Deepwater Horizon oil spill are being influenced indirectly. Powers et al. [77]
report that releasing Mississippi River water in coastal wetlands intended to reduce the transport
of oil residues into productive salt marshes negatively affected oyster populations. In heavily oiled
salt marshes after the spill, a slow recovery of vegetation led to decreased plant cover over marsh
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soils that in turn allowed more light to reach the marsh surface [78]. This increased light stimulated
benthic microalgae, increasing the food supply for benthic animals, which unexpectedly led to higher
densities in heavily oiled compared to unoiled marshes [78,79]. Finally, interactions between chemical
contaminants and climate change will likely reveal many indirect effects on contaminant dispersion
and bioavailability as well as ecosystem function [80-84].

5. Indirect Effects and Ecological Risk Assessment

Single-species toxicity tests have long formed the backbone of ecological risk assessment, and the
results of such tests have routinely been used to establish no-effects standards for contaminants
on populations and ecosystems and across landscapes [73]. Assessing risk based on effect levels
determined for model organisms and applying safety margins ideally account for variation in sensitivity
among species that would be sufficient to protect biota and ecosystem function. However, reliance on
single-species tests in controlled settings fails to recognize that qualitatively distinctive impacts
emerge when species interact and when contaminants affect communities and ecosystem processes.
Indirect effects have frequently been shown to alter the outcome of a pollutant or a chemical in
nature, making the effects different than those predicted in an ecological risk assessment [7,11,58,85,86].
For example, Rohr et al. [21] showed that a toxicant at a concentration that was been found to be
safe in laboratory tests can affect amphibians when parasitic infection is present. Fodrie et al. [87]
point out that studies of fish gene expression, physiology, and development exposed to oiling after the
Deepwater Horizon oil spill uniformly indicate strong impacts at environmentally realistic exposure
levels indicative of effects expected to reduce reproduction or survival, e.g., [88]. Yet, there was no
indication of declines in population densities of fishes in oiled salt marshes and seagrass beds after
the spill, and density increases were observed in nearshore species [89]. The behavioral avoidance
of oil residues and the patchiness of oiling may have contributed to these observations, but indirect
effects also contributed. Food web alterations occurred due to the direct effects of oil on predators,
and commercial and recreation fishing closures were mandated; thereby, mortality rates were reduced,
balancing potential declines from exposure to oil [89].

Indirect effects add uncertainty to ecological risk assessment in several ways. They may lessen
apparent contaminant effects as relatively tolerant species compensate for contaminant-induced declines
in ecological function delivered by relatively sensitive species [15,90]. For example, conversely indirect
effects may magnify a direct impact if a keystone species or ecosystem engineering species is
intolerant [4]. Indirect effects may also increase over time, making a determination of risk based
on short-term tests more problematic. For example, a pesticide and a competitor (Daphnia magna)
acted in concert over several generations to cause reductions in reproduction or survivorship that
led toward a smaller population size facilitating extirpation in Culex pipiens [91], and Kattwinkel and
Liess [92] modeled the population recovery time and found slower recovery times for species when in
the presence of a competitor. These observations demonstrate that the ultimate goal of ecological risk
assessment of understanding the effects of stressors/contaminants on individuals and populations at
different spatial scales cannot be reached without an appreciation of and exploration of indirect effects.

6. Indirect Effects and Multiple Contaminants/Stressors

One of the most impenetrable problems facing ecotoxicology is the assessment of risk of multiple
stressors that include chemical contaminants [20,93,94]. Groundwater, wastewater, and many soils
and sediments are contaminated with complex mixtures of chemicals including metals, hydrocarbons,
pesticides, and so-called down-the-drain chemicals [86,95]. The direct toxicological effects of chemicals
in the presence of other chemicals are potentially complex and difficult to characterize because
they may interact (e.g., synergisms are possible), and interactions are likely context dependent as
environmental factors affect outcomes [96]. Indirect effects associated with chemical mixtures are
largely unexplored but potentially common. For example, Wei et al. [74] found that nutrients indirectly
intensified toxicity risk of metals by ~14% in sediments. Additional complexities may occur because
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contaminants in different classes may have opposing direct effects that could lead to contrasting
indirect outcomes [58]. Metals and organic contaminants such as poly-nuclear aromatic hydrocarbons
and pesticides may slow predator feeding rates, suggesting reduced effects on prey populations [8].
To the contrary, some down-the-drain chemicals reduce predator latency time and increase boldness,
suggesting increased effects on prey populations. In addition, contaminants that may co-occur in
mixtures may cause changes in sheltering and boldness behaviors in ways that make individuals less
or, for other individuals, more susceptible to predation [97]. Exposure to toxicants may also increase
metabolic rates associated with biochemical detoxification mechanisms, suggesting increased food
consumption and greater effects on prey populations. New techniques, including genomics and gene
expression profiles [93], will likely lead to a better understanding of direct contaminant effects in
chemical mixtures; however, novel experimental or modeling studies will be necessary to evaluate the
significance of possible contrasting influences on indirect effects.

