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Abstract

In aquatic ecosystems, excessive nutrient loading is a global problem that can induce regime shifts from
macrophyte- to phytoplankton-dominated states with severe consequences for ecosystem functions. Most
agricultural landscapes are sites of nutrient and pesticide loading, which can interact with other stressors (e.g.,
warming) in additive, antagonistic, synergistic or reversed forms. The effects of multiple stressors on the
resilience of macrophyte-dominated states and on critical thresholds for regime shifts are, however, unknown.
We test the effects of individual and combined stressors of warming, nitrate, and various pesticides typically
found in agricultural run-off (ARO) on the growth of macrophytes, periphyton, and phytoplankton in
microcosms. We applied a one-level replicated design to test whether ARO induces a regime shift and a
multifactorial dose—-response design to model stressor thresholds and disentangle stressor interactions along
a gradient. The individual stressors did not induce a regime shift, but the full ARO did. Nitrate and pesticides
acted synergistically, inducing a shift with increasing phytoplankton biomass and decreasing macrophyte
biomass. Warming amplified this effect and lowered critical thresholds for regime shifts. Shallow aquatic
ecosystems in agricultural landscapes affected by global warming thus increasingly risk shifting to a turbid,
phytoplankton-dominated state, and negatively impacting ecosystem service provisioning. Multiple stressor

interactions must be considered when defining safe operating spaces for aquatic systems.
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1. Introduction

In recent decades, the quantity and magnitude of co-occurring anthropogenic stressors on aquatic
ecosystems have increased, particularly in agricultural landscapes (e.g., Schinegger et al., 2012).
High nutrient loading from agriculture is the most widely occurring anthropogenic stressor (Ricker
et al., 2019) and often co-occurs with a variety of pesticides (Halbach et al., 2021; Wijewardene et
al., 2021). A recent meta-analysis reports that more than two-thirds of aquatic freshwater systems
suffer from high nutrient loading, and co-occur with toxic pollution in 10-15% of cases (Ndges et al.,
2016). These stressors can interact in complex ways, resulting in additive (the sum of individual
stressor effects), antagonistic (combined effect lower than sum of individual stressor effects),
synergistic (combined effect higher than the sum of individual stressor effects) or even reversed
(change in effect direction) effects (Cété et al., 2016; Jackson et al., 2016). However, interaction
patterns may vary along stressor types, stressor gradients and ecosystem complexity (C6té et al.,
2016). Non-linear responses along gradients of stressors are the rule rather than the exception in
ecosystems (Wagenhoff et al., 2011). The non-linear nature of several ecosystem responses further
complicates the definition of related ecological thresholds. Threshold values are needed to compare
interacting stressor effects and to define safe-operating-spaces for improved management (Pirotta

et al., 2022; Scheffer et al., 2015).

Prominent examples for non-linear ecosystem dynamics are regime shifts from macrophyte-
dominated to phytoplankton-dominated states in shallow aquatic lakes and ponds along gradients of
nutrient loading (Scheffer et al., 1993). Shallow aquatic ecosystems are abundant across systems
and biomes (Cael et al., 2017; Verpoorter et al., 2014), and provide important ecosystem functions
and services (Hilt et al., 2017; Janssen et al., 2021). When critical nutrient threshold levels are
exceeded, phytoplankton or periphyton shade out macrophytes (Olsen et al., 2015; Phillips et al.,
2016). Combined with pesticides, nutrients loadings can still lead to phytoplankton blooms (Allen et
al. 2021) and thus potentially induce regime shifts. Yet it remains unclear how the combined
stressors in agricultural run-off interact and if the presence of pesticides maodifies the threshold of

nutrient induced regime shifts.
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In addition to local stressors including agricultural run-off, elevated water temperatures caused by
global warming, both long-term gradual increase as well as heatwaves, challenge our ecosystems
more frequently, in future (Woolway et al., 2021). While higher temperatures generally increase the
overall metabolism of organisms and lead to elevated growth or abundance, species differ in their
optimal temperature ranges (Hansson et al., 2020; Odum et al., 1979). In shallow aquatic systems,
phytoplankton dominance, and particularly cyanobacteria blooms, are projected to increase with
rising temperatures (J6hnk et al., 2008; Mooij et al., 2007; Paerl and Huisman, 2008). In general,
global warming and eutrophication in freshwaters may mutually reinforce their effects (Moss et al.,
2011). Furthermore, in combination with toxic stressors, warming can dampen the effect of these
toxic stressors on algae (Chalifour and Juneau, 2011; Larras et al., 2013) and may shift the critical
effect thresholds for herbicides. When combined with nutrient loading as presumably antagonistic
stressor, elevated temperature may decrease the effect of one of the two stressors, and may lower

the threshold for the stressor mixture.

Thresholds in non-linear systems such as regime shifts can be quantified by testing the response
along a gradient of stressors, as recommended by Kreyling et al. (2018) even at the cost of further
replication. Replicated approaches with fewer concentration levels neglect non-linear responses and
hardly enable modelling of critical thresholds. In this study, we combined both approaches (replicated
vs gradient design) to investigate whether warming modifies the critical thresholds for regime shifts
between the dominance of different primary producers (macrophytes, phytoplankton, and
periphyton) induced by multiple agricultural stressors. We built on previous experiments of Allen et
al. (2021), who were testing the effects of agricultural run-off and warming on complex food web
interactions including primary producers and consumers. Here we conducted two microcosm (8L)
experiments simulating the primary producer level of typical fishless shallow freshwater ecosystems
in agricultural landscapes. In a replicated approach, we compared controls with one level of mixed
compounds representing agricultural run-off. In a multi-factorial gradient design we determined
thresholds for regime shifts and tested the effect of warming on these thresholds. Additionally,

stressor interactions were classified.
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We hypothesized that 1) combined stressors (nitrate and a representative pesticide mixture) induce
shifts from macrophyte- to phytoplankton- dominance, 2) elevated temperature lowers critical
thresholds for multiple stressor-induced regime shifts, 3) co-occuring stressors (pesticides, nitrate,
and elevated temperature) amplify the mechanisms causing regime shifts and result in synergistic

stressor interactions.

