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Abstract

We reviewed 219 papers and built an inventory of 532 items of ecological evidence on multiple
stressor impacts in rivers, lakes, transitional and coastal waters, as well as groundwaters. Our
review revealed that, despite the existence of a huge conceptual knowledge base in aquatic
ecology, few studies actually provide quantitative evidence on multi-stress effects. Nutrient
stress was involved in 71% to 98% of multi-stress situations in the three surface aquatic
environments, and in 42% of those in groundwaters. However, their impact manifested
differently along the groundwater-river-lake-transitional-coastal continuum, mainly determined
by the different hydro-morphological features of these ecosystems. The reviewed papers
addressed two-stressor combinations most frequently (42%), corresponding with the actual
status-quo of pressures acting on European surface waters as reported by the Member States in
the WISE WEFD Database (EEA 2015). Across all biological groups analysed, higher
explanatory power of the stress-effect models was discernible for lakes under multi-stressor
compared to single stressor conditions, but generally lower for coastal and transitional waters.
Across all aquatic environments, the explanatory power of stress-effect models for fish
increased when multi-stressor conditions were taken into account in the analysis, qualifying this
organism group as a useful indicator of multi-stress effects. In contrast, the explanatory power
of models using benthic flora decreased under conditions of multiple stress.

Keywords

Stressor combination, stressor interaction, biological group, nutrient stress, hydromorphology,
paradigm

Page 2/24



Author-produced version of the article publisned In Science ot the [otal Environment, 2019, vol. 540, 45-52
The original publication is available at www.sciencedirect.com
Doi : 10.1016/j.scitotenv.2015.06.045

1 Introduction

In our globalising world, multiple stresses on surface and groundwater systems from natural and
man-made disturbances have become the rule rather than an exception. A stressor can be either
an abiotic as well as a biotic factor (Cottingham 1999; Vinebrooke et al. 2004) that exceeds its
range of normal variation and affects individual physiology, population performance or
community balance in a significant way. Similarly, most other definitions of ecological stress
(e.g. Barrett et al. 1976; Auerbach 1981; Underwood 1989; Hughes & Connell 1999) include the
effects at individual and demographic (population or functional group) level. At the individual
level, stress is considered as a sub-lethal effect on the physiology of an organism, e.g., a decline
in feeding, growth, or fecundity, or a biochemical change. At the community or ecosystem level,
stress denotes an acute or chronic disturbance that causes a decline in the number of organisms
affecting biotic interactions and integrity (e.g, Hyland et al. 2003; Pili¢re et al. 2014).

Ecosystems as dynamic and self-organizing systems are continuously adapting to a multitude of
disturbances (Connell 1978). Rapid increase in anthropogenic pressures has modified the types,
frequency and magnitude of disturbances. Some species cannot keep up with these changed
disturbance regimes, while others take advantage of the freed-up or new resources (Halpern et
al. 2008). At any organisational level, multiple stress situations include biological interactions
(e.g. food chain interactions, resource competition), human pressures (which typically alter more
than one environmental factor), and impacts of climate change (Ormerod et al. 2010).

A number of theoretical concepts in the field of multiple stressor research underpin on-going
research activities on multi-stressor effects. The landscape filter concept (Tonn et al. 1990)
explains the structure of river communities as a result of a set of environmental constraints
filtering species that can be found at a place. The species co-tolerance model (Vinebrooke et al.
2004) hypothesizes that positive correlation of tolerance of species to multiple stressors
increases ecosystem resistance, while negatively correlating tolerance results in additive or
synergistic impacts, compared to situations where tolerances of each species are randomly
distributed. The related stress-gradient hypothesis highlights a global shift towards positive
species interactions with increasing environmental stress. So far, the latter has been tested
mostly on vascular plants (He et al. 2013). The ‘control species’ concept (Downes 2010)
advocates measuring the reaction of a group of ‘treatment species’, which are predicted to
respond to a specific gradient against that of ‘control species’ not sensitive to the stressor of
interest because of specific features of their biology or ecology. Simulating in this way the
experimental conditions in field situations has a potential to improve our capacity to draw
conclusions about causality.

The common analytical approach in multi-stress studies has been to disentangle the effects of
confounding factors one-by-one (e.g. Vonesh et al. 2009; Battarbee et al. 2012) and specify the
cause-effect chains underlying these relationships. This requires careful hypothesis-driven
research, often combining field studies with experiments and modelling, to discover the intimate
linkages between species and/or functional groups and their environment (Downes 2010;
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Ormerod et al. 2010). By now, this massive and continuing effort has revealed: (i) a huge
variation in impact-response relationships across different aquatic environments (Verdonschot et
al. 2013), seasons (Lytle & Poff 2004), climatic regions (Wasson et al. 2010), and biotic
communities (Johnson et al. 2006); (ii) a domination of non-linear and often lagged responses in
biotic reactions to stressors (Dodds et al. 2010); (ii1) dependence of a particular stress effect with
perturbation history (Hughes & Connell 1999); and (iv) stressor’s interactions amplifying or
dampening each-other’s effects (Folt et al. 1999; Micheli et al. 2013).

