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uentin Corbel'>**, Mariella Kaiser*, Jelena Mausbach*>, Anssi Laurila?, Katja Risinen>°
1)

' Theoretical and Experimental Ecology Station, National Centre for Scientific Research

(CNRS), 2 route du CNRS, 09200 Moulis, France.

2 Animal Ecology, Department of Ecology and Genetics, Uppsala University, Norbyvéigen 18D,
Uppsala 75236, Sweden.

3 Currently working as an independent researcher, Montpellier, Occitanie, France.

* ETH Zurich, Institute of Integrative Biology, Universitétstrasse 16, 8092 Ziirich
Switzerland.

> Eawag, Department of Aquatic Ecology, Ueberlandstrasse 133, Duebendorf 8600, Switzerland.

¢ Department of Biology and Environmental Science, University of Jyviskyléd, P.O. Box 35,
40014 University of Jyviskyld, Finland.

*Correspondences may be addressed to: q.corbel@live.fr
Open research statement:
Data and code used to analyse the data and produce the figures will be made public immediately

upon publication.

Keywords: adaptive divergence, amphibia, dietary morphology, eco-evolutionary dynamics, evo-
to-eco effects, environmental stress, pH, resource limitation, tadpoles, top-down control



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Abstract

In the face of rapid environmental change, persistence of natural populations often relies on
evolutionary rescue. Such rapid evolution can, in turn, affect ecosystem properties (i.e. cause
evo-to-eco effects), as recently documented across taxa and ecosystems. Amphibians often act as
keystone species, making them ideal candidates for studying eco-evolutionary dynamics, yet
empirical studies remain rare. We aimed to bridge this gap in the moor frog (Rana arvalis),
known for adaptive phenotypic plasticity and local adaptation to environmental acidification. To
investigate context-dependent phenotypic divergence and potential for ecosystem feedbacks we
performed an outdoor mesocosm experiment on R. arvalis tadpoles. We used a full-factorial
design, rearing tadpoles from two different population origins (pH 4 vs 7) in two contrasting
environments (pH 4.3 vs 8.4). Additionally, we included no-tadpole mesocosms in each pH
environment to assess population origin effects relative to a no-tadpole baseline. We found that
tadpoles exhibited substantial phenotypic plasticity in physiological and life-history traits (higher
corticosterone levels, faster development, larger metamorphic size, and different diets in the pH
4.3 as compared to pH 8.4 environments) and environment dependent divergence between
populations: acid-origin tadpoles had higher survival in the pH 4.3 environment, larger
metamorphic size in both pH environments, and relatively longer guts in the pH 8.4 environment
than neutral-origin tadpoles. Additionally, tadpole presence reduced light penetration in pH 4.3,
and decreased zooplankton density while increasing phytoplankton density in pH 8.4. Finally, in
the pH 4.3 environment, acid-origin tadpoles reduced phytoplankton (relative to neutral origin
tadpoles), whereas in the pH 8.4 environment neutral origin tadpoles reduced periphyton while
acid origin tadpoles reduced vegetation biomass (relative to the no-tadpole baseline). These

results demonstrate marked phenotypic plasticity and divergence in R. arvalis tadpoles under
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ecologically relevant conditions, the central ecological role of tadpoles in ecosystems, and the
potential for their evolutionary divergence of tadpoles to alter ecosystem function. These results
indicate that plastic and/or evolved trait divergence of tadpoles can reshape eco-evolutionary
dynamics in freshwater ecosystems. In light of global amphibian declines, understanding such
context-dependent eco-evolutionary dynamics is vital for predicting ecosystem responses and

informing conservation strategies.
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Introduction

Amidst the ongoing environmental changes observed worldwide, wild populations face
substantial challenges, as evidenced by the global biodiversity crisis (Sala et al., 2000; Brondizio
et al., 2019). Simultaneously, environmental stress arising from such rapid environmental change
can induce natural selection and swift evolutionary responses (e.g., Bijlsma & Loeschcke, 2005;
Hoffmann & Hercus, 2000). How well species can cope with these environmental challenges is
influenced by their capacity to genetically adapt and display adaptive phenotypic plasticity
(Ghalambor et al., 2007; Chevin et al., 2010). Importantly, while phenotypic evolution may
permit evolutionary rescue in face of environmental change (Bell and Gonzalez, 2011; Carlson et
al., 2014), phenotypic changes can also influence ecosystem structure and function and, when
heritable, give rise to evo-to-eco effects (Hendry, 2017). Therefore, to understand how natural
populations respond to environmental changes, we need to understand both how phenotypic
variation is expressed in ecologically relevant environments, but also what the ecological
consequences of within species phenotypic change are.

Adaptation of natural populations to different environments across space is commonly
observed in the form of adaptive divergence and local adaptation (Kawecki & Ebert, 2004;
Résénen & Hendry, 2008). Local adaptation, defined as the evolution of locally adapted
phenotypes through natural selection, resulting in local genotypes outperforming immigrant
genotypes (Williams, 1966; Kawecki & Ebert; 2004), is common in the wild (Hereford, 2009)
and influences how populations and species respond to environmental changes (Hoffmann &
Hercus, 2000; Bijlsma & Loeschcke, 2005; Meek et al., 2023). Notably, local adaptation can
evolve at ecological timescales (Bell & Gonzalez, 2011), implying that rapid adaptive divergence

of ecologically relevant traits has the potential to affect ecological processes (Hairston et al.,
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2005; Harmon et al., 2009; Hanski, 2012; Walsh et al., 2012; Matthews et al., 2016; Des Roches
et al., 2017). When divergent selection acts on ecologically relevant traits, particularly in
keystone species, phenotypic evolution may influence ecosystem structure and function and, in
turn, shape the selection pressures acting on the focal organisms and their surrounding
community (Hairston et al., 2005; De Meester et al., 2019), resulting in eco-evolutionary
feedback loops (Hendry, 2017). Understanding the drivers and context dependency of such eco-
evolutionary dynamics is crucial for comprehending the far-reaching consequences of rapid
environmental change for community equilibrium and ecosystem function (Hanski, 2012;
Hendry, 2017).

One way to assess the potential for rapid evolution to alter ecosystem properties is by
studying ecological effects of phenotypically divergent morphotypes or locally adapted
populations (e.g., Harmon et al., 2009; Palkovacs & Post, 2009). Here, local adaptation can be
used as a proxy for potential to evolve over time (space-for-time) and hence to inform about the
potential direction of change in response to a given environmental change, as well as potential
for phenotypic change to influence ecology. Thus far such studies are mostly conducted on a few
model species (e.g., Daphnia, Drosophila, guppies and stickleback, reviewed in De Meester et
al., 2019; De Meester & Pantel, 2014), while in many other ecologically important species
showing adaptive divergence, such as amphibians, such assessments are largely missing.
Likewise, how the environmental context influences potential for expression of trait divergence
and evo-to-eco effects is still rarely assessed in eco-evolutionary dynamics studies in the context
of environmental change (e.g. Hendry, 2017)

Anuran tadpoles, which are valuable model organisms for studying local adaptation and

phenotypic plasticity in response to a range of natural and human induced selective agents
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(Relyea, 2002; Laugen et al., 2003; Pfennig et al., 2010; Hangartner et al. 2011), provide an
excellent model system. First, given the important role of tadpoles in freshwater ecosystems
(Gibbons et al. 2006, Hocking and Babbitt 2014), and their high potential for genetic and plastic
phenotypic divergence (Rose 2005, Conover et al. 2009, Richter-Boix et al. 2011, Urban et al.
2014), understanding the environmental basis of phenotypic divergence and subsequent
ecological effects of tadpoles provides valuable insight into how environmental changes
influence intraspecific diversity and potential feedbacks to ecology. Specifically, tadpoles can
influence plant growth, community composition, and nutrient cycling (Kupferberg, 1997;
Loman, 2001; Montaiia et al., 2019), as well as regulate prey density and biomass through both
direct (e.g., Petranka & Kennedy, 1999; Schiesari et al., 2009; Parlato & Mott, 2023) and indirect
(e.g. competitive release and nutrient cycling; Davic, 1983; DuRant & Hopkins, 2008) effects.
Hence, phenotypic divergence of tadpoles in any traits influencing such ecosystem parameters
has the potential to feedback to ecology. While these multifaceted roles make anuran tadpoles
well-suited models for investigating how adaptive divergence may influence ecosystem
properties, studies examining evo-to-eco feedbacks of tadpoles remain sparse.

Here we use the moor frog (Rana arvalis) as an empirical model. A series of laboratory
studies on R. arvalis tadpoles have demonstrated substantial phenotypic plasticity and adaptive
divergence among populations inhabiting an environmental acidification gradient in Sweden
(Rédsénen et al., 2003; Hangartner et al., 2011, 2012a, b; Egea-Serrano et al., 2014, Mausbach et
al., 2022; Scaramella et al., 2022). Environmental acidification, whether through anthropogenic
or natural processes (e.g. Lacoul et al., 2011), is a potent agent of natural selection, and has been
shown to influence phenotypic expression from physiology and morphology to behaviour and

life-history traits in a wide range of taxa (e.g., Driscoll et al., 2001; Lacoul et al., 2011; Risdnen
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& Green, 2009). Importantly, while acidic pH (as a physiological stressor) acts as a central driver
of phenotypic expression, several other correlated environmental changes occur simultaneously
during acidification and, hence, alter biological communities and changes in natural selection
(Haines, 1981; Hangartner et al., 2011). Particularly relevant here, R. arvalis tadpoles from
acidic versus neutral origin populations have diverged in physiology (corticosterone levels),
larval life-history as well as predator defence traits (Hangartner et al., 2011, 2012a; Egea-Serrano
et al., 2014; Mausbach et al., 2022). However, studies on adaptive divergence of R. arvalis
tadpoles in response to different pHs have been mostly conducted under highly standardized
laboratory conditions (but see Egea-Serrano et al., 2014), limiting understanding of adaptive
divergence as expressed in more complex environments. Moreover, despite the expected
ecological role of R. arvalis tadpoles, it is not known whether this observed phenotypic
divergence has ecological consequences (i.e., potential for ecosystem feedbacks).

To bridge these gaps, we conducted a semi-realistic outdoor mesocosm experiment using
R. arvalis tadpoles from two populations (originating from an acidic vs. a neutral pH pond) to 1)
investigate the extent of adaptive divergence under contrasting ecologically realistic
environments, ii) gauge the ecological role of R. arvalis tadpoles (indicative of potential to act as
a keystone species), iii) test whether tadpoles from the two contrasting population origins have
different effects on ecosystem parameters (i.e. evo-to-eco effects), and iii) assess the context
dependency of these effects. We conducted a self-sustaining outdoor mesocosm experiment
because it offers a promising approach to bridge the gap between controlled laboratory studies
(which may lack ecological realism) and observational studies in natural settings (where

identifying causal pathways can be challenging; Stewart et al., 2013).
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We conducted a 2 x 2 factorial experiment, with tadpoles from an acidic (pH 4) and a
neutral (pH 7) origin population reared from early larval stages to metamorphosis in two
contrasting environments (pH 4.3 and 8.4). To estimate adaptive divergence, we assessed stress
physiology (corticosterone), dietary morphology (gut length), life-history traits (developmental
stage and metamorphic size) and survival. To estimate if the acidic versus neutral pH origin
tadpoles have differential effects on ecology, and to what extent these may depend on the
environmental context (pH 4.3 versus 8.4), we assessed key components of freshwater
ecosystems structure (amount of periphyton and phytoplankton, vegetation biomass, and
zooplankton density) and function (net primary productivity and light penetration). We made
several key predictions. First, given prior evidence for genetically based phenotypic divergence
and substantial trait plasticity in these populations in laboratory conditions (Hangartner et al.,
2012b; Egea-Serrano et al., 2014; Mausbach et al., 2022), we predicted that the populations
should be phenotypically divergent but that the magnitude and direction may be deviate from
lab-based observations due to the more complex and semi-natural setting. Second, in terms of
local adaptation, the acid origin tadpoles should outperform neutral origin tadpoles in the pH 4.3
environment (e.g. display higher survival, faster developmental time and/or higher mass at
metamorphosis). Within the pH 8.4 environment, predictions are less straightforward, as this
environment did not fully correspond to the native environment of either population (see
Materials and methods). It is possible, for example, that in the pH 8.4 environment acid origin
tadpoles outperform neutral origin tadpoles if they have generally higher stress tolerance, or that
neutral origin tadpoles outperform acid origin tadpoles if they have a broader pH tolerance in the
alkaline range (due to potential local adaptation to pH 7 environment). Finally, under the

assumption that phenotypic divergence influences ecological function of tadpoles, we predicted
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that the two populations should have different effects on ecosystem variables, and that these

effects could differ between the two environmental settings.

