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Abstract This chapter summarizes field and laboratory investigations dealing
with metals and pesticides (90) and emerging compounds’ (10) effects on fluvial
communities. The Arkansas River case study is a good example showing how
field observations, together with long-term natural experiments and microcosm
experiments, provide consistent evidence of metals effects on macroinvertebrate
communities. In the case of biofilms, microcosm and mesocosm experiments
confirm that metals and pesticides are responsible for the loss of sensitive species
in the community, and that this influence is modulated by several biological and
environmental factors. Information about the effects of emerging pollutants is very
scarce, highlighting the existence of a missing gap requiring future investigations.
The examples provided and the recommendations given are proposed as a general
guide for studies aiming to link chemical pollution with ecological alterations.
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1 General Introduction

Among the long list of compounds included in the Priority Pollutants (PP)
list (European Water Framework Directive 2000/60/EC [1]) and those not included
but considered also of environmental concern, few studies demonstrate their real
impact on fluvial ecosystems. Discriminating the influence of environmental
variability from chemical pressure on the biota is a challenging issue. It is necessary
to detect joint and specific effects of simultaneously co-occurring stressors.
This difficult task requires an interdisciplinary approach including environmental
chemistry, toxicology, ecotoxicology, ecology, etc., and also a multiscale perspec-
tive from field investigations to laboratory experiments, microcosm, mesocosm
studies, and back to the field in order to establish cause-and-effect relationships.

The change of scale is easily achieved working with fluvial communities.
Exposure might be done under controlled experimental conditions in microcosms
and mesocosms or in the field where the response can be evaluated under real
exposure conditions. It allows defining non-effect concentrations, and also
assessing the effects of different types of stress alone or in conjunction (multiple
stressors). In contrast to single-species tests, ecotoxicological studies with com-
munities involve a higher degree of ecological realism, allowing the simultaneous
exposure of many species. Furthermore, it is possible to investigate community
responses after both acute and chronic exposure, including the evaluation of direct
and indirect toxic effects on entire communities.

In particular, fluvial biofilm and benthic macroinvertebrate communities fulfill
these conditions and have been used to investigate single- and multiple-stress
situations at different spatial and temporal scales.
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Fluvial biofilms (also known as phytobenthos or periphyton) are attached
communities consisting of cyanobacteria, algae, bacteria, protozoa, and fungi
embedded within a polysaccharide matrix [2]. In rivers, these communities are
the first to interact with dissolved substances such as nutrients, organic matter, and
toxicants. Biofilms can actively influence the sorption, desorption, and decomposi-
tion of pollutants. Fluvial biofilms are relatively simple and easy to investigate
compared to other communities (i.e., macroinvertebrate or fish communities).

Biological monitoring programs employed by state and federal agencies to
assess effects of contaminants have routinely focused on benthic macroinvertebrate
communities. Benthic macroinvertebrates are exposed to contaminants in water,
sediment, and biofilm, providing a direct pathway to higher trophic levels. Because
of considerable variation in sensitivity among species, community composition and
the distribution and abundance of benthic macroinvertebrates are useful measures
of ecological integrity.

The main aim of this chapter is to present key studies dealing with priority and
emerging pollutants that provided clues to link field observations with causality
following a community ecotoxicology approach.

While not being an exhaustive review, 100 different investigations have been
analyzed, including field and laboratory investigations, most of them dealing with
metals and pesticides (90), but several investigations focused on emerging
compounds (10) are also provided (Fig. 1).

@ biofilms
B macroinvertebrate communities

18 18
16 = field 16 experimental
B 14 14
B 12 12
2 10 10
S
“ 8 8
8
E © ¢
2 ‘
2 2
0 . 0 .
% ) o o )
& & s & & s
& o N O
N & ) N > Q
& & ¥ @
Q 9 Q O
e )
& N
& ¢®
& N
& [2)

Fig. 1 Summary of field and experimental investigations addressing the effect of toxic exposure
on biofilm and macroinvertebrate communities. Studies are grouped on the basis of the type of
chemical investigated: metals, pesticides, and emerging compounds
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2 Field Investigations Used to Generate Hypotheses

Field investigations, although being the basis of ecotoxicological research, have a
high uncertainty linked to environmental variability. Fluvial ecosystems are very
dynamic and complex systems, requiring the compilation and statistical analysis of
extensive sets of samples and environmental data to characterize the exposure and
response of their living organisms. This holistic approach, commonly used in
ecology, is less extended in ecotoxicology (see [3] for more details).

Uncertainty might be reduced depending on the scale, type of pollution, and set of
response variables investigated (Fig. 2). Large-scale studies are influenced by
regional scale variability that may conceal the effects of human impacts. Therefore,
human impacts may be better detected in small-scale studies, including reference
and impacted situations, within a restricted range of environmental variability [124].
The presence of a specific or dominating type of pollution may also contribute to link
causes and effects. The effects of toxic exposure, although being present, are more
difficult to detect under multiple-stress situations with many chemical compounds
occurring at low concentration and environmental stress factors affecting the biota.
Choosing an appropriate set of response variables may allow identifying different
types of stress and their ecological consequences (Fig. 2).

The link between chemical pollution and ecosystem damage has been addressed
in mining areas (e.g., [4, 5]). Metal pollution in other environments is less

Scale Type of pollution Response variables
- Spatial - Intensity - Sensitivity
- Temporal - Duration - Specificity

- Variety - Variety

Confounding factors
- Influence of the environment on toxicity
o Seasonality, nutrient status, discharge...
- Chemical complexity
o Bioavailability, biotransformation and degradation
products
o Mixture toxicity
- Biological interaction
o Direct vs indirect effects, trophic chain effects
- Co-tolerance

Fig. 2 Scheme showing the main factors influencing the degree of uncertainty in field studies
aiming to assess the impact of chemical pollution on natural communities: scale, type of pollution,
and set of response variables investigated. Reducing uncertainty will allow to distinguish
biological effects caused by toxic exposure from other confounding factors caused by environ-
mental variability, chemical complexity, biological interactions, or co-tolerance
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documented. Influences of pesticide pollution or other contaminants received less
attention. Emerging pollutants (a group where pharmaceuticals, nanomaterials, the
family of perfluorinated compounds, hormones, endocrine disrupting compounds,
pesticide degradation products, and newly synthesized pesticides and others are
included) are unregulated pollutants, but may be candidates for future regulation
depending on research on their potential health effects and monitoring data regard-
ing their occurrence in ecosystems [6]. Their occurrence in aquatic ecosystems has
been recently detected and/or their effects on biota recently investigated [7-9].

Many field investigations on metal, pesticides, herbicides, and emerging
compounds’s toxicity were focused on biofilms, the basis of the food chain, and
consumers, mainly macroinvertebrate communities.

2.1 Biofilms

Different types of field studies have been performed to assess the effects of metal
and organic contamination on fluvial biofilms (Table 1) such as seasonal monitor-
ing [10], biofilm translocation experiments [11, 12], sampling before and after
impact [13, 14], and the study of tolerance induction [15-20].

A key aspect in many ecotoxicological studies is to link water concentration with
real exposure conditions due to the variety of factors influencing bioavailabilty
and/or the stability of a compound. In the case of biofilms, the analysis of the
chemical concentration within the biofilm matrix may contribute to partially over-
come this constrain. Evidence of the link between metal exposure (water concen-
tration) and metal contents in biofilms is provided in Behra et al. [21]; Meylan et al.
[22]; Le Faucher et al. [23], and also between sediment and biofilm metal
concentrations [24] (Table 1), highlighting their possible effects through the trophic
chain [25]. Internal concentrations are more difficult to assess and less reported for
organic toxic compounds [26].