Against this background it seems rather obvious that multiple stressors pose specific challenges
for aquatic ecosystem management (Hering et al. 2015). Practical knowledge is urgently
required not only on the additive effects of multiple stressors (implying that management
addressing the largest stressor will have the greatest benefit), but also on their interacting
effects, because future rates of ecosystem decline predicted on the basis of individual stressor
effects will be underestimated (Brown et al. 2013). However, current management practice
generally does not integrate scientific evidence on multi-stressor effects. The main aim of this
review is thus to assess the quantity and quality of the scientific evidence base on multiple stress
effects in aquatic ecosystems including rivers, lakes, transitional and coastal (TraC) waters, and
groundwaters. In particular, we address the following questions:

e  Which stressor combinations are commonly documented in scientific literature?

e How strong are these effects across different aquatic environments and biological
response variables?

e How reliable is this evidence with regard to the underlying data quality?

e How common are non-additive, i.e. synergistic and antagonistic effects?

The collated evidence is intended to provide a fundamental contribution to the design of a
diagnostic tool supporting multi-stressor management in aquatic systems under the European
Water Framework Directive (WFD). We expected to find knowledge gaps, i.e. multi-stress
situations for which conceptual knowledge exists but the effects are not quantified. We also
hypothesised that the same drivers are responsible for the dominating stressor combinations in
all aquatic environments, but that the responses differ between those due to diverging
sensitivity. Finally, we questioned whether the different research traditions in rivers, lakes, and
TraC waters are reflected in the methodological approaches used in multi-stressor studies.
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2 Material and methods

2.1 Literature selection

For the literature survey, we used the ISI Web of Science citation databases (see Supplementary
material for the combination of search terms used in the queries). Although zooplankton is not a
mandatory biological group for the WFD, it was included as a search string for lakes because the
central position of zooplankton in lake food webs renders a high indicative value to it in multi-
stress situations (Altshuler et al. 2011; Jeppesen et al. 2011a). Since the aim was to find papers
in which the multiple stress effects were quantitatively described, we screened the retrieved
papers for that. The search was extended by a ‘snowball’ approach looking through the
references in relevant papers. We excluded ecotoxicological lab experiments with single species
as test organisms, or bioassays done only with natural stressors (e.g. Przeslawski et al. 2015).

Due to different research traditions and the prevailing hydrogeological paradigm in groundwater
research, different search terms were used in the literature search (see Supplementary material).
Biological indicators, irrelevant for groundwaters, were skipped and the papers were screened
for water quality and quantity indicators.

Given that the review covered a major part of aquatic ecology and groundwater research, the
retrieved set of papers does not pretend to completeness, but is expected to give a relatively
comprehensive and representative cross-cut of prevailing stressor combinations, preferred
indicators, and ways of quantification of complex stressor-interactions. Additional literature on
simple (additive) stressor settings which are often not highlighted as multiple stressor impacts, is
certainly available, but the attempt to include it all would have been unfeasible workload-wise.

2.2 Review table

Relevant information from the papers was extracted to a spreadsheet to enable a synthesis of the
literature (see Review Table.xlsx in Supplementary materials). According to the concept, each
effect of combined stressors on a response variable (a ‘bivariate association’ sensu Ziegler et al.
2015) described in a quantitative way forms an ‘evidence item’ (EI) sensu Webb et al. (2015)
that was entered into a separate row of the table. Papers containing more than one EI thus
covered several rows of the table (Table 1). The table includes also some conceptual and review
papers which not necessarily quantify multi-stressor effects but which we considered important
as background information. Since the behaviour of groundwater systems relies heavily on site-
specific hydro-, geo- and pedological settings, the relationships were mostly of conceptual type
and almost no quantifying equations could be found that would be valid anywhere else.

