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Abstract: Freshwater ecosystems are among the systems most threatened and impacted by
anthropogenic activities, but there is still a lack of knowledge on how this multi-pressure
environment impacts aquatic communities in situ. In Europe, nutrient enrichment and temperature
increase due to global change were identified as the two main pressures on lakes. Therefore, we
investigated how the interaction of these two pressures impacts the community structure of the two
extreme components of lake food webs: phytoplankton and fish. We modelled the relationship
between community components (abundance, composition, size) and environmental conditions,
including these two pressures. Different patterns of response were highlighted. Four metrics
responded to only one pressure and one metric to the additive effect of the two pressures. Two fish
metrics (average body-size and biomass ratio between perch and roach) were impacted by the
interaction of temperature and eutrophication, revealing that the effect of one pressure was
dependent on the magnitude of the second pressure. From a management point of view, it appears
necessary to consider the type and strength of the interactions between pressures when assessing
the sensitivity of communities, otherwise their vulnerability (especially to global change) could be
poorly estimated.

Keywords: global change; nutrients; anthropogenic pressure stressor; interaction; multiple
stressors; lake systems

1. Introduction

Freshwater ecosystems are among the systems most threatened and impacted by anthropogenic
activities [1]. They are characterized by their high biodiversity [2], the erosion of which is considered
to be steeper than that of terrestrial ecosystems [3], which makes them more vulnerable. Aquatic
ecosystems are exposed to numerous anthropogenic stressors, be they physical (i.e., habitat
degradation), chemical, or biological (i.e. invasive species), which interact with global change and
lead to additional perturbations [4-8]. These multiple stressors compromise freshwater biodiversity
and its associated biological functions, and ultimately the services provided by these systems to our
society [9,10].

In Europe, monitoring associated with the implementation of the Water Framework Directive
(WFD; an environmental policy that aims to protect and restore continental aquatic systems) showed
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that numerous aquatic ecosystems are impaired by human activities, with their ecological status
ranging from bad to moderate [4,11]. While the WFD calls for lakes (like all bodies of water) to be in
'good ecological status', the latest evaluation (2nd River Basin Assessment) showed that 45% of lakes
did not reach this status [12]. Unfortunately, in certain hydrographic basins, this percentage may even
reach 100%. The report of the European Environmental Agency [12] emphasized that lakes are
particularly impacted by nutrient enrichments, and also by climate change, more specifically by
temperature increases [4,12,13]. The impact of these two stressors is also the most studied. In their
review based on 219 studies, Noges et al. [10] revealed that 78% dealt with nutrient impacts and 31%
with temperature effects, either solely or jointly.

Nevertheless, although lakes rarely face a single pressure, few studies have looked at the
combined effects of several pressures, and even fewer have examined their interactions. Some results
concerned the cumulative effects of temperature and eutrophication on phytoplankton. Both
pressures affect phytoplankton abundance and composition [14-17]. For instance, Krosten et al. [18]
showed that temperature and nutrients both increase the relative abundance of cyanobacteria.
However, in some cases, related by Richardson et al. [19], this relation can be different, depending on
the lake type (morphological characteristics of the lake). Similarly, Jeppesen et al. [20] observed that
fish community composition changed as a result of these two pressures. Coldwater species were
replaced by warm-water-tolerant species owing to longer warm periods in summer and lower
oxygen concentrations.

In most of these studies, when multi-stressors were considered, their combined effect was
commonly assumed to be additive, i.e., equal to the sum of the individual effects of the stressors
acting in isolation. This additive model is increasingly discussed in ecological systems in terms of
antagonistic and synergistic interactions [4,7,10,21,22]. Stressors can act in synergy when the
combined effect of stressors is greater than the sum of the impacts of individual stressors, whereas
antagonistic interactions occur when the combined effect of stressors is less than expected based on
their individual effects [23]. In situ, temperature and nutrient enrichment interaction is very often
assumed to impact biological communities, but it is rarely quantified or modelled (see Rigosi et al.
[24] for exceptions). This phenomenon is better studied in experimental conditions under which
nutrient concentrations and temperature can be controlled [21,25-27]. Nevertheless, from a
management point of view, the value of a study of this kind could be limited (e.g., the discrepancy
between scales, other factors involved, etc.), and without taking into account these interactions (if
verified), the evaluation of the lake status could be biased (e.g., [28]). In addition, knowledge of these
interactive effects can be useful in the implementation of management plans, with the ecological
benefit resulting from efforts to reduce interactive multi-stressors possibly giving rise to some
‘ecological surprises’ [5,29,30].