The link between metal pollution and community changes has been shown in
many field studies (see [27] for more details). In particular, the effects of metals on
diatom communities have been well documented in mining areas. Hill et al. [13]
evaluated the effects of elevated concentrations of metals (Cd, Cu, and Zn) on stream
periphyton in the Eagle River, which is a mining impacted river in central Colorado.
They found differences in diatom taxa richness, community similarity, biomass,
chlorophyll a (chl-a), and the autotrophic index (AI) that were able to separate
metal-contaminated sites from reference or less impacted sites. Sabater [14] evalua-
ted the impact of a mine tailings spill on the diatom communities of the Guadiamar
River (SW Spain) showing a clear decrease of diversity (Shannon—Wiener index)
and water quality diatom indices. Other variables such as the size of individuals were
also attributed to metal pollution in the Riou-Mort [5, 28].

Biomass reduction due to metal toxicity was suggested by Hill et al. [13];
however, these effects were not confirmed in other highly metal-polluted sites
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such as the Riou-Mort where metal pollution co-occurs with high levels of nutrients
and organic matter (Table 1).

Some investigations reported the induction of metal tolerance after chronic
metal exposure [15] using the Pollution Induced Community Tolerance (PICT)
approach. Based on the PICT concept, natural communities colonizing different
river sites can be used to investigate their exposure history by comparing their
physiological responses to a sudden exposure (short-term toxicity tests referred to
as PICT tests in this paper) to high doses of the toxicant investigated [29].

Other publications [16] highlight the presence of many selective factors in
addition to metal exposure. It may explain the lack of relationship between metal
exposure and community tolerance in large-scale studies [30].

Obtaining clear causal relations is difficult in situations of low but chronic metal
pollution due to the co-occurrence of many stress factors (Table 1). A low portion
of the diatom species composition variance was explained by biofilm metal
contents in a small-scale study [31]. Le Faucher et al. [23] found phytochelatines’
(PC) production as a response to low metal exposure, but could not identify the
specific metal responsible for that.

Most field studies evaluating the effects of pesticides on biofilms were focused
on herbicides (atrazine and its residues, diuron and its residues, prometryn or
isoproturon) targeting phototrophic organisms (Table 1). Some investigations
(Table 1) evaluated the influence of environmental variability (e.g., light con-
ditions, nutrients, maturity, seasonality, temperature, and hydrology) on biofilm’s
tolerance to pesticides (e.g., [17-20, 32-36]). Other studies investigated the capac-
ity of biofilms to be adapted to sites presenting pesticides’ contamination or their
capacity to recover from chemical exposure [11, 12]. Monitoring studies aiming to
discriminate the effects of pesticides from other stressors are also reported [10, 19].
In the Llobregat River, organophosphates and phenylureas were related with a
significant but low (6%) fraction of variance of several biofilm metrics including
algal biomass and the photosynthetic efficiency of the community [10]. In the same
case study, a significant correlation between the taxonomic distinctness index of
diatoms and diuron concentration was obtained [37]. In many other field studies
(Table 1), discerning the specific effects of pesticides toxicity on biofilms was
complicated by the co-occurrence of pesticide pollution with other types of pollu-
tion such as nutrients, organic pollution, or metals (e.g., [12, 19, 38]). On the other
hand, the sensitivity of biofilms to pesticides has also been shown to be influenced
by biofilm’s age [11, 18] or light conditions [32].

In the case of organic pesticides acting as PSII inhibitors, the PICT approach has
been demonstrated to be a valuable tool to assess the effects of chronic exposure
[29, 39]. For example, Dorigo et al. [34] showed that the response of algal
communities is likely to reflect past selection pressures and suggest that the
function and structure of a community could be modified by the persistent or
repeated presence of atrazine and isoproturon in the natural environment.

Other pesticides or PPs and emerging contaminants have been poorly
investigated (Table 1), probably due to their occurrence at low dose in complex
mixtures and the lack of sensitive methods applicable to complex field samples [40].
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Overall most ecotoxicological field studies have been focused on structural
changes, clearly demonstrated under high pollution conditions. Effects on func-
tional attributes (e.g., photosynthesis) are less clear, probably due to functional
redundancy between non-impacted communities and those adapted to chemical
exposure (see [41] for more details). Besides, the link between moderate toxic
exposure and biological damage is less documented. In these cases, a clear increase
of chemical concentration in the biofilm matrix is commonly described, mainly in
cases of metal pollution; however, the link with persistent effects on the community
is, in most cases, less evident. Moreover, almost all the field studies reported point
out the influence of environmental variables on biofilm toxicity. In particular
biofilm age, nutrients’ availability, and light conditions have been shown to influ-
ence biofilms’ tolerance to various contaminants. This observation highlights the
importance of an extensive monitoring, including a multidisciplinary approach to
better assess the effects of pollution in complex fluvial ecosystems.

2.2 Macroinvertebrate Communities

Biomonitoring studies conducted with macroinvertebrate communities have been
performed to assess effects of metals and organic contaminants on streams
(Table 2). Some of these studies have been conducted at relatively large spatial
scales [42, 43], allowing investigators to quantify effects of landscape-level
characteristics on responses to stressors. These investigators have also developed
new approaches based on the biotic ligand model (BLM) to quantify metal bio-
availability and effects in the field [43, 44]. Other studies have employed a more
traditional longitudinal study design, in which upstream reference sites are com-
pared to downstream contaminated sites [45—47]. Although these single watershed
studies are more restricted spatially, they often include investigations that provide a
long-term perspective. For example, Clements et al. [47] documented changes in
macroinvertebrates and water quality over a 17-year period and related changes in
community composition to long-term improvements in water quality.

One of the most consistent observations from these descriptive studies of metals
and organic pollution is that certain groups of macroinvertebrates, especially
mayflies (Ephemeroptera), are highly sensitive to chemical stressors [42, 45,
48-50]. Interspecific variation in sensitivity to organic and inorganic contaminants
forms the basis for the development of new community-level measures to quantify
toxicological effects, such as the species at risk (SPEAR) model developed for
pesticides and other organics [46, 51]; see also [3]. Recent studies conducted with
macroinvertebrates have identified specific morphological and physiological
characteristics that are likely responsible for interspecific variation in sensitivity
to toxic chemicals [52].

The study of the effects of organic pollutants such as PCBs (polychlorinated
biphenyls) and PAHs (polycyclic aromatic hydrocarbons) on macroinvertebrate
communities is scarce in the literature, as has been reviewed by Heiskanen and
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Solimini [53]. Archaimbault et al. [54] used invertebrates’ species traits in order to
relate the structure of the community to the presence of PCBs, PAHs, and metals
and predict impacted sites by these compounds. As in the case of the SPEAR
approach the use of species traits was also useful in order to predict impacted
zones. Beasley and Kneale [55] studied the effects of PAHs and heavy metals by
multivariate statistical analysis and they found a clear response of the community to
the presence of these pollutants with a decrease in diversity.

The effects of pharmaceuticals on aquatic biota have been recently taken into
account and have generated concern [56—58]. Despite the existence of experimental
evidence of their effects on aquatic invertebrates, the potential effects of these
substances on invertebrates’ communities have been poorly studied in the field.
Muiioz et al. [59] indicated possible relationships between the presence of some
families of pharmaceuticals and the shift in the abundance and biomass of different
macroinvertebrate species in freshwater communities.

2.3 Summary of the Hypotheses Generated

Differing in the degree of uncertainty, several hypotheses can be derived from the
set of community ecotoxicology field investigations reviewed (Table 3).