Materials and Methods

Study species and populations

Rana arvalis is a semiaquatic ranid frog distributed over most of Northern, Central and Eastern
Europe and parts of Siberia (Glandt, 2006; IUCN SSC Amphibian Specialist Group, 2023). It
breeds in freshwater ponds and lakes in a variety of habitats and acidification levels, from pH 4
to pH 8 (Glandt, 2006). R. arvalis shows remarkable adaptive divergence to acidic versus neutral
conditions during both embryonic and larval life stages (Andrén et al., 1989; Résénen et al.,
2003, 2005; Hangartner et al., 2011; Egea-Serrano et al., 2014; Mausbach et al., 2022).

In this study, we used two R. arvalis populations from southwestern Sweden that inhabit
contrasting pH environments, and have been extensively studied for adaptive divergence along
an acidification gradient (e.g. Egea-Serrano et al., 2014; Hangartner et al., 2012a; Mausbach et
al., 2022). The two locations are permanent ponds influenced, to a varying degree, by
anthropogenic and natural acidification (Hangartner et al., 2011). Tottajarn (57°60N, 12°60E; pH
~4.0, henceforth acid origin) is influenced by both natural acidification and human induced acid
rain, whereas Stubberud (58°46N, 13°76E; pH ~7.3, henceforth neutral origin) is more resilient
to natural and anthropogenic acidification due to its limestone bedrock (Hangartner et al., 2011).
For further details on the characteristics of these two sites, see Hangartner et al. (2011).

R. arvalis tadpoles from these two populations differ in their phenotype and performance
in an environment-specific way, indicating both genetic and plastic sources of phenotypic

divergence among populations. The multi-trait divergence of R. arvalis tadpoles extends from
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their physiology (Scaramella et al., 2022; Mausbach et al., 2022) to behavioural and
morphological predator-induced defences (Egea-Serrano et al., 2014; Scaramella et al., 2022)
and larval life-history (e.g., Hangartner et al., 2012a). Specifically, in laboratory experiments, the
acid origin population had on average lower corticosterone levels, deeper tails and better ability
to evade predation, and slower larval growth rates, but reached metamorphosis at larger size than
the neutral origin population (Hangartner et al., 2011; Egea-Serrano et al., 2014; Mausbach et al.,
2022). Importantly, the magnitude of phenotypic divergence depends on rearing conditions (i.e.
acidic versus neutral pH and predator presence versus absence) owing to phenotypic plasticity.

Notably, dietary traits of these populations have not been previously investigated.

Field sampling

Between April 18 and 23 2018, we collected 10 freshly laid clutches from each of the two study
sites. Upon collection, the eggs were maintained in reconstituted soft water (henceforth RSW -
deionized water with 61.4 mg.L-! MgSOs X 7H20, 48 mg.L"! NaHCOs3, 30 mg.L! CaSO4 X 2H,0
and 2 mg.L! KCl; APHA, 1985) at pH 7.5 and cool temperature (~ 6°C) until transfer to the
laboratory at the Evolutionary Biology Centre of Uppsala University (Uppsala, Sweden), on
April 23. Once in the laboratory, the embryos were maintained in groups of ~ 50 embryos by
clutch (family) in 0.8 L polypropylene (PP) containers with 0.7L RSW. RSW was renewed every
three days. The embryos were reared in a walk-in climate room at ~17°C under a 17:7 day/light
photoperiod until reaching Gosner stage 25 (start of independent feeding, Gosner, 1960). At this
point, tadpoles were provided a finely ground spinach and spirulina mix ad /ibitum as food for 2-
3 days, until a sufficient number of individuals was available from each family for the mesocosm

experiment.
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Experimental design

To assess phenotypic differences and potential ecosystem feedbacks in contrasting environments,
we set up an outdoor mesocosm experiment at the Institute of Freshwater Research, Swedish
Agricultural University, Sweden (Drottningholm; 59°33N, 17°87E). The experimental design
was fully factorial with two pH environments (pH 4.3 and pH 8.4) x two populations (acid and
neutral origin) and five replicate tanks (N= 20 mesocosms). In addition, three tanks of each pH
environment were set up without tadpoles as “no-tadpoles baseline” (total N= 26 mesocosms).
This addition bears notable benefits as it allows to assess the effects of tadpole presence
(independent of population origin) on ecosystem parameters. Moreover, and quite critically in
our view, it allows the comparison of the two populations to a no-tadpoles baseline, providing a
more nuanced interpretation of the magnitude and direction of potential evo-to-eco effects, as the
magnitude induced by population origin can now be compared to a baseline level characterised
by an environment without tadpoles. Specifically, the presence of no-tadpoles baseline could
allow us to detect more subtle effects whose detection would be impeded by low statistical
power (which is one of the central downside of more realistic mesocosm experiments; Sasaki et
al., 2025). For instance, phenotypic divergence at early stages of evolution may only lead to
effects of low magnitude that might not be detected via the traditional way of opposing means of
two populations. On the other hand, computing the magnitude at which each population affects a
given environmental variable (relative to the no-tadpoles baseline) and opposing these two
magnitudes of effects obtained independently from each other could allow the detection of more
subtle effects that should be characteristics of early stages of divergence. This may thus allow an
earlier detection of the onset of emergence of evo-to-eco effects, as well as insights onto the

temporal dynamic of eco-evolutionary dynamics at large.
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Experimental setup

Between April 16 and 18 2018, we filled the tanks (680L PP tanks, external measures 120 x 100
% 83cm (length x width % height, INT200, Accon) with ~525L of sand-filtered water from the
nearby lake Malaren (pH = ~ 7.5), resulting in ~ 50 cm water depth. The tanks were organised in
three rows of 9 mesocosms (with an empty spot in the middle), each tank being about 60cm
distant from the nearest neighbour. We then randomly assigned each tank to a given pH
environment, with an overall check of balanced distribution of pH environments across space. In
the nominal pH 4.3 environment tanks, we added 300mL of 1M H2SO4 to each of the mesocosms
as we filled them with water, and later another 100mL 1M H2SO4 to reach pH of 4.3. Our initial
aim for the two contrasting pH environments was to match the average pH of the source ponds of
each population. The pH of water from lake Mélaren was initially ~ 7.5 (soon after spring snow
melt) but over the following days, the pH in all mesocosms aimed to have a nominal pH 7.5 had
increased to ~ 9.4 (likely due to microbial activity in the source water from lake Milaren). At
this point we decided to not alter the natural pH fluctuations in the mesocosms initially aimed at
~7.5, with the idea that later addition of various type of inoculum (see below) would at least
partially contribute to bring the pH down, as well as for logistic reasons. This proved to be true
and several days after inoculation with vegetation, pond sediment and water filtrate (see below),
the pH of the mesocosms initially aimed at 7.5 stabilised around 8.4. While pH 8.4 is higher than
the pH of the neutral origin source population, it is within the range of pH naturally inhabited by
R. arvalis (Glandt, 2006). After the tanks were filled with water, we covered them with white
fibreglass mesh (1.4 x1.6 mm mesh size) to prevent immigration by large predatory

invertebrates.
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234 On April 21, we collected surface water filtrates, pond sediment and aquatic shoreline
235  vegetation in both source ponds. The rationale was to sample planktonic fauna, flora and

236  microorganisms as to create a sustainable environment for the tadpoles. The surface water

237  filtrates were obtained using a 60 um bongo net dragged over several meters of water surface
238  and rinsing the filtrate off to obtain the filtered content of the water. We used a shovel to sample
239  bottom sediment over its first 10cm in accessible shallow areas near the shoreline. Aquatic plants
240  were sampled by hand, with the aim to sample viable macrophytes (i.e. plants sampled whole,
241  with roots). The acid pond vegetation inoculum was dominated by Sphagnum (S. cuspidatum, S.
242  magellanicum) and Warnstorfia spp. The neutral pond vegetation inoculum consisted mainly of
243  Calliergon cordifolium and Calliergonella cuspidate mosses. Upon collection, we screened all
244  vegetation for potential tadpole predators (mainly larvae of diving beetles, dragonflies and

245  damselflies, and backswimmer nymphs) and removed them upon sight. Despite careful

246  screening, a few early-instar predators evaded this step in the pH 4.3 tanks (see datafile) and
247  these were removed when sighted during the experiment. To account for within-pond spatial
248  heterogeneity, we collected all material from three equidistant locations spread across the

249  respective ponds and pooled them together before distributing the inocula evenly across the

250  tanks.

251 All tanks were inoculated on the same day (April 21) with 1L of pond sediment, 1L

252  (equivalent to 600g) of tightly pressed shoreline vegetation, and a filtrate equivalent of ~40L of
253  surface water originating from the study ponds. The pH 4.3 tanks were inoculated with material
254  from the acidic pond (Tottatjérn), and the pH 8.4 tanks with material from the neutral pond

255  (Stubberud). Following inoculation, we allowed mesocosms to stabilise for 14 days to allow

256  establishment of communities and ensuring a self-sustaining environment before the experiment

13



257  commenced and tadpoles were added. During this time, we exchanged water between tanks
258  within each pH environment to homogenise conditions across mesocosms. To allow later

259  assessments of amount of periphyton (see Environmental parameters below), we attached a 6 cm
260  wide strip of yellow polyethylene to one side of each mesocosm on May 4. The strips were

261  vertically oriented and ran from surface to bottom (length ~ 60cm) along the side of the

262  mesocosm. To maintain the strip vertical, we ballasted the base of this plastic strip by gluing a
263  6x5cm piece of ceramic tile to the bottom part of the plastic strip.

264 On May 5, the experiment was initiated by introducing 60 Gosner stage 25 tadpoles to
265 each mesocosm (day 0). To make sure we captured genetic as well as maternal effect variation
266  inherently present within each population (Hangartner et al., 2012b), we randomly selected six
267  individual tadpoles from each of the 10 clutches (i.e. families) and pooled them together to be
268  assigned to a specific tank. We repeated this procedure 10 times for each population to have the
269 initial tadpoles for each of the 20 mesocosm with tadpoles. The experimental tadpoles were
270  transported to the experimental site in 20L plastic containers containing RSW and then gently
271  transferred to the outdoor mesocosms. The allocation of either origin (or absence of tadpoles)
272  across the mesocosms was done randomly within each pH treatment. To assess starting biomass
273  of the two populations known to differ in larval body size (e.g. Hangartner et al., 2011), which
274  likely has ecological importance (see Discussion), we weighed three separate subsets of 10

275 individuals (one randomly selected individual per clutch) as a batch. The acid origin tadpole
276  subset of 10 tadpoles weighed (mean + SE) 0.331 + 0.011 g, and the neutral origin subset 0.198
277  +0.005 g. Given that there were 60 individuals in each tank, we estimate that the starting tadpole
278  biomass was 1.7 x higher (approximately 1.99 g) for the acid origin than for the neutral origin

279  (1.19 g) mesocosms.