The aim of this study was to assess whether: (i) temperature and eutrophication impact various
components (metrics) of the lake community, such as productivity and size structure, (ii) whether
these effects are additive, (iii) or whether they are multiplicative, i.e.,, whether the effect of one
pressure depends on the other pressure. We focused on two biological groups at the two ends of the
trophic chain that are representative of the lake community, are often used in bioindication, and are
studied in multi-stress conditions: phytoplankton and fish [7,10,31-34]. Moreover, a given pressure
could impact each biological element either directly or indirectly through cascade effects along the
trophic chain [17,35-37]. Hence, we could hypothesize similar responses to pressure from both
trophic levels expressed by the increase in primary productivity and, thus, fish productivity with
temperature and nutrients [37-40]. Similarly, we expected change to the community and a negative
relationship between temperature and sizes [35,41-43].

This study was conducted at the macro-ecological scale, on a consistent dataset of 204 French
lakes to ensure large diversity in thermal and trophic conditions. The combined effect of temperature
and eutrophication was studied by comparing three statistical models: one considering only the effect
of lake morphology, a second model considering an additive effect of the two pressures, and a more
complex model considering the interaction between pressures.
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2. Materials and Methods

2.1. Biological Data

The dataset comprised 204 French lakes, 48 natural lakes, and 156 reservoirs, for which biological
and environmental data were available and collected in a standardized manner.

Fish samples were collected according to the Norden gillnet standardized protocol [44] during
the period between July and mid-October. This protocol is based on a randomly stratified sampling
design. Benthic gillnets, 30 m in length, 1.5 m in height, composed of 12 panels with mesh sizes
ranging from 5 to 55 mm knot-to-knot, were randomly distributed in the depth strata of the lakes.
The gillnets were set before sunset and lifted after sunrise to cover peaks of maximal fish activity
[45,46]. All fish caught were identified at the species level, then measured (total length in millimeters)
and weighed (to the nearest gram).

Phytoplankton was collected using a standardized method [47] and processed in laboratory
following the counting process of the European Standard NF15204 [48]. Four sampling campaigns a
year are recommended for each lake: three during the warmer period (between May and October)
and one in late winter. Phytoplankton was collected at the deepest point of the lakes, in the euphotic
part of the water column. Taxa were determined at the species level in the laboratory and their
abundances were weighted by taxa biovolume [49] using standard cell values defined in the software
Phytobs [50], or measured directly from the sample if the values were lacking. Additionally,
chlorophyll-a was collected from the euphotic zone during each sampling event and measured using
the standard methods NF-T 90-117 [49,51,52].