2. Material and Methods

Two experiments were performed (Figure 1). The first experiment focused on the first hypothesis:
combined stressors representative for agricultural run-off (ARO) induce regime shifts. The second
experiment was performed to disentangle the relevance of individual stressors, to identify stressor
patterns and to enable modelling of thresholds. This experiment had a more complex design and
partly used a gradient approach on costs of replicates. Both experiments were performed with a

comparable microcosm setup, based on Allen et al. (2021).

2.1 Microcosms

Microcosms (8 L, cylindrical glass vases, diameter: 25 cm, height: 40 cm) were set up with three
macrophyte species typical for shallow aguatic ecosystems, Potamogeton perfoliatus, Myriophyllum
spicatum, and Elodea nuttallii, as well as planktonic and benthic microalgal species. Algae species
used in the replicated experiment were sampled from local ponds and streams. Cultured algae were
used for the gradient experiment to further reduce impacts of external factors and increase
reproducibility. Potamogeton perfoliatus was collected from the Spree River near Monchwinkel
(Brandenburg, Germany). Myriophyllum spicatum was collected from a pond at the campus of
Ludwig Maximilian University of Munich (LMU) in Martinsried—Planegg (Bavaria, Germany), and
Elodea nuttallii was collected from a private pond (Bavaria, Germany) for the gradient and in

Goitzsche Lake (Sachsen-Anhalt, Germany) for the replicated experiment.

In the replicated experiment, planktonic algae communities from local ponds were used amounting
to a volume of 1x10® um3 mL* per microcosm. Benthic communities were sampled from a nearby
stream (2 cm2 of stones per microcosm). In the gradient experiment cultured algae were used: Four
preferably planktonic algae species (Chroococcus minutus, Anabaena PCC7120, Desmodesmus

subspicatus, Scenedesmus obliquus) and five preferably benthic algae species (Komvophoron sp,
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Uronema confervicolum, Oedogonium sp., Nitzschia palea, Gomphonema parvulum) were grown
individually in enriched (0.5x stock solution of WC medium) Volvic© mineral water (Danone Waters
Deutschland GmbH, Germany) and were mixed in equal shares, amounting to 1x10° um3 mL* each

for planktonic and benthic algal cells as inoculum for the microcosms.

The sediment was prepared based on the OECD guideline 239 Water—Sediment Myriophyllum
spicatum Toxicity Test (OECD, 2014). In short, we mixed 73.5% quartz sand (0.1-0.3 mm, Schicker
Mineral, Germany), 20% Kaolin (Imerys, France), 5% peat (<1 mm, Klasmann—-Deilman GmbH,
Germany), 1% nettle powder obtained from a local field site presumably not affected by pesticides,
and 0.5% CaCOs; (Sigma-Aldric). Approximately 380 g sediment was prepared for each microcosm
and placed in a glass bowl insert. The sediment was overlaid with a 2 cm quartz sand layer, watered

with Volvic© water and placed in the dark for three days to give the sediment time to settle.

Apical macrophyte stems were cut at 10 cm lengths, and two stems per species were planted in the
prepared sediment for each microcosm. Frosted polypropylene plastic strips (GBC, England) from
the sediment up to the water surface provided a surface for periphyton development. The
microcosms were filled with 8 L of Volvic© mineral water, and glass pipettes were inserted as outflow

for aeration.

The microcosms were placed under LED light (mean 70 + 12 pmol m2 s, Model C65 100 mA 5730,
Valoya Oy, Finland) in a temperature-controlled laboratory at 16:8h light:dark cycle and the lower
half of each microcosm was wrapped in dark foil to limit horizontal light input. The room temperature
was set to 22 £ 0.5 °C. For the second experiment, microcosms undergoing temperature treatment
were placed on 80-W heating mats (AccuLux, Germany) and controlled via a temperature-
responsive dc outlet set to 26 + 0.2°C (Shenzhen Inkbird Technology, China), which prevented

overheating of the microcosms
2.2. Treatment setup in the replicated experiment

In the replicated experiment a mixture of terbuthylazine, pirimicarb, tebuconazole, CuSO,4, and KNOs
(all manufactured by Sigma-Aldrich, USA), representing agricultural run-off (ARO) was added
(similar to the approach used in Allen et al. (2021), see Figure 1): The pesticides, including copper

sulphate, were selected as representatives of their respective pesticide group and are commonly

5



142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

Polst et al. 2022

found in agriculturally impacted aquatic ecosystems (Halbach et al., 2021; Lefrancq et al., 2017,
Wijewardene et al., 2021): herbicide (terbuthylazine), insecticide (pirimicarb), and fungicide
(tebuconazole). Nitrate was selected for the nutrient treatment due to the high relevance in aquatic
ecosystems nearby agricultural sites (e.g. James et al., 2005; Xu et al., 2014). The three organic
pesticides were dissolved in dimethylsulfoxid (Sigma-Aldrich, USA; final concentration <0.01%); the
other two components were dissolved in MilliQ water. One dose of this ARO mixture (3 pg L*
Terbuthylazine, 15 pg L Pirimicarb, 90 pug L* Tebuconazole, 42 ug L* Copper, 9000 ug L N as
Nitrate; Sl Tablel: Concentration C8) was compared to the control, both at a temperature of 22 °C.