14
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Experimental procedures

After the tadpoles were added, we monitored the mesocosms daily for well-being of the tadpoles,
and no issues were observed. We took pH measurements every 2 to 3 days to ensure that pH
would remain stable. Over the course of the experiment, pH averaged 4.35 + 0.02 (SE) in the pH
4.3 environment and 8.41 £ 0.01 in pH 8.4 environment (geometric mean across mesocosms;
data not shown). As pH tended to increase at the start of the experiment, on May 14 (day 9) we
added Sphagnum moss (Solmull Naturtorv, Hasselfors Garden) and peat pellets (Torfpellets - art.
7ZB-01270, Zoobest) in lingerie washing bags (0.3mm mesh size, Persson et al., 2007) to each
mesocosm to stabilize the pH of the mesocosms. To each of the pH 4.3 environment tanks, we
added 230 g of dry Sphagnum and 270g of peat pellets and to the pH 8.4 environment tanks 23 g
of dry Sphagnum and 27 g of peat pellets. This procedure also provided the mesocosms with
humic compounds present in natural conditions. We also measured water temperature every 2 to
3 days, and water temperature averaged 21.05 °C + 0.09 (SE) over the course of the experiment,
with 15.6°C as a minimum value and 28.1°C as a maximum value across all mesocosms (data
not shown). Measures of dissolved oxygen were taken on five occasions and averaged 9.56 +
0.04 (SE) mg/L, with 8.21 mg/L as a minimum and 12.11mg/L as a maximum value across all
mesocosms (data not shown), providing a very oxygen rich environment for the tadpoles
(Sparling 2009).

Tadpole data were sampled at different time points during the experiment. On day 16, we
sampled mid-larval stage tadpoles for corticosterone (three individuals/mesocosm, total N = 60),
and on days 14 and 20, we sampled tadpoles for gut length and diet (five individuals/mesocosm

X 2 time points, total N = 200).
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On May 31 (day 26), we found first individuals that had reached metamorphosis (G42:
emergence of forelimbs) and commenced to take-down the experiment. On day 27, we collected
data on ecosystem variables (as detailed below). On day 28, we initiated the takedown of all
mesocosms and assessed survival, developmental stage and body mass for 20 to 29 individuals
per mesocosm (when survival allowed, starting day 28), as detailed below. For logistic reasons,
we spread the tadpole collection from each of the mesocosms over two days (days 28 and 29).
We collected no more than ~30 individuals per mesocosm on day 28, to roughly spread the
sampling evenly across the two days for all mesocosms. Tadpoles and metamorphs were gently
captured using a small hand-held fish net, transported in groups to the laboratory, deeply

anaesthetised and sacrificed using 2 g/LL MS222 (Sigma Aldrich, E10521).

Tadpole responses

As tadpole response variables, we assessed survival, corticosterone level, gut length, gut content,
tadpole developmental stage at the end of the experiment, and body mass of G42 individuals at
end of the experiment. These variables were chosen because they are important performance
measures and fitness components (Altwegg & Reyer, 2003), key mediators of multitrait variation
(Mausbach et al., 2022, see below), and indicative of dietary ecology (Sibly, 1981; Stoler and
Relyea, 2013).

Survival and life history traits - Survival within a given tank was defined as the proportion of
tadpoles that survived until the end of the experiment out of the 47 individuals per mesocosm
(i.e., we subtracted the 13 tadpoles that were sampled earlier for corticosterone and dietary
morphology from the original 60 individuals in each tank). We individually weighed the first 20

tadpoles (or fewer if survival was lower) sampled from each mesocosm by gently drying the
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tadpoles on paper towel and weighing them to the closest 0.001g using a digital scale (Mettler,
Type PM200). The tadpoles were then photographed with a digital camera (Olympus C-5060)
and their developmental stage assessed from the digital images (following Gosner, 1960).
Corticosterone - Corticosterone is a key mediator of stress and metabolic responses in tadpoles
(Denver, 2009), and the main biologically relevant glucocorticoid in R. arvalis tadpoles with
potential to influence the multivariate phenotype (Mausbach et al., 2022). On day 16, when
tadpoles had reached mid-larval stage (~ G34), we sampled three individuals per mesocosm for
whole body corticosterone. We chose the mid-larval stage as the population differences are
clearest at this stage in laboratory conditions (Mausbach et al., 2022). As corticosterone varies
according to the circadian rhythm (Pancak and Taylor, 1983), we sampled one individual at the
time per mesocosm in order to equally distribute sampling time across pH x population
combinations, as well as replicates. We gently caught each tadpole with a hand-held fish net,
transferred it into a container filled with ~ 500mL of water from its own mesocosm, and then
transported it to the laboratory for processing (3 to 5 minutes procedure).

In the laboratory, the tadpoles were deeply anaesthetized with 2 g/l MS222 dissolved in
RSW (Sigma Aldrich, E10521). Each tadpole was gently dry-blotted using a paper towel, and
individually weighed to nearest of 0.001 mg with a digital scale (Mettler, Type PM200). Each
individual was subsequently snap-frozen in a sterile 3.5 mL PP tube (60.549.001, Sarstedt),
which was placed for 10 minutes on a dry ice-96% ethanol slurry. The samples were transported
on dry ice to Uppsala University, Uppsala, and stored at -80°C until hormonal extraction.
Corticosterone level assessment was conducted according to Mausbach et al. (2022). Briefly, we
conducted organic phase extraction with Ethyl acetate, and standard Enzyme Immuno Assays

(EIA, Arbor assays) hormonal assessments (adapted from Burraco et al., 2015), resulting in a
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measure of corticosterone expressed in pg per mg of tadpole tissue for each individual tadpole
sampled. A more complete description of the process can be found in the Appendix S1: Materials
and Methods.

Gut length - To assess gut length, we sampled five individuals per mesocosm at two time points
during the experiment: when tadpoles in the experiment were on average at stage G30 (day 14)
and G35 (day 20). We chose these time points to represent potential developmental plasticity in
dietary morphology. Tadpoles were collected from each tank using a handheld dipnet, gently
dry-blotted using a paper towel and immediately assessed for the developmental stage visually
(Gosner, 1960). We sacrificed the tadpoles using MS222 (2g/L) dissolved in RSW and stored
them in 96 % ethanol for later measurements of gut length and diet assessment. Each individual
was photographed with a digital camera (Olympus C-5060) by placing the tadpole on its side on
a Petri dish covered with millimetre paper for scale. To measure gut length, the whole gut was
surgically removed and the intestinal coil was subdivided into smaller fragments (see Diaz-
Paniagua, 1985). The gut fragments of each individual were placed on millimetre paper and
photographed with the digital camera. From these digital images, we extracted tadpole body size
(length from snout to hindlimb bud) and gut length to the nearest 0.01 mm using ImagelJ (version
1.54k). Total gut length for each individual tadpole was calculated by summing the length of all
fragments of an individual gut.

Gut content - Among the five tadpoles per mesocosm that were sampled for gut length, we
randomly selected one individual for analyses of gut content (i.e. five independent biological
replicates per pH environment x population origin x sampling time combination), for each of the
two time points (day 14 and day 20). We used microscopy (Nikon eclipse 8001, x40

magnification) to assess the main components found in the guts (following Diaz-Paniagua,
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1985). All identification was done by a single person (MK). We screened a total of 30 field of
views per individual and initially identified 30 distinct item types in the guts based on Streble &
Krauter (2006). Due to the rarity of several of the initially established categories, we collapsed
them into five main categories. First, “diatoms”, which included items initially categorised as:
Eunotia, Navicula, Frustulia, Tabellaria, Asterionella, Pinnularia, Cyclotella, Melosira,
unidentified large and small diatoms. Second, “other algae”, which included items originally
categorised as: Desmidiales, Bambusina, Scenedesmus, Tetraedron, round green algae, unknown
green, green filament, green fragment. Third, “bacteria”, which included items initially
categorised as: Chroococcales, unidentified bacteria, non-green filament, non-green particle.
Fourth, unidentified clumps of various sizes (“clump”). Fifth, rare items (“rare”), including
dinoflagellates, zooflagellates, fragments of macrophytes, pollen, rotifers and crustacean
zooplankton.

Given that we did not standardize the amount of gut content screened (i.e. 30 microscopy
fields per individual), we divided the number of items from each category by the total number of
items found for a given individual to calculate the relative abundance of each item for each
tadpole. We used the relative abundance of the five item categories as the response variables in

the statistical analyses.

Environmental parameters

As environmental parameters, we assessed light penetration, amount of periphyton and
phytoplankton, vegetation biomass, net primary productivity and zooplankton density. These
were chosen because they are parameters likely to be affected either directly or indirectly by

tadpoles, are critical determinants - as well as indicators - of environment state and are
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logistically feasible to monitor given the experimental design.

Light penetration - On day 27, we estimated the penetration of photosynthetically active
radiation (PAR in pmol . m?2. s!) in each mesocosm by measuring photosynthetic photon flux
density using a LI-1000 datalogger (LI-COR Biosciences). We recorded PAR around midday
(clear sky conditions) at 20 cm depth using an underwater quantum sensor (L1192, LI-COR
Biosciences). Water depth in the tanks was then ~40 cm due to evaporation along the
experiment. To account for variation in ambient light variation, we simultaneously recorded
incident PAR using a separate sensor held ~80cm above the water surface (L1190, LI-COR
Biosciences). All measures were obtained through the automated averaging of PAR over 5
seconds and duplicated for each tank. For each duplicate, we computed the ratio of PAR
measured at 20 cm depth to incident PAR (expressed as percentage). We then computed the
average out of these two ratios and used this as the response variable in statistical analyses.
Periphyton and phytoplankton densities - To estimate the amount of periphyton produced over
the course of the experiment, on day 27 we collected the lowest 10 cm of the polyethylene strip
set up on day -1. The 10 cm strip was divided into two equal-size pieces, which were placed in
separate 15mL falcon tubes wrapped in tin foil (to prevent light damage on chlorophyll) and
immediately stored at -20°C until chlorophyll extraction 15 days later (see below).

To estimate the relative amount of phytoplankton in each mesocosm at the end of the
experiment, we collected a 500mL water sample from each mesocosm at ~ 20 cm depth in the
afternoon of day 27. The water was collected by filling and sealing amber high-density
polyethylene bottles (414004-120, VWR) underwater. The samples were immediately stored in
the dark at 4°C, until filtration (within 18 h; Dye, 2023), when the samples were passed through

glass microfiber filter (0.7 pm mesh size, 25 mm diameter, Whatman) using a 60mL handheld
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syringe. Of each initial 500mL water sample, we filtered 120 to 240 mL, depending on the
efficiency of the water sample to cover the filter, assessed visually by gradual coloration of the
filter. We recorded the total volume (V) of the water filtered for each sample to calculate the
relative density of phytoplankton (see below). Following filtration, we immediately placed the
filters in 15 mL falcon tubes wrapped in tin foil (to prevent light damage on chlorophyll) and
stored the filters at -20°C until extraction (15 days later, see below).

We used chlorophyll-a (chl-a) concentration in periphyton and phytoplankton samples to
estimate their respective densities (Kalchev et al., 1996). Extraction took place 15 days after
collection of the samples, ensuring a nearly null potential for chlorophyll degradation (Dye,
2023). We extracted the chl-a from the samples by adding 95% ethanol directly into each falcon
tube containing the plastic strip (for periphyton samples, 7.5mL 95% EtOH) or filter (for
phytoplankton samples, 15mL 95% EtOH), and keeping these falcon tubes at 4°C for 12 hours
(Jespersen & Christoffersen, 1987). In the case of chl-a extracts from periphyton samples, the
two sets of extracts (from the two pieces of strips) from a given mesocosm were pooled together
into the same 15mL falcon tube. We then filtered the solutions containing extracted chl-a
through a 0.7 um glass fiber filter (25mm diameter; 1825-025, Whatman) to eliminate extraction
debris. We used spectrophotometry (UV-1800, Shimadzu) to simultaneously determine each
sample’s absorbance at 665 nm and 750 nm, using the same 50 mm length quartz glass high-
performance cuvette (100-QS, Hellma Analytics) for all samples. We blanked the
spectrophotometer with 95% ethanol before processing each sample. We calculated chl-a density
mg chl-a per m? using the formula according to Lorenzen (1967). However, our estimate of
periphyton density reflects absolute amount of chl-a present on the plastic strip from which chl-a

was extracted, the measuring units of the formula above do not apply to periphyton estimates.
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Instead, we use “relative chl-a” for periphyton, representative of the amount of chlorophyll on
the surface of the plastic strip (i.e. thus in mg of chl-a per 120cm?). We used these measures of
periphyton and phytoplankton density in the statistical analyses.