7. Indirect Effects and Experimental Studies

Indirect effects may be inferred from a combination of field and laboratory studies [89]. However,
because indirect effects are amenable to experimental investigation, empirical tests provide direct
insight into the potential for ecological disruption associated with exposure to potentially harmful
chemicals [98]. Therefore, the direct observation of community or ecosystem responses to contaminants
is becoming an important avenue to improve estimates of chemical risk [4,99,100], and experimental
procedures are included in regulatory protocols in the European Union [11,85]. Experiments that
address contaminant effects at the community and ecosystem level can be successfully conducted in
the field and with laboratory-based methodologies that are well suited for some, but not all, taxa,
habitats, or communities of interest. Some experiments manipulate indigenous (e.g., a soil with its
native microbial or faunal assemblage) or naturally colonized communities [98], while others utilize
prescribed experimental communities in field settings [101,102] or in microcosms or mesocosms [103].
Experimental approaches offer many advantages; experimental units are usually replicable, exposure
concentrations may be controlled, species composition can be manipulated, and experimental designs
allow specific hypotheses to be tested. One meaningful way to better predict indirect effects in a given
habitat is to utilize data from long-term monitoring programs or intensive field studies to generate
hypotheses and to then test them experimentally [104]. Ideally, more long-term field studies will be
combined with mesocosm studies, as they are powerful tools to understand community dynamics in
the presence of pollutants [105].

Mesocosm experiments are becoming more common and are being conducted on a wide array
of taxa, including microbes [106] and in terrestrial and soil communities [107], as well as with newly
created chemicals of potential concern [108]. Even mesocosm studies that are based on simplistic,
tri-trophic communities, e.g., in freshwater pelagic systems [4,103], have proven successful to elucidate
the mechanisms and strength of indirect effects [60]. More complex experimental ecosystems have
been implemented over time that, for example, include aquatic plants and benthic invertebrates [100],
increasing the ecological realism of experimental tests.

However, mesocosm studies have limitations. Large predators are typically excluded.
Many predators are keystone species or strong interactors, and their presence or absence may
change the behavior of prey in ways that may affect exposure to contaminants [38]. Mesocosms usually
do not permit colonization, reducing biological realism because colonization is a principal mechanism
that promotes resiliency after a disturbance [109]. Dispersal is also essential to study indirect effects
associated with spatially structured populations because the so-called action-at-a-distance pollution
effects expressed in meta-communities are a function of the rate and frequency of dispersal [110].
Many experiments are not long enough to take into account factors such as the relatively slow
uptake of highly hydrophobic contaminants into food or soils and sediments before entering the
food chain to biomagnify, and contaminant effects on sensitive early life stages cannot be detected
in short-term experiments that do not support reproduction [105]. In addition, the environment
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in experimental systems cannot be perfectly mimicked, and some species may experience altered
behavior or reproduction e.g., feeding rates may change in the absence of a complex environment or
reproductive output can be affected [111]. Given the importance of behavior to species interactions
that lead to indirect effects, this “mesocosm effect” may alter the outcome of interactions in mesocosms
compared to natural systems, altering indirect effects.

8. Indirect Effects and Models

Mechanistic effects models, including organism-level, population-level, and multispecies models
(i.e., food web and ecosystem models) may provide great insight into and important predictions of
indirect effects [86]. Various models have been developed, many as an aid to ecological risk assessment,
and they may be used individually or in concert to extrapolate the impacts of chemicals across levels
of biological organization and spatial scales [26,112-114]. However, overall, relatively few mechanistic
models have addressed higher levels of biological organization. For example, Galic et al. [26] identified
18 different models that could be used to assess indirect effects, although the number of models,
case studies, and ecological scenarios investigated is growing [112,113]. Models are often intended
to reduce unexpected outcomes (i.e., ecological surprises) when chemicals enter the environment,
and they are often used to examine worst-case scenarios of chemical effects [11]. They will likely
grow in prominence and frequency as methods and approaches are improved [90], and as models are
developed for particular chemicals, habitats or taxa, e.g., [115,116].