2.2. Biological Characterization

For each sampling occasion, ichthyofauna was characterized by eight metrics related to its
density, by its composition, and by the size of the individuals making up the communities. Density
was estimated by the number of individuals caught per sampling unit effort (expressed in square
meters of nets set during a 12-h night period; CPUE) and the total biomass caught per sampling unit
effort (BPUE). The ratio between the abundance of a predator, the perch (Perca fluviatilis), and the
abundance of a prey, the roach (Rutilus rutilus), was used as a proxy of the trophic equilibrium of the
lakes [53,54]. These two species are very common in French temperate lakes and generally abundant
[55,56]. BPUEs and CPUEs were calculated for both species and their ratios (BPUE_Perch/Roach and
CPUE_Perch/Roach) were computed for all the lakes where the two species occurred. In addition, the
ratio of average perch to roach body size (Average Perch/Roach Body Size) was calculated for each
lake to measure the evolution of ichthyofauna composition. The overall size of the fish community
was assessed by the average size of all the fish caught in the benthic gillnets in a lake. This metric is
useful for comparing the average difference in fish size between communities without differentiating
between the processes behind it (loss of the largest individuals, decrease in the size of all fish, increase
of small species or individuals, etc.) [57,58]. To investigate the processes involved in the change in
size structure, the community size spectra (CSS) were considered [59]. CSS represent a frequency
distribution of individual body sizes across size classes (defined on a log-scale) irrespective of
taxonomy, through a linear regression relating abundances to size classes on log scales. Two metrics
were calculated: the midpoint and the slope of the regression. The midpoint (CSS_Midpoint) value is
an indicator of productivity of the system and determines the level of richness of ecosystems. For
instance, two communities can display the same slope but different midpoints if the one has more
fish than the other [60]. Slope (CSS_Slope) is an indicator of the health of the community [60], for
example, fish overexploitation will reduce the abundance of large fish traduced by a high slope value.

Four metrics relating to density, composition, or size of phytoplankton communities were
considered. Phytoplankton total biomass was surrogated by the concentration of chlorophyll-a (Chl-
a, pg/L) in the euphotic zone. To limit the impact of seasonal variability, the Chl-a concentrations of
the three summer samples were averaged. The composition of phytoplankton was assessed by the
abundances of cyanobacteria and golden alga (Chrysophytes). Cyanobacteria are assumed to benefit
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from warmer temperatures and become dominant in higher nutrient concentrations, whereas
Chrysophyceae are assumed to prefer colder and less eutrophic conditions [41,61-63]. Their
abundances were weighted by taxa biovolume (considered as fixed) in order to calculated their
respective biomass (Cyano_Biovolume and Chryso_Biovolume), and expressed in cubic millimeters
per liter (mm?3/L). We then defined two size classes of phytoplankton, each taxon was classified as
large or small, irrespective of whether the taxon was considered larger or smaller than
microphytoplankton, as defined in the literature [64]. The ratio of the biomasses of large taxa on the
biomasses of small taxa in each lake was then calculated. This metric (phytoplankton size class)
allows us to see, as with ichthyofauna, whether the size structure of the phytoplankton community
is affected by thermal and/or eutrophic stress [41,42,62,65,66].

2.3. Environmental Data

The lakes were characterized by natural environmental variables potentially influencing the
structure of biological assemblages [67,68], i.e., physical/morphological characteristic of their
environment, and by stressors.

The dataset comprised 204 French lakes, 48 natural lakes and 156 reservoirs. This corresponds
to a diversity of lake throughout the French territory with morphological characteristics, ranging
from the plain lake to the mountain lake, from the shallow lake to the deep lake, and very varied in
terms of surface, area, the shape of the lake basin, and mean temperature or trophy level (details of
the calculation of the index below) (Table 1, see Supplementary Materials for more details).

Table 1. Characterization of the environmental variables of the lakes studied.

Environmental Variable Minimum-Maximum Mean (sd)
Altitude (m) 0-2061 404.8 (382.4)

Perimeter (m) 1.5 x10%-1.9 x 105 1.7 x 104 (2.1 x 10%)

Depth (m) 0.3-154.2 12.7 (16.6)

Area (km?) 0,1-577,1 6,1 (40.9)
Volume (m?) 1.3 x 10°-8.9 x 10 5x 108 (6.2 x 10°)

Ig (m/km) 0.1-155.7 8.1 (16.8)

Temperature (°C) 2.9-16.3 11.1 (2.2)

Eutrophication -2.0-3.1 -0.01 (1.1)

In order to limit the multi-collinearity between predictors (thus the redundancy between
physical variables), we ran a principal component analysis. Four variables emerged from this analysis
and characterized lake morphology: the mean depth (Depth, m), the area (Area, km?), the water
volume (Volume, m?), and the overall hill index (Ig, m/km). Ig was calculated from the maximum
depth, perimeter, and area [69,70] that characterizes the shape of the lake basin, according to the

following Equation (1):
Pmax
J, = e M
with
2
Lr=Pzakexwx<1+\[1—(ﬂ) ) 2)
1,128 K¢
and
Plake
Kc = 0,282 X —, 3)

where Pmax is the maximum depth of the lake (m), Plake is its perimeter (km) and Alake its area (km?).