Vegetation biomass - Macrophytes can play a substantial role in freshwater ecosystems
(Sendergaard & Moss, 1998), by influencing water quality (Dhote & Dixit, 2007), the
availability of nutrients for planktonic primary producers (Moore et al., 1984; Sendergaard &
Moss, 1998, Dhote & Dixit, 2007) and providing habitat structure favouring density of aquatic
organisms such as tadpoles (Landi et al., 2014). Previous studies have demonstrated a positive
correlation between epiphytic material removal by anuran tadpoles and macrophyte growth
(Kupferberg, 1997). To assess whether tadpoles may directly (e.g. through grazing) or indirectly
(e.g. facilitation, competitive release, nutrient input) affect macrophyte growth, we measured dry
plant biomass at the end of the experiment. On day 30, we collected all plant material
(macrophytes, including roots) from each mesocosm using a Imm mesh size sieve. We then
manually strained as much water as possible off the plant material, and stored it in opaque plastic
bags in a dark room at ~4°C. Within 15 days, we placed the content of each bag in aluminium
trays and dried it at 60°C for 72 hours. We subsequently weighed the content of each tray to the
nearest 0.01g to obtain mesocosm-specific vegetation biomass (dry mass).

Net Primary Productivity - Net Primary Productivity (NPP) is a measure of the rate of carbon
assimilation and productivity of an aquatic ecosystem (Cao & Woodward, 1998), and hence a
core measure of ecosystem function (Walsh et al., 2012). NPP is affected by nutrient levels and
phytoplankton density (Smith & Piedrahita, 1988). On day 27, we measured dissolved oxygen
(DO) concentration (mg/L) as a proxy for NPP (Harmon et al., 2009). DO was measured

immediately before sunrise (~ 03:15 am) and immediately after sunset (~ 22:00) in the centre of
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463  each mesocosm at ~ 10 cm water depth, using a luminescent/optical DO sensor probe

464  (Intellical™ LDO 10105 with HQ40D, Hach). We computed daily DO production for each
465 mesocosm on day 27 as DOafter sunset — DObefore sunrise as a proxy for NPP.

466  Zooplankton density - To estimate the abundance of zooplankton, we sampled two litres of
467  surface water from each mesocosm in the late afternoon (~ 17:00) of day 27. We ladled out one
468 litre from two opposite corners using 1L PP containers, and filtered the water through a 100um
469  mesh size sieve. The filtrate was transferred into a 50mL falcon tube by rinsing it off the sieve
470  using tap water, and stored at -20°C until later processing. Freezing the zooplankton directly in
471  tap water used for rinsing of the mesh proved very appropriate, as we were able to identify all
472  items in these samples.

473 Zooplankton was identified using Sandhall & Berggren (2001) and 40 x optical

474  microscope. All planktonic individuals encountered were crustaceans. We identified Ostracods
475  down to the class, Copepods to the order (Cyclopoida, Calanoida, Harpacticoida), and all other to
476  the genus (Bosmina, Daphnia, Chydorus, Polyphemus, Scapholeberis, Simocephalus, and

477  Diaphanosoma). We counted the total number of individuals belonging to each taxon.

478  Zooplankton diversity being rather low (N = 13 taxa), and some taxa being sometimes only
479  represented by a few individuals, we summed the number of all individuals in a sample to

480  compute the absolute number of crustaceans encountered. We used this measure of zooplankton
481  density (individuals/L) as a response variable in the statistical analyses.

482

483  Statistical analyses

484  We conducted all statistical analyses and produced all plots in R version 4.2.0 (R Core Team,

485  2022). We used the “ggplot2” package for all plots (Wickham, 2016). Data were analysed using
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general and generalized linear mixed models, or non-parametric tests (detailed below). We fitted
all general linear models using the “stats” package (R Core Team, 2022) and all general linear
mixed models using the “Ime4” package (Bates et al., 2015). We analysed all the models fitted
through a type 3 analysis of variance using the “car” R package (Fox & Weisberg, 2019). We
checked, both visually and statistically, that the statistical models fitted their respective
assumptions using the “performance” R package (Liidecke et al., 2019). In the presence of one
(or more) clear outlier(s) based on cooks distance > 0.5, we alpha-winsorized at 0.05 in order to
conservatively deal with the outlier(s), using the “psych” R package (Revelle, 2007). When
alpha-winsorizing did not prove effective at dealing with outliers, we fitted a robust linear model
using the ‘MASS’ package (Ripley & Venables, 2009). We used weighted least square linear
regression models in cases of residuals heteroskedasticity. Specifically, we extracted the absolute
values of residuals-vs-fitted from the initial heteroskedastic models and used them as weights in
a new model using the same data and keeping the same structure (Rosopa et al., 2013). This
method proved effective in all cases and, in most cases also dealt with the non-normal
distribution as well as autocorrelation of residuals. In the remaining cases, we log-transformed
our data when residuals appeared non-normally distributed.

We initially analysed survival with a generalised linear mixed model (using a binary
observation per individual tadpole) but due to multiple issues with model fit, we switched to an
analysis of survival using the percentage of surviving tadpoles (one value per mesocosm) as a
response variable fitting a robust linear model to our data. We fitted general linear mixed models
to our data on developmental stage, body size of G42 individuals, corticosterone level and gut
length. All these models included pH environment (categorical, two levels: pH 4.3 and pH 8.4),

population origin (categorical, two levels: acid origin, neutral origin) as well as the interaction
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between the two formers as fixed effects predictor. These models, with the exception of the
model on survival data, also included tank ID as random effect predictor. The model on gut
length was slightly more complex and also included body length (continuous) as a fixed effect
predictor, to control for variability in body length, as well as the pH environment x population
treatment x body length interaction together with the pH environment x body length and the
population treatment x body length interactions. Additionally, this model also included sampling
time (categorical, two levels: first and second sampling) as a random effect predictor. Post-hoc
models (within pH environment) on gut length had a much simpler structure and included
population treatment, body length, as well as the population treatment x body length interaction
as fixed effect predictors. These two post-hoc models also included tank ID and sampling time as
random effects.

We initially aimed to compare the average body mass of tadpoles across pH
environments X population origins. However, the variability in developmental stage combined to
the non-linear, environment-specific, relationship between body mass and developmental stage
complexified this analysis, and we chose to analyse the body mass of G42 tadpoles instead (see
Appendix S1: Table S1 for detail on the distribution of these tadpoles across pH environment x
origin and tanks). For the analyses of corticosterone level and gut content, we proceeded to
stepwise model reduction based on non-significance, starting with the 3-way interaction before
continuing with the 2 ways interactions. In the case of corticosterone level, we ended up deleting
the “stage” covariate entirely as it had no nearly significant effect. We used permutational
multivariate analysis of variance with 9999 permutations via Bray-Curtis method using the
“vegan” package (Oksanen et al., 2001) to analyse gut content, with the relative abundance of

each food item as the response variable. This model included pH environment, population origin,
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532  sampling time (categorical, two levels: first and second sampling) and the pH environment x
533  population origin as fixed effect predictors, as well as tank ID as a random effect predictor. We
534  used residuals vs fitted as weight in the models fitted to developmental rate, body mass and
535  corticosterone levels, to deal with model heteroskedasticity. Specific details on model structure
536  can be found in Appendix S1: Table S2.

537 Due to inherent differences between the pH environments induced by the contrasting
538  starting conditions, we chose to compare the effects of tadpole population origin on several
539  environmental variables within each the two pH environments (pH 4.3 and pH 8.4). In these
540  analyses, we compared three levels within each pH environment: tanks containing acid origin
541  tadpoles (5 replicates), tanks containing neutral origin tadpoles (5 replicates) and tanks

542  containing no-tadpoles (3 replicates). For each environmental variable, and within each pH
543  environment, we fitted a general linear model with “population” (categorical, three levels: acid
544  origin, neutral origin and no-tadpoles baseline) as sole fixed effect. If there was an overall

545  statistically significant effect between these three groups, we proceeded to pairwise post-hoc t-
546  tests comparing model-estimated group-specific means using the “emmeans” package (Lenth,
547  2025). We used Benjamini & Hochberg multiple comparison adjustment in these post-hoc tests
548  (Benjamini & Hochberg, 1995). Initial models on phytoplankton and zooplankton density within
549  pH 4.3 were highly heteroskedastic; we fixed this by using the absolute values of residuals-vs-
550 fitted from these respective initial models as weights in a new model, which proved effective.
551  Specific details on model structure can be found in Appendix S1: Table S3.

552 We used effect size analyses as a complementary approach to get further insight onto
553  potential effects of tadpole presence on the ecosystem, as well as contrasting ecosystem feedback

554  effects originating from evolutionary divergence. Effect size analysis provides a nuanced
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understanding of the magnitude and direction of observed differences, particularly in studies
with low replication and thus limited statistical power (Sullivan & Feinn, 2012). We used
Hedges’ g as our standardized effect size metric to quantify differences between a) mesocosms
with acid versus neutral origin tadpoles, b) mesocosms with acid origin tadpoles versus no
tadpoles and c) mesocosms with neutral origin tadpoles versus no tadpoles within each of our
two pH environments. Hedges’ g effect size estimate is particularly suited for small sample sizes
due to its correction for bias inherent in Cohen’s d (Hedges, 1981; Cohen, 2009). We used the
bootES package in R (Kirby & Gerlanc, 2013) to calculate Bias-Corrected and accelerated (BCa)
bootstrapped 95% confidence interval, non-overlap with zero being indicative of practical
significance. We increased the number of iterations up to 5000 bootstrap resamples so that
convergence was reached. We plotted the estimated Hedges’ g for each pairwise comparison,
along with their 95% confidence intervals, for each measured ecosystem parameter within pH
4.3 and pH 8.4 environments. This allowed us to determine the direction the magnitude of

population specific effects on ecosystem parameters.

Results

Tadpole responses

Survival - Survival of tadpoles ranged from 30 to 100% across tanks over the 28 days duration of
the experiment (Figurela), and there was a significant pH environment x population origin
interaction effect (¥7,76= 11.34, P=0.004, Figurela). Post-hoc pairwise comparisons showed that
acid origin tadpoles had substantially higher survival than neutral origin tadpoles in the pH 4.3

environment (~ 85% vs ~ 60% on average; z = 5.26, P< 0.001, Figurela), whereas there was no
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difference between origins in the pH 8.4 environment where both populations had high survival
(z=0.49, P=0.621, Figure 1a).

Life-history traits - Tadpole developmental stage at the end of the experiment ranged from G34
to G45 (Figure 1b) and tadpoles generally developed faster in the pH 4.3 than the pH 8.4
environment (pH environment: 3= 13.27, P< 0.001, Figure 1b). However, there was no
significant effect of population origin (3= 2.84, P=0.092, Figure 1b) or environment x
population interaction (y3%1= 0.95, P= 0.330, Figure 1b) in developmental stage, indicating that

both populations developed at a comparable speed.
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Figure 1: a) Survival, b) Gosner stage at mesocosm takedown and c¢) weight of G42 tadpoles for
the acid origin (red-filled circles) and neutral origin (blue-filled circles) population of R. arvalis
in two pH environments (pH 4.3 vs pH 8.4). Group specific means (£ 1 SE) are represented

inwards relative to single observations.
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(G42 stage metamorphs were ca. 70% (acid origin: 71%, neutral origin 69.5%) larger in
the pH 4.3 than the pH 8.4 environment (pH environment: x%= 94.86, P< 0.001, Figure 1c).
Acid origin metamorphs were substantially larger than neutral origin metamorphs in both pH
environments indicated by a significant population origin (y?1= 5.75, P= 0.017, Figure lc), but
there was no significant pH environment x population origin effect (y21= 0.71, P=0.398, Figure

Ic).

Corticosterone — Corticosterone levels at the mid-larval stage were substantially higher in the pH
4.3 than the pH 8.4 environment (pH environment: %= 13.17, P< 0.001, Figure 2a), but there
was no significant population origin (%= 0.28, P= 0.595, Figure 2a) or pH x population origin
interaction effect (1= 1.12, P=0.291, Figure 2a).