Replicates (n = 4) were used to account for variability.
2.3 Treatment setup of the gradient experiment

In the gradient experiment a multi-factorial dose—response design was used: treatments were tested
individually and in combination (see Figure 1 & Sl Table 1). Additionally, a dose—response design
with a gradient of the respective chemical treatments was applied after validating consistent
responses in the microcosms of the first experiment. The control was replicated (n = 5) to enable
comparison with the first experiment while the actual treatments were stretched over a gradient in
an enrichment factor of 2 (n = 1 per concentration). Six different ARO components or their mixture
were tested at five different concentrations. Concentrations ranged from relative enrichment factor 1
(C1) to concentrations at a relative enrichment factor 16 (C16; Sl Table 1) following a geometric
progression in their relative enrichment factor (REF). Five control microcosms each, at ambient and
elevated temperatures, were randomly distributed between treated microcosms. The chemicals were
prepared and applied the same way as in the first experiment. The increase of +4°C in the heated
microcosm refers to predicted climate-change-related temperature increases during heat waves.

(Woolway et al., 2021).
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Figure 1: Design of our study: The replicated experiment tested a control (n=4) and one treatment level of agricultural run-
off (ARO) (n = 4) containing nutrients and a mixture of pesticides (copper, terbuthylazine, pirimicarb, tebuconazole). The
gradient experiment used two treatments at 22°C (control, n = 5) and 26°C (temperature, n =5) without chemical
contamination. Nitrate (NOs), copper and terbuthylazine as well as a pesticide mixture were tested individually and in
combination (ARO) along a gradient of five concentrations (n = 1). For details see Sl Table 1.

2.4 Timeline of the experiments

The microcosms were filled with 8 L of Volvic© water, directly inoculated with the planktonic and
benthic algae, and given two days to acclimate to experimental conditions. The glass inserts with
sediment and macrophytes were placed in the microcosms and given three days to acclimate before
the treatments (addition of chemical stressors and warming) were applied. A low dose of
macronutrients (224 pug L N as KNOgs, 31 pug L? as KH.PO,) was added thrice a week, and
evaporated water was replaced with distilled water. Temperature was measured daily, pH-value was
measured once a week. In the replicated experiment light availability at the bottom of the experiment
was monitored during the experiment using data loggers (HoBo light logger, Onset Computer
Corporation, USA). Samples for pigment analysis of phytoplankton communities were taken weekly
(replicated experiment) resp. biweekly (gradient experiment). The replicated and the gradient
experiments lasted for four and six weeks after the start of treatment exposure, respectively. At the

end of both experiments macrophytes and periphyton were sampled.

2.5 Biomass of primary producers

7
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Phytoplankton samples were filtered (0.7 um glass-fibre filters, Labsolute, Germany) for dry weight
and pigment analysis (see Sl). For phytoplankton chlorophyll a was preferred as a surrogate of
biomass for phytoplankton due to the possibility of resuspended detritus from the microcosm bottom
when handling the microcosm for sampling. At the end of both experiments, individual macrophyte
species were collected separately. Macrophytes were dried at 55°C for 48 h and weighed thus
obtaining their biomass. Periphyton was brushed off the plastic strips (135 cm?) using toothbrushes
and resuspended in 100 mL Volvic© mineral water. Periphyton suspensions were then filtered
(0.7 um Microfiber, Labsolute, Germany) for dry weight (55°C for 24 h) and pigment analysis (see
Sl). For further analysis periphyton dry weight was chosen to attribute for the biofilm matrix and its

contribution to possible shading effects on macrophytes.
2.6 Pesticide and nutrient analyses

In the replicated experiment, water samples were taken to determine the real concentrations of
pesticides at the start and the end of the experiment after four weeks. In the gradient experiment,
water samples were taken one hour after addition, and then two, four and six weeks later. Samples
were filtered (0.2 um cellulose acetate filter, Labsolute, Germany) and either frozen until further
analysis at -20°C (pesticides) or measured directly (nutrients). Pesticides were measured with an
LTQ-OrbiTrap (see SI; Thermo Scientific, USA). Dissolved inorganic nutrients (PO4>, NOs, NHs, NH4"
) sampled at the start and the end of the experiments were measured according to DIN-EN-26777
(1993), DIN-EN-1SO 13395 (1996) and DIN-EN-ISO-6878 (2004). Copper samples were measured

according to Vijayaraj et al. (2022a).
2.7 Statistical evaluation

For statistical analysis of the replicated treatments, t-tests were used for comparing biomass data.
Effect sizes were used in both experiments for comparison of the strength and directionality of the
response to the different stressors. The total dry weight (all macrophyte species accumulated;
periphyton) and phytoplankton chlorophyll a (chl a) at its peak concentration during the experiment
was used to calculate effect sizes in the replicated experiment. The same analysis was performed
for the second experiment. Additionally effect sizes based on dry weight for the individual
macrophyte species and for periphyton were calculated. In both experiments the effect sizes were

8
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calculated as Glass’s delta (Fritz et al., 2012; Glass, 1976). Due to our dose-response design in the
second experiment, there was no standard deviation for the single treatments along the gradient
(n = 1), but for the control treatments (n=5). Making use of the standard deviation from the control
treatment enabled effect size statistics according to Glass (1976). Glass’s delta substitutes the non-
existing standard deviation of the non-control treatments by the standard deviation of the control
treatment and leads to more robust results. This approach is backed by low variability in results
obtained from the first experiment (coefficient of variation of effect sizes in the ARO treatment ~0.15
for macrophytes and phytoplankton, see Figure 2). The mean of the control treatment (Mcontrol), itS
standard deviation (SDcontro) @and the single data value of the respective treatment (Mr) were

considered in the equation:

My — M,
Glass's A = —L —control

S Dcontrol

An effect size Glass’s A of 1 indicates a positive effect equivalent to the size of the standard deviation
of the control treatment, and visa-versa for a negative effect (A = -1). Effect sizes between 1 and -1
were within the standard deviation of the control treatment data, and therefore these data points
show no effect by definition. Values higher than 1 indicate an effect that is more than one standard
deviation greater than the control treatment. Vice versa, a value lower than -1 indicates an effect that
is more than one standard deviation lower than the control treatment. For this study, effect sizes
equal or higher 1 were considered as positive effect, effect sizes equal or lower than -1 were
considered as negative effect. This is considered to be a conservative approach compared to
common effect-size assessments using lower limits (e.g. 0.5 for medium effects; Sawilowsky, 2009).
This approach was further supported by one-sample t-tests comparing the individual biomass data
of each treatment to the ones of the replicated controls. We considered a “shift” from macrophyte-
to phytoplankton-dominance as having occurred when the effect size of accumulated macrophyte
dry weight was less than or equal to -1 and the effect size for phytoplankton biomass was greater
than or equal to 1 at the same time, meaning that both compartments showed a clear but contrasting
effect in their biomass data (final dry weight for macrophytes and periphyton, peak chl a for

phytoplankton to account for delayed effects).
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In the gradient study, the statistical power derives from the distribution of samples along
concentrations in combination with a modelling approach: Effective concentrations of selected
percentiles, e.g. the effective concentration for 50% quantile (EC50), and their error margin, e.g. the
standard error, can be modelled and used to compare thresholds in a statistical valid way. Threshold
values allow for quantification and further comparison of the observed effects along the gradient. To
derive these threshold values, dose—response curves were fitted based on the four-parametric log-
logistic models using the drc package (v3.0-1, Ritz et al. (2015)) for R (R Core Team, 2020) for the
biomass data (dry weight for macrophytes and periphyton; peak chlorophyll a for phytoplankton). To
allow for relative comparison of these values we fixed the upper and lower limits of the four-
parametric models to the observed carrying capacity of our microcosms: the mean of the control
treatment as well as the highest (phytoplankton) and lowest (macrophytes) biomass values observed
in our experiment across all treatments (see Table Sl 6). For comparison of thresholds between
treatments, we choose the EC50-values as a robust descriptor of the response. The modelled EC50-

values were tested for significant differences using the drc package (Ritz et al., 2015).

While the biomass of macrophytes and periphyton at the end of the experiment were used for
correlation analysis, the peak phytoplankton biomass represented as chlorophyll a from the three
time points during the experiment was used. Correlation tests (Pearson’s r) were performed using
the statistical software R (R Core Team, 2020) to indicate possible interactions between the primary

producers, e.g. shading.

To identify and compare stressor interactions for different treatments, concentrations, and
phototrophic compartments (macrophytes, phytoplankton, periphyton), stressor interaction types
were classified by comparing additive stressor effects (calculated effects based on individual stressor
effects) and the observed combined stressor effects. Effect size data from the second experiment
were used to compare the calculated stressor addition with the observed stressor effects: to account
for uncertainty due to methodological errors and background noise, we use a conservative approach
considering a = 10% margin of the higher absolute value of both stressors. If the difference between
the calculated and observed stressor effects was within this range, we classified the interaction

pattern as an additive effect. Outside of this range, three types of non-additive stressor interactions

10
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were assigned according to Coté et al. (2016) and Jackson et al. (2016): antagonistic (combined
effect lower than sum of individual stressor effects), synergistic (combined effect higher than sum of

individual stressor effects), or reversed interactions (change in effect direction).

3. Results

3.1. Physico-chemical parameters

Nitrate was within the nominal concentrations of the treatments at the beginning of both experiments
(1 h after start) and depleted along with the concentrations of other nutrients during the experiments
(see Sl Figure 1). In the replicate experiment, organic pesticide and nutrient concentrations were
slightly above (~110%) the nominal concentrations at the start of the experiment while they were
slightly below (~80%) nominal concentrations in the gradient experiment and decreased throughout
both experiments. At the end of the replicate experiment (after four weeks), approximately 50% of
Terbuthylazine, 25% of Pirimicarb and 60% of Tebuconazole were still present, whereas only
approximately 10% of the pesticides were present at the end of the gradient experiment after six
weeks (see Sl Figure 2). Copper values reached approximately 50% of the nominal concentrations
at the start of the experiment. The pH-value ranged between 8 and 9 with small treatment-related
differences in the gradient experiment only. Throughout the experiments, water temperature stayed
within £ 0.5°C of the desired value for both temperature treatments. Light measured at the bottom of
the microcosm in the replicated experiment shows higher light availability in the control (e.g. 22 umol
s m2 resp. ~30% of surface light at day 15) compared to the ARO treatment (e.g. 8 pmol s m

resp. 11% of surface light at day 15).
3.2. Effects of the agricultural run-off mixture in the replicate experiment