Two stressors were considered: temperature and eutrophication. Because water temperatures
were not available for all the lakes but are strongly correlated with air temperatures [71,72] (R2=0.82),
we used the latter to characterize lake temperatures. To this end we used data from the SAFRAN
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reanalysis [73,74], available at a spatial resolution of 8 km x 8 km. To integrate the difference of
altitude between grid cells and lakes, a correction of 6.5 x 10-* C/m was applied.

Eutrophication was described by three variables: total phosphorous concentration (TP, ug/L),
nitrate concentration (NOs, pg/L) and importance of non-natural land cover in the catchment area
(NNLC, percentage of the total catchment area). Phosphorus values range from 5 ug/L to 464 pg/L,
corresponding to trophic states classified from oligotrophic to hyper-eutrophic [75]. The nutrients
were sampled in the euphotic zone during the four same annual campaigns as for phytoplankton,
according to a standard sampling method. NNLC was defined as the percentage of non-natural areas
in the catchment and derived from the Corine Land Cover database [76]. This encompassed the CLC
categories: (1) artificial territories and (2) agricultural territories (without 23 grasslands) [77]. We
summarized the information of these eutrophication measures in a synthetic index of eutrophication.
First, TP and NOs were log-transformed, NNLC was transformed by the arcsin of the square root,
and then each variable was centered and reduced. The three transformed variables were averaged
and these values were centered and reduced to produce the synthetic index.

All the data used in this study were collected between 2005 and 2017 by research institutes or
water agencies, and centralized in a database by our laboratory.

To reduce the skewness of their distribution we log transformed maximum depth, lake area, lake
volume, Ig, BPUEs, CPUESs, Chl-a, and the biovolumes of cyanobacteria and Chrysophyceae.

2.4. Data Analysis

To assess the significance of the interactions of pressures on biological metrics we defined three
nested linear models related to three hypotheses [78]: (i) no pressure effect, (ii) additive effect of
pressures, and (iii) interaction of pressures (multiplicative effect of pressures). The first model related
the variability of biological metrics to physical variables only, metric ~ depth + area + Volume + Ig
corresponds to the environmental data block (called ‘environment’ in the next formulae); the second
model integrated the physical variables and the variable of pressures in an additive manner, metric
~ environment + temperature + eutrophication; the more complex model integrated the interaction
between temperature and eutrophication, metric ~ environment + temperature + eutrophication +
temperature interacting with eutrophication. The first model assumed that biological metric
variability depends only of the environmental conditions. The second model hypothesizes that the
effect of each pressure is independent of the other. In other words, whatever the level of the second
pressure, the magnitude of response to the first pressure will always be the same. Conversely, the
interaction included in the third model assumed that the effect magnitude of one pressure depends
on the intensity of the second pressure.

The effect of pressures and their behavior (additive or multiplicative) were tested on each fish
and phytoplankton metric by comparing models two by two with ANOVA (F-tests). First, we tested
model 3 vs. model 2, then, if the interaction was not significant, we tested model 2 vs. model 1 to
verify the significance of the pressure effect on the metric variability (F-tests). Once the most
explanatory model was selected, we visually checked whether the linear model assumptions were
verified (i.e.,, homoscedasticity, normality of residuals). Only metrics for which more than 10% of the
variability of the biological metrics was explained were retained.

Finally, because it would have been difficult to forecast from coefficient values, if the interaction
was significant, we looked at its effect in graph form using graph effect display representation [79].
For each graph, we represented how the expected metric values varied along the pressure gradients
by leaving pressure values and fixing the values of the environmental variable to their averages. For
each metric, two sets of graphs were drawn. One graph was compiled by allowing pressure values
vary across their observed range of values, and one graph was drawn by restricting pressures to their
observed combination of values.