Gut length - Developmental stage of tadpoles sampled for dietary traits on day 14 ranged from
G28 to G33, and on day 20 from G32 to G38 (data not shown). There was a highly significant
pH environment x population origin x body length interaction (1= 8.60, P= 0.003, Figure 2b) in
the full model (see Appendix S1: Results for model details), and we therefore conducted
analyses within each of the two pH environments separately. Analyses within each pH
environment found a highly significant population origin x body length interaction in the pH 8.4
environment (y%1= 1.204, P< 0.001, Figure 2¢), but no significant population origin x body
length interaction in the pH 4.3 environment (%= 0.02, P= 0.887, Figure 2b). These effects
arose because in the pH 8.4 environment, neutral origin tadpoles had relatively shorter guts at
larger size (Figure 2¢), whereas in the pH 4.3 environment both populations showed similar

slopes (Figure 2b).
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Figure 2: a) Corticosterone level in two pH environments (pH 4.3 vs pH 8.4), and b) tadpole gut
length as a function of body size in pH 4.3 (left-side panel) and pH 8.4 (right-side panel) for the
acid origin (red-filled circles) and neutral origin (blue-filled circles) R. arvalis tadpoles. Red-
filled circles represent acid origin tadpoles, blue-filed circles represent neutral origin tadpoles. In
a), group specific means (+ 1 SE) are represented inwards relative to single observations. In b),
the lines represent the least squares linear regression of gut length as a function of body size for
acid origin (dashed line) and neutral origin (solid line) data points, and shaded areas represent

95% confidence intervals along these regressions.

Gut content - Multivariate analysis of tadpole gut content detected a significant effect of pH
environment (£135= 91.39, P<0.001, Appendix S1: Figure S1), but no significant effects of
sampling time (F,35= 2.82, P=0.084, Appendix S1: Figure S1), population origin (F135= 0.90,
P=10.356, Appendix S1: Figure S1) or pH environment x population origin interaction (F135=
0.39, P=0.608, Appendix S1: Figure S1). These effects arose because tadpoles fed mostly on

diatoms in the pH 8.4 environment (over 75% of their diet, on average), whereas they fed on a
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comparable proportion of diatoms and other large algae (~40% of each on average) in the pH 4.3
environment (Appendix S1: Figure S1). This was the case for both tadpole origins. These results
indicate that dietary resources differed between the environments, but there is no evidence for

population differentiation in diet.

Environmental parameters

The general linear models revealed no significant effects of population treatment (“acid origin”,
“neutral origin”, “no-tadpoles”) on PAR light penetration (pH 4.3: F2,10=2.77, P= 0.110; pH 8.4:
F>10=0.62, P=0.557, Appendix S1: Figure S2a), periphyton (pH 4.3: F>,10= 2.02, P=0.183; pH
8.4: F2,10= 1.79, P=0.216, Figure 3a), phytoplankton density (pH 4.3: F>,10=2.17, P=0.164; pH
8.4: F2,10=2.79, P=0.109, Figure 3b), vegetation biomass (pH 4.3: F>,10= 0.60, P= 0.566; pH
8.4: Fr,10= 1.41, P=0.289, Figure 3c) or NPP (pH 4.3: F>,10= 0.79, P=0.480; pH 8.4: F>10=0.34,
P=0.719, Appendix S1: Figure S2b). While there was no significant effect of the population
treatment on zooplankton density within the pH 4.3 environment (#2,10= 1.37, P=0.297),
population treatment affected zooplankton density in the pH 8.4 environment (£2,10= 5.08, P=
0.030, Figure 3d). This effect arose because there was a significant difference between the no-
tadpole baseline and the acid origin treatment (t =-3.21, P= 0.028, Figure 3d), as well as
between the no-tadpole baseline and the neutral origin treatment (t = -2.65, P=0.037, Figure 3d),
but acid and neutral origin treatments did not differ from each other (t = -0.65, P=0.532, Figure
3d). These results indicate that tadpole presence per se decreases zooplankton density (Figure

3d).
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Figure 3: a) periphyton level, b) phytoplankton level, ¢) vegetation biomass and d) zooplankton
density in the presence of either acid origin (red-filled circles) vs neutral origin (blue-filled
circles) tadpoles or absence of tadpoles (open circles) in pH 4.3 vs pH 8.4 environments. Each
single observation represents one measure per mesocosm. Group specific means (£ 1 SE) are

displayed to the right side of the single observations they summarise.
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Effect size estimates
Standardized Hedges’ g estimates ranged from 0.02 to 2.43 in absolute values (Figure 4a,b). 16
out of the 36 calculated effect sizes were of large magnitude (g > 0.8; Cohen, 1988) and in 10
instances the effect size were of practical significance (bootstrapped 95% confidence interval
non-overlapping zero; Figure 4a,b).
Acid versus neutral origin — In the pH 4.3 environment, the presence of acid origin tadpoles
decreased phytoplankton abundance more than the presence of neutral origin tadpoles (Hedges’ g
=-1.24, 95%CI [-3.29, -0.09]; (Figure 4a), but tadpole population origin did not affect
differentially any other environmental parameters (Figure 4a,b).
Acid origin versus no tadpoles, neutral origin versus no tadpoles - Here we estimated to what
extent does acid origin increase/decrease a given variable relative to the no-tadpoles baseline,
and compared it to the extent to which the neutral origin does relative to the baseline. In two
cases acid origin and neutral origin tadpoles had different effects on ecosystem variables as
compared to the no-tadpole baseline. In the pH 8.4 environment, neutral origin tadpoles
decreased periphyton levels relative to the baseline (Hedges’ g =-1.45, 95% CI [-2.27, -0.99],
Figure 4b), whereas the acid origin tadpoles did not (g = -0.63 [-2.11, 0.84], Figure 4b).
Conversely, acid origin tadpoles decreased vegetation biomass relative to the baseline (g = -2.43
[-4.14, -1.15], Figure 4b), whereas the neutral origin tadpoles did not (g = 0.06 [-1.65, 1.31],
Figure 4b). These results indicate that acid and neutral origin tadpoles differ in their ecological
functions and consequently ecosystem feedbacks.

We also found cases where the different tadpole population origins analogously affected
ecosystem variables, but did not differ from each other in the magnitude of the effects. In the pH

4.3 environment, both populations decreased PAR light penetration relative to the baseline (acid
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vs no tadpoles: g =-1.92 [-2.89, -1.13]; neutral vs no tadpoles: g =-1.13 [-3.28, -0.19], Figure
4a). In the pH 8.4 environment, both populations increased phytoplankton (acid vs no tadpoles:
G =1.5310.48, 3.11]; neutral vs no tadpoles: g = 1.38 [0.48, 2.55], Figure 4b), but decreased
zooplankton density relative to the baseline (acid vs no tadpoles: g =-1.9 [-4.02, -0.61]; neutral
vs no tadpoles: g =-1.58 [-3.63, -0.12], Figure 4b). These results indicate that tadpole presence

(irrespective of origin) affected different ecosystem variables in the two pH environments.
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694 pH 4.3 (i.e. Hedges’ g =-1.24 [-3.29, -0.09], see panel a).
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Discussion

Phenotypic plasticity and genetic divergence are both important components of rapid phenotypic
evolution and have the potential to feedback to ecology (Hendry, 2016). Results of our semi-
realistic outdoor mesocosm experiment, where R. arvalis tadpoles from an acidic and neutral pH
origin population were reared in two contrasting pH environments from early larval stages to
metamorphosis, support the view of substantial phenotypic plasticity in both populations:
tadpoles displayed higher corticosterone levels and a more diverse diet at mid-larval stages, and
developed faster and to a larger metamorphic size in the pH 4.3 than the pH 8.4 environment. In
line with previous laboratory studies on these populations (Hangartner et al., 2011; Egea-Serrano
et al., 2014), we found evidence for population divergence in a key fitness component as acid
origin tadpoles reached a higher body mass at metamorphosis in both pH environments. We also
found evidence suggestive of environment specific adaptive plasticity in dietary morphology and
local adaptation: acid origin tadpoles had relatively longer guts at large body sizes than neutral
origin tadpoles in the pH 8.4 environment and survived better than neutral origin tadpoles in the
pH 4.3 environment. In terms of ecological function, we found clear evidence for the ecological
role of R. arvalis tadpoles as their presence (independent of origin) decreased light penetration
(in the pH 4.3 environment), and reduced zooplankton density while increasing phytoplankton
density (in the pH 8.4 environment). Finally, our results suggest potential for context-dependent
ecosystem feedbacks deriving from recent population divergence (Résénen et al., 2003). In the
pH 4.3 environment, acid origin tadpoles reduced phytoplankton levels relative to the neutral
origin population. In the pH 8.4 environment, acid origin tadpoles reduced vegetation biomass,
while neutral origin tadpoles reduced periphyton levels instead (relative to the no-tadpoles

baseline). Overall, these results demonstrate high phenotypic plasticity yet notable population
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divergence in R. arvalis tadpoles, as well as substantial potential for these tadpoles to act as

keystone species, and for their evolutionary divergence to yield contrasting ecosystem feedback

Environment dependent phenotypic variation
We found strong environmental effects (i.e. differences in mean trait value between the pH 4.3
and 8.4 environments) on all phenotypic traits studied, including developmental stage and size at
metamorphosis) as well as physiology ( corticosterone level) and dietary morphology (gut
length), with gut length also indicating genotype-by-environment (G x E) interactions. The
timing of and size at metamorphosis are key fitness components in anuran amphibians, with
early metamorphosis at a large body size resulting typically in higher terrestrial growth and
survival (Altwegg & Reyer, 2003). Somewhat counterintuitively, we found that tadpoles from
both populations developed substantially faster (i.e. reached a more advanced stage by end of the
experiment) and reached a larger metamorphic size in the pH 4.3 than the pH 8.4 environment.
While acidic pH is known to be physiologically stressful in broad range of taxa in standardized
laboratory conditions (e.g. Meril4 et al., 2004; Weber & Pirow, 2009; Guan & Liu, 2020), in our
ecologically more complex environment, the pH 4.3 environment nevertheless provided better
growth conditions than pH 8.4 suggesting that the effects of pH strongly depend on the
environmental context. In our specific case, this could be because the pH 4.3 environment was
more productive and resource rich, as indicated by net primary productivity, phytoplankton level
and vegetation biomass being higher than in the pH 8.4 environment (see further discussion
below and Appendix S1: Results).

Interestingly, however, we found that corticosterone levels were higher in the pH 4.3 than

in the pH 8.4 environment. While higher level of corticosterone (as observed here in the pH 4.3
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environment) is often assumed to indicate elevated stress levels (reviewed in Denver, 2009),
corticosterone level more generally reflects metabolic activity independently of stress (Jimeno et
al., 2018). As acidic environments may select for higher energy uptake by tadpoles (Liess et al.,
2015), elevated corticosterone levels may relate to the higher growth rates in the pH 4.3
environment in our study. Despite apparently better growth conditions, however, tadpole survival
(especially for the neutral origin population) was lower in the pH 4.3, suggesting suboptimal
conditions for some aspects of performance (further discussed below).

From an environmental perspective, the two pH environments were clearly distinct, and
hence likely modified any direct effects of pH per se. First, the two pH environments received
inoculum for zooplankton, micro-organisms, macrophytes and bottom sediment from the acid
versus neutral origin ponds, respectively, hence starting with different resource base and habitat
structure. While starting biomass of wet vegetation was equal, dry biomass at the end of the
experiment was much lower in the pH 8.4 environment. Therefore, the higher biomass in the pH
4.3 environment over the course of the experiment, combined with the bushier morphology of
Sphagnum moss (compared to Calliergonella and Calliegon mosses in the pH 8.4 environment)
likely provided larger surface for epiphytic growth within pH 4.3 environment and, hence, higher
food availability for tadpoles which primarily feed on periphyton (Montafia et al., 2019).
Moreover, as a strong ecosystem engineer (van Breemen, 1995; Svensson, 1995), Sphagnum
might have induced fundamental changes in various ecosystem processes and acted as a host to
an extensive microbial community (Bragina et al, 2012), which R. arvalis includes in its diet
(Seale & Beckvar, 1980).