3 Experimental Studies Searching for Causality

Although biomonitoring studies and other field approaches provide important
insights into the effects of contaminants on aquatic ecosystems, these descriptive
studies are limited because of their inability to demonstrate cause-and-effect

Table 3 List of hypotheses derived from field community ecotoxicology investigations

Since chemical pollution is first observed as an increased concentration in the biota, further effects
on biological integrity are expected
Chemical exposure is expected to cause morphological and physiological alterations such as:
Photosynthesis reduction if PSII inhibitors are present
Morphological and /or physiological characteristics linked to species sensitivity
(e.g., macroinvertebrate life traits)
Chemical exposure is expected to affect the community structure in terms of:
Loss in abundance (biomass)
Loss of sensitive species
Loss in species richness
Community adaptation
Environmental and biological factors expected to influence toxicity effects on biofilms are:
Light conditions during growth
Nutrient status
Age of the community (biofilm’s thickness)
Emerging pollutant and especially pharmaceuticals (molecules designed to be biologically actives)
present in very low concentrations in rivers are expected to provoke sublethal effects on
individuals and community changes after long-term exposure
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relationships between stressors and ecological responses. Establishing cause-and-
effect relationships between stressors and responses is widely regarded as one of the
most challenging problems in applied ecology [60]. Because biological assessments
of water quality rely almost exclusively on observational data, causal inferences are
necessarily weak [61]. In addition, most descriptive studies are unable to identify
underlying mechanisms responsible for changes in aquatic communities. Because
contaminants often exert complex, indirect effects on aquatic communities, an
understanding of underlying mechanisms is often critical. In general, descriptive
approaches such as biomonitoring studies provide support for hypotheses rather
than direct tests of hypotheses. Equivocal results of biomonitoring studies result
from the lack of adequate controls, nonrandom assignment of treatments, and
inadequate replication [62].

Various approaches have been developed to address the lack of causal evidence
in ecotoxicological investigations. Several investigators have provided useful
advice on how to strengthen causal relationships in descriptive studies [63-65].
Weight of evidence approaches, such as the sediment quality triad [66], combines
chemical analyses with laboratory toxicity tests and field assessments. These
integrated approaches can provide support for the hypothesis that sediment
contaminants are responsible for alterations in community structure. Recent
approaches developed by the U.S. Environmental Protection Agency (U.S. EPA)
employ formal methods of stressor identification, analogous to those used in human
epidemiological studies [63], to determine causes of biological impairment in aquatic
systems (http://cfpub.epa.gov/caddis/). Hill’s [63] nine criteria and modifications of
these guidelines [64, 65, 67] have been employed to strengthen causal relationships
between stressors and ecological responses:

« Strength of the association between stressors and responses

« Consistency of the association between stressors and responses

e Specificity of responses to contaminants

» Temporal association between stressors and responses

» Plausibility of an underlying mechanistic explanation

¢ Coherence with our fundamental understanding of stressor characteristics

¢ Analogous responses are observed to similar classes of stressors

e A gradient of ecological responses are observed as stressor levels increase

» Experimentation support for the relationship between stressor and responses

Perhaps the most important of these nine criteria is the availability of experi-
mental data to support a relationship between stressors and responses. Regardless of
the established strength, consistency, specificity, coherence, plausibility, etc., of the
relationship between stressors and responses, there is no substitute for experimen-
tation to demonstrate causality. Experimental approaches provide an opportunity to
demonstrate causal relationships between stressors and ecologically relevant
responses across levels of biological organization. These experiments are a practi-
cal alternative to single-species toxicity tests and address the statistical problems
associated with field biomonitoring studies. The maturity of a science such as
ecotoxicology is often defined by the transition from purely descriptive to
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manipulative approaches. The ability to test hypotheses with ecologically realistic
experiments represents a major shift in the quality of the questions that can be
addressed [68].

Microcosm and mesocosm experiments are often designed to manipulate single
or multiple environmental variables, providing opportunities to quantify stressor
interactions and identify underlying mechanisms. It is the ability of an investigator
to manipulate and isolate individual factors that makes the application of micro-
cosm and mesocosm experiments particularly powerful in ecotoxicological
research. Microcosm and mesocosm experiments address two of the key limitations
associated with environmental assessment of contaminant effects: the lack of
ecological realism associated with traditional laboratory experiments and the
inability to demonstrate causation using biomonitoring. In addition, these experi-
mental approaches provide the opportunity to investigate potential interactions
among Stressors.

Because of the limited spatiotemporal scale, measuring certain responses in
microcosm and mesocosm experiments presents significant challenges. The dura-
tion of microcosm and mesocosm experiments is of critical importance when
assessing effects of contaminants. An important consideration in the development
of microcosm and mesocosm approaches is whether greater statistical power and
ability to demonstrate causation outweigh their limited spatiotemporal scale. Thus,
combining these experimental approaches with results of field studies conducted at
a larger spatiotemporal scale is the most reliable way to demonstrate causation.

3.1 Experimental Studies Addressing Cause-and-Effect Relations
Between Toxicant Exposure and Biofilm Communities
Responses

Different experimental designs have been used to investigate, under controlled
conditions, the effects of toxic substances on biofilm communities (Table 4). The
scale of exposure ranges from hours to weeks, either continuous (the most common
experimental design) or pulsed. After controlled toxic exposure, the PICT approach
is often used to assess differences in sensitivity at community level with the same
procedure applied to natural biofilms (e.g., see Sect. 2.1).

Many authors have investigated metal and pesticides’ effects in microcosms and
mesocosms by adding toxicants to natural water (Table 4). This experimental
approach was used to investigate the single effect of a toxicant, the effect of
mixtures, the bioaccumulation (only for metals), the tolerance and co-tolerance
induction (using the PICT approach), and also the interaction between toxicity and
environmental and biological factors such as nutrients, light conditions (including
UV radiation), or grazing (Table 4). Effects of the most commonly reported metals
in the environment: Cu, Zn, Ni, Ag, Cu, Pb, and Cd were investigated at environ-
mental realistic concentrations. As in the field studies reported above, most of the
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pesticides studied were herbicides (atrazine, diuron and its residues, isoproturon,
prometryn) targeting photosynthetic processes and hence the sensitivity of the
phototrophic component of biofilms to these compounds (Table 4).

Investigating pesticides’ effects at different temporal scales from hours, days
[69, 70], to weeks [39, 71-74] or months [75] allowed to assess the physiological
and structural biofilm responses. Herbicides’ indirect effects on invertebrates
[71, 74] or bacterial communities [73] were also evaluated. Among the long list
of the so-called emerging pollutants that are commonly found in environmental
samples, few pharmaceuticals and personal care products were selected to investi-
gate their potential effects on biofilms (Table 4), the bactericide triclosan (TCS)
being the most investigated compound [76-79]. These studies addressed the pro-
tective role of biofilms and the effects of TCS on structural and functional attributes
of their heterotrophic and autotrophic component. Short-term effects of three
similarly acting B-blockers were investigated by Bonnineau et al [80] using a
multibiomarker approach (Table 4).

Overall, the experiments reported tested an important number of hypotheses on
toxicant availability, their effects on biofilm communities, and the potential
modulating factors (Fig. 3). It was shown that metal bioaccumulation was driven
by speciation and the presence of ligands [81]. Negative effects on growth were also
reported (Table 3) as a reduction in biomass production (i.e., [82]), diatoms density
[75, 83], and in diatoms biovolume [73]. It was also shown that prolonged exposure
to a toxic compound alters the community composition causing a selection of tolerant
species in most cases (e.g., [83, 84]), an increase in the tolerance of the community in
many cases (e.g., [§85-87]), and the production of EPS in some occasions [88]. Other
investigations also demonstrated that these community responses were modulated by
different environmental and biological factors (Fig. 3).