Table 1. Number of papers included in the review and number of multi-stress evidence items described
for different aquatic environments.

| Counting units | Rivers | Lakes | Transitional | Groundwaters | Total
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and coastal
Papers 75 65 33 46 219
Multi-stress evidence items 214 152 120 46 532

We divided the review task among co-authors by the four types of aquatic environments so that
for each of them the table was filled in by investigators working with the specific types of
waters. In order to further join the tables into one to enable a common analysis, the column
structure of the tables for the four types of aquatic environments was kept similar. Each table
contained bibliographic data; a narrative description of the EI and its implications for
management or ecosystem services; spatial and temporal scale of the study (number of water
bodies, geographic location and type, temporal scale of the data); driving forces (the main
climatic and anthropogenic drivers; EEA, 1999); stressors and covariates (climatic,
hydrological, morphological, thermal/optical, chemical, trophic, toxic, and biological stressors;
each sub-divided into more specific direct stressors); response variables including their type
(structural or functional, ‘snapshot’ or time-series) and details on multi-stress-effect models (e.g.
regression equation, effect size, ANOVA results); risks involved and ecosystem services
impacted.

Three types of entries were used in the different columns:

(1) (Free) text columns were used for the full bibliographic reference and the type of paper, for
describing the multi-stress-effect models (the ‘Narrative statement’), management implications,
study design, statistics used, comments, and for explaining the category of ‘other’ under water
body type location, and the driving forces of stress.

(i1) Numeric entries were used for publication year, the number of water bodies included in the
study, temporal scale of the source data (in years), and the strength of the described relationship
(coefficient of determination: R?).

(i11) “1” was used as a tick mark denoting ‘Yes’ for selecting one (or more) of the multiple-
choice columns for the categories: aquatic environments, study scale, driving forces, stressors,
indicators, risks involved and ecosystem services impacted.

Cells were left empty, if the choices were ‘No’, ‘non-applicable’ or ‘not indicated’.

Effects on ecosystem services were assessed based on our expert judgement. For surface waters
we used the MAES/CICES (Maes et al. 2014) conceptual framework, in which only ecosystem
services (ES) provided by biota are considered. Hydropower and navigation were thus not
considered as ecosystem services. For groundwaters, two additional ES (strategic reserves and
groundwater dependent ecosystems) were used.

2.3 Meta-analysis

The data synthesis was carried out at two levels: (i) at the paper level we summarised the
publication year, geographic distribution, time frame of data collection, number of water bodies

Page 6/24




Author-produced version of the article publisned In Science ot the [otal Environment, 2019, vol. 540, 45-52
The original publication is available at www.sciencedirect.com
Doi : 10.1016/j.scitotenv.2015.06.045

analysed, and the broad types of response variables used (termed ‘metrics’ in the following, see
below); (i) at the EI level the multi-stress-effect models were analysed in more detail. To test
the hypotheses that the same drivers are responsible for the dominating stressor combinations in
all water categories, but the responses differ between categories, we carried out a descriptive
comparison across different aquatic environments based on the numeric values and number of
entries (indicated by tick-marks) in different columns. As the number of papers and Els differed
between the aquatic environments, the comparison was mostly done using relative proportions.
A Z-test to compare proportions in two populations (to test whether they differ significantly)
was done using the online calculator at http://www.socscistatistics.com/. Correlation analysis
and Mann-Whitney test were carried out with STATISTICA 12 (StatSoft, Inc. 2014).

To check our intuition that the different research traditions in rivers, lakes, and TraC waters are,
first of all, reflected in the selection of response metrics, we analysed the broad types of metrics
responding to multi-stress effects used in the four aquatic environments. For this purpose, we
distinguished the following three types of metrics:

(1) Metrics of simple structure (SS) including, for instance, stratification structure, water level,
temperature, matter concentrations in the water, taxon abundances and biomasses, fish size and
age structure, species richness, diversity, evenness, macrophyte zonation.

(i1) Metrics of functional structure (FS). For surface waters they include structural metrics with
functional attributes (e.g. biological features related to tolerance, trophic position, reproduction,
habitat and migration). Metrics of this group are sometimes termed ‘functional metrics’ (e.g.
Hering et al. 2004, Pont et al. 2006). For groundwaters, metrics of functional structure included,
for instance, aquifer vulnerability factors such as soil properties, hydraulic conductivity,
pressure or pathway parameters, and coastal topography.

(ii1) Functional or process metrics (P; sensu Palmer & Febria 2012), i.e. metrics characterising
matter fluxes, or rates and equilibria of processes such as nutrient uptake, photosynthesis,
growth rate, respiration rate etc. For groundwaters, they comprise water budget components, salt
water intrusion or refreshing rate, base flow etc. At least two point measurements are needed for
most process metrics to capture the time dimension. Exceptions of this rule are, for instance, the
length of fish year classes including a hidden time dimension, or the annual maximum biomass
of macrophytes reflecting their productivity.