This supposed higher dietary resource availability and diversity was somewhat reflected

in the gut content of the tadpoles: tadpole diet consisted of a more even combination of
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green/blue algae and diatoms (~ 40% for each) in the pH 4.3 environment than in the pH 8.4
environment (which was mostly dominated by small centric diatom Cyclotella, M. Kaiser pers.
obs.). Notably, Cyclotella diatoms occur predominantly in oligotrophic lakes (reviewed in Saros
& Anderson, 2015), further indicating that resources were more limited in the pH 8.4
environment. A possibly more favourable protein-carbonate ratio provided by a mixture of green
algae and diatoms in the pH 4.3 environment (Kupferberg, 1997; Richter-Boix et al., 2007) could
have allowed tadpoles to allocate energy towards growth and development rather than foraging
(e.g. Pfennig, 1990) — hence explaining the quicker development and larger metamorphic size in
the pH 4.3 environment. While the differences in gut content likely reflect largely dietary
availability, it should be noted however that tadpoles may display selective foraging (Richter-
Boix et al., 2007). Further mesocosm and field studies, concomitant to behavioural studies, are
hence needed to more accurately characterise diet and potential for selective foraging in R.
arvalis tadpoles in acidic and neutral ponds.

The lower survival of tadpoles in the pH 4.3 environment, especially for the neutral
origin population (range for acid origin: 80-95%; range for neutral origin: 30-90%, see below),
compared to high survival in the pH 8.4 for both populations (range 75-100%) despite the
apparently more favourable growth conditions can have several reasons. In addition to
physiological stress of acidic pH, the unintended presence of a small number of predators in
some of the pH 4.3 tanks (mostly small larvae of dragonflies, damselflies and diving beetles, see
datafile for quantitative detail) likely contributed to the lower survival. Post-hoc analyses within
pH 4.3, however, found no significant correlation between predator abundance and tadpole
survival (data not shown), suggesting that the quantitative presence of predators was not the

main driver of survival differences. Hence, it is possible that pH 4.3 per se exerted stronger
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stress on tadpoles than pH 8.4, ultimately leading to decreased survival (affecting neutral origin
tadpoles to a higher extent), while the pH 8.4 environment, despite appearing resource-limited,
only led to sub-lethal effects on R. arvalis tadpoles. As discussed above, the higher
corticosterone levels in the pH 4.3 environment compared to pH 8.4 (for both R. arvalis
populations) may reflect higher physiological stress of acidic than alkaline pH, and/or higher
metabolic activity linked with faster growth and development (Guillette et al., 1995; Sapolsky et
al., 2000).

Phenotypic divergence between the populations

The higher survival of the acid versus the neutral origin tadpoles in the pH 4.3 environment in
our study strengthen evidence for local adaptation of the acidic population (e.g., Egea-Serrano et
al. 2014). However, we found no difference between the populations in the pH 8.4 environment,
and hence no support for our two hypotheses that, first, adaptation of acid origin tadpoles to
physiologically more stressful conditions may provide them with a generally better ability to
cope with stressful conditions or, second, that neutral origin tadpoles may outperform acid origin
tadpoles as pH 8.4 is closer to their native pH. This absence of survival differences between the
populations and survival high overall in the pH 8.4 environment indicates that slightly alkaline
pH was not a major challenge for survival of R. arvalis tadpoles, even under the low-resource
conditions we observed at this pH. Despite a net improvement in ecological realism in our study
compared to several previous standardized laboratory studies on these R. arvalis populations
(e.g., Hangartner et al., 2011), our study here may still not reflect the full extent of local
adaptation. In nature many other factors, such as ability of tadpoles to cope with - and escape -
predation (Egea-Serrano et al., 2014), variation in resource availability, as well as intra- and

interspecific competition may come into play simultaneously.
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In accordance with several previous laboratory studies on this system (Résénen et al.,
2005; Hangartner et al., 2011; Egea-Serrano et al., 2014), we found that acid origin tadpoles
were larger at metamorphosis than neutral origin tadpoles, both in the pH 4.3 (13% increase, on
average) and the pH 8.4 (12% increase, on average) environment. This difference is likely due to
both genetic and maternal effects (Résénen et al., 2005: Hangartner et al. 2011, 2012a, b).
Notably, the acid origin tadpoles in our study were 65% heavier than the neutral origin tadpoles
at the beginning of the experiment (average tadpole weight 0.033g vs 0.020g, respectively)
indicative of differences in maternal investment in egg size (Résénen et al., 2008; Hangartner et
al., 2012b). For this reason, the observed difference in metamorphic mass between the
populations likely reflects a combination of variation in maternal investment and genetically
higher growth during the experiment (Résénen et al., 2005; Hangartner et al. 2012a, b). In terms
of physiological responses our results for corticosterone levels at mid-larval stages contrast with
a previous laboratory study, where acid origin tadpoles had lower average corticosterone levels
than neutral origin tadpoles (Mausbach et al., 2022), as we found no population differences in
corticosterone levels. This may be because of context dependence differences in corticosterone
expression of natural populations (Mausbach et al., 2022), and here possibly due to differences in
energetic demands and relationship of corticosterone with metabolic activity.

Resource availability and quality are major selective agents in nature, having repeatedly
driven the evolution of resource polymorphism in a range of taxa (Skulason & Smith, 1995),
including amphibians (Pfennig et al., 2010). Our finding that acid and neutral origin tadpoles
differed in relative gut length at larger body size in the pH 8.4 environment suggests population
divergence in diet induced plasticity. The optimal digestion theory predicts longer guts in

environments with low quantity and quality food resources (Sibly, 1981). Given that resource
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quality differs along acidification gradients (Eriksson et al., 1980; Geelen & Leuven, 1986;
DeNicola 2000), resource variation may thus have favoured differential diet-induced plasticity
between our R. arvalis populations. Earlier evidence for plastic variation in dietary traits in
amphibians comes from studies using diet manipulation, which found that food quality and
quantity affect gut length and the size of the oral disc in Lithobates sylvaticus (Stoler & Relyea,
2013) and Scaphiopus multiplicatus tadpoles (Pfennig, 1990). Such dietary plasticity is common
in a wide range of taxa (e.g. Olsson et al., 2007; Pfennig, 1990) and enables individuals to
maintain growth and functionality in spatiotemporally heterogenous environments. In addition,
adaptive divergence in gut length plasticity has been found in R. femporaria populations at
different latitudes in response to low temperature, and was proposed to influence growth
efficiency (Lindgren & Laurila, 2005; Liess et al., 2015). Hence, it is possible that the apparently
lower food quantity and/or quality in our pH 8.4 environment led to the expression of adaptive
gut length plasticity to improve energy uptake (Sibly, 1981).

A hypothetical link could also be made between the increased gut length of acid origin
tadpoles and our finding of the reduced vegetation biomass within pH 8.4 environment in
presence of acid origin tadpoles. It is possible that tadpoles fed directly on macrophytes, as
evidenced by fragments of macrophytes found in the guts of tadpoles (M. Kaiser, pers. obs.) and
as acid origin tadpoles are larger this effect could have been more pronounced than in the
presence of neutral origin tadpoles. Generally, while our analyses revealed that gut content
differed strongly between the two pH environments, we found no differences in diet between the
populations. Whether - and to what extent - gut content reflects resource availability within the
mesocosms or the result of selective foraging (Kupferberg, 1997) remains to be determined, but

our results suggest high dietary plasticity/low selectivity in diet composition in both these
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populations given the experimental conditions. Further laboratory assays of developmental
plasticity would aid in testing how tadpoles respond to combined stressors of pH and resource
availability, and to quantify the extent of population-specific adaptive developmental plasticity in

dietary traits of R. arvalis tadpoles (Liess et al., 2015).

The ecological footprint of Rana arvalis tadpoles

Tadpoles are often key players in freshwater ecosystems, influencing various aspects of
ecosystem function (Wood & Richardson, 2010; Whiles et al., 2013; Corline et al., 2025). Our
experimental design included no-tadpole mesocosms for both pH environments, which allowed
the comparison of all variables of interest in the presence of tadpoles (either acidic or neutral
origin) and in their absence (no-tadpoles baseline), and thus to make inferences on the functional
role of R. arvalis tadpoles. In the pH 4.3 environment, we found that tadpole presence per se
(independent of tadpole origin) decreased light penetration. One of the main parameters known
to affect light penetration is phytoplankton density (Fleming-Lehtinen & Laamanen, 2012).
However, we found no effect of tadpole presence on phytoplankton density in the pH 4.3
environment, suggesting that it is unlikely that tadpoles indirectly affected light penetration
through effects on phytoplankton. Alternatively, the effects may have come from tadpoles re-
suspend bottom sediment particles as they forage (bioturbation; Ranvestel et al., 2004). While we
have no direct observations on the impact of tadpole activity on the sediment, it is possible that
reduced light-penetration was a result of tadpoles engaging in more explorative behaviour and/or
higher availability of sediment (which was not assessed) in the pH 4.3 environment. Further
studies are needed to gain mechanistic understanding of the impact of tadpole presence on light

penetration.
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In the pH 8.4 environment, we found that tadpole presence increased phytoplankton but
reduced zooplankton density. This complements previous studies that documented that anuran
tadpole presence can affect phytoplankton growth (Osborne & McLachlan, 1985; Mallory &
Richardson, 2005), and more generally act on lower trophic levels simultaneously via direct
and/or indirect effects (Rowland et al., 2017). One possibility for the increased phytoplankton
and reduce zooplankton levels may be that, in the presumably more resource-limited
environment of the pH 8.4 treatment, tadpoles have more actively consumed zooplankton
through direct predatory behaviour and thus affected their density, which in turn led to indirect
effects release of zooplankton pressure on phytoplankton. Previous research has shown that
tadpoles can strongly affect zooplankton density via both consumptive and non-consumptive
effects (Parlato & Mott, 2023). While the diet of R. arvalis has been generally little studied (but
see Montafia et al., 2019 for a review of anuran tadpoles), ranid tadpoles have been shown to
impact zooplankton density through direct and indirect pathways, including predatory behaviour
(Petranka & Kennedy, 1999), nutrient cycling (Osborne & McLachlan, 1985) and competition
for resources (Seale, 1980; Leibold & Wilbur, 1992). Our gut content analyses here showed that
tadpoles fed mostly diatoms and green algae, but also other rarer items (including zooplankton),
such as bacteria and pollen (Appendix S1: Results, M. Kaiser, pers. obs.). Support for tadpole
consumption of zooplankton in our study comes from zooplankton body parts being found in the
gut of the tadpoles (M. Kaiser, pers. obs.). Given the direct trophic link between zooplankton and
phytoplankton (Levine et al. 1999), trophic cascades induced by the active foraging of tadpoles
on zooplankton may have led to facilitation of phytoplankton growth. Such cascading effects
have been documented in Rana kukunoris, as its predation on detritivorous insects led to reduced

plant biomass through altered decomposition of dung (Wu et al., 2014).
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Ecosystem feedbacks

When phenotypic divergence influences ecologically relevant traits, there is a potential for
feedbacks from evolution to ecology (evo-to-eco), a process coined ecosystem feedback
(Hendry, 2017). In this study, we found evidence for phenotype-to-ecology feedbacks in both pH
environments. First, acid origin tadpoles reduced phytoplankton level relative to the neutral
origin tadpoles in the pH 4.3 environment. Given that anuran tadpoles can feed, among others,
on suspended particles in the water (Seale, 1980; Montana et al., 2019), one straightforward
explanation for this result could be that tadpoles have actively fed on phytoplankton material in
pH 4.3. Or, as discussed above, consumption of zooplankton may have facilitated increases in
phytoplankton. As to potential mechanisms leading to this population difference within pH 4.3
environment, one possibility is that the lower survival of neutral-origin tadpoles, and hence
reduced density and biomass, is one driver of these effects. Differences in survival between
populations are themselves population-specific responses to environmental conditions (whether
linked to pH stress, predation, or competition) and thus are an integral part of population-specific
effects on environmental parameters. Survival differences may, however, overshadow other
mechanistic pathways leading to population differences, highlighting the need for further studies
to disentangle them. Another complementary driver of the population specific effects on
phytoplankton levels, may be the inherent size differences of tadpoles from the contrasting
origins: acid origin tadpoles are substantially larger than the neutral origin tadpoles in common
garden conditions (Hangartner et al., 2011; Egea-Serrano et al., 2014; Mausbach et al., 2022; this
study), which may lead to higher energy uptake requirements and higher consumption of

phytoplankton.
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Second, in the pH 8.4 environment neutral origin tadpoles decreased the level of
periphyton more than acid origin tadpoles did (relative to the no-tadpole baseline). In parallel,
acid origin tadpoles decreased vegetation biomass within the pH 8.4 environment relative to the
no-tadpoles baseline, which neutral origin tadpoles did not. One hypothetical scenario explaining
the combined population specific effects on periphyton (reduced more by neutral origin tadpoles)
and macrophytes (reduced more by acid origin tadpoles, see above) could be that in low resource
environments (here pH 8.4), the larger size of acid origin tadpoles may have allowed them to
feed and digest rough plant material (which hence may also have induce the longer guts, see
above), whereas small sized neutral origin tadpoles may need to feed primarily on periphyton.
This hypothesis could be tested experimentally in follow-up studies aimed at identifying the
exact mechanisms through which divergent populations affect the environment they inhabit.