TOXICANT EXPOSURE MODULATING FACTORS TOXIC EFFECTS
AVAILABILITY = . Change in species composition
Speciation - toxicant Lower biomass production
Ligands (M) . — EPS increase (M)
R Biofilm age Tolerance increase (H)
. 7 -/.#, Grazing (H) D L R P I T
% 2 ; aete,
ik es B S 0 LA T

SUBSTRATUM

SUBSTRATUM n

Nutrients (M) Reduced quality for grazers (H)
Light intensity (H), UVR (M) Indirect effects on bacteria (H)
Dynamic light regime (H)

EPS kFungi & Ngzo Co-tolerance (M)

2 H: herbicides
e= Bacteria ,Cyanobacteria @ Protozoa *Toxicant M: metals

Fig.3 Figure summarizing experimentally tested hypotheses on (1) toxicants’ availability; (2) the
biological and environmental factors modulating toxicity; and (3) the toxic effects after prolonged
exposure of biofilm communities to different types of toxicants. M indicates hypotheses mainly
tested with toxic metals; H for those tested with herbicides. No label for those tested for at least a
metal, an herbicide, and an emerging compound
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That biofilm’s maturity and/or thickness may reduce toxicity is a general rule
demonstrated for metals (i.e., [83]), herbicides (e.g., [87]), and emerging
compounds such as TCS [76]. On the other hand, increased herbicide toxicity
was demonstrated under grazing pressure [71], linked with the observation that
grazing was responsible for maintaining the biofilm younger (Fig. 3).

Nutrient concentration may also influence the effects of toxic exposure (Fig. 3).
It was shown for toxic compounds like Zn or Cu directly affecting nutrients
availability (e.g., [89]).

Light history as well as light conditions during toxicant exposure affected
toxicity. It was shown by the increase in sensitivity to Cd observed in biofilms
adapted to UVR [90] or the increase in toxicity of isoproturon under a dynamic light
regime [70]. In the case of Cu, co-tolerance to other metals was also demonstrated
[85].

The toxicity of three similarly acting B-blockers was confirmed, but at very high
concentration. In this study, differences in toxicity between the three compounds
highlight the need to increase ecological realisms in toxicity testing used to derive
environmental quality standards [80].

3.2 Experimental Studies Addressing Cause-and-Effect Relations
Between Toxicant Exposure and Macroinvertebrates

Experimental studies have been conducted in aquatic microcosms and mesocosms
to examine the effects of heavy metals, pesticides, and other organic chemicals on
the structure and function of macroinvertebrate communities (Table 5). Although
the duration of most studies was relatively short (1-4 weeks), the duration of
several mesocosm and field experiments was considerable longer [91-93].
Endpoints measured in these studies included responses across several levels of
organization, from physiological effects to alterations in community structure and
ecosystem function. Some of these studies were conducted to provide additional
support for field studies, thereby strengthening arguments for causation [60], while
others were conducted to verify results of laboratory toxicity tests [46, 94]. Several
studies were conducted to identify direct sources of toxicological effects in systems
receiving multiple stressors [95, 96] or to quantify the influence of natural habitat
characteristics on contaminant effects [97, 98]. Also experiments to examine
competition/predation interactions between populations after exposure to pollutants
have been developed [99]. A common goal of many experiments was to examine
interactions among stressors [91] or to quantify the potential cost of tolerance
associated with contaminant acclimation or adaptation [100-102]. A consistent
justification for the application of these ecologically realistic approaches in risk
assessment was to integrate responses across multiple levels of biological organi-
zation [93, 103].
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3.3 Integrating Descriptive and Experimental Approaches
to Demonstrate Causation in Stream Bioassessment
Studies: Case Study of a Metal-Polluted Stream

To demonstrate how descriptive and experimental approaches can be integrated to
demonstrate causation, we present results of a case study conducted in a metal-
polluted stream in Colorado, USA. A long-term monitoring program of water
quality and benthic macroinvertebrates was initiated in the Arkansas River in
1989 [47]. Concentrations of heavy metals (Cd, Cu, and Zn) are greatly elevated
downstream, and often exceed acutely toxic levels. Over the past 17 years, we
measured physicochemical characteristics, habitat quality, heavy metal con-
centrations, and macroinvertebrate community structure seasonally (spring and
fall) at locations upstream and downstream from several sources of metal contami-
nation. Three years after we began this research, a large-scale restoration program
was initiated to reduce metal concentrations and reestablish trout populations in the
upper Arkansas River basin. Because these data were collected before and after
remediation, this long-term research provided a unique opportunity to quantify
ecological responses to improvements in water quality. For the purposes of this
case study, we present macroinvertebrate and metals data collected from one
upstream and one downstream station collected from 1989 to 2006.

To support this descriptive study, microcosm experiments were conducted to
develop concentration—response relationships between heavy metals and measures
of macroinvertebrate community structure. Benthic macroinvertebrate communities
for these experiments were obtained from an uncontaminated reference stream with
no history of metal contamination using a technique previously described [104].
Communities were transferred to stream microcosms and exposed to combinations
of Cu and Zn at concentrations that bracketed those measured at metal-
contaminated sites in the field. Because these experiments involved a mixture of
heavy metals, an additive measure of toxicity was used to express metal
concentrations relative to the U.S. EPA chronic criterion values. The cumulative
criterion unit (CCU) was defined as the ratio of the measured metal concentration to
the hardness-adjusted criterion value and summed for each metal.

Significant concentration—response relationships were developed for total abun-
dance and species richness in stream microcosms (Fig. 4). Total macroinvertebrate
abundance was more sensitive to metals than species richness, a finding previously
reported from stream microcosm experiments [105]. The LC,, concentrations for
macroinvertebrate abundance and species richness, defined as the CCU levels that
caused a 20% reduction, were approximately 2.3 and 9.0, respectively. These
experimental data support the hypothesis that macroinvertebrate communities
were highly sensitive to heavy metals and that relatively low concentrations
resulted in significant alterations in community composition.

Heavy metal concentrations in the Arkansas River were seasonally variable, but
decreased significantly after the remediation program was initiated (Fig. 5). Metal
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Fig. 4 Results of microcosm experiments showing concentration—response relationships between
metal concentration (CCU), total macroinvertebrate abundance, and species richness. Dashed lines
show the estimated LC,, concentrations for each metric

concentrations at station EF5 rapidly decreased below the estimated EC, values in
1992. In contrast, metal concentrations at station AR3 remained elevated until
about 1999, fluctuated between the estimated EC,, values for several years, and
then decreased below these levels in 2003.

Macroinvertebrate communities in the Arkansas River responded to these
improvements in water quality after remediation (Fig. 5). Macroinvertebrate
communities at station EF5 quickly recovered after metal levels were reduced
below the EC,q values. Abundance and species richness recovered more slowly at
station AR3, consistent with expectations based on long-term changes in metal
concentrations and estimated EC, values for these metrics. Total macroinvertebrate
abundance recovered in approximately 2003, whereas species richness recovered
in 2000.

Although the biomonitoring results from the Arkansas River were consistent
with the hypothesis that heavy metals are responsible for reduced abundance and
richness, these data are not sufficient to demonstrate causation. Long-term improve-
ments in water quality and the associated increases in abundance and species
richness after remediation represent a natural experiment that allowed a more
rigorous test of this hypothesis. Finally, highly significant concentration—response
relationships between macroinvertebrate community metrics and heavy metal con-
centration from stream microcosm experiments provided estimates of metal levels
that likely impact benthic communities. The consistency of these LC,, estimates
with concentrations measured in the field where abundance and richness recovered
greatly strengthened the argument that heavy metals were responsible for
alterations in benthic communities. These results demonstrate the importance of
employing ecologically realistic experimental techniques to support descriptive
studies for developing causal arguments.
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Fig. 5 Long-term changes in metal concentration (CCU), abundance, and species richness
at Arkansas River stations EF5 and AR3. Horizontal lines correspond to the EC20 values for
species richness (dashed) and abundance (dotted) estimated from microcosm experiments.
Alternating solid and open symbols refer to samples collected in spring and fall, respectively.
Macroinvertebrate data are means +s.e.

4 General Discussion and Prospects

The papers found in the literature show how field and laboratory investigations
evolved from the end of the 1990s, when community ecotoxicology studies focused
on metals and pesticides began, to present days, when the first emerging compounds
investigations have appeared (Fig. 1). To date, quite a lot of information has been
generated about the effects of emerging pollutants (mixtures or simple compounds)
on single organisms but community approaches are very scarce, highlighting the
existence of a missing gap requiring future investigations.

