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Abstract

Worldwide, biodiversity is threatened by changes in land-use. One major driver thereof is the
intensification of agriculture, leading not only to the conversion of natural ecosystems to
cultivable land but also to intensive pesticide use. With pesticide use predicted to increase,
concerns about the impacts of pesticides on non-target organisms are growing. A group of
particular interest are amphibians since their populations are declining globally at an alarming
rate. While laboratory studies reported adverse effects of pesticides on amphibians, the situation
under natural conditions is largely unexplored. To test whether elevated levels of pesticides
(>500 ng/L) and mixtures thereof have an impact on amphibian survival, growth, and
development under natural conditions, I conducted a field experiment in the Berner Seeland, in
Switzerland. There, I raised tadpoles of two frog species (Rana temporaria and Hyla arborea) in
four natural ponds containing different levels of pesticides. By comparing multiple life history
traits, I found that survival of H. arborea possibly decreased when exposed to elevated pesticide
concentrations. Beyond that, I did not encounter measurable negative effects on larval life history
traits (growth, size and mass at metamorphosis and length of the larval period). My results
suggest that some environmental conditions with a strong effect on growth and development, or
interactions thereof, can override and/or mask potential effects of pesticides under the
conditions observed. Nevertheless, negative effects of pesticides on survival and development
cannot be precluded. Taken together, my study shows that the effects of pesticides are not as
clear-cut under natural conditions as they are in the laboratory, emphasizing the need for further
research that takes realistic environmental conditions into account.



Zusammenfassung

Weltweit wird die Biodiversitidt durch die stetige Verdnderung der Landnutzung bedroht. Eine
der Hauptursachen dafiir ist die starke Expansion und Intensivierung der Landwirtschaft. Diese
filhrt nicht nur dazu, dass natiirliche ()kosysteme zunehmend kultiviertem Land weichen miissen,
sondern auch zu einem Anstieg des Pestizideinsatzes. Da Zukunftsprognosen einen hdheren
Pestizidverbrauch vorhersagen, wachsen die Bedenken um Auswirkungen auf exponierte
Organismen, die nicht das Ziel des Einsatzes sind. Von besonderem Interesse sind dabei die
Amphibien, da deren Bestidnde global alarmierend schnell abnehmen. Wahrend Pestizide in einer
Vielzahl von Laborstudien negative Effekte auf Amphibien gezeigt haben, ist jedoch noch wenig
dariiber bekannt, wie Pestizide Amphibien unter realistischen Bedingungen in der Natur
beeinflussen. Deshalb wollte ich mithilfe eines Feldexperimentes testen, ob sich erhdhte
Pestizidkonzentrationen (>500 ng/L), oder Mischungen davon, nachteilig auf das Wachstum, die
Entwicklung oder das Uberleben von Amphibien auswirken. Das Feldexperiment fand in vier
Weihern des Berner Seelandes statt. Das Wasser dieser Weiher wies unterschiedlich hohe
Pestizidkonzentrationen auf. Darin zog ich Kaulquappen zweier Froscharten auf (Rana
temporaria und Hyla arborea) und erhob laufend verschiedene Parameter, die eine Aussage liber
die Fitness der Kaulquappen erlauben. Der Vergleich dieser Parameter zwischen den Arten und
den Weihern zeigte, dass die Uberlebenswahrscheinlichkeit von H. arborea moglicherweise
abgenommen hat, wenn die Kaulquappen erhohten Pestizidkonzentrationen ausgesetzt waren.
Dariiber hinaus habe ich aber keine messbaren Anzeichen eines negativen Einflusses gefunden.
Meine Resultate lassen darauf schliessen, dass, unter den beobachteten Bedingungen, einige
Umweltbedingungen, oder Interaktionen davon, einen starkeren Einfluss auf das Wachstum und
die Entwicklung ausiiben kénnen und so womaoglich Effekte von Pestiziden aufheben und/oder
tiberdecken. Nichtsdestotrotz kdnnen inhibierende Effekte von Pestiziden nicht mit Sicherheit
ausgeschlossen werden. Insgesamt zeigt meine Studie auf, dass Effekte von Pestiziden unter
natiirlichen Bedingungen nicht so eindeutig sind wie in Laborstudien. Dies wiederum
unterstreicht die Notwendigkeit von Experimenten, welche realistische Bedingungen
berticksichtigen.



1 Introduction

Humans are dramatically altering environmental conditions, thereby triggering species
extinctions and local population declines (Dirzo et al. 2014, Vitousek et al. 1997). One major
anthropogenic contributor to the global loss of biodiversity is land-use change, mostly aimed at
expanding cultivable land (Lambin & Meyfroidt 2011). Owing to the need to feed a growing world,
agricultural area has become one of the largest terrestrial biomes on earth, occupying around
40% of the land surface (Foley et al. 2005). However, to maximize the output, these areas receive
high chemical input in the form of pesticides (Tilman 1999). These biologically active substances
are the most effective means to protect crops against yield losses and reduction of product quality
(Damalas 2009). Worldwide, several thousand pesticide formulations are registered and about
2.3 million tons are utilized per year (Grube et al. 2011). Forecasts predict an additional 1.9- up
to 4.8-fold increase in pesticide application by 2050 (Tilman et al. 2001). Despite this, it has been
estimated that only around 0.1% of pesticides applied to crops reaches the target pest; the rest
enters ecosystems, where it may negatively affect plants and animals through contamination of
land, water, and air (Pimentel & Levitan 1986). As a consequence, concerns about adverse effects
on non-target organisms are growing (Relyea 2005a).

Amphibians, as the most endangered class of vertebrates (Stuart et al. 2004), are one group of
non-target organisms of particular interest (Relyea 2005b). Throughout the world, their
populations are drastically declining (Houlahan et al. 2000). After habitat loss and degradation,
the IUCN considers human-caused environmental pollution as the second most common threat
to amphibians (as reviewed in Mann et al. 2009). Pesticides fall within the category of
environmental pollution and could potentially be important contributors to the decline
(Davidson et al. 2002). Via spray drift and run-off, aquatic habitats for amphibians are often
receiving pesticides from agricultural areas (Briihl et al. 2013, Fryday & Thompson 2012). It is
assumed that amphibians are particularly vulnerable to chemical pollutants due to the unshelled
eggs and the highly permeable skin (Blaustein et al. 2003). Additionally, reproduction and critical
hormone-regulated developmental changes, occurring in the aquatic environment, coincide with
the application of pesticides on agricultural land (Hayes et al. 2006, Mann et al. 2009).

More and more, the question is raised if current risk assessment covers amphibians sufficiently
(Ortiz-Santaliestra et al. 2018). Numerous laboratory studies have shown that pesticides can have
lethal and various sublethal effects on amphibians (Ockleford et al. 2017). As an example, Berrill
etal. (1993) have observed retardation of growth and disturbed locomotor behaviour in tadpoles
after short term exposure to an insecticide pulse. However, the majority of these toxicological
studies were performed with very high, acute doses of single chemicals, whereas few studies have
focused on the more realistic effects of low concentrations, or pesticide mixtures over prolonged
periods (Hayes et al. 2006). Nevertheless, exactly such studies would be crucial to obtain
meaningful data for actual exposure conditions. Bernabo et al. (2011), for instance, have
documented skeletal and muscular defects, as well as gill alterations, in chronic toxicity tests at
ecologically relevant concentrations of an insecticide. Further, Hayes et al. (2006) have found that
a mixture of nine pesticides prolonged metamorphosis of tadpoles significantly compared to
individual pesticide effects. Additional complexity is added by environmental conditions, which
can potentially modify or even mask the impact of contaminants (Holmstrup et al. 2010). While
traditional laboratory studies ignore this variability completely, mesocosm studies make the
transition to a more realistic experimental venue (Relyea 2005a). Zaga et al. (1998), for example,



have detected synergistic effects of carbaryl, a broad-spectrum insecticide, and UV-B radiation on
mortality of tadpoles. In contrast, Brogan & Relyea (2013) have found that submersed plants
decreased the toxicity of an insecticide on Daphnia. Such studies demonstrate that the integration
of environmental conditions is key. Still, the majority of mesocosm studies focus on few
interactions, while in reality, there are a lot. At the same time, monitoring data of pesticide levels
in small, standing water bodies is scarce, such that the exposure of amphibians to pesticides under
natural conditions is largely unknown (Aldrich et al. 2016). An assessment of Stoffel (2016) has
shown that some ponds in the Berner Seeland exceeded the critical value of 100 ng/L, set by the
federal water protection ordinance (WPO), by far and contained mixtures of at least 29 pesticides.
Taken together, it appears that despite numerous studies investigating toxicity on amphibians,
there is a gap of knowledge when it comes to predicting how pesticides influence amphibians
under natural conditions. Besides, it seems like little is known about substances and mixtures of
substances amphibians are actually exposed to and in which concentrations they occur (Aldrich
etal. 2016).