Models used to predict indirect effects require a sophisticated mechanistic understanding of
the ecosystem under study, and therefore must include working knowledge of the functioning and
underlying processes of the system as a whole to make appropriate assumptions and to parameterize
models. Thus, the principal limitation of models is an inadequate knowledge of key processes
and species interactions, which remain understudied in most ecosystems. Furthermore, in order to
confirm the suitability for a specific application, model outputs should be compared with empirical
data to determine if patterns observed in the model generate patterns observed in the field [113].
Since large amounts of data are required to parameterize effects models that are able to encompass the
complexity of ecosystems, models may be best applied to well-studied, targeted ecosystems and/or
focused on questions about vulnerable species. Some factors have been slow to be included in models;
e.g., contaminant effects on behavior are not considered in most ecosystem models [12].

Simulations may also be used to determine the factors that contribute to indirect effects.
De Laender et al. [12] combined a chemical fate model with an ecosystem/trophic model to explore
indirect effects in different ecological scenarios using hypothetical communities. The goal was to
simulate factors such as species interaction effects size, trophic state, contaminant chemical properties,
and species sensitivities. The results suggest that indirect effects will likely vary with natural variation
in communities over space and time and that various ecological scenarios should be tested when using
models to achieve a better understanding of ecological risk. The choice of and number of scenarios
tested by mechanistic models should be extensive enough to ensure ecological realism associated with
indirect effects [11]. Finally, an integration of mechanistic models and experimental studies have a great
potential for insight into indirect effects because experimental studies, especially with well-studied
toxicants such as pesticides or in habitats in which there is a history of successful experimentation,
may provide important data needed to validate models, and models can be used to interpret effects
observed in experimental studies [26,109].

9. Final Comments on Indirect Effects

Indirect effects of chemical contaminants are difficult to anticipate and predict, because biotic
communities and ecosystems are complex and difficult to study. As aresult, species interaction networks are
poorly known, and the factors that drive ecosystem function in the presence and/or absence of anthropogenic
influences remain understudied in most ecosystems. Populations, communities, and ecosystems may
display nonlinear dynamics that can change over space and time. Functional redundancy among
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species means that species may be lost without obvious impacts on ecosystem function or services.
Alternatively, impacts to species that strongly interact with other species (e.g., keystone species or
superior competitors) can lead to disproportionately large changes in ecosystem properties if they are
relatively intolerant of a chemical. Ecosystems may also exhibit threshold behavior where incremental
change or disturbance pushes the system beyond a threshold and result in dramatic changes that are
not easily reversible. Thus, indirect effects are also difficult to quantify, and they will likely change
with variation in species composition, trophic structure, ecological function, and environmental factors
over space and time.

Indirect effects of contaminants inform ecotoxicology in ways that help avoid ecological surprises
and better estimate chemical and pollutant risk. However, ecologists, ecotoxicologists, and risk analysts
must continue to foster research on several fronts to further integrate indirect effects into the fabric of
ecotoxicology and strengthen our understanding of contaminant effects on populations, communities,
and ecosystems. Most research in ecotoxicology has been at the individual-effects level [117],
and methods to improve toxicity models continue to be developed. For example, models based
on species-level traits and bioenergetics have the potential to improve predictions of species-level
responses to various chemicals [114,118], and databases associated with toxic effects that include
traditional toxicological information and the results of toxicogenomic or other molecular methods
that identify the mode of toxic action are being developed, in some instances with computational
modeling [119,120]. Information on direct effects on individuals will improve population models
that estimate safe exposure limits for species, representing an important starting place to predict
indirect effects. Nevertheless, research on higher levels of organization has been much slower to take
place, and it is needed to quantify species interactions and ecosystem functions necessary to assess
the potential for indirect effects. Monitoring programs and long-term research in areas of concern
(e.g., areas sensitive to oiling) to provide background data on communities would contribute to a
better anticipation of indirect effects and stimulate experimental investigation to test hypotheses.
Continued refinements of field and mesocosm experimental procedures will also be helpful to detect
indirect effects in specific ecosystems. Ecosystem models have provided important contributions
to conceptualize the nature of indirect effects but have limitations. For example, Grechi et al. [64]
report that better information associated with interaction networks, i.e., feeding preferences and
abundance over time of representative species within functional groups, would be of great help to
refine the parameterization and calibration of an Aquatox model for contaminant direct and indirect
effects. Species interaction networks (also called network ecology) are often poorly known in many
natural communities. Interaction networks provide insight into niche-based community assembly by
reflecting the complexity of species interactions and underlying ecosystem processes, and they have
been used as the basis for risk assessment in the biological control of pest species [121]. More emphasis
on quantifying network ecology should serve as a goal for basic research. Finally, models of the
physical/chemical environment, individual-based effects models, and ecosystem/food web models
should be tested with many ecological contingencies and integrated to achieve better predictions [122].
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