For each metric type we checked whether a ‘snapshot’ measurement or a time series was used.
Metrics with dynamics measured as time series were marked with ‘d’ (correspondingly, SSd,
FSd and Pd). Multimetric indices composed of different types of metrics were analysed based on
the single component metrics used. SS and FS were summed up as ‘static metrics’ while SSd,
FSd, P and Pd as ‘dynamic metrics’.
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3 Results

The selected 219 papers covered a period of 29 years, ranging from 1986 to 2014 with steadily
increasing numbers of publications per year towards the end of the period (Supplementary
Material [SM] Fig. S1). The number of papers by aquatic environments ranged from 33 for TraC
waters to 75 for rivers (SM Table S1). For all aquatic environments, the largest number of
papers was from Europe (53%), followed by North America (21%) and multi-continental studies
(13%). Highest median numbers of water bodies per study were analysed for rivers, followed by
TraC waters, lakes and groundwaters (SM Fig. S2). Case studies of single water bodies
contributed 5% of the river evidence base, about 30% of lake and TraC waters’ evidence bases
and nearly 50% of the groundwater evidence base. The median time window for data collection
was 0.1 years for rivers and ranged from 7.5 to 9 years for other aquatic environments (Fig. 1).
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Fig. 1. Time scale of data collection used in studies of different aquatic environments. R — rivers; L —
lakes; TraC — transitional and coastal waters; GW — groundwaters.

Nutrient stressors represented the predominant stress group, being studied in more than 70% of
multi-stress situations described for rivers, lakes and TraC waters (Table 2). Still, hydrological
stressors dominated in rivers (74%) and were overwhelming in groundwaters (83%). For TraC
waters, toxic stressors were represented in 47% of cases, followed by hydrological stressors
(45%). The bulk of most frequent stress situations in all aquatic environments was formed by
nutrient and hydrological stressors in combination with other stressors (Table 3).
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Table 2. Stressor groups by aquatic environments (humber of Evidence Items and % of total Evidence
Items).
TraC — transitional and coastal waters; GW — groundwaters; n — number; % — percentage.

Rivers Lakes TraC GW

n % n % n % n %
Nutrient stressors 152 71 119 78 117 98 20 43
Hydrological stressors 159 74 61 40 54 45 38 83
Morphological stressors 64 30 21 14 46 38 0 0
Thermal/optical stressors 46 21 47 31 12 10 0 0
Chemical stressors 26 12 21 14 14 12 17 37
Toxic stressors 483 22 18 12 56 47 10 22
Biological stressors 21 10 42 28 33 28 0 0
Total evidence items 214 152 120 46

Table 3. The three most dominant two-stressor combinations (1%, 2", 3 for lakes (L), rivers (R),
transitional and coastal waters (TraC), and groundwaters (GW).

Hydrological Morphological Thermal Chemical Toxic Biological
stressors stressors stressors stressors stressors stressors
) R(lst), L(lst),
Nutrient stressors TraC(2m) R(2nd), TraC(3r) L(2nd) TraC(1st) L(31d)
Hydrological R(3r), §
stressors GW(1st) GW(3)
Morphological
stressors
Thermal stressors GW/(2nd)

Combined hydrological and nutrient stress was evidenced for 53% of multi-stress situations
described in rivers and 27% of those in lakes (Fig. 2). For TraC waters, this combination was
addressed only slightly less frequently (43% of Els) than the combination of nutrient and toxic
stress (45%). The frequency of occurrence of various two-stressor combinations in rivers
correlated significantly with those in lakes (r=0.57, p<0.05) and TraC waters (r=0.63, p<0.05),
whereas the correlation between the stressor occurrence patterns in lakes and TraC waters was
not significant. The number of stressor groups acting in concert ranged from one to seven (Fig.
3), but two-stressor combinations were addressed most frequently making up 42% of all Els
described. TraC waters represented a remarkable exception insofar as four-stressor combinations
were studied most often (27% of all TraC Els; see Fig. 3).

To benchmark the reviewed scientific evidence against the status-quo of European surface
waters, we consulted reports from 26 European Member States concerning which pressures are
actually acting most frequently at surface water bodies (n=108,130; WISE WFD database, EEA
2015). This effort revealed that among the water bodies affected by more than one pressure,
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two-pressure combinations were most commonly reported (25% of the total number of water
bodies). Although ‘stressors’ have a meaning slightly different from ‘pressures’, the latter
denoting the direct environmental effects of an anthropogenic activity (IMPRESS 2002), we
compared the most dominant two-pressure combinations reported with the two-stressor
combinations most frequently addressed in the scientific literature. For rivers and lakes, the
combination of diffuse pollution and hydromorphological alteration (41% of river and 63% of
lake water bodies with two-pressure combinations, respectively) well corresponded with the
existing evidence base on the effects of co-acting nutrient and hydrological/morphological
stressors for these aquatic environments. For TraC waters, a combination of diffuse and other
pressures (including introduction of alien species, commercial fishing, illegal waste deposits)
was most frequently reported for European water bodies (46%). The stressors resulting from
these pressures, along with toxic pollution and hydrological alteration, were most commonly
addressed within the four-stressor combinations studied in TraC waters.
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Fig. 2. Frequency counts for the occurrence of two-stressor combinations (% of Evidence ltems) among
surface aquatic environments. R — rivers; L — lakes; TraC — transitional and coastal waters. Because
combinations by 2 were counted also in cases where there were more simultaneous stressors involved,
the percentages add up to a lot more than 100% for each aquatic environment studied.
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Fig. 3. Number of simultaneously acting stressor groups analysed in the reviewed literature. R — rivers; L
— lakes; TraC — transitional and coastal waters; GW — groundwaters. Number of observations given as
Evidence Items.