Therefore, the purpose of my study was to investigate whether amphibian development is
negatively affected, if larvae are exposed to elevated pesticide concentrations (>500 ng/L) and
pesticide mixtures under natural conditions in ponds. To do so, I carried out a field experiment in
four natural ponds containing different levels of pesticides (Stoffel 2016). In each pond, tadpoles
of two frog species (Rana temporaria and Hyla arborea) were raised, all originating from the same
source pond. Throughout the whole larval phase, different life history traits that are key for
individual fitness were assessed. In addition, a water residue analysis for pesticides was
performed and resource availability, as well as temperature, were evaluated. The combination of
life history traits and environmental conditions allowed me to draw comparisons between ponds
and species and test for correlations. Further, | compared patterns between years, since studies
at the same locations were conducted in 2016 and 2018 (Stoffel 2016, Pittet & Zumbach 2018).
Expecting to find negative impacts of pesticide exposure on tadpole development, I set up the
following hypotheses: 1) Tadpoles exhibit a lower survival rate when raised in a pond with
elevated pesticide concentrations. 2) Tadpoles exhibit slower growth, are therefore smaller and
have lower mass at metamorphosis when raised in a pond with elevated pesticide concentrations.
3) Time to metamorphosis is prolonged in tadpoles raised in a pond with elevated pesticide
concentrations. 4) Decreases in survival rates from the pre-juvenile to the juvenile stage do not
translate at the population level. Investigating these hypotheses will help to gain an insight into
actual exposure conditions and how they affect amphibian development under natural
conditions. In conclusion, this study aims to provide recommendations for future management
actions regarding amphibian conservation in agricultural areas.



2 Material and Methods

2.1 Study system

The field experiment took place in the Berner Seeland and along the river Saane. This region is
characterized by intensive agriculture. In addition, information about pesticide contamination of
multiple ponds in this region is available for 2016 and 2018 (Stoffel 2016, Pittet & Zumbach
2018). Based on these measurements, as well as some physical parameters like having stable
water levels and sufficient space for the experimental set-up, four ponds were chosen (Figure 1).
Out of these four ponds, one has had relatively high (between 5100 - 1900 ng/L) and three ponds
have had relatively low (between 50 and 650 ng/L) pesticide contamination in 2016/18.
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Figure 1: The red dots indicate the location of the four ponds. While Fofere and Muttli are located in the Berner Seeland, Laupenau and Viadukt
were located along the river Saane. Map taken from https://map.geo.admin.ch/.

Muttli, the pond with the highest pesticide concentration in the previous years, also has the
largest surface area of all four ponds. It is located adjacent to agricultural fields, which have a
drainage directly in its waterbody. However, Muttli itself is surrounded by wood. The ponds
Laupenau and Viadukt were built between 2001 and 2007 as part of a project to connect two
isolated Hyla arborea populations. Both ponds are artificially discharged in autumn and filled
again in spring to create temporal waters, which are highly valuable for H. arborea (Schmidt et al.
2015). Fofere was built in 2006 to compensate for a road project. Water is supplied by a streamlet
and it possesses an artificial discharge (Stoffel 2016).



2.2 Study organisms

As study organisms served tadpoles of the two frog species Rana temporaria and Hyla arborea,
which are both native inhabitants of the area. [ studied wild populations to make the experiment
as realistic as possible through the integration of naturally occurring phenotypic variability.

2.2.1 Common frog (Rana temporaria)

Rana temporaria is the most widespread anuran species in Switzerland and is classified on the
Swiss Red List as well as globally on the IUCN Red List as least concern (Schmidt & Zumbach
2005). Reproduction occurs early in spring, starting from February (Meyer et al. 2009). Individual
clutches comprise around 1000 eggs (Gibbons & McCarthy 1986). After eight to ten days, larvae
hatch and metamorphose after seven to twelve more weeks to juveniles, depending on
environmental variables like temperature (Meyer et al. 2009).

2.2.2 Tree frog (Hyla arborea)

The distribution range of Hyla arborea is decreasing in Switzerland, due to increased
anthropogenic modification of water bodies (Schmidt & Zumbach 2005). Therefore, the species
is classified as endangered on the Swiss Red List (Schmidt & Zumbach 2005). The spawning
season of H. arborea starts between March and April, peaks in May and can extend until July
(Meyer et al. 2009). A female deposits 4-10 small clutches that contain on average 15-80 ova
(Mermod et al. 2010). Depending on temperatures, the larvae hatch after one to two weeks and
reach metamorphosis after two to three more months (Meyer et al. 2009).

2.3 Animal husbandry

For both species, clutches were collected in Laupenau. Fresh clutches with similar developmental
stages of the eggs were chosen (Gosner stage 1-13 (Gosner 1960)). While for R. temporaria clutch
collection took place on 21 March, H. arborea, clutches were collected on 21 and 22 May.

Clutches

Until hatching, I kept individual clutches of both species in water-filled boxes (32x20.5x9 cm).
These clutch boxes were floating on the water within the experimental boxes into which the
tadpoles will be released later on.

Tadpoles

After hatching, tadpoles remained in the clutch boxes until they were free swimming and feeding
(Gosner stage 26 (Gosner 1960)) and most of them reached a minimal size of 12 mm. As soon as
this was the case, I transferred them to the experimental boxes (60x40x32 cm), which were
located within the waterbodies of the ponds. I released R. temporaria tadpoles around two weeks
after collection, on 1 and 4 April, whereas I released H. arborea, tadpoles after four weeks, on 23
June.



Metamorphs

With the emergence of the front limbs (Gosner stage 42 (Gosner 1960)), metamorphosing
tadpoles were transferred into separate boxes (18.5x12x15 cm), which were floating on the water
within the experimental boxes. In these metamorph boxes, I placed two rolls of household paper
on the sides and added two small cups of water, allowing the metamorph to crawl from the water
on land. Additionally, the boxes were sealed with mesh. All metamorphs stayed in these boxes
until complete resorption of the tails (Gosner stage 46 (Gosner 1960)). After, the juveniles were
released at the sites they were raised.

Experimental boxes

[ used experimental boxes with a holey surface, which I had lined with a fine mesh (Figure 2). The
mesh allowed water flow and nutrient exchange and protected the tadpoles against predation at
the same time. Besides, the boxes were covered with a lid, which I had spanned with a fine mesh
as well, such that sunlight got through. All boxes were put in the water ten days before the release
of the tadpoles, allowing periphyton to grow thereon. In addition, four stones were laid on the
ground where periphyton accumulated as well. These served as food for the tadpoles during the
whole course of the experiment and made extra feeding redundant.

Figure 2: Examples of experimental boxes in which tadpoles were kept until they reached metamorphosis.

2.4 Experimental design

To assess if there are differences in development attributable to pesticide contamination, I
collected and kept multiple clutches in Laupenau (source pond), but additionally transferred
fractions of each clutch to the three other ponds (receiving ponds). The procedure of transfer was
the same for both study organisms; however, shifted in time and differing in numbers (Figure 3,
Table 1).