3. Results

3.1. Environment and Pressures
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The two metrics describing the pressures were weakly correlated with each other and with the
natural environmental variables (Table 2). Temperature varied between 2.9 °C and 16.3 °C and
eutrophication between —2 (low level of eutrophication) and 3.1 (high level of eutrophication) (Table
1). Not all possible combinations of pressure values were observed (white space in the right lower
part of Figure 1). For instance, no lakes with an index value of eutrophication greater than -0.5 had a
temperature lower than 8 °C, or an eutrophication greater than 1 with a temperature lower than 8 °C.
Finally, only a few were present at a temperature below 6 °C. These limitations of our dataset
conditions will be taken into account in the following interaction analyze of pressure effects on
biological metrics.

Table 2. Pearson correlation of lake characteristics with temperature and eutrophication pressures.

Environmental variable Temperature Eutrophication
Depth (m) -0.22 -0.43
Area (km?) 0.14 -0.21

Volume (m?) -0.01 -0.37
Ig -0.39 -0.41
Temperature (°C) - 0.32
Eutrophication 0.32 -
A
16 .
14 ‘
e
12 .ot O
0 ¢ X D
S0, 2°% o8 ‘s p
= s @
\g- R “
6
4 |
X
T T T —»
-2 -1 0 1 2 3

Eutrophication

Figure 1. Relationship between temperature and eutrophication of lakes.

3.2. Pressure Effects

Of the 12 metrics, four (CSS_Slope, Phytoplankton Size Class, Average Perch/Roach Body Size,
Cyano_Biovolume) were not sufficiently explained by the environmental and pressure variables (R?
<10%) and were not considered further.

One model (CPUE_Perch/Roach) with the only environmental effect, five models (BPUE, CPUE,
CSS_Midpoint, Chl-a, Chryso_Biovolume) with an additive effect of pressure and two models
(Average Fish Body Size, BPUE_Perch/Roach) with a significant interaction of pressures were
selected (Table 3).
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Table 3. : Model comparisons two by two (ANOVA) with the final model selected and its associated
adjusted R? (- if the R? was lower than 0.1). F-test results: *** p <0.001, ** p <0.01 and * p <0.05. BPUE,
biomass caught per sampling unit effort; CPUE, catch per sampling unit effort; CSS, community size
spectra; Chl-a, chlorophyll-a; Cyano, cyanobacteria; Chryso, Chrysophyceae.

Metric Model 2 vs. Model 3 Model 1 vs. Model 2  Selected model R?
BPUE F1,196 = 1.06 F1107=11.86 *** Model 2 0.47
CPUE Fi1,196 = 0.88 Fi,197 =10.67 *** Model 2 0.32
BPUE_Perch/Roach Fi,174 = 6.69 ** Fii7s=1.11 Model 3 0.22
CPUE_Perch/Roach F1174=2.58 F1175=0.70 Model 1 0.15
Average Perch/Roach Body-Size Fi174=0.27 Fr175=091 - 0
Average Fish Body Size F1106 = 8.30 ** F1107=5.72** Model 3 0.12
CSS_Midpoint Fr196=0 Fri97=4.40 * Model 2 0.26
CSS_Slope F1,196 =0.35 F1197=0.02 - 0.04
Chl-a F1,196=0.19 F1107 =20.32 *** Model 2 0.41
Cyano_Biovolume F1196 =2.06 F1197=1.60 - 0.09
Chryso_Biovolume F1,196 = 0.28 F1,197 =9.90 *** Model 2 0.10
Phytoplankton size class F1,196 = 0.27 F1,197=4.57 * - 0.07

When an additive effect of pressure was significant, eutrophication was always positively
related to the metric values (positive coefficient; Table 4), with the exception of Chryso_Biovolume,
which decreased with eutrophication (Table 4). Fish metrics influenced only by eutrophication
pressure were BPUE and CSS_Midpoint. The R? value indicated that the models explained 47% and
26% of variability, respectively. When the eutrophication index was removed from these models, the
explained variance decreased by 6% and 3%. Metrics of phytoplankton influenced only by
eutrophication were Chl-a and Chryso_Biovolume, with explained variances of 41% and 10%,
respectively. Compared with the environmental model (model 1), including the eutrophication index,
the explained variability increased by 11% and 8%, respectively. Fish CPUE was the only metric
significantly influenced by the additive effect of the two pressures considered and with positive
relationships. The model explained 32% of the variability of the metric (Table 3) and 7% of the
variance was explained only by the combined effect of pressures.