Among the metrics used to indicate the multi-stressor effects, those using benthic invertebrates
were most frequently applied in river and TraC studies. Metrics using fish, aquatic macrophytes,
zooplankton and physico-chemical parameters were employed almost equally as indicators to
study multiple stress effects in lakes (not shown). Phytoplankton metrics occupied only the fifth
position in lake studies. Among groundwater studies, most evidence could be found on
contamination with nitrates or toxic substances. Metrics describing groundwater quantity or
salinity changes also occurred frequently.
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Fig. 4. Percentage of studies in different aquatic environments using multi-stress response metrics
describing simple structure (SS), functional structure (FS), and processes (P). For each metric type, both
‘snapshot’ and time series measurements were included. Note that the sum of the percentages is >100%
because several studies included more than one type of metrics. R —rivers; L — lakes; TraC — transitional
and coastal waters; GW — groundwaters.

The analysis of the broad types of metrics used as response variables revealed several
peculiarities across aquatic environments: Metrics of simple structure dominated in river, lake,
and groundwater studies, showing a percentage between 72% and 83%; in TraC studies they
were equally represented with metrics describing functional structure (Fig. 4). Metrics of
functional structure were significantly more often used in TraC studies than in all other aquatic
environments (p<0.01), and their frequency was significantly higher for rivers than for lakes
(p<0.01). Process metrics were most frequently used in groundwater studies, followed by lake,
river, and TraC studies with all differences being significant (p<0.01).

Static metrics were significantly less often used in groundwater than in surface water studies
(p<0.05; SM Fig. S3). Making ‘snapshot’ measurements was almost similarly popular in all
surface aquatic environments, used in more than 70% of all studies. Dynamic metrics,
dominating in the groundwater studies, were equally used with static metrics in the lake studies,
and were significantly less frequent in river and TraC studies (p<0.01). Two-thirds and more of
the lake and river studies used only one type of metric, while more than half of TraC and
groundwater studies used two types of metrics simultaneously, often combined into multimetric
indices (SM Fig. S4).

The strength (R?) values of the described multi-stress-effect models given in the papers varied
largely (Fig. 5) with half of them remaining within a range of 0.30-0.59 (median 0.42) for rivers
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and 0.30-0.70 (median 0.47) for lakes. The median was significantly smaller in TraC waters
(0.25; Mann-Whitney U-test, p<0.01) while the 50% range was broader towards smaller values
(0.14-0.58). For groundwaters, the strength of the relationship was not given in most of the
studies.
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Fig. 5. Strength (R?) of the described multi-stress-effect models in surface aquatic environments. R —
rivers; L — lakes; TraC — transitional and coastal waters.

Across all aquatic environments, the explanatory power of effect models using fish increased
when multiple stressors were taken into account in the analysis (Fig. 6). The coefficient of
determination resulting from regressing the number of stressor groups against the explanatory
power of the reviewed effect models amounted to R*=26%. Contrary to this, the explanatory
power of models using benthic flora decreased in multiple stress situations, i.e. the more stressor
groups taken into account the less explanatory power was achieved (R’=12%; Fig. 6).
Phytoplankton and benthic invertebrates showed no significant difference in their explanatory
power. The data for zooplankton and multi-metric indices (including metrics from several
biological groups) was too limited to see any pattern in their response.
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Fig. 6. Significant differences in explanatory power (R*; p<0.01) between single and multiple stress-effect
models by biological group. Multiple stress models included combinations up to four stressor groups.
Data on single pressure cases (N=56) were taken from a review of national assessment methods (Birk et
al. 2012). Effect model results for the fish fauna analysis covered evidence from rivers (n=27) and lakes
(n=19). Effect model results for the benthic flora analysis covered evidence from rivers (n=27), lakes
(n=12) and TraC waters (n=12).