For R. temporaria, 1 placed six experimental boxes in each pond. Next, I collected a total of six
clutches in the source pond. Per clutch, I randomly selected 4x12 tadpoles and assigned 1x12 to
one box of each of the four ponds. Consequently, I raised in each of the six boxes per pond 12
tadpoles, whereof all 12 originated from the same clutch. For the random selection of the
tadpoles, I followed the protocol for mesocosm studies of Josh van Buskirk (www.ieu.uzh.ch
/research/ecology/change/labprotocols/03_mesocosm_experiments.pdf), with the exception
that I drew random variables in R to assign tadpoles to boxes and did not do it haphazardly.



For H. arborea, 1 reduced the set-up to four experimental boxes per pond. Further, I collected
eleven clutches in the source pond. After hatching, [ mixed the tadpoles of all clutches before
randomly selecting 4x4x10 tadpoles. The reason why I mixed the clutches and reduced the set-
up, as well as the numbers, was that individual clutches were too small to provide enough
tadpoles for all four ponds. In addition, a fourth of all tadpoles went missing after a heavy
thunderstorm. Thus, I raised in each of the four boxes per pond 10 tadpoles originating from
different clutches.

For both species, surplus tadpoles from individual clutches were rereleased in the source pond.

Figure 3: Scheme of transfer of the tadpoles: Light blue circles represent the three receiving ponds. The dark blue circle represents the source
pond where all clutches were collected and from where tadpoles were distributed to the receiving ponds (dark blue arrows). Squares indicate
the experimental boxes: Six boxes per pond in the case of R. temporaria (red + green) and four boxes in the case of H. arborea (red).

Table 1: Summary of the number of tadpoles which were raised per experimental box, pond and species (Rt refers to numbers of R. temporaria
tadpoles and Ha refers to numbers of H. arborea tadpoles).

Box Pond 1 Pond 2 Pond 3 Pond 4 Sum
Rt Ha Rt Ha Rt Ha Rt Ha Rt Ha Rt Ha
1 1 12 10 12 10 12 10 12 10 48 40
2 2 12 10 12 10 12 10 12 10 48 40
3 3 12 10 12 10 12 10 12 10 48 40
4 4 12 10 12 10 12 10 12 10 48 40
5 12 12 12 12 48
6 12 12 12 12 48

288 160

2.5 Data collection

[ started the field experiment on 21 March and stopped it on 18 August after five months. During
this time, [ measured a set of environmental variables, but also multiple life history traits.
However, due to very high temperatures during the end of June in combination with a period of
sporadic precipitation events, Fofere dried out completely on 3 July. Hence, I could not continue
collecting data there. As a consequence, [ could only incorporate Laupenau, Muttli, and Viadukt in
the analysis of H. arborea data.



2.5.1 Environmental variables

Pesticide concentrations

On 20 May I took one 250 mL water sample per pond. These samples were sent to Bachema AG
to perform a water residue analysis for pesticides. Using LC-MS/MS, they screened for the
presence and concentration of 60 commonly used pesticides with a detection limit of 20 ng/L.
With the results of their analysis I was able to calculate the total pesticide concentration of each
pond, as well as the number of pesticides above the critical value of 100 ng/L.

Temperature

The temperature was continuously measured with HOBO Pendant® temperature data loggers.
Three loggers were placed in three different experimental boxes of each pond. I started the
measurement on 25 March and stopped it on 18 August. During this period, the loggers measured
the temperature every two hours. These measurements allowed me to calculate the mean, the
variance, maxima and minima of water temperature for each of the two larval periods.

Resource availability

[ assessed the resource availability per pond by measuring the accumulated algal biomass on
experimental glass slides. I inserted three glass slides per pond and covered them with a small
pet bottle to prevent tadpole grazing. [ started the measurement on 6 May and terminated it on 3
July. After removal, I airdried the glass slides for one week at room temperature. Then, I scraped
the biomass from both sides onto pre-weighed boats and weighed them to the nearest microgram.
The mean weight of algal biomass of the three slides per pond gave me a proxy for the resource
availability per pond.

2.5.2 Life history traits

After releasing the tadpoles into the experimental boxes, I visited each pond at least two times
per week. On the first weekly visit, [ counted all tadpoles, looked if any deformities were exhibited
and assessed their growth. On the second weekly visit, I checked the water level and the
placement of the boxes in the ponds.

Counts

To count the number of tadpoles in each box, I caught tadpoles individually with a cup and
transferred them to a small box filled with water. By doing so, I counted how many tadpoles were
still present and alive. Death was recorded when a tadpole was immobile, or only remains of the
skeleton were observable. If none of this was the case, the tadpole was recorded as missing. Using
these counts per date, | was able to calculate mortality and survival rates per box, pond, and
species. Survival was calculated by dividing the number of tadpoles surviving through
metamorphosis, or still present in the boxes by the end of the experiment, by the total number of
tadpoles released into the box. Further, [ made a distinction between early mortality and late
mortality since missing tadpoles occurred almost exclusively during the first two weeks after
transfer. Early mortality was defined as disappearance within the first 14 days and late mortality
as death starting from the 15th day after the transfer.
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Deformities

To assess deformities, a presence-absence based approach was used (Boll et al. 2013). Tadpoles
exhibiting a deformation would have been excluded from the experiment. During the whole
experiment, however, | did not detect any deformity, such that I did not include this parameter in
my further analysis.

Growth

To assess growth, all tadpoles which were alive and in good shape were transferred to a small
aquarium filled up to 1 cm with water. On the bottom of the aquarium, I placed a graph paper
(scale 1 mm). As soon as the tadpoles were resting and in a straight position, I took a photo. From
this picture, | extracted the length and width of each tadpole with the software Piximetre (Version
5.9) (Figure 4a). These weekly length and width measures allowed me to compare growth curves
between species and ponds.

The procedure of two weekly visits continued until the first tadpoles developed forelimbs.
Starting from then, I visited each pond every second day.

Metamorphosis

As soon as the tail resorption was completed (Gosner stage 46 (Gosner 1960)), I caught the
juveniles with a small container and weighed them on a KERN® CM pocket scale to the nearest
centigram. Next, [ put them in a small transparent box and photographed them over graph paper
(scale 1 mm). From there, their snout-vent length (SVL) was extracted with the software
Piximeétre (Figure 4b). Additionally, I recorded how many days had passed since their release to
the big boxes (day zero). These measurements of body mass and total length (size) at
metamorphosis, as well as the length of the larval period, could then be compared between ponds
and species.

Figure 4: Measurement of sizes in tadpoles and juveniles: a) Length of tadpoles was measured from the snout to the end of the tail and width
was measured behind the point where front limbs will emerge, as indicated by the red lines. b) SVL of juveniles was measured as indicated by
the red line.

2.6 Population projection (R. temporaria)

To assess how tadpole mortality (early and late mortality) observed in the experiment may affect
population dynamics, I used a population model. I worked with the population matrix model
presented by Biek et al. (2002) (Table 2) and parametrized it with the mortalities that I had
observed in my experiment. To do so, I multiplied the pre-juvenile to juvenile survival rate of the
paper with one of the four survival rates | had seen in the different ponds. Since the survival rate
suggested by Biek et al. (2002) is high, I assumed that it represented the rate under optimal
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growth conditions for tadpoles and the rates that | had observed represented decreases due to
environmental stressors like pesticide exposure, scarce resources or high temperatures. Next, |
calculated with the altered matrix the population growth rate (Assp) to investigate to what extent
Assp was affected.

In the following step, I examined what impact simultaneous decreases of multiple vital rates
would yield on the population growth rate since also the Assp reported by Biek et al. (2002) is high,
with a value of 1.33. Therefore, I decreased adult survival from 0.43 to 0.3 and clutch size from
650 to 500, in addition to the decreases in pre-juvenile to juvenile survival, and calculated Assp
again.