The set of studies presented in this chapter illustrate how field and laboratory
investigations complement to provide causality between toxicant exposure in
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running waters and benthic communities’ responses. As a general scheme (Fig. 6),
hypotheses based on field observations cannot be confirmed without experimenta-
tion and thus needed to provide causal evidence. If the formulated hypothesis is not
confirmed, new field observations may be required and the results should be
analyzed again in order to evaluate the role of different environmental factors
(confounding factors) influencing the biological responses observed. The newly
generated hypothesis should also be experimentally tested including possible
interactions by simulating multiple-stress situations (Fig. 6).

Many of the hypotheses derived from field investigations have been validated
following this general scheme. The Arkansas River case study is a good example
showing how field observations, together with long-term natural experiments and
microcosm experiments, provide consistent arguments and evidence of metals’
effects on the biota. More precisely, metal pollution levels were responsible for
reduced abundance and taxa richness of the macroinvertebrate community. Long-
term monitoring studies following temporal trends in both chemical pollution and
the biological responses are very informative, but unfortunately very scarce. In the
case of biofilms, microcosm and mesocosm experiments confirmed that metals and
pesticides are responsible for the loss of sensitive species in the community, and
that this influence is modulated by several biological and environmental factors
including the successional stage (biofilms age), the trophic status of the river or
stream (nutrient concentration), and the light regime (whether is it an open canopy
or shaded reach). These concluding findings should be included, in the future, in

FIELD I hesis Experimental Hypothesis
OBSERVATION yp T " testing x  confirmed
. Temporal ) CAUSALITY
= Hypothesis
A spatial Not confirmed
I Confounding

factors

Generation of
new hypothesis —

Fig. 6 Graph illustrating the steps required to derive causality. Hypothesis formulated on the basis
of field observations should be experimentally tested for confirmation. If the formulated hypothe-
sis is not confirmed, new field observations may be required and the results analyzed again in order
to evaluate the role of different environmental factors (confounding factors) influencing the
biological responses observed. The newly generated hypothesis should also be experimentally
tested including possible interactions simulating multiple-stress situations
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risk assessment models in order to account for the influence that the environment
exerts on the effects of chemicals on the biota.

In contrast to the results obtained with metals and pesticides already included in
the list of priority pollutants, emerging pollutants and especially pharmaceuticals
(molecules designed to be biologically actives) are not expected to cause changes
on natural communities easily to detect. Given that the levels reported in rivers for
these substances in waters and sediments are generally low, no lethal effects on the
species are expected at concentrations found in the environment [56, 106]; hence,
new approaches should be used in order to know the effects of these substances on
natural communities. Experimental investigations on communities are difficult
because of the long-term studies required and because of the inconspicuous
endpoints that need to be studied, whereas in field studies the difficulties in
predicting the effects of emerging pollutants and changes in community arise
from the nature of the effects caused by these substances, such as feminization or
changes in behavior or emergence time, not studied enough in invertebrates in
wildlife. Effects in communities can be detected by examining other mechanisms
than the direct effect in species’ density (like in the case of pesticides) such as
sublethal or long-term effects on physiology, on reproductive traits or hormone-
mediated processes (Endocrine Disrupting Compounds as explained in Lagadic
et al. [107] and Soin and Smagghe [108]), or on other less obvious traits such as
behavior [109].

Overall, the examples provided in this chapter, together with the recom-
mendations given, are proposed as a general guide for studies aiming to link
chemical pollution with ecological alterations. The proposed approach, although
being complex and probably expensive in terms of dedication, is strongly
recommended for investigative monitoring, situations where routine monitoring
may fail in the detection of the causes accounting for a poor ecological status.

Acknowledgments The research was funded by the Spanish Ministry of Science and Innovation
(CTM2009-14111-C0O2-01 and SCARCE-Consolider 2010 CSD2009-00065) and the EC Sixth
Framework Program (KEYBIOEFFECTS MRTN-CT-2006-035695 and MODELKEY GOCE-
511237).

References

1. European Commission (2000) Directive 2000/60/EC of the European Parliament and of the
Council — Establishing a Framework for Community Action in the Field of Water Policy.
European Commission, Belgium

2. Sabater S, Guasch H, Ricart M, Romani AM, Vidal G, Kliinder C, Schmitt-Jansen M (2007)
Monitoring the effect of chemicals on biological communities. The biofilm as an interface.
Anal Bioanal Chem 387:1425-1434

3. Muiioz I, Sabater S, Barata C (2012) Evaluating ecological integrity in multi-stressed rivers:
from the currently used biotic indices to newly developed approaches using biofilms and
invertebrates. In: Guasch H, Ginebreda A, Geiszinger A (eds) Emerging and priority
pollutants in rivers. The handbook of environmental chemistry, vol 19. Springer, Heidelberg



How to Link Field Observations with Causality? Field and Experimental Approaches 213

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

.Li XD, Thornton I (2001) Chemical partitioning of trace and major elements in soils

contaminated by mining and smelting activities. Appl Geochem 16:1693-706

. Duong TT, Morin S, Herlory O et al (2008) Seasonal effects of cadmium accumulation in

periphytic diatom communities of freshwater biofilms. Aquat Toxicol 90:19-28

. Barcel6 D (2003) Emerging pollutants in water analysis. TrAC 22(10):xiv—xvi
. Daughton CG, Ternes TA (1999) Pharmaceuticals and personal care products in the environ-

ment: agents of subtle change? Environ Health Perspect 107:907-938

. Daughton CG (2004) Non-regulated water contaminants: emerging research. Environ Impact

Assess Rev 24:711-732

. Chapman PM (2006) Emerging substances-emerging problems? Environ Toxicol Chem

25:1445-1447

Ricart M, Guasch H, Barcel6 D et al (2010) Primary and complex stressors in polluted
Mediterranean rivers: pesticide effects on biological communities. J Hydrol 383:52-61
Rotter S, Sans-Piché F, Streck G et al (2011) Active bio-monitoring of contamination in
aquatic systems—An in situ translocation experiment applying the PICT concept. Aquat
Toxicol 101:228-236

Morin S, Pesce S, Tlili A et al (2010) Recovery potential of periphytic communities in a river
impacted by a vineyard watershed. Ecol Indic 10:419-426

. Hill BH, Willingham WT, Parrish LP et al (2000) Periphyton community responses to

elevated metal concentrations in a Rocky Mountain stream. Hydrobiologia 428:161-169
Sabater S (2000) Diatom communities as indicators of environmental stress in the Guadiamar
River, S-W. Spain, following a major mine tailings spill. J] Appl Phycol 12:113-124
Admiraal W, Blanck H, Buckert De Jong M et al (1999) Short-term toxicity of zinc to
microbenthic algae and bacteria in a metal polluted stream. Wat Res 33:1989-1996

Ivorra N, Hettelaar J, Tubbing GMJ et al (1999) Translocation of microbenthic algal
assemblages used for in situ analysis of metal pollution in rivers. Arch Environ Contam
Toxicol 37:19-28

Navarro E, Guasch H, Sabater S (2002) Use of microbenthic algal communities in ecotoxi-
cological tests for the assessment of water quality: the Ter river case study. J Appl Phycol
14:41-48

Guasch H, Mufioz I, Rosés N et al (1997) Changes in atrazine toxicity throughout succession
of stream periphyton communities. J Appl Phycol 9:137-146

Guasch H, Ivorra N, Lehmann V et al (1998) Community composition and sensitivity of
periphyton to atrazine in flowing waters: the role of environmental factors. J Appl Phycol
10:203-213

Guasch H, Admiraal W, Sabater S (2003) Contrasting effects of organic and inorganic
toxicants on freshwater periphyton. Aquat Toxicol 64:165