Across all biological groups, the explanatory power of effect models increased when multiple
stressors were considered in lakes. The coefficient of determination gained from regression
analysis of the number of stressor groups against the model results was R*=11%. In TraC
waters, the opposite trend was observable: Multiple stressors decreased the effect size, revealing
an R” of 9% (Fig. 7). The response remained unclear in rivers.
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Fig. 7. Significant differences in explanatory power (R*; p<0.05) between single and multiple stress-effect
models by aquatic environments. Multiple stress models included combinations up to five stressor
groups. Data on single pressure cases (N=104) were taken from a review of national assessment
methods (Birk et al. 2012). Effect model results for lakes covered evidence from phytoplankton (n=20),
benthic flora (n=12), benthic invertebrates (n=8) and fish fauna (n=27). Effect model results for TraC
waters covered evidence from phytoplankton (n=9), benthic flora (n=12) and benthic invertebrates
(n=92).
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The type of interaction between stressors (additive, synergistic or antagonistic) was indicated in
more than 50% of cases in river and groundwater studies, but only in 15% of cases in lake and
TraC studies (Fig. 8). All types of interactions between stressors were represented in all aquatic
environments. Synergistic interactions dominated in groundwater studies, additive interactions
in TraC water studies, whereas no clear dominance of any interaction type was found in lake and
river studies.

River studies were clearly biodiversity-oriented, whereas in lake and TraC studies biodiversity
and water quality risks were equally addressed. According to our expert judgement, all ten main
types of ecosystem services provided by biota (Maes et al. 2014) were addressed in the multi-
stress situations described. For rivers, the ‘maintenance of physical, chemical and biological
conditions’ was considered most affected, while for other aquatic environments the studied
impacts showed more equal distribution across different service categories.

25%
%

&

35% E 65% g Rivers R

85% <=15%

[ Not identified M Synergistic
B Additive ] Antagonistic

Fig. 8. Interactions between stressors in multiple stress relationships described for different aquatic
environments. TraC — transitional and coastal waters; GW — groundwaters.
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4 Discussion

4.1 The need for quantitative evidence

The review underlines that despite the importance of multiple stressor issues for both science
and management, paradoxically poor elaboration of this field is mirrored by the existing
research. Ormerod et al. (2010) and Downes (2010) already pointed out the limited capacity to
correctly predict the effects of almost any human activity impacting aquatic ecosystems. This
assessment is even more pessimistic if the effects of multiple stressors need to be disentangled.

In our view, the reasons why multi-stress effects have not been adequately assessed so far are
manifold: (i) the stressor descriptions are still not fully harmonised impeding large scale
analyses; (ii) the collected biological information is not appropriate (insensitive) for analysing
the effects of combined stressors; and (iii) the collected data has insufficient temporal or spatial
resolution to detect the impacts of relevant stressors. For instance, time series are still lacking
for several biological groups in a lot of water bodies, preventing long-term effect analyses.
Sampling in lakes where time series exist to a certain extent is often limited to one pelagic
sampling point failing to notice warning signals in the more sensitive littoral areas.

Common principles are needed in order to coordinate Europe’s efforts to protect and restore the
continents’ water bodies. Understanding the effect chain in multiple stress situations is evidently
important for restoration ecology — an emerging field in aquatic ecology, requiring site-, time-
and biological group-specific approaches (Verdonschot et al. 2013). Here, the knowledge of
quantifiable responses to multiple stressors can serve as the basis for risk assessment and
appropriate management actions. Decision support systems for causal analysis, such as CADDIS
(Norton et al. 2009) and Eco Evidence (Webb et al. 2015), use scientific literature to inform
evidence-based decision making in environmental management. Both applications rely on
literature databases containing information on stressor-response associations reported in the
peer-reviewed scientific literature. On this basis, they allow for implementing qualitative cause-
effect relationships to support effective water management.

4.2 Quantity and quality of the multi-stressor evidence base

Our review revealed that despite the existence of a huge conceptual knowledge base in aquatic
ecology, only few studies actually provide quantitative evidence on multi-stress effects. Hence,
the quantitative relationships described so far cover just a tiny part of the conceptual schemes
commonly reported. While selecting the papers for this review, we were very often unable to
find sufficient quantitative evidence in the literature — many of the linkages seem to be accepted
as common knowledge, obviating the need for evidence accounting (see also Miller et al. 2013).
This finding, in fact, constitutes a valuable outcome by itself, highlighting the need for further
research.

We generally see two main issues regarding the establishment of quantitative multi-stressor
approaches: Firstly, the large proportion of single water body-based evidence items across lakes,
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TraC waters and groundwaters poses the risk of ‘confirming’ linkages on the basis of very little,
and thus poor evidence — even if the relationships are statistically strong. This problem can be
avoided using a formal method for evidence-synthesis, e.g. as employed by the Eco Evidence
tool for decision making (Webb et al. 2011). Secondly, it is tempting to add more and more
detail to the multi-stress-effect models, finally blurring the picture and ‘diluting’ the research
outcomes. Once you make your model too detailed, there is never enough evidence to conduct a
robust synthesis. Identifying a limited number of linkages most relevant for investigation is
helpful in this regard. The two to four simultaneous stressor groups addressed by most of the
reviewed studies may render an optimal number, depending on the local conditions.

4.3 Differential expression of nutrient stress along the river-lake-transitional-
coastal continuum

In line with the recent review by Verdonschot et al. (2013), our analysis revealed that all aquatic
environments are affected by the same stressors, originating primarily from human population
growth, increases in anthropogenic land use and changes in water usage. However, pathways
and impacts differ between aquatic environments, depending on the systems’ sensitivity. Excess
nutrients representing the main physico-chemical stressor were involved in the majority of
multi-stress situations in surface waters, but in less than half of those in groundwaters in which,
due to strong phosphorus retention, only nitrogen levels remain an issue (Valett et al. 1996).
Thus, the impact of nutrients was expressed differently along the groundwater-river-lake-
transitional-coastal continuum, determined mainly by the different hydro-morphological features
of these ecosystems.

Rivers, and partly transitional waters, are characterised by (i) high benthal-to-pelagial habitat
ratios resulting in higher relevance of morphological stress affecting the benthic habitats, and
(i1) directional flow and low retention times resulting in lower relevance of physico-chemical
stress, and higher relevance of hydrological stress, especially when affecting the retention time.
This implies that rivers may transport large inorganic nutrient loads without manifest signs of
impact. Nevertheless, the sensitivity to nutrients increases if flow conditions stagnate, e.g.
during drought or manipulated flow (Lake 2003). Dynamic flow, temperature and salinity
gradients in transitional waters create strong natural stress in the freshwater—saltwater transition
zone resulting in lower species diversity when compared to higher salinity areas (e.g. Remane
1934). Morphometry and topography controlling flow regime and water exchange also
determine the sensitivity of these systems to other stressors. Nitrogen, for instance, which may
have passed the freshwater systems without visible impact, may become the determining
nutrient causing eutrophication in TraC waters.

Lakes and TraC waters are characterised by (i) low benthal-to-pelagial ratios resulting in lower
relevance of morphological stress, acting only locally at shorelines or when water levels are
strongly affected, and (ii) high retention times implying higher relevance of physico-chemical
stress, and lower relevance of hydrological stress. In lakes the impact of inorganic nutrients,
especially phosphorus, accrues when the flow slows down at the mouth of discharging rivers.
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The effect is nonlinearly depending on retention time (Elliott et al. 2009). These authors also
showed the importance of the phosphorus source (point vs. non-point) in determining the
influence of retention time on phytoplankton. The sensitivity of lakes to nutrient loading and
their ability to retain nutrients is determined by their morphometry influencing the hydraulic
retention time (Brett & Benjamin 2008). In TraC waters the local effect of nutrients entering
from rivers depends strongly on the exposure and can be suppressed by the dilution effect of
advection currents (Gatti et al. 2006).

4.4 Strength of relationships

From a purely mathematical viewpoint, the explanatory power of a regression should increase
with an increasing number of factors taken into account. This at least holds for systems of
constant complexity. However, the papers analysed in our review addressed a large variety of
conditions, ranging from rather simple systems dominated by a single stressor, to highly
complex systems with up to seven stressor groups acting in concert. Across all biological groups
analysed, higher explanatory power of the stress-effect models were discernable only for lakes
under multi-stressor compared to single stressor conditions, but not for rivers, coastal and
transitional waters. It seems that the more dynamic nature of these ecosystems aggravates
significant multi-stressor analysis, adding undesired noise that blurs any meaningful signal.
Lake ecosystems as avatars of limnological research obviously represent favourable objects for
multi-stressor studies.

The response of the various biological groups to multiple stressors was very ambiguous. Across
all aquatic environments, only the explanatory power of fish increased with the number of
stressor groups taken into account. This biological group features highly mobile consumers at
different levels of the aquatic food-chain, inhabiting both benthic and pelagic habitats. This high
niche diversity makes fishes very susceptible to multi-stressor effects. Furthermore, the trait-
based approaches largely applied for this group, i.e. functional attributes characterising complex
habitat conditions, seems to make it especially useful as holistic indicators in multiple stress
situations (Schinegger et al. 2013). The response of benthic flora, including algae and higher
plants attached to the bottom sediments, revealed significantly lower explanatory power when
multiple stressors were included in the analysis. This organism group is specifically sensitive to
nutrient stress and additionally indicative of hydrological stress, including water level changes.
In more complex situations the responses to these primary stressors can be diversified resulting
in decreasing explanatory power.

4.5 Different paradigms in aguatic ecosystems’ research

Our meta-analysis revealed a striking difference in the temporal resolution of data collected in
rivers compared to other aquatic environments: the bulk of river data is collected using single
surveys. An obvious reason for that is the ambiguity of the water body concept for rivers (at
least, compared to lakes), described as a continuum or sequence of individual sections of the
running water (Vannote et al. 1980). Due to rotation of river stations in many monitoring
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schemes, or due to different lengths of river sections studied, fewer time-series for the same sites
are built up. To compensate for the missing time dimension, a large variety of functional
attributes of taxa have been developed addressing feeding type, reproduction biology,
preferences for biocoenotical region, habitat, and flow velocity (e.g. Hering et al. 2004). Metrics
of functional structure were used in 40% of the river studies analysed reflecting the long
tradition, compared to only 8% in lake studies (see also Birk et al. [2012] for a review of metrics
used in ecological status assessment).

The bulk of lake data in the reviewed papers represented time-series of different length up to 85
years (Jeppesen et al. 2012). Leading theories in lake research, e.g. the trophic cascades concept
(Carpenter et al. 1985), the alternative stable states concept (Scheffer et al. 1993), the
phosphorus limitation paradigm (Vollenweider 1968; reviewed by Sterner 2008) or the
microbial loop theory (adopted from marine research; Azam et al. 1983), all concentrate on the
dynamics of fundamental processes. Owing to the available long time-series on lakes extendable
to thousands of years by palaeco-studies of sediments, lakes have recently been recognised as
sentinels and integrators for the climate change effects on watersheds, airsheds and landscapes
(Schindler 2009). Although process parameters reflecting nutrient dynamics, community
metabolism, or food web processes were significantly more often described in lakes compared
to rivers and marine waters, still the majority of ‘dynamic’ metrics was constituted by time-
series of simple structure metrics, while functional structure metrics were least developed for
lakes.

The vast majority of TraC studies reviewed pertain to the last decade (2005-2014) and mostly
address the new methods developed to satisfy the WFD requirements. By nature, TraC waters
range by exposure or connectivity to the world’s ocean, from topographically open systems to
semi-enclosed and enclosed systems (Lindgren & Hékanson 2007), largely defining the water
retention time. Due to this large topographic variability, the conditions in TraC waters range
from highly dynamic — comparable to rivers, to highly stable — comparable to lakes.
Considerable salinity gradients in transitional waters add to the variability of habitat conditions.
Assessment methods addressing multiple stressors in TraC waters are in most cases based on
indices composed of a number of metrics of simple and functional structure.

We could not find studies quantitatively describing multiple stressor effects in groundwater
ecosystems although qualitative studies exist and have been reviewed by Stendera et al. (2012).
The reviewed groundwater studies addressed the abiotic side of groundwater research and were
mostly based on physical models that explain the broadest use of process metrics among aquatic
environments. Functional metrics were represented by soil properties such as pressure and
pathway parameters.

Page 19/24



Author-produced version of the article publisned In Science ot the [otal Environment, 2019, vol. 540, 45-52
The original publication is available at www.sciencedirect.com
Doi : 10.1016/j.scitotenv.2015.06.045

5 Conclusions

The extremely broad problem setting of our review was aiming at describing a status quo in the
quantitative multi-stress research across surface water and groundwater environments and
finding communalities and differences between stressor combinations and response patterns in
these systems. The results corroborated our hypothesis about the similarity of dominating
stressors affecting the various aquatic environments and being represented by broad categories
of pollution (mostly by excess nutrients but also toxins) and hydromorphological modification
of the water bodies. The mostly source based classifications of stressors used in water
management cause a seemingly unlimited (i.e. unmanageable) number of potential stressor
combinations which makes reaching of robust and effective solutions practically impossible. For
understanding the possible impacts, the central questions are how the “stressor field” is
translated into a limited number of biologically sensible signals in different aquatic
environments at species or community levels which we interrogate as indicators of ecological
status. Answering of this question has been hampered, on one hand, by the aspiration
considering as much simultaneous stressors as possible that, if no weighting of the stressors is
done, blurs the general picture. On the other hand, there is a risk of ‘confirming’ linkages on the
basis of very little, and thus poor evidence — even if the relationships in individual studies are
statistically strong, and thus extending them to systems where they may be not valid.
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