Table 2: Lefkovitch matrix, according to Biek et al. (2002), consisting of the three stages; prejuvenile (embryo, larva, overwintering
metamorph), juvenile and reproductive adult. Rates were estimated as follows: Embryo survival = 0.92, larval survival = 0.06, metamorph
survival = 0.34, juvenile survival = 0.33, juvenile to juvenile = 0.25, juvenile to adult = 0.08, adult survival = 0.43, probability of laying = 1, clutch
size = 650.

/ 0 Probability of juvenile Adult survival x probabim

becoming adult x of laying x clutch size
probability of laying x
clutch size
Embryo survival x Probability of remaining a 0
larval survival x juvenile
metamorph survival

0 Probability of juvenile Adult survival
K becoming adult J

2.7 Comparison between years

The datasets used to compare parameters between years included the one of Pittet & Zumbach
(2018), who performed a very similar study to mine on a smaller scale, and the one of Stoffel
(2016), who repeatedly assessed water quality in multiple ponds in the Berner Seeland. I included
the data of the second assessment of Stoffel (2016) since its date (23 May) corresponded
approximately with the date, I took my samples (20 May). The two datasets allowed me to
compare pesticide concentrations over three years (2016, 2018, 2019), except for Viadukt and
Fofere where only two measurements were available (2016, 2019). Further, I could compare life
history traits of H. arborea over two years (2018, 2019) between the ponds Laupenau and Muttli.

2.8 Data analysis

[ used the software R (R Core Team 2015) and general linear models with binomial family
distribution to analyse the count data (survival and mortality). As a fixed effect I entered one
environmental variable (pesticide concentration, resource availability or temperature) per
model. I did not include random effects since there were not enough data points for such an
analysis. Residual plots did not show any obvious violations of the assumptions. Thus, among all
models, the most parsimonious one was selected using the AIC.

[ did not analyse the relationships between growth and environmental variables since the
associated patterns recurred in the relationships between life history traits associated with

metamorphosis (size/mass at metamorphosis and length of larval period) and environmental
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variables (pesticide concentration, resource availability or temperature). To analyse these
relationships, | performed a linear mixed effect analysis using the R package nmle (Pinheiro et al.
2017). As fixed effects, I entered one environmental variable per model. I did not include multiple
variables or interactions since this would have overparameterized the model. As random effects,
I nested box number in ponds, to account for their non-independence. I did not incorporate clutch
ID as a random effect in the analysis of R. temporaria data since boxplots did not reveal apparent
differences among clutches (see Figures 30-32, Appendix). For the cases where visual inspection
of the residual plots revealed deviations from homoscedasticity, I used the variance structure
varldent, to allow different variances for different levels of the environmental variables. AIC
values were used to find the best predictor and p-values were obtained by likelihood ratio tests
of the full model with the effect in question against an intercept only model without the effect in
question.

For the comparison between the years 2018 and 2019, I used the package nmle again to perform
a linear mixed effect analysis. I incorporated year and pesticide concentration as fixed effects,
pond as a random effect and either size or length of the larval period as a dependent variable. For
the cases, where visual inspection of the residual plots revealed deviations from
homoscedasticity, I used the variance structure varldent. P-values were obtained using likelihood
ratio tests.
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3 Results
3.1 Environmental variables

Water residue analysis for pesticides revealed that the summed concentration of all formulations
detected (total pesticide concentration) was highest in Muttli, followed by Laupenau. Both Fofere
and Viadukt contained relatively low total pesticide concentrations (Figure 5a, Table 3).

Further, the analysis revealed that one single formulation exceeded the critical value of 100 ng/L
in Fofere, Laupenau and Muttli, whereas there was no formulation above the critical value
detected in Viadukt (Figure 5b).
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Figure 5: a) Blue bars show the total pesticide concentration in the water [ng/L] of the four ponds (Fofere, Laupenau, Muttli and Viadukt).

Samples were taken on 20 May. b) Red bars show the number of pesticide formulations exceeding the critical value of 100 ng/L in the four
ponds (Fofere, Laupenau, Muttli and Viadukt). Samples were taken on 20 May.

The highest level of dried algal biomass (resource availability) accumulated in Viadukt, followed
by Muttli. Laupenau and Fofere both had relatively low resource availability (Figure 6, Table 3).

il

Fofere Laupenau  Muttli Viadukt

-
o

resources [mg/cmz]
o
()]

o
o

Figure 6: Green bars show the means of three measurements of resource availability [mg/cm?] per pond (Fofere, Laupenau, Muttli, Viadukt).
Black error bars represent the standard deviation. Resource measurement started on 6 May and ended on 3 July.

Water temperatures fluctuated substantially throughout the larval period of both species. During
larval development of R. temporaria, water temperatures of all ponds were initially in a similar
range, but starting from mid-June, Laupenau got considerably warmer. This trend continued, such
that during the whole larval phase of H. arborea, water temperatures in Laupenau remained
higher than in the other three ponds (Figure 7, Table 3).
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Figure 7: Lines show the temperature trajectory during larval development; the mean of 12 temperature measurements per day (°C) is plotted
against the corresponding date. Measurement started on 25 March and stopped on 18 August. The dashed line indicates the start of the larval
period of H. arborea (23 June). The dotted line indicates the end of the larval period of R. temporaria (12 July). Different colours represent the
four different ponds (Fofere, Laupenau, Muttli and Viadukt).

Table 3: Summary of the environmental conditions per pond and period. Rt indicates parameters of the R. temporaria period and Ha indicates
parameters of the H. arborea period.

Pesticide Resource Mean water Variance water Minimal water Maximal water

concentration availability temperature temperature temperature  temperature
Pond [ng/L] [g] (°C) (°C) (°C) (°C)

Rt Ha Rt Ha Rt Ha Rt Ha

Fofere 185 0.001 16.02 - 28.19 - 452 - 30.86 -
Laupenau 425 0.003 18.57 24.65 32.82 1054 555 1833 33.01 33.01
Muttli 580 0.018 16.38 20.40 23.01 497 545 16.52 30.05 28.55
Viadukt 110 0.039 15.80 21.06 23.14 6.28 4.62 15.76 25.13 32.09

3.2 Life history traits
3.2.1 Counts

The number of R. temporaria tadpoles in Laupenau was initially stable, but as metamorphosis
approached, late mortality increased heavily (Figure 8, Table 4). The inverse was observed in
Fofere, where numbers dropped drastically within the first weeks, but late mortality was low.
Thus, survival was similar in these two ponds and on an intermediate level compared to the other
two ponds. Muttli showed the highest survival rate, with low early but also low late mortality.
Viadukt, on the other hand, showed both high early and high late mortality and, therefore, the
lowest survival rate. Lowest AIC values for all response variables tested were associated with the
intercept only model (Table 5). Consequently, there was neither a clear relationship between
pesticide concentration and survival (p-value: 0.458, value: 2.259, std. error: 3.042) (Figure 9)
nor between other environmental conditions and vital rates.
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Figure 8: Lines show the trajectory of numbers of R. temporaria tadpoles that are either still present in the experimental boxes or successfully
completed metamorphosis, plotted against the date of assessment. The reason for the initial increase in numbers is that I had to split the
transfers of the 72 tadpoles per pond between two days (1 and 5 April). Different colours indicate the four different ponds (Fofere, Laupenau,
Muttli and Viadukt).

1.0-

0.9- s .
g
©0.8- . ° * Fofere
© . Laupenau
2 * Muttl
5 ° * Viadukt
®0.7-

0.6-

100 200 300 400 500 600
pesticide concentration [ng/L]

Figure 9: Points show survival rates of R. temporaria tadpoles per experimental box, plotted against total pesticide concentration in the water
[ng/L] on 20 May. Different colours represent the four different ponds (Fofere, Laupenau, Muttli and Viadukt).

Early mortality for H. arborea tadpoles was low in Laupenau, but late mortality increased as
metamorphosis approached. Still, survival was highest in Laupenau since in both Muttli and
Viadukt early mortality was high. While late mortality in Viadukt was low, it stayed high in Muttli.
Therefore, survival was lowest in Muttli (Figure 10, Table 4). AIC-based model selection revealed
that the intercept only models were preferred for response variables describing survival (Table
5). Accordingly, there was neither a clear relationship between survival rate and total pesticide
concentration (p-value: 0.974, value: -0.108, std. error: 3.345) (Figure 11) nor between any other
environmental variable and vital rate.
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Figure 10: Lines show the trajectory of numbers of H. arborea tadpoles that are either still present in the experimental boxes or successfully
completed metamorphosis, plotted against the date of assessment. Each pond started with a total of 40 tadpoles on 23 June. Different colours

represent the three different ponds (Laupenau, Muttli and Viadukt).

0.9-

survival rate
o
@

©
~
.

0.6-

. Laupenau

100 200 300

400 500

pesticide concentration [ng/L]

600

o Muttli
¢ Viadukt

Figure 11: Points show survival rates of H. arborea tadpoles per experimental box, plotted against total pesticide concentration in the water
[ng/L] on 20 May. Different colours indicate the three different ponds (Laupenau, Muttli and Viadukt).

Table 4: Summary of mean early and late mortality rates, as well as mean survival rates, per species and pond (* standard deviation).

Species Pond

Early mortality

Late mortality

Survival

R. temporaria  Fofere
Laupenau
Muttli
Viadukt

0.125 (+ 0.069)
0.014 (+ 0.034)
0.028 (+ 0.043)
0.194 (+ 0.155)

0.042 ( 0.069)
0.194 (+ 0.136)
0.042 (+ 0.046)
0.083 (+ 0.053)

0.833 (+ 0.105)
0.792 (+ 0.147)
0.931 (+ 0.063)
0.722 (+ 0.146)

H. arborea Laupenau
Muttli

Viadukt

0.000 ( 0.000)
0.225 (+ 0.126)
0.250 (+ 0.129)

0.150 ( 0.129)
0.125 (+ 0.050)
0.050 (+ 0.058)

0.850 (+ 0.129)
0.650 (+ 0.129)
0.700 (+ 0.082)
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Table 5: Summary of AIC values obtained through general linear model analysis of late mortality rate, early mortality rate or survival rate
against the explanatory variables for both study organisms (R. temporaria and H. arborea). Lowest AIC values (highlighted) are for each

response variable associated with the intercept only model.

Response variable Explanatory variable AIC (R. temporaria) AIC (H. arborea)
Late mortality rate ~ 1 (intercept only) 6.542 4.752
~ pond 12.660 8.779
~ box number 8.635 6.752
~ family 8.542 -
~ pesticide concentration 8.543 6.771
~ resources 8.548 6.779
~ mean temperature 8.639 6.761
~ variation temperature 8.609 6.759
~ minimal temperature 8.573 6.773
~ maximal temperature 8.562 6.752
Early mortality rate ~ ~ 1 (intercept only) 6.542 6.137
~ pond 12.703 10.341
~ box number 8.547 8.267
~ family 8.551 -
~ pesticide concentration 8.685 8.154
~ resources 8.603 8.312
~ mean temperature 8.637 8.347
~ variation temperature 8.576 8.343
~ minimal temperature 8.676 8.363
~ maximal temperature 8.661 8.214
Survival rate ~ 1 (intercept only) 14.583 11.467
~ pond 19.671 14.838
~ box number 16.492 12.975
~ family 16.678 -
~ pesticide concentration 15.852 13.423
~ resources 16.028 13.645
~ mean temperature 16.607 12.887
~ variation temperature 16.752 12.809
~ minimal temperature 16.241 13.401
~ maximal temperature 15.926 12.674

3.2.2 Growth

Throughout the whole larval phase, R. temporaria tadpoles clearly grew fastest in Muttli and
slowest in Fofere. In Viadukt and Laupenau, however, growth of the tadpoles was intermediate

and very similar (Figure 12).
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Figure 12: Points show total length (size) [mm] of individual tadpoles of R. temporaria, plotted against the date of measurement to assess
growth throughout the whole larval phase. Different colours indicate the four different ponds (Fofere, Laupenau, Muttli and Viadukt) and pale
bands represent the 95% confidence interval.

The differences in the growth of H. arborea tadpoles are not pronounced between the ponds.

Tadpoles growing in Muttli seemed to have the fastest growth, followed by tadpoles raised in
Viadukt and Laupenau (Figure 13).
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Figure 13: Points show total lenght (size) [mm] of individual tadpoles of H. arborea, plotted against the date of measurement to assess growth
throughout the whole larval phase. Different colours indicate the three different ponds (Laupenau, Muttli and Viadukt) and pale bands
represent the 95% confidence interval.

3.2.3 Metamorphosis

Juveniles

There were pronounced differences in the number of tadpoles that completed metamorphosis
(juveniles) between the two species (Table 6). Not completing metamorphosis differs from
mortality since multiple H. arborea tadpoles were not able to reach metamorphosis before the
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termination of the experiment on 18 August. This was also one reason for the differences in
numbers between the species. Another reason was that the experimental set-up for H. arborea
included only 55.5% of the total number of tadpoles used for R. temporaria and lastly, there were
differences in survival rates between the two species.

Table 6: Summary of total numbers of tadpoles completing metamorphosis per species and pond.

Fofere Laupenau Muttli Viadukt
R. temporaria 59 57 68 51
H. arborea - 9 19 19

Size

R. temporaria juveniles from Muttli clearly reached the largest sizes at metamorphosis. Juveniles
from the other three ponds finished their metamorphosis with similar sizes (Table 7, see Figure
24, Appendix). The AIC values of all models tested were in a narrow range (Table 8). Neither
pesticide concentration (p-value: 0.136, value: 4.534, std. error: 2.636) (Figure 14) nor any other
environmental variable showed a clear relationship with size.
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Figure 14: Points show size [mm] of individual R. temporaria juveniles at metamorphosis, plotted against total pesticide concentration in the
water [ng/L] on 20 May. Different colours indicate the four different ponds (Fofere, Laupenau, Muttli and Viadukt).

H. arborea juveniles did not show pronounced differences in size at metamorphosis (Table 7, see
Figure 25, Appendix). Juveniles from Muttli were slightly larger than those from Laupenau and
Viadukt. Displaying the lowest AIC value of all models tested (Table 8), total pesticide
concentration in the water showed a positive relationship with size at metamorphosis (p-value:
0.009, value: 3.003, std. error: 0.815) (Figure 15). The other environmental variables, however,
did not correlate clearly with size.
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Figure 15: Points show size [mm] of individual H. arborea juveniles at metamorphosis, plotted against total pesticide concentration in the
water [ng/L] on 20 May. Different colours represent the three different ponds (Laupenau, Muttli and Viadukt).

Body mass

R. temporaria juveniles from Muttli were clearly the heaviest, whereas the juveniles of the three
other ponds were all in a similar range (Table 7, see Figure 26, Appendix). The relationships
between body mass and environmental variables were following the ones between size and
environmental variables (Table 8, see Figure 35, Appendix).

The body mass of H. arborea juveniles in Muttli aligned approximately with the body mass of the
juveniles in Laupenau (Table 7, see Figure 27, Appendix). Juveniles that grew up in Viadukt
displayed the lowest mean body mass. The observed relationships between body mass and
environmental variables corresponded with the ones between size and environmental variables
(Table 8, see Figure 36, Appendix) with one exception; a negative correlation between resource
availability and body mass of juveniles was detected (p-value: 0.026, value: -2.129, std. error:
0.664) (Figure 16).
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Figure 16: Points show body mass [g] of individual H. arborea juveniles at metamorphosis, plotted against the resources [mg/cm?2] that
accumulated between the 6 May and 3 July. Different colours indicate the three different ponds (Laupenau, Muttli and Viadukt).