In the pH 8.4 environment, survival was generally high for both populations (over 90%
on average) and did not differ significantly between populations, therefore we can exclude
differences in density to contribute to population specific effects observed. These differences in
tadpole effects were thus more likely related to the slightly lower overall biomass of the neutral-
origin population, in addition to other functional traits (as discussed above). All this being said, it
is possible that genetically based differences in energy demands and assimilation abilities may
have led, for instance, to contrasting growth rates and nutrient excretion capacity, such as in the
case of latitudinally divergent R. temporaria tadpoles (Liess et al., 2015). The observed
differences in gut length (indicative of assimilation efficacy) and/or metamorphic size (indicative
of energy demands) may complementarily come into play and yield higher nutrient excretion
from a larger biomass of tadpoles (i.e. here acid origin tadpoles) which, in turn, may provide

resources for primary producers and lead to effects on phytoplankton (in pH 4.3) and periphyton
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(in pH 8.4). In our study, the population specific effects on ecosystem parameters are most likely
the result of multiple interacting factors, including tadpole size, developmental stage, and
survival, which are factors that represent common ecological processes in natural populations.
Irrespective of the mechanism, however, our findings indicate that these two R. arvalis
populations have different ecological functions — either mediated by their large differences in
body mass or, not mutually exclusively, other functionally relevant traits.

Previous studies have demonstrated the potential for indirect effects of higher trophic
levels on Net Primary Productivity (NPP). For instance, changes in NPP were shown to originate
from divergence in alewife (4/losa pseudoharengus) life history, which in turn induced
divergence in zooplankton life-histories and consequently phytoplankton density (Walsh et al.,
2012). In our study, NPP was not affected by tadpole origin, nor tadpole presence. This is
somewhat surprising given that we observed differences between the two R. arvalis populations
on their impacts on phytoplankton level in the pH 4.3 environment, and we may have thus
expected differences in ecosystem productivity. It may be, however, that pelagic phytomaterial
(phytoplankton) represented a small proportion of the overall chlorophyllic biomass compared to
the benthic macrophytes. Therefore, any change in NPP due to different levels of pelagic
phytomaterial may have been diluted out by the larger contribution of macrophytes. This being
said, because the acid origin population decreased vegetation (macrophyte) biomass within the
pH 8.4 environment, we may have expected NPP results to mirror those of vegetation biomass,
but this was not the case.

A potential factor influencing the results in our study is the occurrence of an extreme
heatwave during the latter half of the experiment, which led to elevated water temperatures

(mean ~ 21 C°). While this did not seem to affect survival (which was generally high), it did
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speed up tadpole growth and developmental rates compared to our typical laboratory assessments
at 17 C°, where reaching metamorphoses in these populations takes roughly 60-70 days
(Hangartner et al., 2012), versus ~ 42 days here. Hence, any phenotypic variation (including
metabolic activity, developmental and growth rates) as well as effects on ecosystem functioning
may have been over- or underestimated relative to more average environmental conditions
typical at this latitude. Importantly, however, as the occurrence of such heatwaves is increasing
rapidly due to climate change, future studies assessing role of temperature conditions in evo-to-

eco effects would be valuable.

Conclusions
The results from our outdoor mesocosm experiment provide new knowledge about adaptive
divergence of R. arvalis along an acidification gradient and, in particular, the context dependence
of trait divergence and ecosystem feedbacks of anuran tadpoles. In general, our study supports
previous findings for adaptive divergence in larval life-history traits in these populations, as well
as partially evidence for local adaptation (Kawecki & Ebert, 2004, Hereford, 2009). A novel
finding is evidence for phenotypic plasticity in gut length of R. arvalis tadpoles, indicative of
adaptation to different resource conditions (in addition to the well-established adaptation to pH
and predators). However, further multifactorial laboratory studies are needed to disentangle the
interplay between pH, resource availability/quality and predators in natural populations.
Keystone species, which tadpoles are often suggested to be in freshwater ecosystems, can
be strong drivers of community dynamics through direct top-down processes resulting in
cascading effects at lower trophic levels (Morin, 1995) or indirect bottom-up effects (Rowland et

al., 2017). Given that the two tadpole origins had differential effects on some of the ecosystem
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parameters, this also calls for more attention to divergence of natural populations in their
ecological functions in the context of conservation biology and ecosystem management (e.g. Des
Roches et al., 2017). Importantly, our study investigated adaptive divergence of tadpoles in a
more realistic context than laboratory-based studies and showed strong acidity mediated effects
on tadpole phenotype. The acid and neutral origin tadpoles differed in metamorphic size and gut
length and, significantly, our study provides first evidence for ecosystem feedbacks emerging
from rapid divergence of these acid and neutral origin populations, and that these effects were
context dependent (different ecosystem parameters were affected by the two populations in the
two environments). More studies investigating the consequences of contemporary adaptive
divergence and rapid evolution are needed for better understanding of ecosystem functioning in

nature, and the role of amphibians in them.

Acknowledgements

We thank Blake Matthews for expert advice on mesocosm set up and data collection, Erik
Petersson for logistic help with mesocosm setup and Institute for Freshwater Research in
Swedish University of Agricultural Sciences for providing access to their facilities. We thank
landowners for permission to collect material on their land. We acknowledge the Department of
Ecology and Genetics and Biology Education Centre in Uppsala University for providing access
to equipment for sample processing, Mylene Jury, Frida Sjosten and Nicholas Scaramella for
their help during the field season and in the laboratory, and Marta Reyes and Christa Jolidon for
advice and knowledge on diet item identification. We further thank Bettina Dubach and Fia
Bengtsson for help with zooplankton and aquatic vegetation identification. The experiments were

conducted under the collection permit from the County board of Véstra Gotaland (number: 522-

49



1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

6251-2017) and a permit from the Ethical committee for animal experiments in Uppsala County
(Uppsala djurforsoksetiska nimnd, number 5.8.18-01518/2017). This study was funded by the

Swiss National Science foundation (Number: 31003A 166201, to KR).

Authors’ contributions

AL and KR conceived the study. QC, AL and KR designed the experiment. QC set up and
coordinated the experiment, with substantial help from MK. JM collected the data on
corticosterone. MK collected the data on gut length and gut content. QC collected all remaining
data, with substantial help from MK and KR. QC analysed the data and produced the figures. QC
wrote the first draft of the manuscript and developed it with substantial help from KR and AL.
All authors read, provided comments on earlier versions, and validated the last version of the

manuscript.

Conflict of interest statement

The authors declare no conflicting interests.

References

Altwegg, R., and H.-U. Reyer. 2003. Patterns of natural selection on size at metamorphosis in
water frogs. Evolution 57:872-882.

Andrén, C., M. Mardén, G. Nilson, C. Andren, M. Marden, and G. Nilson. 1989. Tolerance to low
pH in a population of moor frogs, Rana arvalis, from an acid and a neutral environment:
a possible case of rapid evolutionary response to acidification. Oikos 56:215.

APHA. 1985. Standard methods for the examination of water and wastewater. 16th edition.

American Public Health Association.

50



1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

Bates, D., M. Machler, B. Bolker, and S. Walker. 2015. Fitting Linear Mixed-Effects Models
Using Ime4. Journal of Statistical Software 67:1—-48.

Bell, G., and A. Gonzalez. 2011. Adaptation and evolutionary rescue in metapopulations
experiencing environmental deterioration. Science 332:1327-1330.

Benjamini, Y., and Y. Hochberg. 1995. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. Journal of the Royal Statistical Society Series B:
Statistical Methodology 57:289-300.

Bijlsma, R., and V. Loeschcke. 2005. Environmental stress, adaptation and evolution: an
overview. Journal of Evolutionary Biology 18:744—749.

Bragina, A., C. Berg, M. Cardinale, A. Shcherbakov, V. Chebotar, and G. Berg. 2012.
Sphagnum mosses harbour highly specific bacterial diversity during their whole lifecycle.
The ISME Journal 6:802—813.

van Breemen, N. 1995. How Sphagnum bogs down other plants. Trends in Ecology and
Evolution 10:270-275.

Brondizio, E. S., J. Settele, S. Diaz, and H. T. Ngo, editors. 2019. The global assessment report
of the intergovernmental science-policy platform on biodiversity and ecosystem services.
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services
(IPBES), Bonn.

Burraco, P., R. Arribas, S. S. Kulkarni, D. R. Buchholz, and |. Gomez-Mestre. 2015. Comparing
techniques for measuring corticosterone in tadpoles. Current Zoology 61:835-845.

Cao, M., and I. F. Woodward. 1998. Net primary and ecosystem production and carbon stocks
of terrestrial ecosystems and their responses to climate change. Global Change Biology
4:185-198.

Carlson, S. M., C. J. Cunningham, and P. A. H. Westley. 2014. Evolutionary rescue in a

changing world. Trends in Ecology & Evolution 29:521-530.

51



1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

Chevin, L.-M., R. Lande, and G. M. Mace. 2010. Adaptation, Plasticity, and Extinction in a
Changing Environment: Towards a Predictive Theory. PLoS Biology 8:61000357.

Cohen, J. 2009. Statistical power analysis for the behavioral sciences. 2. ed., reprint.
Psychology Press, New York, NY.

Conover, D. O., T. A. Duffy, and L. A. Hice. 2009. The Covariance between Genetic and
Environmental Influences across Ecological Gradients: Reassessing the Evolutionary
Significance of Countergradient and Cogradient Variation. Annals of the New York
Academy of Sciences 1168:100-129.

Corline, N. J., E. R. Hotchkiss, B. Badgely, B. D. Strahm, D. T. Scott, and D. L. McLaughlin.
2025. Tadpole aggregations create biogeochemical hotspots in wetland ecosystems.
Journal of Animal Ecology 94:501-518.

Davic, R. D. 1983. An investigation of salamander guild predation in a North Carolina stream: an
experimental approach. Ph.D. Dissertation, Kent State University, Kent, Ohio.

De Meester, L., K. |. Brans, L. Govaert, C. Souffreau, S. Mukherjee, H. Vanvelk, K.
Korzeniowski, L. Kilsdonk, E. Decaestecker, R. Stoks, and M. C. Urban. 2019. Analysing
eco-evolutionary dynamics—The challenging complexity of the real world. Functional
Ecology 33:43-59.

De Meester, L., and J. Pantel. 2014. Eco-evolutionary dynamics in freshwater systems. Journal
of Limnology 73.

DeNicola, D. M. 2000. A review of diatoms found in highly acidic environments. Hydrobiologia
433:111-122.

Denver, R. J. 2009. Stress hormones mediate environment-genotype interactions during
amphibian development. General and Comparative Endocrinology 164:20-31.

Des Roches, S., D. M. Post, N. E. Turley, J. K. Bailey, A. P. Hendry, M. T. Kinnison, J. A.
Schweitzer, and E. P. Palkovacs. 2017. The ecological importance of intraspecific

variation. Nature Ecology & Evolution 2:57-64.