Behra R, Landwehrjohann R, Vogel K et al (2002) Copper and zinc content of periphyton
from two rivers as a function of dissolved metal concentration. Aquat Sci 64:300-306
Meylan S, Behra R, Sigg L (2003) Accumulation of copper and zinc in periphyton in response
to dynamic variations of metal speciation in freshwater. Environ Sci Technol 37:5204-5212
Le Faucher S, Behra R, Sigg L (2005) Thiol and metal contents in periphyton exposed to
elevated copper and zinc concentrations: a field and microcosm study. Environ Sci Technol
39:8099-8107

Holding KL, Gill RA, Carter J (2003) The relationship between epilithic periphyton (biofilm)
bound metals and metals bound to sediments in freshwater systems. Environ Geochem Health
25:87-93

Hill WR, Ryon MG, Smith JG et al (2010) The role of periphyton in mediating the effects of
pollution in a stream ecosystem. Environ Manage 45:563-576

Akkanen J, Slootweg T, Maenpaa K, Leppanen MT, Agbo S, Gallampois C, Kukkonen JVK
(2012) Bioavailability of organic contaminants in freshwater environments. In: Guasch H,
Ginebreda A, Geiszinger A (eds) Emerging and priority pollutants in rivers, The handbook of
environmental chemistry, vol 19. Springer, Heidelberg



214

27

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

H. Guasch et al.

. Morin S, Cordonier A, Lavoie I, Arini A, Blanco S, Duong TT, Tornés E, Bonet B, Corcoll N,
Faggiano L, Laviale M, Péres F, Becares E, Coste M, Feurtet-Mazel A, Fortin C, Guasch H,
Sabater S (2012) Consistency in diatom response to metal-contaminated environments.
In: Guasch H, Ginebreda A, Geiszinger A (eds) Emerging and priority pollutants in rivers,
The handbook of environmental chemistry, vol 19. Springer, Heidelberg

Morin S, Vivas-Nogues M, Duong TT et al (2007) Dynamics of benthic diatom colonization
in a cadmium/zinc-polluted river (Riou-Mort, France). Arch Hydrobiol 168:179-187
Blanck H, Wankberg S;\, Molander S (1988) Pollution-induced community tolerance-a new
ecotoxicological tool. In: Cairs J Jr, Pratt JR (eds) Functional testing of aquatic biota for
estimating hazards of chemicals, 988. ASTM STP, Philadelphia, PA, pp 219-230

Blanck H, Admiraal W, Cleven RFMJ et al (2003) Variability in zinc tolerance, measured as
incorporation of radio-labeled carbon dioxide and thymidine, in periphyton communities
sampled from 15 European river stretches. Arch Environ Contam Toxicol 44:17-29
Guasch H, Leira M, Montuelle B et al (2009) Use of multivariate analyses to investigate the
contribution of metal pollution to diatom species composition: search for the most appropri-
ate cases and explanatory variables. Hydrobiologia 627:143—158

Guasch H, Sabater S (1998) Light history influences the sensitivity to atrazine in periphytic
algae. J Phycol 34:233-241

Dorigo U, Leboulanger C (2001) A PAM fluorescence-based method for assessing the effects
of photosystem II herbicides on freshwater periphyton. J Appl Phycol 13:509-515

Dorigo U, Bourrain X, Bérard A et al (2004) Seasonal changes in the sensitivity of river
microalgae to atrazine and isoproturon along a contamination gradient. Sci Total Environ
318:101-114

Pesce S, Margoum C, Montuelle B (2010) In situ relationship between spatio-temporal
variations in diuron concentrations and phtotrophic biofilm tolerance in a contaminated
river. Wat Res 44:1941-1949

Pesce S, Lissalde S, Lavieille D et al (2010) Evaluation of single and joint toxic effects of
diuron and its main metabolites on natural phototrophic biofilms using a pollution-induced
community tolerance (PICT) approach. Aquat Toxicol 99:492-499

Ricciardi F, Bonnineau C, Faggiano L et al (2009) Is chemical contamination linked to the
diversity of biological communities in rivers? TrAC 28:592-602

Victoria SM, Gémez N (2010) Assessing the disturbance caused by an industrial discharge
using field transfer of epipelic biofilm. Sci Total Environ 408:2696-2705

Tlili A, Bérard A, Roulier JL et al (2010) PO,>~ dependence of the tolerance of autotrophic
and heterotrophic biofilm communities to copper and diuron. Aquat Toxicol 98:165-177
Jeli¢ A, Gros M, Petrovi¢ M, Ginebreda A, Barceld D (2012) Occurrence and elimination of
pharmaceuticals during conventional wastewater treatment. In: Guasch H, Ginebreda A,
Geiszinger A (eds) Emerging and priority pollutants in rivers. The handbook of environmen-
tal chemistry, vol 19. Springer, Heidelberg

Corcoll N, Ricart M, Franz S, Sans-Piché F, Schmitt-Jansen M, Guasch H (2012) The use of
photosynthetic fluorescence parameters from autotrophic biofilms for monitoring the effect of
chemicals in river ecosystems. In: Guasch H, Ginebreda A, Geiszinger A (eds) Emerging and
priority pollutants in rivers, The handbook of environmental chemistry, vol 19. Springer,
Heidelberg

Clements WH, Carlisle DM, Lazorchak JM et al (2000) Heavy metals structure benthic
communities in Colorado mountain streams. Ecol Appl 10:626—638

Schmidt TS, Clements WH, Mitchell KA et al (2010) Development of a new toxic-unit model
for the bioassessment of metals in streams. Environ Toxicol Chem 29:2432-2442
Stockdale A, Tipping E, Lofts S et al (2010) Toxicity of proton—metal mixtures in the field:
Linking stream macroinvertebrate species diversity to chemical speciation and bioavailabil-
ity. Aquat Toxicol 100:112-119

Gray NF, Delaney E (2008) Comparison of benthic macroinvertebrate indices for the
assessment of the impact of acid mine drainage on an Irish River below an abandoned
Cu-S mine. Environ Pollut 155:31-40

Beketov MA, Liess M (2008) Potential of 11 pesticides to initiate downstream drift of stream
macroinvertebrates. Arch Environ Contam Toxicol 55:247-253



How to Link Field Observations with Causality? Field and Experimental Approaches 215

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

Clements WH, Vieira NKM, Church SE (2010) Quantifying restoration success and recovery
in a metal-polluted stream: a 17 year assessment of physicochemical and biological
responses. J Appl Ecol 47:899-910

Iwasaki Y, Kagaya T, Miyamoto K et al (2009) Effects of heavy metals on riverine benthic
macroinvertebrate assemblages with reference to potential food availability for drift-feeding
fishes. Environ Toxicol Chem 28:354-363

Bollmohr S, Schulz R (2009) Seasonal changes of macroinvertebrate communities in a
Western Cape River, South Africa, receiving nonpoint-source insecticide pollution. Environ
Toxicol Chem 28:809-817

Loayza-Muro RA, Elias-Letts R, Marticorena-Ruiz JK et al (2010) Metal-induced shifts in
benthic macroinvertebrate community composition in Andean high altitude streams. Environ
Toxicol Chem 29:2761-2768

Beketov MA, Foit K, Schafer RB et al (2009) SPEAR indicates pesticide effects in streams —
comparative use of species — and family-level biomonitoring data. Environ Pollut 157:
1841-1848

Buchwalter DB, Cain DJ, Martin CA et al (2008) Aquatic insect ecophysiological traits
reveal phylogenetically based differences in dissolved cadmium susceptibility. Proc Natl
Acad Sci USA 105:8321-8326

Heiskanen AS, Solimini AG (2005) Analysis of the current knowledge gaps for the imple-
mentation of the water framework directive. European Commission, Joint Research Center,
Ispra, Italy

Archaimbault V, Usseglio-Polatera P, Garric J et al (2010) Assessing pollution of toxic
sediment in streams using bio-ecological traits of benthic macroinvertebrates. Freshwater
Biol 55:1430-1446

Beasley G, Kneale P (2002) Reviewing the impact of metals and PAHs on macronvertebrates
in urban watercourses. Prog Phys Geogr 26:236-270

Cunningham VL, Buzby M, Hutchinson T et al (2006) Effects of human pharmaceuticals on
aquatic life: next steps. Environ Sci Technol 40:3456-3462

Fent K, Weston AA, Caminada D (2006) Ecotoxicology of human pharmaceuticals. Aquat
Toxicol 76:122—159

Jjemba PK (2006) Excretion and ecotoxicity of pharmaceutical and personal care products in
the environment. Ecotoxicol Environ Saf 63:113-130

Muiioz I, Lépez-Doval JC, Ricart M et al (2009) Bridging levels of pharmaceuticals in river
water with biological community structure in the Llobregat river basin (NE Spain). Environ
Toxicol Chem 28:2706-2714

Clements WH (2004) Small-scale experiments support causal relationships between metal
contamination and macroinvertebrate community responses. Ecol Appl 14:954-967

Platt JR (1964) Strong inference. Science 146:347-353

Hurlbert SH (1984) Pseudoreplication and the design of ecological field experiments. Ecol
Monogr 54:187-211

Hill AB (1965) The environment and disease: association or causation. Proc Roy Soc Med
58:295-300

Suter GW II (1993) A critique of ecosystem health concepts and indexes. Environ Toxicol
Chem 12:1533-1539

Beyers DW (1998) Causal inference in environmental impact studies. J N Am Bentholl Soc
17:367-373

Chapman PM (1986) Sediment quality criteria from the sediment quality triad: an example.
Environ Toxicol Chem 5:957-964

Clements WH, Newman MC (2002) Community ecotoxicology. Wiley, Chichester, UK,
p 336

Popper KR (1972) The logic of scientific discovery, 3rd edn. Hutchinson, London, England



216

69

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86

87.

88.

89.

90.

H. Guasch et al.

. Tlili A, Dorigo U, Montuelle B et al (2008) Responses of chronically contaminated biofilms
to short pulses of diuron an experimental study simulating flooding events in a small river.
Aquat Toxicol 87:252-263

Laviale M, Prygiel J, Créach A (2010) Light modulated toxicity of isoproturon toward natural
stream periphyton photosynthesis: a comparison between constant and dynamic light
conditions. Aquat Toxicol 97:334-342

Muiioz I, Real M, Guasch H et al (2001) Effects of atrazine on periphyton under grazing
pressure. Aquat Toxicol 55:239-249

Guasch H, Lehmann V, van Beusekom B et al (2007) Influence of phosphate on the response
of periphyton to atrazine exposure. Arch Environ Contam Toxicol 52:32-37

Ricart M, Barcelé D, Geszinger A et al (2009) Effects of low concentrations of the
phenylurea herbicide diuron on biofilm algae and bacteria. Chemosphere 76:1392-1401
Lépez-Doval JC, Ricart M, Guasch H et al (2010) Does grazing pressure modify diuron
toxicity in a biofilm community? Arch Environ Contam Toxicol 58:955-962

Péres F, Florin D, Grollier T et al (1996) Effects of the phenylurea herbicide isoprotruron on
periphytic diatom communities in freshwater indoor microcosms. Environ Pollut 94:141-152
Franz S, Altenburger R, Heilmeier H et al (2008) What contributes to the sensitivity of
microalgae to triclosan? Aquat Toxicol 90:102-108

Lawrence JR, Swerhone GDW, Wassenaar LI et al (2005) Effects of selected
pharmaceuticals on riverine biofilm communities. Can J Microbiol 51:655-669

Ricart M, Guasch H, Alberch M et al (2010) Triclosan persistence through wastewater
treatment plant and its potential toxic effects on river biofilms. Aquat Toxicol 100:346-353
Wilson BA, Smith VH, Denoyelles F et al (2003) Effects of three pharmaceutical and
personal care products on natural freshwater algal assemblages. Environ Sci Technol
37:1713-1719

Bonnineau C, Guasch H, Proia L et al (2010) Fluvial biofilms: a pertinent tool to assess
B-blockers toxicity. Aquat Toxicol 96:225-233

Meylan S, Behra R, Sigg L (2004) Influence of metal speciation in natural freshwater on
bioaccumulation of copper and Zinc in periphyton: a microcosm study. Environ Sci Technol
38:3104-3111

Paulsson M, Mansson V, Blanck H (2002) Effects of zinc on the phosphorus availability to
periphyton communities from the river Gota Alv. Aquat Toxicol 56:103-113

Duong TT, Morin S, Coste M et al (2010) Experimental toxicity and bioaccumulation of
cadmium in freshwater periphytic diatoms in relation with biofilm maturity. Sci Total
Environ 408:552-562

Ivorra N, Hettelaar J, Kraak MHS et al (2002) Responses of biofilms to combined nutrient and
metal exposure. Environ Toxicol Chem 21:626-632

Soldo D, Behra R (2000) Long-term effects of copper on the structure of freshwater
periphyton communities and their tolerance to copper, zinc, nickel and silver. Aquat Toxicol
47:181-189

. McClellan K, Altenburger R, Schmitt-Jansen M (2008) Pollution-induced community toler-
ance as a measure of species interaction in toxicity assessment. J Appl Ecol 45:1514-1522
Schmitt-Jansen M, Altenburger R (2008) Community-level microalgal toxicity assessment
by multiwavelength-excitation PAM fluorometry. Aquat Toxicol 86:49-58

Garcia-Meza JV, Barranguet C, Admiral W (2005) Biofilm formation by algae as a mecha-
nism for surviving on mine tailings. Environ Toxicol Chem 24:573-581

Serra A, Guasch H, Admiraal W, Van der Geest HG, Van Beusekom SAM (2010) Influence
of phosphorus on copper sensitivity of fluvial periphyton: the role of chemical, physiological
and community-related factors. Ecotoxicology 19:770-780

Navarro E, Robinson CT, Behra R (2008) Increased tolerance to ultraviolet radiation (UVR)
and cotolerance to cadmium in UVR-acclimatized freshwater periphyton. Limnol Oceanogr
53:1149-1158



How to Link Field Observations with Causality? Field and Experimental Approaches 217

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Zuellig RE, Kashian DR, Brooks ML et al (2008) The influence of metal exposure history
and ultraviolet-B radiation on benthic communities in Colorado Rocky Mountain streams.
J N Am Bentholl Soc 27:120-134

Beketov MA, Schafer RB, Marwitz A et al (2008) Long-term stream invertebrate community
alterations induced by the insecticide thiacloprid: effect concentrations and recovery dynam-
ics. Sci Tot Environ 405:96-108

Maltby L, Hills L (2008) Spray drift of pesticides and stream macroinvertebrates: experi-
mental evidence of impacts and effectiveness of mitigation measures. Environ Pollut
156:1112-1120

Van den Brink PJ, Crum SJH, Gylstra R et al (2009) Effects of a herbicide—insecticide
mixture in freshwater microcosms: risk assessment and ecological effect chain. Environ
Pollut 157:237-249

Courtney LA, Clements WH (2002) Assessing the influence of water quality and substratum
quality on benthic macroinvertebrate communities in a metal-polluted stream: an experimen-
tal approach. Freshwat Biol 47:1766-1778

Dsa JV, Johnson KS, Lopez D et al (2008) Residual toxicity of acid mine drainage-
contaminated sediment to stream macroinvertebrates: relative contribution of acidity vs.
metals. Water Air Soil Pollut 194:185-197

Daam MA, Van den Brink PJ (2007) Effects of chlorpyrifos, carbendazim, and linuron on the
ecology of a small indoor aquatic microcosm. Arch Environ Contam Toxicol 53:22-35
Brock TCM, Roessink I, Dick J et al (2009) Impact of a benzoyl urea insecticide on aquatic
macroinvertebrates in ditch mesocosms with and without non-sprayed sections. Environ
Toxicol Chem 28(10):2191-2205

Rohr JR, Crumrine PW (2005) Effects of an herbicide and an insecticide on pond community
structure and processes. Ecol Appl 15:1135-1147

Clements WH (1999) Metal tolerance and predator—prey interactions in benthic
macroinvertebrate stream communities. Ecol Appl 9:1073-1084

Courtney LA, Clements WH (2000) Sensitivity to acidic pH in benthic invertebrate
assemblages with different histories of exposure to metals. J N Am Bentholl Soc 19:112-127
Kashian DR, Zuellig RE, Mitchell KA et al (2007) The cost of tolerance: sensitivity of stream
benthic communities to UV-B and metals. Ecol Appl 17:365-375

Pestana JLT, Alexander AC, Culp JM et al (2009) Structural and functional responses of
benthic invertebrates to imidacloprid in outdoor stream mesocosms. Environ Pollut
157:2328-2334

Clements WH, Cherry DS, Cairns J Jr (1988) Structural alterations in aquatic insect
communities exposed to copper in laboratory streams. Environ Toxicol Chem 7:715-722
Carlisle DM, Clements WH (1999) Sensitivity and variability of metrics used in biological
assessment of running waters. Environ Toxicol Chem 18:285-291

Farré M, Pérez S, Kantiani L et al (2008) Fate and toxicity of emerging pollutants, their
metabolites and transformation products in the aquatic environment. TrAC 27:991-1007
Lagadic L, Cotellec MA, Caquet T (2007) Endocrine disruption in aquatic pulmonate
molluscs: few evidences, many challenges. Ecotoxicology 16:45-59

Soin T, Smagghe G (2007) Endocrine disruption in aquatic insects: a review. Ecotoxicology
16:83-93

De Lange HJ, Noordoven W, Murkc AJ et al (2006) Behavioural responses of Gammarus
pulex (Crustacea, Amphipoda) to low concentrations of pharmaceuticals. Aquat Toxicol
78:209-216

Farag AM, Woodward DF, Goldstein JN, Brumbaugh W, Meyer JS (1998) Concentrations of
metals associated with mining waste in sediments, biofilm, benthic macroinvertebrates, and
fish from the Coeur d’Alene River Basin, Idaho. Arch Environ Contam Toxicol 34:119-127
Farag AM, Nimick DA, Kimball BA, Church SE, Harper DD, Brumbaugh WD (2007)
Concentrations of metals in water, sediment, biofilm, benthic macroinvertebrates, and fish
in the Boulder River Watershed, Montana, and the role of colloids in metal uptake. Arch
Environ Contam Toxicol 52:397-409



218

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

H. Guasch et al.

Schafer RB, Caquet T, Siimes K, Mueller R, Lagadic L, Liess M (2007) Effects of pesticides
on community structure and ecosystem functions in agricultural streams of three bio-
geographical regions in Europe. Sci Total Environ 382:272-285

Ginebreda A, Muifioz I, Lopez de Alda M, Brix R, Lopez-Doval JC, Barcel6 D (2010)
Environmental risk assessment of pharmaceuticals in rivers: relationships between hazard
indexes and aquatic macroinvertebrate diversity indexes in the Llobregat River (NE Spain).
Environ Int 36:153-162

Barrangeut C, Charantoni E, Plans M et al (2000) Short-term response of monospecific and
natural algal biofilms to copper exposure. Eur J Phycol 35:397-406

Barranguet C, Plans M, Van Der Brinten E et al (2002) Development of photosynthetic
biofilms affected by dissolved and sorbed copper in a eutrophic river. Environ Toxicol Chem
21:1955-1965

Corcoll N, Bonet B, Leira M, Guasch H (2011) Chl-a fluorescence parameters as biomarkers
of metal toxicity in fluvial biofilms: an experimental study. Hydrobiologia 673:119—-136
Guasch H, Navarro E, Serra A et al (2004) Phosphate limitation influences the sensitivity to
copper in periphyton algae. Freshwat Biol 49:463-473

Daam MA, Rodrigues AMF, Van den Brink PJ et al (2009) Ecological effects of the herbicide
linuron in tropical freshwater microcosms. Ecotoxicol Environ Saf 72:410-423
Schmitt-Jansen M, Altenburger R (2005) Toxic effects of isoproturon on periphyton
communities — a microcosm study. Estuar Coast Shelf Sci 62:539-545

Schmitt-Jansen M, Altenburger R (2005) Predicting and observing responses of algal
communities to photosystem II-herbicide exposure using pollution-induced community
tolerance and species-sensitivity distributions. Environ Toxicol Chem 24:304-312
Schmitt-Jansen M, Altenburger R (2007) The use of pulse-amplitude modulated (PAM)
fluorescence-based methods to evaluate effectgs of herbicides in microalgal systems of
different complexity. Toxicol Environ Chem 89:665-681

Gustavson K, Mohlenberg F, Schliiter L (2003) Effects of exposure duration of herbicides on
natural stream periphyton communities and recovery. Arch Environ Contam Toxicol
45:48-58

Lawrence JR, Zhu B, Swerhone GDW, Roy J, Wassenaar LI, Topp E, Korber DR (2009)
Comparative microscale analysis of the effects of triclosan and triclocarban on the structure
and function of river biofilm communities. Sci Total Environ 407:3307-3316

Guasch H, Serra A, Bonet B, et al. (2010) Metal ecotoxicology in fluvial biofilms. Potential
influence of water scarcity. In: Sabater S, Barcel6 D (eds) Water scarcity in the Mediterra-
nean: perspectives under global change. Springer, Hdb Env Chem 8:41-53

Sontoro A, Blo G, Mastrolitti, Fagioli F (2009) Bioaccumulation of heavy metals by aqua tic
invertebrates along the Basento river in the south of Italy. Water, air and soil pollution. 201
(14)19-31

Lefcort H, Vancura J, Lider EL (2010) 75 years after mining ends streams insect diversity is
still affeceted by heavy metals. Ecotoxicology 19(8)1416-25

Vera MS, Lagomarsino L, Sylvester M et al. (2010) New evidences of Roundup (glyphosate
formulation) impact on the periphyton community and the water quality of freshwater
ecosystems. Ecotoxicology 19(4):710-21

Clark JL, Clements WH (2006) The use of in situ and stream microcosm experiments to
assess population- and community-level responses to metals. Environ. Toxicol. Chem. 25(9)
230612

Rasmussen JB, Gunn JM, Sherwood, GD et al. (2008) Direct and indirect (foodweb
mediated) effects of metal exposure on the growth of yellow perch (Perca flavescens):
implications for ecological risk assessment. Human and Ecological Risk Assessment
14:317-350.

Daam MA, Satapornvanit K, Van den Brink PJ et al. (2010) Direct and indirect effects of the
fungicide Carbendazim in tropical freshwater microcosms. Arch. Env. Cont. Toxicol. 58 (2)
315-324.



	How to Link Field Observations with Causality? Field and Experimental Approaches Linking Chemical Pollution with Ecological Alterations

	1 General Introduction
	2 Field Investigations Used to Generate Hypotheses
	2.1 Biofilms
	2.2 Macroinvertebrate Communities
	2.3 Summary of the Hypotheses Generated

	3 Experimental Studies Searching for Causality
	3.1 Experimental Studies Addressing Cause-and-Effect Relations Between Toxicant Exposure and Biofilm Communities Responses
	3.2 Experimental Studies Addressing Cause-and-Effect Relations Between Toxicant Exposure and Macroinvertebrates
	3.3 Integrating Descriptive and Experimental Approaches to Demonstrate Causation in Stream Bioassessment Studies: Case Study of a Metal-Polluted Stream


	4 General Discussion and Prospects
	References