Table 4. : Model coefficient (positive + or negative —) of pressure (temperature, eutrophication and
interaction) for biological metrics selected. Bold: the impact of pressure or interaction on metric is

significant.
Metric Temperature Eutrophication Interaction
BPUE +0.03 +0.14 No interaction
CPUE +0.06 +0.22 No interaction
BPUE_Perch/Roach -0.17 +1.91 -0.16
Average Fish Body-Size —-0.43 -50.56 +4.04
CSS_Midpoint +0.04 +0.13 No interaction
Chl-a +0.05 +0.43 No interaction
Chryso_Biovolume +0.06 -0.90 No interaction

3.3. Interaction of Pressures

A significant negative effect of the interaction between eutrophication and temperature was
measured on the BPUE_Perch/Roach metric, but a positive effect of the interaction between these two
pressures was measured on the Average Fish Body Size metric. In these models, BPUE_Perch/Roach
was negatively related to temperature and positively to eutrophication. Average Fish Body Size was
negatively related to both temperature and eutrophication (Table 4). The interactive models
explained 22% and 12% of the variability of the BPUE_Perch/Roach and Average Fish Body Size
metrics, respectively. Compared with the R? value of the additive model (19% and 9%), the gain in
explained variability relative to the interaction model represented an increase of 3% for both.
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The interaction effects between temperature and eutrophication on BPUE_Perch/Roach and
Average Fish Body Size metrics were assessed graphically (Figure 2, Figure 3). In the case of
BPUE_Perch/Roach, we observed an interval of values approximately three times lower at low levels
of eutrophication than at high levels, which means a higher effect of temperature at high
eutrophication levels (Figure 2b). This corresponds to a small increase in BPUE_Perch/Roach with
temperature for low levels of eutrophication and a large decrease with temperature at high levels of
eutrophication. At low temperatures (<10-12 °C) we observed higher BPUE_Perch/Roach values than
at higher temperatures (Figure 2c), which is accompanied by an increase in the metric with
eutrophication at low temperatures and a decrease at high temperatures.

By looking at the interaction only on the combination of pressure values observed in lakes, the
magnitude of response was limited (Figure 2d). We saw a small increase in the ratio of temperature
to the low level of eutrophication (Figure 2e) and a significant decrease with the temperature for high
levels of eutrophication (Figure 2f), reaching lower ratio values than at low temperatures. The high
values of the BPUE_Perch/Roach ratio visible on the full model (Figure 2a) at low temperature-high
eutrophication were not visible with the in situ pressure values (Figure 2d).

a b [d

-

16
14

Temperature (°C)

N

BPUE_Perch/Roach

R

16
14

Temperature (°C)

\
e

BPUE_Perch/Roach

-2 -l 0 1 2 3 -2

0 2 5
Eutrophication Eutrophication

10 15
Temperature (°C)

Figure 2. Effect of interaction between average temperature and eutrophication level on
BPUE_Perch/Roach metric (log) when considering all possible combinations of pressures (a—c), or
when considering only the observed combination of pressures (see Figure 1) (d—f). (a,d) Low
theoretical values are represented in blue and high theoretical values in red.

When temperature increased, Average Fish Body Size decreased at low eutrophication levels,
and increased strongly at high levels of eutrophication (Figure 3b). We observed higher Average Fish
Body Size at low eutrophication, whereas we observed the lowest values in high eutrophication and
low temperature conditions. At low temperatures (2-12 °C), body size varied widely with
eutrophication and the highest values were observed when eutrophication was low (Figure 3c).
Conversely, when temperatures were high (12-17 °C), the highest values of fish body size were
measured when eutrophication was significant. Average Fish Body Size decreased with
eutrophication at low temperatures and increased with eutrophication at high temperatures.

When analysis was limited to the pressure values observed, we essentially detected an increase
in size with eutrophication for high temperatures (>13 °C) (Figure 3e) and a decrease in body size
with temperature for low levels of eutrophication (Figure 3f). Compared with Figure 3a, the
amplitude of body size in response to pressure conditions was reduced. The lowest values associated
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with an increase in temperature at low eutrophication were not observed with the observed pressure
values (Figure 3d).

a b

Temperature (°C)
Average Fish Body-Size

o
@

15 / \\ °
—~ o]
¥ | I
S =)
[
El ’ &
o .
£ I N
f \ g
g
E3
5]
] A I N Y
-2 -1 0 1 2 3 -2 0 2 5 10 15
Eutrophication Eutrophication Temperature (°C)

Figure 3. Effect of interaction between average temperature and eutrophication level on Average Fish
Body Size when considering all possible combinations of pressures (a-c), or when considering only
the observed combination of pressures (see Figure 1) (d—f). (a,d) Low theoretical values are in blue
and high theoretical values in red.

4. Discussion

The objective of our study was to assess the interactive effect of temperature and eutrophication
on the structure of fish and phytoplankton communities. Among the twelve pressure/impact models
developed, an additive effect and an interactive effect were detected for, respectively one and two
fish metrics, while most of the models reveal a significant effect of one stressor.

The impact of eutrophication on biological communities has long been observed [41]. For
example, the effects of phosphorus loadings on primary production have largely been described in
the scientific literature [80-82]. Algal blooms in response to eutrophication are also well-documented
[83], as well as the changes in community structure [34,42,66,84,85]. The impact of temperature has
been explored in detail, and is often still studied, especially since climate change has become evident
[86]. The effect of an increase in temperature could be manifold and complex (see, for instance, Keller
[87] and Richardson et al. [19]), but many authors agree on an increase in productivity [38,88,89] or
on a decrease in ectothermal size [57,90,91]. Most of our results are in accordance with these
observations. Fish density expressed in occurrence (CPUE) was shown to be positively correlated
with an increase in both temperature and eutrophication. Similarly, the biomass of fish per capture
effort (BPUE) and Chl-a were positively related to nutrient enrichment. This increasing productivity
of phytoplankton and fish with eutrophication [36,38,92] is generally associated with the shift in
community composition and structure [35], which is also observed in our case, through the ratio of
perch vs. roach biomasses and Chrysophytes biomass. The biomass of Chrysophytes was shown to
decrease when eutrophication increases, which is consistent with our hypothesis and previous results
[34,35,85].

Of the two metrics related to CSS, slope and midpoints, only the latter was shown to increase
with eutrophication. Finally, four metrics for which response to eutrophication and/or temperature
were expected, were not explained by our models: CSS_Slope, Phytoplankton Size Class, Average
Perch/Roach Body Size, and Cyano_Biovolume. The absence of impact of the stressors can be
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attributed to sampling protocol (reduction of the size range variability by gillnet selectivity for fish)
and to size assessment for phytoplankton (very simplified and coarse) [41,42,66]. In addition, the high
temporal and spatial variability of the abundance of cyanobacteria is a limit to this type of analysis
[93,94].

In addition to the effect of pressures, we saw the significant proportion of model variability
explained by the environmental characteristics of lakes confirming previous results and patterns
when focusing on pressures [67,68].

More interestingly, two metrics were sensitive to the interaction of temperature and
eutrophication: BPUE ratio between perch and roach and average community size. The interaction of
these two pressures on the BPUE ratio between perch and roach highlighted the role played by
temperature on the magnitude of this relationship. This was even more evident when graph effect
displays were represented only on the observed range of values of these pressures (Figure 2d-f). The
slope of the relation between eutrophication and BPUE ratio increased as the temperature increased
(especially between 12 and 16 degrees). When all possible combinations of the pressures (Figure 2a—
c) are used to visualize the estimated effect of each pressure (taking into account the second pressure
due to the interaction between the two), some unexpected relationship may appear: for instance, a
positive relationship between the ratio of perch/roach biomasses and nutrient enrichment for cold
lakes (see Figure 2b). This is probably due to deep extrapolations for non-observed pressure
conditions. Unlike an experimental design, for which environmental conditions are controlled and a
perfect crossover of pressures can be used, the cold lakes in our dataset were mainly oligotrophic.
Eutrophic lakes were predominantly observed under cool and warm conditions (Figure 1). However,
interactive effects of temperature and nutrients on community dynamics are very often studied and
observed on phytoplankton [37,84,85], but poorly tested for fish.

The relationship between fish size and temperature has been well studied, especially in the
context of global warming (e.g., [57]). The significant interaction between eutrophication and
temperature suggested that the magnitude as well as the sign of the relationship between
temperature and average community size depends on trophic level. In oligotrophic conditions,
community size was estimated to decrease along thermal gradients. This pattern has already been
observed for fish [57,91], especially in lakes [95]. Ectothermal individuals could be smaller in warmer
conditions, according to the temperature size rule theory [90], and/or smaller species could be
preferentially selected as temperature increases [57,91]. With nutrient enrichment, the model
predicted that average community size would increase with temperature, which is contradictory to
the theory prediction. Nonetheless, fish in fisheries would grow faster and larger when the
temperature increases, but when they are fed ad libitum [96]. This could also be explained by a more
efficient trophic transfer and more available resources amplified through the trophic level with
warming, as predicted by metabolic theory in nutrient-replete systems [97].

The fact that some components of community structure are impacted by different pressures and,
in particular, their interaction should provide water managers with strong insight. Until recently in
Europe, water managers mainly focused on pressure—impact relationships through multi-metric
indices [98,99] to assess the ecological status of lakes [100,101] owing to the WED. Such interaction
could influence the scoring values of metrics, then metric index values and ecological assessment, but
Miguet et al. [28] evaluated it at a small deviation. More recently, rather than focusing on ecological
status, which is a current evaluation, some authors have worked on the vulnerability of lake
ecosystems (e.g. [102]). This concept was designed around three components—sensitivity (the degree
to which communities are affected, either adversely or beneficially, by pressure), exposure (contact
between communities and stressors) and capacity to adapt (the ability of communities to adjust to
potential hazards, to take advantage of opportunities or to respond to consequences) [103] —and
seems very interesting for anticipating/forecasting lakes that will suffer from global warming.
Addressing the vulnerability of communities to multiple stressors appears necessary in order to
prevent future alterations in aquatic ecosystems by prioritizing the protection of the most vulnerable
structures [104,105]. Our study shows that the sensitivity of communities is modulated both by the
level of exposure to pressures and by the coupling of these pressures. If the interaction of pressures
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is seen as an additive effect, while multiple interactions could occur [7], then the sensitivity of the
communities might be inconsistently evaluated, since the actual effect of a pressure would be related
to the level of the other pressures. Thus, by ignoring interaction, there is a risk of an unexpected
ecological effect by underestimating the effect of pressure, or even concluding that an effect in the
opposite direction depends on the exposure level to another pressure [5,6]. This could lead to the
adoption of an inappropriate strategy to manage lakes or to not prioritizing management actions for
lakes that could actually be much more vulnerable than expected. With the increase of stress on
freshwater ecosystems such as lakes, it will be necessary to pursue our monitoring on these systems
to study their combined effects with global change and how this will impact aquatic communities
[7,106].

To conclude, we highlight in situ interactive effects of eutrophication and temperature on lake
fish communities. Therefore, in light of these unexpected effects, future management plans should
consider the type and strength of interactions in order to avoid underestimating the vulnerability of
these environments [105,107]. Finally, a consideration of pressure interaction in the study of
environmental vulnerability could help to identify priorities for action to conserve and restore aquatic
environments.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/12/3/779/s1, Table
S1: Linear Model Coefficients of biological metrics, Table S2: Environmental characteristic of the 204 lakes in the
dataset.
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