52



1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

1113

1114

1115

1116

Dhote, S., and S. Dixit. 2007. Water quality improvement through macrophytes: a case study.
Asian Journal of Experimental Sciences 21:427—-430.

Diaz-Paniagua, C. 1985. Larval diets related to morphological characters of five anuran species
in the biological reserve of Dofiana (Huelva, Spain). Amphibia-Reptilia 6:307-321.
Driscoll, C. T., G. B. Lawrence, A. J. Bulger, T. J. Butler, C. S. Cronan, C. Eagar, K. F. Lambert,

G. E. Likens, J. L. Stoddard, and K. C. Weathers. 2001. Acidic deposition in the
northeastern United States: sources and inputs, ecosystem effects, and management
strategies. BioScience 51:180.

DuRant, S. E., and W. A. Hopkins. 2008. Amphibian predation on larval mosquitoes. Canadian
Journal of Zoology 86:1159-1164.

Dye, S. 2023. Algal field sampling. U.S. Environmental Protection Agency.

Egea-Serrano, A., S. Hangartner, A. Laurila, and K. Rasanen. 2014. Multifarious selection
through environmental change: acidity and predator-mediated adaptive divergence in the
moor frog (Rana arvalis). Proceedings of the Royal Society B: Biological Sciences
281:20133266.

Eriksson, M. O. G,, L. Henrikson, B. I. Nilsson, G. Nyman, H. Oscarson, and A. E. Stenson.
1980. Predator-prey relations important for the biotic changes in acidified lakes. AMBIO
9:248-249.

Fleming-Lehtinen, V., and M. Laamanen. 2012. Long-term changes in Secchi depth and the role
of phytoplankton in explaining light attenuation in the Baltic Sea. Estuarine, Coastal and
Shelf Science 102—-103:1-10.

Fox, J., and S. Weisberg. 2019. An R companion to applied regression. Sage, Thousand Oaks
CA.

Geelen, J. F. M., and R. S. E. W. Leuven. 1986. Impact of acidification on phytoplankton and

zooplankton communities. Experientia 42:486—494.

53



1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

Ghalambor, C. K., J. K. McKAY, S. P. Carroll, and D. N. Reznick. 2007. Adaptive versus non-
adaptive phenotypic plasticity and the potential for contemporary adaptation in new
environments. Functional Ecology 21:394—407.

Gibbons, J. W., C. T. Winne, D. E. Scott, J. D. Willson, X. Glaudas, K. M. Andrews, B. D. Todd,
L. A. Fedewa, L. Wilkinson, R. N. Tsaliagos, S. J. Harper, J. L. Greene, T. D. Tuberville,
B. S. Metts, M. E. Dorcas, J. P. Nestor, C. A. Young, T. Akre, R. N. Reed, K. A.
Buhlmann, J. Norman, D. A. Croshaw, C. Hagen, and B. B. Rothermel. 2006.
Remarkable Amphibian Biomass and Abundance in an Isolated Wetland: Implications for
Wetland Conservation. Conservation Biology 20:1457-1465.

Glandt, D. 2006. Der Moorfrosch (Rana arvalis): Erscheinungsvielfalt, Verbreitung,
Lebensrdume, Verhalten sowie Perspektiven fur den Artenschutz. Feldherpetologie
13:11-34.

Gosner, K. L. 1960. A simplified table for staging anuran embryos and larvae with notes on
identification. Herpetologica 16:183-190.

Guan, N., and L. Liu. 2020. Microbial response to acid stress: mechanisms and applications.
Applied Microbiology and Biotechnology 104:51-65.

Guillette, L. J., D. A. Crain, A. A. Rooney, and D. B. Pickford. 1995. Organization versus
activation: the role of endocrine-disrupting contaminants (EDCs) during embryonic
development in wildlife. Environmental Health Perspectives 103:157-164.

Haines, T. A. 1981. Acidic precipitation and its consequences for aquatic ecosystems: a review.
Transactions of the American Fisheries Society 110:669—-707.

Hairston, N. G., S. P. Eliner, M. A. Geber, T. Yoshida, and J. A. Fox. 2005. Rapid evolution and
the convergence of ecological and evolutionary time. Ecology Letters 8:1114—-1127.

Hangartner, S., A. Laurila, and K. Rasanen. 2011. Adaptive divergence of the moor frog (Rana

arvalis) along an acidification gradient. BMC Evolutionary Biology 11:366.

54



1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

1153

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

Hangartner, S., A. Laurila, and K. Rasanen. 2012a. Adaptive divergence in moor frogs (Rana
arvalis) populations along an acidification gradient: interferences from QST-FST
correlations. Evolution 66:867—-881.

Hangartner, S., A. Laurila, and K. Rasanen. 2012b. The quantitative genetic basis of adaptive
divergence in the moor frog (Rana arvalis) and its implications for gene flow. Journal of
Evolutionary Biology 25:1587—1599.

Hanski, I. 2012. Eco-evolutionary dynamics in a changing world. Annals of the New York
Academy of Sciences 1249:1-17.

Harmon, L. J., B. Matthews, S. Des Roches, J. M. Chase, J. B. Shurin, and D. Schluter. 2009.
Evolutionary diversification in stickleback affects ecosystem functioning. Nature
458:1167-1170.

Hedges, L. V. 1981. Distribution theory for glass’s estimator of effect size and related
estimators. Journal of Educational Statistics 6:107.

Hendry, A. P. 2016. Key questions on the role of phenotypic plasticity in eco-evolutionary
dynamics. Journal of Heredity 107:25-41.

Hendry, A. P. 2017. Eco-evolutionary dynamics. Princeton University Press.

Hereford, J. 2009. A quantitative survey of local adaptation and fithess trade-offs. The American
Naturalist 173:579-588.

Hocking, D. J., and K. J. Babbitt. 2014. Amphibian Contributions to Ecosystem Services.
Herpetological Conservation and Biology 9:1-17.

Hoffmann, A. A., and M. J. Hercus. 2000. Environmental stress as an evolutionary force.
BioScience 50:217.

IUCN SSC Amphibian Specialist Group. 2023. Rana arvalis. The IUCN Red List of Threatened

Species 2023.

55



1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

1180

1181

1182

1183

1184

1185

1186

1187

1188

1189

Jespersen, A.-M., and K. Christoffersen. 1987. Measurements of chlorophyll-a from
phytoplankton using ethanol as extraction solvent. Archiv fir Hydrobiologie 109:445—
454,

Jimeno, B., M. Hau, and S. Verhulst. 2018. Corticosterone levels reflect variation in metabolic
rate, independent of ‘stress.” Scientific Reports 8:13020.

Kalchev, R. K., M. B. Beshkova, C. S. Boumbarova, R. L. Tsvetkova, and D. Sais. 1996. Some
allometric and non-allometric relationships between chlorophyll-a and abundance
variables of phytoplankton. Hydrobiologia 341:235-245.

Kawecki, T. J., and D. Ebert. 2004. Conceptual issues in local adaptation. Ecology Letters
7:1225—-1241.

Kirby, K. N., and D. Gerlanc. 2013. BootES: An R package for bootstrap confidence intervals on
effect sizes. Behavior Research Methods 45:905-927.

Kupferberg, S. 1997. Facilitation of periphyton production by tadpole grazing: functional
differences between species. Freshwater Biology 37:427—-439.

Lacoul, P., B. Freedman, and T. Clair. 2011. Effects of acidification on aquatic biota in Atlantic
Canada. Environmental Reviews 19:429-460.

Landi, M., S. Piazzini, and C. Saveri. 2014. The response of amphibian communities to fish and
habitat features in Mediterranean permanent ponds. Biologia 69:806—810.

Laugen, A. T., A. Laurila, K. Rasanen, and J. Merila. 2003. Latitudinal countergradient variation
in the common frog (Rana temporaria) development rates - evidence for local
adaptation. Journal of Evolutionary Biology 16:996—1005.

Leibold, M. A., and H. M. Wilbur. 1992. Interactions between food-web structure and nutrients
on pond organisms. Nature 360:341-343.

Lenth, R. V. 2025. emmeans: estimated marginal means, aka least-squares means.

56



1190

1191

1192

1193

1194

1195

1196

1197

1198

1199

1200

1201

1202

1203

1204

1205

1206

1207

1208

1209

1210

1211

1212

1213

1214

1215

Levine, S. N., M. A. Borchardt, M. Braner, and A. D. Shambaugh. 1999. The Impact of
Zooplankton Grazing on Phytoplankton Species Composition and Biomass in Lake
Champlain (USA-Canada). Journal of Great Lakes Research 25:61-77.

Liess, A., J. Guo, M. I. Lind, and O. Rowe. 2015. Cool tadpoles from arctic environments waste
fewer nutrients — high gross growth efficiencies lead to low consumer-mediated nutrient
recycling in the North. Journal of Animal Ecology 84:1744—-1756.

Lindgren, B., and A. Laurila. 2005. Proximate causes of adaptive growth rates: growth efficiency
variation among latitudinal populations of Rana temporaria. Journal of Evolutionary
Biology 18:820-828.

Loman, J. 2001. Intraspecific competition in tadpoles of Rana arvalis : does it matter in nature?
A field experiment. Population Ecology 43:253-263.

Lorenzen, C. J. 1967. Determination of chlorophyll and pheo-pigments: spectrophotometric
equations. Limnology and Oceanography 12:343-346.

Ludecke, D., D. Makowski, M. S. Ben-Shachar, I. Patil, P. Waggoner, B. M. Wiernik, and R.
Thériault. 2019, April 24. performance: Assessment of Regression Models Performance.

Mallory, M. A., and J. S. Richardson. 2005. Complex interactions of light, nutrients and
consumer density in a stream periphyton—grazer (tailed frog tadpoles) system. Journal of
Animal Ecology 74:1020-1028.

Matthews, B., T. Aebischer, K. E. Sullam, B. Lundsgaard-Hansen, and O. Seehausen. 2016.
Experimental Evidence of an Eco-evolutionary Feedback during Adaptive Divergence.
Current Biology 26:483—-489.

Mausbach, J., A. Laurila, and K. Rasanen. 2022. Context dependent variation in corticosterone
and phenotypic divergence of Rana arvalis populations along an acidification gradient.
BMC Ecology and Evolution 22:11.

Meek, M. H., E. A. Beever, S. Barbosa, S. W. Fitzpatrick, N. K. Fletcher, C. S. Mittan-Moreau,

B. N. Reid, S. C. Campbell-Staton, N. F. Green, and J. J. Hellmann. 2023.

57



1216

1217

1218

1219

1220

1221

1222

1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

1233

1234

1235

1236

1237

1238

1239

1240

1241

Understanding local adaptation to prepare populations for climate change. BioScience
73:36-47.

Merild, J., F. Séderman, R. O’Hara, K. Rasanen, and A. Laurila. 2004. Local adaptation and
genetics of acid-stress tolerance in the moor frog, Rana arvalis. Conservation Genetics
5:513-527.

Montafa, C. G., S. D. G. T. M. Silva, D. Hagyari, J. Wager, L. Tiegs, C. Sadeghian, T. A.
Schriever, and C. M. Schalk. 2019. Revisiting “what do tadpoles really eat?” A 10-year
perspective. Freshwater Biology 64:2269-2282.

Moore, B. C., H. L. Gibbons, W. H. Funk, T. McKarns, J. Nyznyk, and M. V. Gibbons. 1984.
Enhancement of internal cycling of phosphorus by aquatic macrophytes, with
implications for lake management. Lake and Reservoir Management 1:113-117.

Morin, P. J. 1995. Functional redundancy, non-additive interactions, and supply-side dynamics
in experimental pond communities. Ecology 76:133—-149.

Oksanen, J., G. L. Simpson, F. G. Blanchet, R. Kindt, P. Legendre, P. R. Minchin, R. B. O’'Hara,
P. Solymos, M. H. H. Stevens, E. Szoecs, H. Wagner, M. Barbour, M. Bedward, B.
Bolker, D. Borcard, G. Carvalho, M. Chirico, M. De Caceres, S. