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Aquatic ecosystems are exposed to pesticides through various pathways such as
spray-drift, agricultural runoff, and chemical spills. Understanding the impact of
pesticides on freshwater ecosystems requires not only understanding how
pesticides affect aquatic organisms but also knowledge of their interactions
with other stressors, such as those related to global climate change. Heatwaves
are extended periods of temperature increase relative to the climatological mean.
They are increasing in frequency and magnitude and pose an emerging threat to
shallow freshwater ecosystems. In this study, we evaluated the single and
combined effects of the herbicide terbuthylazine and a simulated heatwave on
freshwater zooplankton communities using indoor microcosms. Terbuthylazine
was applied at an environmentally relevant concentration (15 pg/L). The heatwave
consisted of an increase of 6°C above the control temperature for a period of
7 days. When applied individually, the heatwave increased the total abundance of
zooplankton by 3 times. The terbuthylazine exposure led to an indirect effect on the
zooplankton community structure, reducing the relative abundance of some taxa.
The combination of the heatwave and terbuthylazine had no significant impact on
the zooplankton community, indicating additive effects dominated by the
herbicide. The interaction between the two stressors increased chlorophyll-a
concentrations and apparently changed the structure of the phytoplankton
community, which may have benefitted cyanobacteria over green algae.
Overall, this study shows that understanding the effects of chemical and non-
chemical stressors on aquatic communities remains a challenging task. Further
studies should be conducted to improve our mechanistic understanding of
multiple stressor interactions at different levels of biological organisation.
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Introduction

With an increasing human population and food demand,
pesticide use in agriculture is likely to increase in the future
(Tilman et al, 2001). However, the knowledge of the
of
widespread pesticides is

environmental  consequences these often low

concentrated yet scarce. In
addition, the fate and effects of organic substances in the
environment and their risks for aquatic communities may be
influenced by global climate change (Noyes et al, 2009;
Polazzo et al, 2021). Climate change is predicted to
increase both the frequency and magnitude of extreme
weather events, such as heatwaves (HWs) (Jentsch et al.,
2007; Woolway et al., 2021). Shallow freshwater ecosystems
are specifically prone to suffer from thermal extremes (Hari
et al.,, 2006; Rasconi et al., 2017; Till et al., 2019). Yet, the
knowledge of the effects of HWs in shallow lakes, wetlands, or
semi-stagnant water bodies, is still scarce (Woolway et al.,
2021).Inlakes, HWs are predicted to increase in magnitude by
4°C and three-fold in duration (i.e., 27 days) by 2099
(Woolway et al, 2021). The stress caused by HWs on
aquatic organisms and communities may increase their
vulnerability to toxic chemicals and, thereby, the risk
caused by them in the aquatic environment (Schiedek et al.,
2007).

Freshwater planktonic communities play a key role in the
metabolic balance between gross primary production and
community respiration and are the major suppliers of energy
for higher trophic levels (Pace and Orcutt, 1981; Hjermann
et al., 2007). Field studies (Regaudie-de-Gioux and Duarte,
2012)
controlled conditions (Perkins et al., 2010) have shown

and mesocosm experiments performed under
that the metabolic balance of freshwater and oceanic

planktonic ~ communities is  temperature-dependent
(Winder et al., 2012). Additionally, increasing temperature
(Rasconietal, 2015) and frequency of HWs (Moore and Folt,
1993) can alter the structure and functioning of planktonic
communities by changing the abundance ratio between
different functional groups and establishing different
dominance patterns (Soulié et al, 2022). For example,
some studies show that climate change-driven HWs may
instigate smaller body sizes in phytoplankton (Moore and
Folt, 1993; Zohary et al., 2021) and further impact food web
functioning by, for example, favouring mixotrophic algae
(Pomati et al., 2020).

Herbicides are known to pose direct toxicity to aquatic
phytoplankton, which may lead to indirect effects on primary
consumers such as zooplankton (Rumschlag et al., 2021). Such
indirect effects include mortality (Ferrando and Andreu-
1991), starvation, growth and reproduction
inhibition (Navis et al., 2013; Oliveira dos Anjos et al., 2021),
as well as the alteration of their swimming behaviour (Andrade

Moliner,

et al, 2018), and predator scaping capacity (Hanazato, 2001).
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Within the group of photosynthesis inhibiting herbicides,
terbuthylazine (TER) is one of the most widely used
compounds (United States Environmental Protection Agency,
1995; European Food and Safety Authority, 2011). It has been
considered an alternative to the more persistent herbicide
atrazine (Stipicevi¢ et al, 2015), which was banned by the
in 2003 (Sass 2006).
However, due to its higher hydrophobicity, TER is less

European Union and Colangelo,
available for degrading bacteria, which may result in a higher
environmental persistence and risk towards surface water
ecosystems (European Food and Safety Authority, 2011).
Studies that TER has lethal effects
phytoplanktonic communities (using chlorophyll-a as proxy),

have shown on
which in turn decrease the zooplankton (i.e., copepod nauplii,
rotifers, and cladocerans) abundance through food limitation
and lowered dissolved oxygen levels (Pereira et al., 2017).
Currently, the potential consequences of HW's on planktonic
communities that are exposed to environmentally relevant
concentrations of chemicals, such as herbicides, are unknown
(Polazzo et al,, 2021). In this study, we assessed the single and
combined effects of the herbicide TER and a heatwave (HW) on a
freshwater zooplankton community representative of shallow
freshwater ecosystems in the Mediterranean region. We
hypothesised that: (1) TER would have an indirect negative
effect on zooplankton abundance or species composition, by
the phytoplankton
consequently limiting the food source for zooplankton; (2) the

negatively affecting community and
HW alone would stress phytoplankton and zooplankton
communities, changing their community structure by, e.g.,
decreasing the number of large-bodied zooplankton taxa or
increasing the phytoplankton or cyanobacteria abundances,
and that (3) the HW would accentuate the effects of TER by
limiting the energy available for metabolizing and recovering
from pesticide stress. Through this study, we aimed to better
understand to what extent HWs influence the impact of
pesticides on shallow freshwater ecosystems.

Materials and methods
Experimental design

An indoor microcosm experiment was designed with
16 cylindrical glass microcosms (diameter: 20.5 c¢m, height:
37 cm, volume: 12 L) placed into three stainless steel water
baths. The microcosms were filled with unpolluted water from
an artificial lagoon at the IMDEA Water Institute (Alcald de
Henares, Spain). Zooplankton was collected from outdoor
evenly distributed the test
Phytoplankton not added
individually to the test systems, but originated from the
the The
zooplankton was allowed to acclimatise to the environmental

mesocosms and among

microcosms. species  were

natural community in lagoon. introduced
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FIGURE 1

(A) Experimental design. (B) Schematic timeline of the experiment. After an acclimatisation period of 14 days at 22°C, the experiment was started
with the simultaneous application of the heatwave (HW) and the herbicide terbuthylazine (TER) on day 0. The coloured lines represent the
temperature (red) and the terbuthylazine (green) dynamics in the stressed microcosms. The grey arrows mark the sampling days (i.e., day O, 7, 14, and

21, relative to the start of the experiment).

conditions in the microcosms for 2 weeks prior to the start of the
experiment. Once per week, nutrients (NaNO3z; and KH,PO,)
were added to reach a concentration of 90 pg/L (total N) and
15 ug/L (total P). The N/P ratio was based on observations taken
from the experimental systems where the plankton were collected
and had been used in previous studies (Arenas-Sanchez et al.,
2019).

The experiment included four different treatments: (1)
control (no HW, no TER), (2) HW, (3) TER, and (4) HW +
TER. All treatments were conducted in quadruplicates
(Figure 1A). The control microcosms were kept at constant
water temperature (22°C) during the experiment, which
resembles the water temperature from their origin water
body (outdoor mesocosms and artificial lagoon) (Polazzo
et al., 2022a). For the HW treatment, heaters (wave
Tropico, 300-W, AC 220V-240 V 50 Hz) were placed into
the water baths to slowly (over a time period of 8 hours) heat
the water of the water baths to a nominal temperature of 28°C,
which resulted in a mean water temperature of 26.48°C (+
1.32) in the HW mesocosms. The HW started on day 0 and
stopped 7 days later. TER was applied to the respective
of 15ug/L. TER
concentrations up to 30pug/L have been estimated in

microcosms at a concentration
freshwater ecosystems of Southern European agricultural
(EC, 2007),

100 pug/L after spraying events (Wenneker et al, 2010).

areas with peak concentrations reaching
Therefore, the concentration tested here was considered to
be environmentally relevant. At 15pg/L, TER was not
expected to exert direct effects on zooplankton (e.g.,
Daphnia magna; ECso= 21,200 ug/L) but to affect primary
producers such as phytoplankton (e.g., Pseudokirchneriella
subcapitata; ECso= 12 pug/L) (PPDB: Pesticide Properties
DataBase, 2022).

Frontiers in Environmental Science

03

Pesticide dosing, sampling, and analysis

A stock solution (180 mg/L) of TER (Sigma Aldrich; CAS No.
5915-41-3) was prepared in methanol (HiPerSolv Chromanorm,
VWR International SAS). One mL of the stock solution was
spiked to the microcosms that received the TER treatment to
reach a concentration of 15 pg/L. Microcosms not treated with
TER were spiked with 1ml methanol, which has been
demonstrated not to affect the plankton communities at the
resulting water concentration (OECD, 2000). Water loss in the
microcosms due to evaporation (caused by heating and regular
evaporation) was compensated on a daily basis by adding
deionised water via gentle pouring into the microcosms. The
evaporation rate between the HW and the other treatments were
not notably different. To monitor the pesticide concentrations in
the microcosms, water samples were taken on days 0, 7, and
21 relative to the start of the experiment and frozen at —20°C until
analysis. TER analysis was performed using a gas chromatograph
(GC) system (Agilent 7890A) coupled to a mass spectrometer
(MS) with a triple quadrupole analyser (Agilent 7000 GC/MS
Triple Quad). The method had a limit of quantification (LOQ)
between 0.1-5 ug/L (depending on the sample volume) and a
recovery of 99% (analysing 3 replicates of matrix used in
mesocosms, spiked at 100 ng/ml TER). Further details on the
chemical analysis can be found in the supplementary
material (SM).

Water quality measurements
Temperature, dissolved oxygen, electrical conductivity,

salinity, pH, phycoerythrin (PE), and chlorophyll-a were
measured weekly at the same time during the morning using
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a portable multimeter probe (Pro DSS 4-port Digital Sampling
S3). The

indicator

System) (Supplementary Table chlorophyll-a

of the total
phytoplankton biomass while the pigment PE was used as an

concentration was used as an
indicator for the biomass of cyanobacteria (e.g., Twiss et al,
2022). Water samples were taken on days 0 and 21 and analysed
for the concentration of ammonium (NH,"), nitrate (NO3),
orthophosphate (PO,7), and total phosphorus, using a
spectrophotometric method based on colourimetric analysis
(American Public Health Association, 2005), to establish the
same oligotrophic conditions as the sampled habitat and were
maintained throughout the experiment. Total nitrogen was
calculated based on the N contained in the ammonium and

nitrate forms.

Zoo- and phytoplankton sampling and
determination

Zooplankton was sampled on days 0, 7, 14, and 21 relative to
the start of the experiment (Figure 1B). Zooplankton sampling
was done by filtering 1.5L of microcosm water over a
zooplankton net (mesh size: 55 um). The sampled individuals
were preserved with Lugol’s iodine solution (approximately 4%
v/v) and stored in the dark until identification. The filtered water
was returned to its original microcosm. For the identification of
e.g.
Cyclopoida), a binocular (Olympus SZX7 with objective

large zooplankton (>1 mmy; Cladocera, Ostracoda,
Olympus DF PL 2X-4) was used. Smaller zooplankton
individuals (<1 mm; e.g, Rotifera, Nauplii) were analysed
using a microscope (Olympus CX41 and URA Technic
XSZ107BN) by taking two subsamples of 1ml, from which
the mean was calculated.

Phytoplankton was not sampled in this experiment. We
at the start of the

experiment to be similar to previous studies performed with

expect the phytoplankton species
the same water source, including chlorophyta, cryptophyta,
cyanobacteria, desmids, diatoms, dinophyta (Polazzo et al,
2022b; Polazzo et al., 2022a).

Data analyses

Zooplankton total abundance, taxa richness, and taxa diversity
(Shannon-Wiener Index) were calculated with the software R
(version 4.1.0 2021-05-18) using the Vegan (Oksanen et al,
2020), BiodiversityR (Kindt and Coe, 2005), and Lawstat (Hui
et al, 2008) packages. Next, two-factorial ANOVAs followed by
post-hoc tests (Tukey HSD) were applied to identify differences
between the treatments and days. The same methods were applied to
identify significant differences in chlorophyll-a and PE
concentration between treatments and days. The ANOVA and
Tukey HSD tests were performed with the JMP” software (Pro
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15.0.0). A Principal Component Analysis (PCA) was used to
visualise differences in community structure between the controls
and the treatments. Differences in multivariate community
composition between the treatments were assessed by means of
distance-based Redundancy Analysis (dbRDA). Both PCA and
dbRDA were carried out using the Vegan package (Oksanen
et al, 2020). We used the function “rankindex” of the package
Vegan (Oksanen et al,, 2020) to evaluate which distance matrix fitted
better the data. In all cases, Euclidean distances ranked higher than
any other distance matrix and, thus, were used to perform the
dbRDA analysis.

Results
Pesticide exposure concentrations

Measured TER concentrations corresponded closely to the
intended concentrations in the TER (mean + standard error:
15.0 + 0.5 ug/L) and HW + TER (15.0 + 0.4 pg/L) treatments at
the start of the experiment (Supplementary Table S3). Next,
concentrations of TER slightly decreased to 13.5 + 0.3 ug/L on
day 7 for TER and 14.7 £ 0.3 ug/L for HW + TER, and to 12.0 +
0.2 ug/Land 12.8 +0.2 ug/L for the TER and HW + TER treatments,
respectively, on day 21 (Supplementary Table S3). No traces of TER
were detected in the controls nor in the HW treatments.

Water quality parameters

At the beginning of the experiment, the dissolved oxygen
concentration ranged between 8.4 and 8.8 mg/L and decreased to
6.1-7.8 mg/L at the end of the experiment. The HW caused a
dissolved oxygen decline on day 7, showing the lowest values for
that sampling day (6.4 mg/L in the HW treatment and 6.3 mg/L
in the HW + TER treatment; Supplementary Table S3). The
analysed nutrient concentrations confirmed that the microcosms
simulated oligotrophic systems (Baban, 1996; Dodds et al., 1998),
with total N and total P concentrations ranging from <0.05 to 1.1
(+ 0.6) mg/L and 0.37 (+ 0.05) to 16.74 (+ 6.8) ug/L, respectively
(Supplementary Table S4). Chlorophyll-a concentrations in the
microcosms did not differ significantly between treatments at the
beginning of the experiment, with 0.45 (£0.2) pg/L in the control,
0.59 (£0.4) pg/L in HW, 0.71 (£0.6) pg/L in TER and 0.56 (+0.3)
pg/L in the HW + TER treatments. The application of the HW or
the TER treatment as single stressors did not result in a
significant deviation in chlorophyll-a concentration relative to
the controls for any of the sampling days. However, chlorophyll-a
concentrations in the combined HW + TER treatment increased
from 0.56 (+ 0.3) pg/L at the beginning of the experiment to 1.4
(*1.1) pg/L after 14 days and showed significant differences to all
other treatments over the entire period of the experiment: control
(p = 0.001), HW (p = 0.029), and TER (p = 0.013) (Figure 2).
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FIGURE 2

Chlorophyll-a concentrations [ug/L] measured over time in

all treatments: control (blue), heatwave (HW, red), terbuthylazine
(TER, green), and the combination of a heatwave and
terbuthylazine (HW + TER, yellow). The shaded areas indicate

the standard error from the mean. The points indicate the data
points and the dashed lines connect the means of these data
points. The data points were slightly shifted to avoid overlapping
and allow optimal visualisation.
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FIGURE 3

Phycoerythrin concentrations [pg/L] measured over time in

all treatments: control (blue), heatwave (HW, red), terbuthylazine
(TER, green), and the combination of HW and TER (HW + TER,
yellow). The shaded area indicates the standard error from

the mean. The points indicate the data points and the dashed lines
connect the means of these data points. The data points were
slightly shifted to avoid overlapping and allow optimal visualisation.

At the start of the experiment, PE concentrations were 8.51
(+0.3) pg/L in the control, 8.47 (+0.2) pg/L in the HW, 8.69 (+0.3)
pg/L in the TER, and 8.41 (+0.1) ug/L in the HW + TER
treatment, differences  between
treatments. PE concentrations dropped significantly (p <

0.001) from an average of 8.5 (+0.2) upg/L among all

showing non-significant

treatments on day O to an average of 2.1 (+0.8) pg/L among
all treatments after the first week and remained stable in all
treatments until the end of the experiment (Figure 3). Overall, the
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treatment HW + TER differed significantly from the control (p =
0.013), the HW (p = 0.013), and the TER treatments (p = 0.049).
On day 14, the HW + TER treatment had two times higher PE
concentrations compared to the other treatments (Figure 3).

Community composition

The following taxonomic groups were identified in the test
microcosms: Alona spp., Alonella spp., Brachionus spp.,
Cephalodella spp., Ceriodaphnia spp., Chydorus spp., Colurella
spp., Cyclopidae spp., Daphnia longispina, Daphnia pulex,
Diaphanosoma spp., Diaptomus spp., Euchlanis spp., Keratella
spp., Lecanidae spp., Lepadella spp., Mytilinia spp., Nauplii,
Ostracoda spp., Polyarthra spp., Simocephalus spp., and
Testudinella spp. Nauplii were considered as one single group
as it was difficult to differentiate species at young stage, although
it could have included different taxa. Over all treatments and
time points, Nauplii, Chydorus spp., Lecanidae spp., and Alona
spp. were the most abundant taxa and were identified as
dominant groups.

The PCA showed a separation of the HW treatment in
respect to the others for the days 7 and 14, indicating that
mainly the abundance of Alona spp., Chydorus spp., D.
longispina, and Nauplii increased with the HW treatment
on day 7 (Figure 4A). However, on day 14, most taxa
(i.e., Alonella spp., Ceriodaphnia spp., Chydorus spp., D.
longispina, D. pulex, Lepadella spp., Mytilinia spp., Nauplii,
Testudinella spp.) showed an abundance increase in the HW
treatment (Figure 4B) and decreased in the TER and the TER +
HW treatments. No clear differences were found between
treatments for day 0 (start of the experiment) or day 21
(recovery period).

Although the HW showed an abundance increase of most
taxa, the dbRDA did not show a significant effect of the HW
treatment on the zooplankton community on day 0 (p = 0.582), 7
(p=0.165), 14 (p = 0.800), or 21 (p = 0.441). In contrast to days 0,
7, and 14, there was moderate evidence (p = 0.068) on day 14 in
which the TER treatment differed from the other treatments.
These observations correspond with the dissimilarities in the
PCA, ie., the separation between the control and the TER
samples (Figure 4B). Such dissimilarities can be mainly
explained by a decrease in the abundance of the majority of
zooplankton taxa in this treatment. Still, there was no evidence
that HW + TER had an interactive effect on the community (p =
0.741).

Total abundance, taxa richness, and
diversity

At the beginning of the experiment, the total abundance in
the control (167 + 54 individuals/L) was similar to that in the rest
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respectively. (A) PCA of day 7 (B) PCA of day 14.

of the treatments: HW (213 + 62 individuals/L), TER (146 +
60 individuals/L), and HW + TER (132 + 58 individuals/L). The
two-factorial ANOVA revealed significant differences in the
overall experiment on the total abundance by the treatments
(p = 0.02) and sampling day (p < 0.001). The interaction term
(treatment*day) was not statistically significant (p = 0.31). The
HW treatment differed significantly from the control (p = 0.03)
and the TER treatment (p = 0.03). As indicated for the PCA
analysis, there was an increase in the total abundance in the HW
treatment from 213 (+62) individuals/L on day 0 to 546 (+281)
individuals/L on day 7 (3-fold higher than control and 2-fold
higher than TER). The combined treatment (HW + TER) did not
significantly affect the total abundance, yet, a trend towards lower
total abundance on day 14 was observed (Figure 5A). The total
abundance on day 7 was significantly different to day 0 (p <
0.001), 14 (p = 0.0028), and 21 (p = 0.0008) (Figure 5A). The
relative abundance changed slightly over time with a shift from
cyclopoid nauplii dominance towards Chydorus spp. on day
14 throughout all treatments (Figure 6). On day 7, both HW
treatments showed an increase in smaller taxa and a reduction in
larger taxa (Supplementary Figure S1).

Taxa richness on day 0 did not differ between the control
(5.75 + 1.25), HW (8 + 1.63), TER (6 + 0.81) or HW + TER
(6.25 +0.5), respectively. There were overall significant effects
on taxa richness by sampling day (p=<0.0001), but not by
treatment level (p = 0.72) (Figure 5B). The taxa richness in the
TER treatment increased by 2-fold from day 0 (6 + 0.81) to day
7 (11.5+1.7) (p=0.005). A difference in taxa richness for HW
+ TER on day 14 was observed, although not statistically
significant to the other treatments (control p = 0.80, HW p =
0.74, TER p = 0.97) (Figure 5B).
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At the start of the experiment, the zooplankton diversity
(Shannon-Wiener Index) was similar in the control (0.6 + 0.4),
HW (0.72 + 0.1), TER (0.62 + 0.1), and HW + TER (0.64 + 0.3)
treatments (Figure 5C). In all treatments, the taxa diversity
increased over the course of the experiment resulting in a
higher Shannon-Wiener Index on day 21: control (1.17 + 0.5),
HW (0.77 + 0.2), TER (0.95 + 0.3), and HW + TER (1.27 % 0.4),
respectively. The sampling day had an overall significant effect
(p = 0.0004) on the taxa diversity. The post-hoc comparison
showed that the first sampling on day 0, differed to day 7 (2-fold
increase; p = 0.0006), 14 (p = 0.002), and 21 (p = 0.01),
respectively. No significant differences in diversity between the
treatments were identified.

Discussion
Heatwave as a stressor

Our study shows that the simulated 7-day HW affected the
total chlorophyll-a concentration and resulted in an increase in
the abundance of zooplankton. We assume the increase in
zooplankton abundance was related to the increase of
palatable phytoplankton. Smaller individuals, which usually
have shorter reproductive cycles, responded faster to the
metabolic increase caused by the HW (Gillooly et al., 2001;
Brown et al, 2004; Dam, 2013). The observed general increase
in smaller zooplankton taxa after the HW was accompanied by a
reduction in large Cladocera and an increase in small Cladocera
taxa compared to the control, which might be related to the fact
that smaller bodied species are advantaged under warming
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FIGURE 5

(A) Total zooplankton abundance was measured over time in

all treatments: control (blue), heatwave (HW, red), terbuthylazine
(TER, green), and the combination of heatwave and terbuthylazine
(HW + TER, yellow). (B) Taxa richness was measured over

time in all treatments: control (blue), heatwave (HW, red),
terbuthylazine (TER, green), and the combination of heatwave and
terbuthylazine (HW + TER, yellow). (C) Taxa diversity was
measured using the Shannon-Wiener Index over time in all
treatments: control (blue), heatwave (HW, red), terbuthylazine
(TER, green), and the combination of heatwave and terbuthylazine
(HW + TER, yellow). The shaded areas indicate the standard error
from the mean. The points indicate the data points and the dashed
lines connect the means of these data points. The data points were
slightly shifted to avoid overlapping and allow optimal visualisation.

(Daufresne et al., 2009) (Supplementary Figure S1). The

temperature-driven rise in zooplankton metabolism and
subsequent abundance increase may have caused the decline
in chlorophyll-a on day 14 by higher feeding rates on
phytoplankton. These results confirm findings from a previous
microcosm study by O’Connor and colleagues in which the

zooplankton biomass increased with elevated temperature and
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led to phytoplankton decrease due to amplified grazing pressure
(O’Connor et al, 2009). However, in the present study only
abundance and not biomass was measured, which might be less
comparable, as abundance is not always correlated to biomass
(Cardoso et al., 2012).

The herbicide terbuthylazine as a stressor

TER was expected to limit the food availability for the
zooplankton community and, consequently, indirectly cause a
decline in zooplankton abundance (Pereira et al., 2017) as the
herbicide was not expected to be acutely toxic to the
zooplanktonic community. These indirect effects on the
zooplankton community structure particularly reduced the
relative abundance of some taxa. Although we did not identify
a decline in chlorophyll-a caused by TER, a significant shift in the
zooplanktonic community composition and a decline in
zooplankton abundance in the TER treatment was observed.
A previous study described a phytoplankton community
shift

Navicula

composition from dominant (ie, Chloromonas

angustissima, lanceolata, and  Gomphonema
parvulum) towards less-sensitive species (ie., Chroococcus
turgidus, Peridinium willei, and Trachelomonas spp.) when
exposed to TER at concentrations that were 6 times lower
than in our study (Wijewardene et al., 2021).

It seems likely that edible phytoplankton (e.g., Scenedesmus
spp. or Cyclotella sp.) were replaced by more grazing-resistant
phytoplankton (e.g., Anabaena or Leptolyngbya spp.). Findings
from other studies (e.g., Hasenbein et al, 2017), in which a
sudden change in stressor pressure resulted in a phytoplankton
community shift towards more resistant phytoplankton taxa,
support our hypothesis. We conclude that both the decline in
zooplankton abundance and the shift in community composition
were likely driven indirectly by the direct effect of TER on

phytoplankton.

Multiple stressor effects

The combined application of both stressors (HW + TER) was
expected to cause additive or synergistic effects on the
zooplankton fitness, as observed in other studies assessing
pesticide effects under increasing temperature scenarios (e.g.,
Vilas-Boas et al., 2021), owing to the cumulative energy demand
caused by both stressors (Dinh et al., 2016). The combined effects
were projected to be larger than the effects of the single stressors
acting in isolation (Folt et al., 1999). The combination of both
stressors caused a significant increase

in chlorophyll-a

concentration, which could be classified as a positive
synergistic effect, since neither the HW nor TER influenced
the chlorophyll-a levels when applied as single stressors

(Piggott et al., 2015). This positive synergistic effect may have

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.920010

Roth et al.

Control

TER
100 —

Relative abundance [%]

Day

FIGURE 6

P— ——
1 1 ! 1
0 7 14 21

10.3389/fenvs.2022.920010

Taxa

Alona
Alonella
Brachiounus
Cephalodella
Ceriodaphnia
Chydorus
Colurella
Cyclopidae
D. longispina
D. pulex

Diaphanosoma

Diaptomus
Euchlanis
HW+TER Keratella
Lecanidae
Lepadella
Mytilinia
Nauplii
Ostracoda
Polyarthra
Simocephalus

Testudinella

HENEEEEEEEEEEREEEeeN-

Relative abundance of zooplankton taxa in the treatments (control, heatwave (HW), terbuthylazine (TER), and their combination (HW + TER)) on

each sampling day (i.e., 0-21).

been caused by a shift in the phytoplankton community
composition. Interestingly, despite the increase in chlorophyll-
a, no significant effect on the zooplankton community was
observed.

Cyanobacteria produce not only chlorophyll-a but also PE
(Sidler, 1994). The increase in PE and chlorophyll-a in the HW +
TER treatment is therefore indicative of cyanobacteria growth
and may explain the chlorophyll-a increase despite the herbicide
treatment. Increased temperature has been shown to advantage
cyanobacteria over green algae when simultaneously exposed to
photosynthesis-inhibiting herbicides (Liirling and Roessink,
2006). In contrast, lower temperatures can increase the
sensitivity of cyanobacteria towards a herbicide, as shown in
an experimental study where higher and lower temperatures were
compared directly (Bérard et al, 1999). These findings may
explain why cyanobacteria growth did not increase when TER
was applied as a single stressor. Hence, we assume that
cyanobacteria benefited from the HW + TER treatment and
the sufficient availability of NO;_ and N(NO;_) which was stable
throughout the experiment (Supplementary Table S4), leading to
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a rapid growth in the lack of strong competition with other algae
(Carey et al., 2012; Paerl and Otten, 2013). An increase in
cyanobacteria may also have led to a spread of toxic bioactive
compounds to prevent zooplankton grazing on them (Lyu et al.,
2016), leading to lower reproduction rates (Zhou et al., 2020). We
assume that the combined effect of HW and TER led to a
reduction of primary productivity in green algae and to a
lower relative abundance of palatable phytoplankton, as
observed in comparable studies (Allen et al., 2021; Rumschlag
et al, 2021), which may have caused food limitation for
zooplankton, and, consequently, a decreased zooplankton
abundance (Rumschlag et al., 2021).

We conclude that the positive effect of the HW expressed
as zooplankton abundance increase, was eliminated when the
HW was applied in combination with TER. The increase of
chlorophyll-a and PE in the HW + TER treatment suggests
that cyanobacteria were not affected by TER in the combined
HW + TER treatment (Forlani et al., 2008), as indicated by the
positive effect of the HW on cyanobacteria growth (e.g., see
Calder6-Pascual et al., 2020; Urrutia-Cordero et al., 2020)
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potentially outweighing the negative impacts of TER. It may
be that cyanobacteria even benefitted from the TER treatment
2006),
Microcystis aeruginosa ECsy = 0.016 mg/L) have been

(Larling and Roessink, as cyanobacteria (e.g.,
demonstrated to be less sensitive toward TER than green
algae (e.g., Pseudokirchneriella  subcapitata ECsy =
0.012 mg/L) (European Food and Safety Authority, 2011),
which strengthens the result that cyanobacteria were not
significantly affected by TER.

Overall, the planktonic community used in our experiment
was found to be resilient to the combined HW and TER
application. Although air temperatures may not reflect water
temperatures, it should be noted that the planktonic community
was collected in an area with strong seasonality (-13.7°C
minimum to 42.8°C maximum air temperatures in 2021,
AEMET: Agencia Estatal de Meteorologia, 2021), and, thus,
might have been used to a wide range of temperature regimes.
Further studies should investigate whether the vulnerability of
zooplanktonic communities to HWs and other stressors varies
between communities adapted to fluctuating temperature
conditions and those collected in regions with a more stable
climate.

Here we investigated the interactive effects of HWs and
chemical stress events co-occurring in a freshwater
experimental set-up. However, spatiotemporal variation in
these stress events can yield asynchronous exposure scenarios
whose impacts are challenging to predict (Jackson et al., 2021).
Further research should be dedicated to assessing multiple
stressor effects applied in different sequences and intensities,
as well as to providing mechanistic understanding and models to
quantify their propagation across different levels of biological

organization.

Conclusion

We exposed a freshwater planktonic community to a
simulated HW, the herbicide TER, and the combination of
both stressors (HW + TER). The mechanistic understanding
of the study outcomes was somewhat limited by not
generating data on the direct impact of HW and TER on
the phytoplanktonic community. Yet, our results demonstrate
that the HW treatment increased the zooplankton abundance
of most taxa, while TER decreased the abundance of some of
them (e.g., Nauplii, Lepadella spp., Mytilinia spp.) in the long
term (i.e., day 14). The indirect effects caused by TER on the
zooplankton community were related to changes in the
phytoplankton community structure and the proliferation
of cyanobacteria. The effects caused by the combination of
both stressors on zooplankton were additive and resembled
the ones exerted by the TER treatment. However, HW + TER
seemed to potentiate a shift in the phytoplankton community
structure. Thus, future studies assessing the combination of
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both stressors (HW + TER) on phytoplankton and their
propagation to higher trophic levels would help to better
understand the consequences of multiple stressors on
freshwater ecosystems.
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