Macrophyte biomass (dry weight) was significantly lower in the ARO treatment (227 £ 176 mg)
compared to the control (1315 + 487 mg) (p <0.001, Figure 2). Their effect size averaged at -
2.5 £ 0.4. Phytoplankton showed a significant increase in the ARO treatment (633 + 80 ug L™ chl a)
compared to the controls (9 + 10.5 pg L chl a) with an effect size up to 75 (p <0.001, Figure 2). No
significant unidirectional response of periphyton was observed. Periphyton effect size values ranged

from -2.8 to 4.4 (Figure 2), showing clear effects (effect size >1 resp. A<-1) in the individual

11
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298  microcosms but not when averaged across the replicates (-0.5 + 3.3). A clear shift from macrophyte

299  to phytoplankton dominance was observed in all microcosms.

300
© G) © 75 @
° 50
) 3
1500 25
600 °
6}
10
w 0 3
& 1000 2 o 25 °
£ 400 3
3 ° £
) °© -
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o}
500 200 1 0
o 6] OO RSO S
@] ) 8
8 o o s
Q
0 o © 0 -5
Control  ARO Control  ARO Contr.ol ARO Macrophytes Phytoplankton Periphyton
301 Macrophytes Phytoplankton Periphyton

302 Figure 2: A) Biomasses for macrophytes (dry weight in mg), phytoplankton (chl a in pug L) and periphyton (dry weight in g
303 m-?) and B) Effect sizes (Glass’s delta) for macrophytes (dry weight), phytoplankton (chl a) and periphyton (dry weight)
304 after exposure to agricultural run-off for 4 weeks in the replicated experiment (n = 4).

305
306 3.3 Gradient experiment
307  3.3.1 Effects of individual and combined as agricultural run-off (ARO)

308 The final macrophyte aboveground biomass showed no clear trend for the individual stressors or for
309 the combined pesticide treatment (Figure 3). However, individual species responded differentially,
310 especially P. perfoliatus showed trends for various stressor treatments (see Sl Figure 4). Only the
311 nitrate treatment resulted partly in negative effects on the accumulated macrophyte biomass (Figure
312 4 & Sl Figure 4): While the highest nitrate concentration leads to a significant effect according to the
313  t-test but not with regard to the effect sizes, the assessment of a shift for this concentration remains
314  unclear. However, no meaningful EC50 for the final aboveground macrophyte biomass could be
315 modelled using a log-logistic model for any of the individual stressors or the combined pesticides

316 due to the lack of effects.
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Phytoplankton biomass, in contrast, showed a positive response to all nitrate concentrations after
11 days, with a strong increase at the third concentration and above (Figure 3), but no response to
other treatments. Therefore, a full dose—-response curve could be modelled for phytoplankton and
revealed an EC50-value of 11.3 + 5.8 REF (standard error (SE); Figure 4). Periphyton biomass
showed changes but no clear trends due to the high variability in the control samples (see Sl Figure
4). According to our definition of shifts (positive effect in phytoplankton and negative effect in
macrophytes), only the intermediate nitrate exposure concentration (C4) led to a shift from
macrophyte dominance to phytoplankton dominance in the single-stressor and the combined

pesticide treatments (Figure 3).

In the treatment combining all pesticides with nitrate exposed at ambient temperature (22 °C),
negative effects were observed at the two highest exposure concentrations for the accumulated
macrophyte biomass (Figure 3). The EC50-value derived from the modelling approach of the
accumulated macrophyte biomass in the ARO treatment (7.3 + 2.7 REF, SE, Figure 4) indicates a
stronger effect than for the nitrate treatment. In contrast to the negative effects on macrophytes, a
positive effect was observed for phytoplankton during the first half of the experiment, even at a low
dose. The phytoplankton the EC50-value for the ARO treatment (11.0 + 4.1 REF, SE, Figure 4) was
not significantly different from that of the nitrate treatment. A shift from macrophyte to phytoplankton

dominance was found for the two highest ARO exposure concentrations.
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Figure 3: Effect sizes (Glass’s delta) at the end of the experiment for macrophytes (A & C) and of the phytoplankton
biomass during its peak in the second week of the experiment (B & D). The response to the nitrate (NO3), the combined
pesticide treatment (Pesticides), their calculated additive effect (black cross) and their observed interactive effect (observed
ARO) along a gradient of 5 concentrations for each treatment (A & B). The response to the ARO and the temperature
treatment, their calculated additive effect (black cross) and their observed interactive effect (observed Temp+ARO).
Exposure concentrations are given as relative enrichment factor (REF, see Sl Table 1 for stressor concentrations).

3.3.2 Effects of increased temperature, individually and combined with ARO

On average, increased temperature (26 °C) alone had no positive effect on the accumulated
macrophyte biomass (Figure 3). Diverse effects were observed for individual macrophyte species,
e.g. only P. perfoliatus responded positively to warming (see Sl Figure 4). No effects were observed
for periphyton and phytoplankton. Elevated temperature alone did not induce a shift from macrophyte

to phytoplankton dominance.

The combination of all stressors including elevated temperature affected macrophyte biomass
negatively and amplified the effects already observed for the ARO treatments at low temperature
(Figure 3). The EC50-value for the accumulated macrophyte biomass shifted towards a lower
concentration (2.7 £ 0.3 REF, SE, Figure 4) in comparison to effect values for the ARO treatment

without warming (7.3 £ 2.7 REF, SE, Figure 4). The same shift was observed for phytoplankton
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EC50-values (Temp+ARO: 3.9 + 0.3 REF; ARO: 11.0 £ 4.1 REF, SE, Figure 4). Early phytoplankton
development showed a stronger response in the heated treatments than in any other treatment at
each concentration level. Periphyton showed no consistent response patterns (see Sl Figure 4).

Ultimately, a shift was found for the third to the highest ARO exposure concentrations.

A Macrophytes B Phytoplankton
'g 1000
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15
[y
L
010 T
o
Lo
Q
|
5 >k
>k —_—T
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NO, ARO Temp+ARO NO, ARO Temp+ARO

Figure 4: Dose Response curves modelled based on the biomass data for A) macrophytes (final dry weight) and B)
phytoplankton (peak chl a) as well as their respective EC50 values C) for macrophytes and D) for phytoplankton. EC50-
values (z standard error) derived from log-logistic modelling of the gradient studies and their standard errors. Data are
given for the accumulated macrophyte and phytoplankton biomass in the treatments containing only nitrate (NO3), the full
mixture of agricultural run-off (ARO) containing nitrate, several pesticides and copper, and ARO in combination with
warming from 22°C to 26 °C (Temp+ARO). EC50-values could not be modelled for the macrophyte biomass in the nitrate
treatment due to effects lower than 50 %. Asterisks (*) indicate a significant difference (p <0.05) at the treatment combining
warming with the ARO to the other treatments for both, macrophytes and phytoplankton biomass, respectively. For the
nitrate (NO3s) treatment, no meaningful EC50 could be modelled (n.a.).

3.3.3 Stressor interaction patterns

3.3.3.1 Interactions between pesticide mixture and nitrate
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Synergistic interactions affecting the macrophyte biomass were found at higher exposure
concentrations, as biomass declined more strongly than would be expected from addition of the
individual stressor effects (Figure 3). At lower and intermediate concentrations, the effects were too
weak to be classified as interaction types (within the set limits of -1 or 1). Stressor interactions
affected the individual macrophyte species differently, with reversed interactions for P. perfoliatus
and antagonistic interactions for E. nuttallii and M. spicatum (see Sl Table 4). Phytoplankton showed
various responses to stressor interactions, with one synergistic interaction and one additive effect at
the highest concentrations (Figure 3, see Sl Table 4). There was a remarkable response at the third
concentration (C4, Figure 3), as the observed interaction was considerably lower than the calculated
value, resulting in a strong antagonistic effect. The stressors mostly showed antagonistic interactions

for the periphyton (see Sl Table 4).
3.3.3.2 Interactions between temperature and ARO

For the accumulated macrophyte biomass, synergistic interactions were found at higher ARO
exposure concentrations (Figure 3, see S| Table 5). Potamogeton perfoliatus showed reversed
interactions while M. spicatum showed both antagonistic and synergistic interactions, depending on
the ARO concentration. For E. nuttallii, all possible interaction types were found. Antagonistic
interactions were prevalent for periphyton, while synergistic interactions dominated for
phytoplankton, with the strongest synergistic interactions at the third exposure concentration
(Figure 3). Here, one stressor had an effect size below 1, which we did not consider to be significant,
and the other stressor had only a rather weak effect with a value of about 1. Yet the combination of
all stressors led to an effect size above 20 and a huge discrepancy compared with the calculated

additive effect at the third concentration.
3.3.4 Correlation analysis of biomass of autotrophic compartments

Finally, accumulated macrophyte biomass correlated negatively and significantly (p<0.05) with
phytoplankton biomass in the second and fourth week of the experiment (Pearson’s r: -0.79 and -
0.53, respectively; see Sl Table 3). The correlation at the end of the gradient experiment (sixth week)

was not significant. Periphyton showed no significant correlation with the other primary producers.
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4. Discussion

Combined stressors from agricultural run-off (nitrate and representative pesticides) severely affect
aquatic primary producers and their competition. As periphyton biomass was highly variable
(probably due to the influence of phytoplankton shading, detritus and micrograzers), we focus on
macrophyte—phytoplankton relationships. Combined stressors induced regime shifts between the
dominance of primary producers in our experimental systems, which mimic simplified shallow aquatic
ecosystems. Warming amplified the observed effects and lowered the critical thresholds for regime

shifts in ARO treatments.

Scale-dependency may impact a direct transfer of these microcosm results to the field: Shading
effects of phytoplankton on macrophytes can be stronger at higher water depth, and less nutrients
are locked in periphyton growing on the microcosm walls (“wall effect”). On the other hand, effects
are expected to be masked to a greater extent in more complex in-situ contexts (Vijayaraj et al.,
2022h). Despite these differences to field situations the mechanisms revealed for stressor
interactions in this proof-of-principle study could only be disentangled by factorial experimental
designs and are expected to be comparable along scales. However, final proof of upscaling needs

confirmation of derived hypothesis from experiments in the field.
4.1 Comparison of the results from the replicated and the gradient approach

To disentangle multiple stressor effects on regime shifts, we combined a replicated and a gradient
experimental approach. While our replicated experiment proved significant biomass changes in the
combined stressor treatment, the gradient approach showed a dose-dependency and revealed
thresholds for the observed effects of single and combined stressors. Both experimental designs
revealed comparable results showing a shift towards phytoplankton dominance despite slightly
different experimental conditions which may limit comparison of both experiments. However, ARO
effects were stronger in the replicated experiment due to differing temporal dynamics in the
development of phytoplankton related to nutrient and pesticides concentrations. Some studies, e.g.
Barker et al. (2008) and Rodrigo et al. (2017), use a replicated gradient design to model non-linear
effects of macrophytes and to derive thresholds. Only Barker et al. (2008) have done this in a regime

shift context.
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The focus of our study was on the non-linear regime shifts, the response to warming and a potential
change of interaction types between stressors. A gradient design was recommended by Kreyling et
al. (2018) for these very reasons and enabled an estimate of thresholds additionally to the statistical
proof of the phenomenon provided by the replicate experiment. For future studies we recommend at
least five stressor levels resp. concentrations along the gradient to enable robust non-linear
modelling by using the model applied in this study. However, the choice of model needs to be
considered to define a minimum number of concentrations. Our hybrid study supported threshold
modelling and shows that these kind of studies (including other stressors not tested in this study)

are needed at larger scale (mesocosm & field studies) and complexity (trophic levels).

4.2 Combined agricultural stressors can induce regime shifts

The replicated experiment indicated a strong shift in dominance of primary producers when nitrate
and pesticides were combined (ARQO) at a high concentration supporting our first hypothesis. In our
gradient experiment, this shift was already observed at half the ARO concentration tested in the
replicated experiment, supporting findings by Allen et al. (2021) who found an increase in
phytoplankton due to ARO exposure at similar ARO concentration. However, Allen et al. (2021) only
found an increase in phytoplankton without an accompanying decline of macrophytes which may be
explained by a longer acclimation time (17 days) for macrophytes before the treatment application.
This time may have been sufficient for macrophytes to reach the water surface and avoid shading
effects through phytoplankton. Initial conditions for macrophytes thus seem crucial for their response
to multiple stressors. In our study the combination of nutrients and pesticides that have little to no
effects when applied individually, initiated a decline of macrophytes, thus increases the risk for
regime shifts between the dominance of different primary producers in shallow aquatic ecosystems.
However, temporal differences like acclimation time and stressor depletion over time are crucial

factors defining this risk.

4.3 No thresholds for individual stressors as they did not induce regime shifts

Contrary to our expectation, the addition of terbuthylazine or copper, individually, or of the pesticide
mixture without nitrate did not negatively affect the growth of phytoplankton nor macrophytes or even

increased biomass of individual species. This is in line with Coors et al. (2006), who found an
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increase in dry weight of submerged macrophytes (including M. spicatum) at comparable
concentrations of 5 pg L™ terbuthylazine. Coutris et al. (2011) also showed that several macrophyte
species (including M. spicatum) tolerate a herbicide mixture at concentrations of 6 pug L, similar to
those used in our study, and only decreased in biomass at concentrations as high as 60 pg L*. The
lack of a response to copper in our study might be explained by a negative influence of pH or
dissolved organic carbon on copper toxicity. Roussel et al. (2007) only found copper-induced effects
on macrophytes in mesocosms at concentrations (75 pg L™*) higher than applied in our experiment.
In conclusion, our study cannot derive thresholds for safe operating spaces for regime shifts induced

by pesticides.

Experiments with individual stressors revealed that only nitrate had a positive effect on phytoplankton
growth. However, this effect was not sufficient to induce a regime shift along the whole gradient, as
the macrophytes showed little or no response. Modelled thresholds for regime shifts (increase in
phytoplankton biomass accompanied by a macrophyte decline) have been reported at 1.5 mg L™ N-
NOs (Barker et al., 2008). In tiered approaches these shifts were found at =2 mg L* total nitrogen
(Sagrario et al., 2005) and 23.5 mg L* total nitrogen (Olsen et al., 2015). In our study phytoplankton
increased already at the lowest concentration tested (1.1 mg L N-NOs) but showed a huge leap
between 2.25 and 4.5 mg L* N-NOs. However, no thresholds could be modelled for macrophyte
biomass in the nitrate treatment. The small scale of our microcosms leading to fewer shading, an
uptake of nutrients by wall periphyton, or phosphorus limitation as in the cited studies, may explain

this difference.

Comparing the phytoplankton biomass in the nitrate and the ARO treatment, both show effects
already at the lowest concentration. A leap towards higher phytoplankton biomass (effect size of 220)
occurred at a lower concentration (4.5 mg L't N-NOs) in comparison to the combined ARO treatment
(9 mg L't N-NOs). This difference is not reflected in the EC50-values, yet indicates the possibility of

a modifying nitrate effect by the presence of pesticides.

Continuous warming of 4°C resulted in a species-specific temperature response. The effect (or lack
thereof) on individual macrophyte species mostly aligns with other studies, confirming our findings
(Allen et al., 2021; Hansson et al., 2020; Mckee et al., 2002; Zhang et al., 2019). Although no positive
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effect of elevated temperature alone on phytoplankton biomass was observed in our and other
studies, Allen et al. (2021) and Hansson et al. (2020) found a change in phytoplankton diversity,

indicating a possible adaptation of the community to higher water temperature.

In summary, individual stressors did not show clear effects enabling reliable estimation of thresholds
for regime shifts along the concentration range chosen in this study. But for the combination of the
individual agricultural stressors a non-linear shift was observed, and a threshold value could be

modelled.