Length of larval period

R. temporaria juveniles that grew up in Muttli had the shortest larval period, followed by juveniles
from Laupenau (Table 7, see Figure 28, Appendix). Juveniles from Viadukt took an intermediate
number of days. However, compared to the other three ponds, the variance in Viadukt was much
higher. The longest larval period was found in Fofere. AIC values differed considerably between
the models tested (Table 8). Total pesticide concentration and length of the larval period showed
a clear, negative correlation (p-value: 0.003, value: -48.024, std. error: 8.312) (Figure 17).
Additionally, there was a negative relationship between minimal temperature during the larval
period and length of the larval period (p-value: 0.019, value: -17.439, std. error: 5.081) (Figure
18). The effects of other temperature variables and resource availability on the length of the larval
period were not strong.
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Figure 17: Points show the length of the larval period [d] of individual R. temporaria juveniles, plotted against total pesticide concentration in
the water [ng/L] on 20 May. Different colours represent the four different ponds (Fofere, Laupenau, Muttli and Viadukt).
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Figure 18: Points show the length of the larval period [d] of individual R. temporaria juveniles, plotted against minimal temperature (°C) during

the larval period. Different colours represent the four different ponds (Fofere, Laupenau, Muttli and Viadukt).

For H. arborea, the length of the larval period was similar in all ponds (Table 7, see Figure 29,
Appendix). Additionally, the overall variance was much higher due to a lower number of data
points. Model selection revealed that the AICs of all models tested were close to the intercept only
model (Table 8). Accordingly, there was no clear relationship between total pesticide
concentration and length of the larval period (p-value: 0.302, value: 7.42, std. error: 7.29) (Figure
19). Furthermore, neither temperature variables nor resource availability affected the length of
the larval period clearly.
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Figure 19: Points show length of larval period [d] of individual H. arborea juveniles, plotted against total pesticide concentration in the water

[ng/L] on 20 May. Different colours represent the three different ponds (Laupenau, Muttli and Viadukt).
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Table 7: Summary of mean body mass and mean size at metamorphosis, as well as mean length of the larval period per species and per pond

(# standard deviation). Rt stands for parameters of R. temporaria and Ha for parameters of H. arborea.

Pond Size [mm] Body mass [g] Length of larval period [d]
Rt Ha Rt Ha Rt Ha
Fofere 11.67 (¥ 0.96) - 0.149 (£ 0.032) - 86.81(+5.74) -

Laupenau 11.97 (+ 0.81) 12.98 (+ 1.36) 0.146 (+ 0.040) 12.98 (+ 1.36) 73.18 (+ 5.44) 67.11 (+ 13.01)
Muttli  14.98 (+ 1.20) 13.65 (+ 1.17) 0.317 (+ 0.077) 13.65 (+ 1.17) 62.25 (+ 2.78) 68.58 (+ 11.05)

Viadukt 12.70 (+ 1.18) 12.22 (+ 1.16) 0.174 (+ 0.049) 12.22 (+ 1.16) 81.88 (¥11.49) 65.05 (+ 9.39)

Table 8: Summary of AIC values obtained through linear mixed model analysis of body mass, size and length of larval period against the
explanatory variables for both study organisms (R. temporaria und H. arborea). AIC values indicating relationships between explanatory and

response variables are highlighted.

Response variable Explanatory variable AIC (R. temporaria) AIC (H. arborea)
Size ~ 1 (intercept only) 681.769 162.903
~ pesticide concentration 681.541 158.019
~ resources 683.031 163.393
~ mean temperature 683.497 164.863
~ variation temperature 681.051 164.781
~ minimal temperature 682.906 164.550
~ maximal temperature 683.577 162.282
Body mass ~ 1 (intercept only) -757.567 -130.851
~ pesticide concentration -758.089 -135.845
~ resources -755.921 -133.822
~ mean temperature -755.891 -129.169
~ variation temperature -757.977 -129.022
~ minimal temperature -756.347 -130.924
~ maximal temperature -755.630 -129.383
Length of larval period  ~ 1 (intercept only) 1568.183 363.125
~ pesticide concentration 1475.904 364.058
~ resources 1484.539 364.558
~ mean temperature 1484.102 365.111
~ variation temperature 1484.392 365.073
~ minimal temperature 1479.013 364.923
~ maximal temperature 1484.264 364.458

3.3 Population projection (R. temporaria)

Different pond conditions led to different survival rates from the pre-juvenile to the juvenile
stage. However, even in Viadukt, where survival was the lowest, the population was still projected
to grow (Assp > 1) (Figure 20). Nevertheless, the population growth rate showed a substantial

decrease of 11% from highest to lowest Assp.

If, in addition to decreases in pre-juvenile to juvenile survival, adult survival was reduced from
0.43 to 0.3 and clutch size was decreased from 650 to 500 ova, the population growth rate (Assp)

declined to rates between 1.01 and 1.11, approaching stable population sizes (Figure 20).
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Figure 20: Triangles show the population growth rate (Assp) associated with the different pre-juvenile to juvenile survival rates per pond. Red,
green, light blue and violet represent the four different ponds (Fofere, Laupenau, Muttli, Viadukt) and dark blue the baseline of Biek et al.
(2002). Points show the population growth rate (Assp), if in addition to the decrease in pre-juvenile to juvenile survival rate, adult survival rate
and clutch size is decreased.

3.4 Comparison between years

Pesticide contamination

Muttli displayed a pronounced decrease in total pesticide concentration by 88.8% within the
three years of measurement. The other three ponds did not show such a clear pattern and
fluctuated over the years within a much smaller range (Figure 21a).

When looking at the number of pesticides over the critical value of 100 ng/L, Muttli again showed
a substantial decrease from nine formulations to only one formulation within the three years of
measurement. The other three ponds did not show such a rapid decrease. Fofere even showed a
minor increase and Laupenau fluctuated between 2 and 1. Viadukt was in both measurements the
cleanest with no pesticide exceeding the critical value in both years of measurement (Figure 21b).

a) b)
_|
— H2016 | S 2016
<5000 m2018 | 2 2018
= m2019 | 5 2019
"= 4000 e?
il A
g 8
£ 3000 S
8 2000 8
3 53
8 1000 5
g E B B
Fofere Laupenau Muttli  Viadukt Fofere  Laupenau  Muttli Viadukt

Figure 21: a) Bars show total pesticide concentration in the water [ng/L] of the four ponds (Fofere, Laupenau, Muttli, Viadukt) with different
colours representing different years. While for Laupenau and Muttli three years of data is available (2016, 2018, 2019), for Fofere and Viadukt
two years of data is available (2018, 2019). b) Bars show the total number of pesticides which exceeded the critical value of 100 ng/L per pond
(Fofere, Laupenau, Muttli, Viadukt) with different colours representing different years. For Laupenau and Muttli three years of data is available
(2016, 2018, 2019), whereas for Fofere and Viadukt two years of data is available (2018, 2019).
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H. arborea life history traits
A comparison between the datasets of 2018 and 2019 revealed that survival rates of tadpoles
were lower for both Laupenau and Muttli in 2019, but especially for Muttli (Table 9).

When looking at the size at metamorphosis, one can see pronounced differences in the study of
2018 between the two ponds. Juveniles raised in Muttli were substantially larger than their
conspecifics raised in Laupenau (Table 9). However, in 2019, differences vanished almost
completely (Figure 22). There was a clear, positive relationship between total pesticide
concentration and size at metamorphosis (p-value: < 0.0001, value: 0.0032, std. error: 0.0002).
Year, however, did not correlate clearly with size (p-value: 0.152, value: 0.422, std. error: 0.298).
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Figure 22: Boxplots show sizes of H. arborea juveniles at metamorphosis [mm] per pond (Laupenau, Muttli) and year. Black bars represent the
median, whiskers the 95% confidence interval, boxes the quantiles and different colours the two years of measurement.

When looking at the length of the larval period, one can see that in 2018, juveniles raised in Muttli
finished metamorphosis earlier than juveniles raised in Laupenau (Table 9). One year later,
however, the differences vanished to a large extent (Figure 23). There was a clear, negative
correlation between total pesticide concentration and length of the larval period (p-value: <
0.0001, value: -0.0276, std. error: 0.0016). Additionally, year displayed a negative relationship
with length of the larval period (p-value: 0.003, value: -9.209, std. error: 3.000).
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Figure 23: Boxplots show length of larval period [d] of H. arborea juveniles per pond (Laupenau, Muttli) and year. Black bars represent the
median, whiskers the 95% confidence interval, boxes the quartiles and different colours the two years of measurement.

Table 9: Summary of mean survival rates, mean length of larval period and mean size at metamorphosis of H. arborea per year and pond (+

standard deviation).

2018 (Pittet & Zumbach 2018) 2019

Laupenau Muttli Laupenau Muttli

Survival rate
Length of larval period [d]
Size [mm]

0.95(£0.07) 093 (£0.05)  0.85(x0.13)  0.65 (+0.13)
75.10 (+ 13.6) 40.60 (+1.5)  67.10 (+13.0)  68.60 (+ 11.1)
13.33(+1.09) 17.40(x0.86) 12.98(£1.36) 13.65( 1.17)
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4 Discussion

Based on the results of numerous laboratory studies, I expected to find negative effects of
elevated pesticide concentrations (> 500 ng/L) and pesticide mixtures on amphibian growth,
development, and survival under natural conditions. However, most of the hypotheses were not
supported by my experimental results, suggesting that the situation under natural conditions is
not as unambiguous as under laboratory conditions.

Environmental variables known to affect the performance of larval amphibians differed
considerably among the four ponds. While Viadukt displayed the highest resource availability,
Laupenau reached the highest water temperatures and Muttli contained the highest total
pesticide concentration. Such variability in conditions generates noise, which would not be
allowed in classical laboratory studies assessing the risk posed by pesticides. However, the reason
to carry out a field experiment was exactly to allow such variability and to investigate how
pesticides affect amphibians under actual exposure conditions. That actual exposure conditions
can differ substantially from laboratory conditions was, for instance, reported by Allran &
Karasov (2001). At the end of their study, they concluded that pesticide concentrations inducing
deleterious effects on larvae in the laboratory might be considerably higher than those typically
found in surface water. This highlights that ultimately; the findings relevant for conservation
measures are those observed under natural conditions.

[ hypothesized that tadpoles would exhibit a lower survival rate when exposed to elevated
pesticide concentrations. My experimental results supported this hypothesis only partially. While
survival of H. arborea tadpoles was indeed lowest in Muttli, where total pesticide concentration
was highest, the exact opposite was found for R. temporaria tadpoles whose survival was highest
in Muttli. One explanation could be that H. arborea reacts more sensitively to pesticide exposure
than R. temporaria. Such variable sensitivity was also found by Bridges & Semlitsch (2000), who
demonstrated that multiple ranid species responded differently to sublethal concentrations of
carbaryl. They concluded, however, that comparing the sensitivity of species is often difficult
because of the variation at the individual, family and population level. In my data, reasonable
variability existed at the individual level, but variability among clutches of R. temporaria was
small, substantiating the fact that different sensitivities within the population under observation
could be possible. Alternatively, the observed difference in survival could also have been
confounded by the fact that the experiment had to be terminated before all H. arborea tadpoles
were able to complete metamorphosis. Especially in Laupenau, where [ observed the highest
survival rate for H. arborea, late mortality increased substantially for R. temporaria as
metamorphosis approached and might have done the same for H. arborea. This would indicate
that pesticide exposure did not affect larval survival of either species noticeably under the
conditions observed.

A possible explanation for the substantial increase in late mortality in Laupenau might be that
larvae become increasingly sensitive to stressors as they are approaching metamorphosis.
Metamorphosis is a developmentally and physiologically challenging process (Howe et al. 1998),
where growth and differentiation occur rapidly (Smith-Gill & Berven 1979). Laboratory studies
have shown that growth is often highest when resource level and temperature are suitable
(Alvarez & Nicieza 2002, Schmidt et al. 1998). Therefore, the combination of limited resource
availability, high water temperatures and possibly a consequent high pH might have led to
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metabolic stress in Laupenau. High metabolic stress during a sensitive stage could be responsible
for the observed mass loss followed by death in several tadpoles, suggesting that not all
developmental stages are equally affected by suboptimal growth conditions. Accordingly, Howe
et al. (1998) observed that Bufo americanus and Rana pipiens larvae close to metamorphosis
reacted more sensitively to herbicide exposure than early stage larvae.

Next, [ hypothesized that tadpoles exhibit slower growth, are therefore smaller and have lower
mass at metamorphosis when raised in a pond with elevated pesticide concentrations. However,
[ found that the tadpoles of both species grew fastest in Muttli, where pesticide concentration was
highest. Furthermore, total pesticide concentration correlated positively with size and body mass
of H. arborea juveniles at metamorphosis, whereas it correlated negatively with the length of the
larval period of R. temporaria juveniles.

Multiple laboratory and mesocosm studies have shown that pesticides can inhibit the growth of
tadpoles, lowering body mass (Brunelli et al. 2009) and size at metamorphosis (Mazanti et al.
2003, Bridges 2000), as well as prolonging the larval phase (Hayes et al. 2006). Such inhibition
can be detrimental, as small and thin juveniles are more prone to starvation and desiccation and
less likely to escape predators (Smith 1987, Berven & Gill 1983). Long larval periods can be
disadvantageous as well, especially when not associated with larger sizes. For temporary pond
breeders, long larval periods are particularly unfavourable since pond drying is an important
mortality factor (Cooke 1985). Even though I did find positive correlations between certain life
history traits and total pesticide concentration, the possibility of growth inhibition cannot be
excluded since I do not know whether growth would have been higher without pesticides in the
water. However, my results suggest that patterns observed in the field cannot be directly
predicted based on insights from laboratory studies. It seems like some environmental factors
might have a stronger influence on growth and development than environmentally relevant
concentrations of pesticides.

Resource availability, for example, was shown to influence size and mass at metamorphosis, as
well as the length of the larval period under laboratory conditions (Leips & Travis 1994, Rohr et
al. 2004). Besides, it was demonstrated that amphibians also exhibit a strong dependence of
growth and differentiation processes upon temperature (Sanuy et al. 2008, Brattstrom, 1963).
Yet, my results showed only few clear relationships between life history traits and these
environmental variables. There was a negative relationship between the length of the larval
period and minimal temperature in R. temporaria. Contrary to my expectation, body mass of H.
arborea correlated negatively with resource availability. Possibly, taking only one resource
measurement during the whole experiment prevented me from detecting differences in resource
availability during critical stages of development. Still, my experimental results suggest that also
patterns associated with temperature and resource availability might differ under natural
conditions from what is expected based on laboratory studies.

Likely, interactions between different environmental conditions contributed to the observed
patterns. My results show evidence that certain life history traits were simultaneously affected
by multiple environmental conditions. A comprehensive review of Holmstrup et al. (2010)
revealed that while high temperatures were found to increase toxicity in a wide range of studies
with aquatic organisms, the interaction of resource availability and pesticide toxicity is less clear.
Either high resource availability provided the energy needed for detoxification processes or lead
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to increased chemical uptake through bioconcentration. Therefore, interactions between
nutritional conditions and toxicants may be very complex, either masking or enhancing the
potential effects of pesticides on tadpoles. With the presence of interactions, or even indirect
effects, the significance of classical ecotoxicological risk assessment (ERA) decreases. The
laboratory-based single-product single-species approach might ignore crucial modulating factors
with the consequence that results gained in the laboratory could not be directly extrapolated to
actual exposure conditions.

Further, Agostini et al. (2020), who conducted a similar study to mine, but with much higher
concentrations, found severe lethal and sublethal effects in four anuran species. This suggests
that besides environmental conditions, the dose might be key in determining the effect. While
high concentrations could be acutely toxic, low to moderate concentrations might not be
deleterious under natural conditions. Therefore, a threshold response toward pesticide
concentrations is likely. Johansson et al. (2006), for example, observed strong negative effects on
growth and survival when acutely exposing R. temporaria tadpoles to high concentrations of six
pesticides in a laboratory study. Though, when exposing them to low concentrations, negative
effects on both parameters vanished, even in chronic exposure tests. Accordingly, Davidson
(2004) observed that when upwind pesticide use was above a certain threshold value, the five
anuran species under investigation were overwhelmingly absent from field sites. This could point
out that concentrations that impact tadpoles negatively might be higher than those present in the
ponds I conducted my study in. The several free-living amphibian species, which could be
observed in all four ponds, substantiate this explanation. Alternatively, it could indicate that up
to certain concentrations, environmental conditions with stronger effects can compensate for or
mask impacts of pesticides, but above a certain threshold, effects of pesticides could outweigh
other influences.

Further, I hypothesized that decreases in the pre-juvenile to juvenile survival rate of R.
temporaria might not translate into effects at the population level. Indeed, my results suggest that
the population was still projected to grow, despite the observed decreases. Yet, the vital rates
presented by Biek et al. (2002) result in a high Assp, indicating that they are likely too
optimistically estimated. Nevertheless, the implementation of the observed decreases lowered
the population growth considerably. An elasticity analysis by Biek et al. (2002) unveiled that
elasticities of individual vital rates did not differ greatly, but were highest for juvenile survival.
However, in amphibians, the survival of juveniles often depends on the size at metamorphosis
(Smith 1987), highlighting the importance of growth conditions during the larval stage. Further,
Biek et al. (2002) conducted a life stage simulation analysis (LSA) to take also the observed
variation of each vital rate into account. The LSA revealed that larval survival can have a strong
effect on the population growth, because of its high variability among years. If the lower end of
the variability could be eliminated, the positive effect on the population growth rate should be
strong (Biek et al. 2002). Hence, improving the growth conditions of larvae, thereby increasing
size at metamorphosis and larval survival, provides an effective way to increase overall
population growth.

Differences in the population growth rate are exacerbated, if vital rates that are likely to be
simultaneously affected are combined to cumulative elasticities (Biek et al. 2002). Simultaneous
decreases in pre-juvenile and adult survival are realistic since adults are likely to experience
pesticide exposure as well when migrating from and to spawning waters in agricultural
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landscapes (Briihl et al. 2013). The combination of decreases in pre-juvenile to juvenile survival
and adult survival, as well as in clutch size, reinforced the effect on the population growth rate,
decreasing Assp close to one. This implies that risk assessment, which considers only vital rates
associated with tadpoles, might underestimate the threat posed by pesticides (Ockleford et al.
2017).

Lastly, I compared the patterns observed in the studies of 2016 and 2018 with those of 2019.
While total pesticide concentration, as well as the number of pesticide formulations exceeding
the critical value, decreased heavily in Muttli, they only changed moderately in the other three
ponds. This emphasizes that pesticide load can vary substantially between ponds and years. Yet,
the continuous decrease in pesticide load in Muttli aligns with the incorporation of the swiss
federal ‘Aktionsplan Pflanzenschutzmittel’ in 2017. In this plan of action, a reduction of the risk
originating from pesticides is intended and alternatives to pesticides are promoted. To verify if
the decrease will be permanent, or if fluctuations will continue, further measurements in the
future are needed. However, my results demonstrate that taking only one pesticide measurement
in a single year is not enough. Pesticide levels have to be assessed over multiple years to evaluate
actual exposure conditions.

A similar trend as in pesticide load was observed when comparing life history traits among the
years. While in 2018, differences in life history traits of H. arborea among ponds were substantial,
they vanished to a large extent in 2019, showing that fluctuations between ponds and years can
be considerable. Total pesticide concentration correlated positively with size at metamorphosis
and negatively with length of the larval period. This indicates that the assessment of life history
traits in one year allows the detection of decisive patterns. However, the comparison between the
two years of data revealed that to clearly evaluate the effects of pesticides, multiple years of
assessment of life history traits are required.

Certainly, there is need for further research and actions in multiple areas. Firstly, it is crucial to
obtain more monitoring data of pesticide levels in small, standing waters. With continuous
measurement and surveillance, the prediction of exposure can be improved. Further, the payoff
of measures like the ‘Aktionsplan Pflanzenschutzmittel’ can be quantified and, if necessary,
adapted. Such monitor programs already exist for rivers and streamlets in Switzerland, where
monthly water samples are collected and analysed (Balsiger 2007) and could serve as an example.
Secondly, tadpoles, juveniles and adults should be monitored to quantify individual and
population level effects (Boll et al. 2013). Monitoring could help to answer questions like whether
pesticide exposure as a larva leads to fitness consequences in later life stages under natural
conditions. Lastly, repeating this study with a higher number of ponds and more pronounced
differences in pesticide load among the ponds would allow investigating interactions between
pesticides and different environmental conditions. Insights from monitoring, as well as insights
in interactive effects, could then be implemented in ERA to make results more meaningful.

Conclusion

This study shows that the impacts of pesticide concentrations on amphibian growth,
development and survival under natural conditions are not as clear-cut as in the laboratory.
Considerable variation in the investigated variables existed among ponds, years and especially
among individuals; however, certain life history traits were clearly affected by some
environmental conditions. Even though inhibiting effects of pesticides on growth cannot be
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precluded and responses might be dose-dependent, my results suggest that some environmental
conditions with a strong effect on growth and development, or interactions thereof, can override
potential effects of pesticides. Therefore, knowledge acquired in the laboratory cannot be
extrapolated directly to the field, highlighting the importance of conducting more studies under
natural conditions.
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8 Appendix
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Figure 24: Boxplots show size [mm] of R. temporaria juveniles per pond. Black bars represent the median, whiskers represent the 95%
confidence interval and boxes the quartiles.
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Figure 25: Boxplots show size [mm] of H. arborea juveniles per pond. Black bars represent the median, whiskers represent the 95% confidence
interval and boxes the quartiles.
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Figure 26: Boxplots show body mass [g] of R. temporaria juveniles per pond. Black bars represent the median, whiskers represent the 95%
confidence interval and boxes the quartiles.
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Figure 27: Boxplots show body mass [g] of H. arborea juveniles per pond. Black bars represent the median, whiskers represent the 95%
confidence interval and boxes the quartiles.
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Figure 28: Boxplots show length of larval period [d] of R. temporaria juveniles per pond. Black bars represent the median, whiskers represent
the 95% confidence interval and boxes the quartiles.
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Figure 29: Boxplots show length of larval period [d] of H. arborea juveniles per pond. Black bars represent the median, whiskers represent the
95% confidence interval and boxes the quartiles.
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Figure 30: Boxplots show size [mm] of R. temporaria juveniles per clutch. Black bars represent the median, whiskers represent the 95%
confidence interval and boxes the quartiles.
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Figure 31: Boxplots show body mass [g] of R. temporaria juveniles per clutch. Black bars represent the median, whiskers represent the 95%
confidence interval and boxes the quartiles.
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Figure 32: Boxplots show length of larval period [d] of R. temporaria juveniles per clutch. Black bars represent the median, whiskers represent
the 95% confidence interval and boxes the quartiles.
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Figure 33: Boxplots show size [mm] of R. temporaria tadpoles on the day they were released into the experimental boxes per pond. Black bars
represent the median, whiskers represent the 95% confidence interval and boxes the quartiles.
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Figure 34: Boxplots show size [mm] of H. arborea tadpoles on the day they were released into the experimental boxes per pond. Black bars
represent the median, whiskers represent the 95% confidence interval and boxes the quartiles.
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Figure 35: Points show the body mass [g] of R. temporaria juveniles, plotted against total pesticide concentration in the water [ng/L] on 20
May. Different colours represent the four different ponds (Fofere, Laupenau, Muttli and Viadukt).
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Figure 36: Points show the body mass [g] of of H. arborea juveniles, plotted against total pesticide concentration in the water [ng/L] on 20 May.
Different colours represent the three different ponds (Laupenau, Muttli and Viadukt).
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