4.4 Elevated temperature changes threshold concentrations of ARO for regime shifts

Elevated water temperatures decreased thresholds for regime shifts by a factor of three to four,
confirming our second hypothesis. The accumulated macrophyte biomass decreased drastically at
elevated temperatures when combined with ARO. This could be attributed to the higher
phytoplankton biomass, which was observed for the ARO treatments at higher temperature. Allen et
al. (2021) did not observe a temperature-induced increase of phytoplankton biomass and no
decrease of macrophyte biomass when their systems were exposed to ARO at higher temperature,
probably due to nutrient limitation. However, other studies combining herbicides and elevated
temperature indicate reduced sensitivity of algae (Chalifour and Juneau, 2011; Larras et al., 2013;
Tasmin et al., 2014) or a stronger increase in phytoplankton biomass at higher temperatures
(Verbeek et al. 2018) and thus support our findings. For the interaction of nutrients and warming
mostly synergistic interactions for phytoplankton are reported but interaction types may differ
depending on trophic states, the carrying capacity and the species present in the ecosystem (Lurling
et al., 2013; Richardson et al., 2019; Rigosi et al., 2014). Thus both the antagonistic interaction of
pesticides and higher temperatures as well as synergistic interaction of nutrients and higher
temperatures support the lower thresholds for regime shifts. Our study thus suggests that global
warming further increases the risk of shifts from clear-water macrophyte dominance to turbid,
phytoplankton-dominated conditions in aquatic ecosystems exposed to agricultural run-off

containing nutrients and pesticides.
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4.5 Mechanism leading to the observed shifts

Microalgae are more sensitive towards pesticides than macrophytes (Giddings et al., 2013), giving
them a disadvantage when competing in a pesticide rich environment. In our study, initially strong
phytoplankton development due to high nitrate concentrations and light limitation for macrophytes is
assumed to be responsible for the observed regime shifts (Jackson, 2003; Le Bagousse-Pinguet et
al., 2012). Light limitation is the main mechanism for macrophyte decline and regime shifts (Scheffer
et al. 1993, Le Bagousse-Pinguet et al, 2012) and treatment-related differences in light availability
were observed in the replicated experiment. Various mechanisms on different scales could have
contributed further: On community level the phytoplankton may have adapted to herbicide pollution
through selection of tolerant species (Blanck, 2002; Christensen et al., 2006); on cellular level higher
temperatures further increase nutrient uptake efficiency and detoxification rates (Chalifour and
Juneau, 2011; Jensen and Andersen, 1992; Olsen et al., 2017). Remarkably, the negative effect on
macrophytes at the end of the gradient experiment was found despite the crash of phytoplankton
halfway during our experiment, indicating a long-lasting or time-delayed effect from phytoplankton

blooms two weeks before.
4.5 Synergistic stressor interactions characterize the regime shifts

Synergistic interactions dominated in both of our tested stressor combinations: pesticides and nitrate
(ARO) and the same at elevated temperatures (ARO+Temp). This confirms our third hypothesis, but
partially contradicts findings of previous meta-analyses. C6té et al. (2016) reported mainly
antagonistic interactions at the ecosystem level in aquatic and terrestrial systems, and Jackson et
al. (2016) found equal shares of antagonistic and synergistic interactions in 616 and 88 studies at
the community and ecosystem level in freshwater systems, respectively. However, Crain et al. (2008)
conclude from a meta-analysis of 171 studies focusing on marine ecosystems that an increasing
number of stressors leads to more synergistic interactions confirming our findings. Coté et al. (2016)
concluded that the interaction types are highly dependent on the biological observation parameter,
the taxonomic group, and the biological organisation level which we can confirm when comparing

the response of single macrophyte species with total macrophyte biomass.
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Reversed interactions have rarely been reported in literature, except for warming (Jackson et al.,
2016). In our study, a reversed interaction was mostly found for P. perfoliatus in both tested stressor
combinations. At the systems scale, the higher temperature amplified the observed synergistic effect
in our experiment. Additionally, by applying a dose—-response design, we revealed that interaction
patterns can be dose-dependent but are consistent once a regime shift occurred. This has not
previously been demonstrated, as most studies focussed on a low—high dose design (e.g. Liu et al.,
2021a) supporting the need to use gradient studies rather than replicated studies with less stressor

levels or a hybrid of both, when interaction patterns of stressors need to be defined.

5. Conclusion

Our study demonstrated a clear dose-dependency of effects leading to regime shifts in shallow
aquatic ecosystems above a critical threshold. We have shown that warmer temperatures amplify
the strength of synergism between nutrients and pesticides at environmentally relevant
concentrations supporting the relevance of multiple stressor research for ecosystem management.
Synergistic interactions result in a more pronounced decrease of macrophytes than would be
expected from stressor addition alone. Consequently, increased temperature reduces the critical
threshold concentration of other stressors causing macrophyte decline. This indicates a higher
vulnerability of the system to regime shifts and a potential reduction of the safe operating space
(Scheffer et al., 2015) of shallow freshwater ecosystems exposed to agricultural run-off. The risk of
regime shifts might increase under further climate change but may be mitigated by reducing nutrient
and pesticide loading. Further field studies may reveal how these results upscale to more complex
in-situ conditions. Our study highlights a need of a scientifically informed definition of safe operating
spaces in aquatic management, and demands consideration of complex stressor interactions,
indirect effects, and the sensitivity of thresholds towards confounding factors including climate

change.
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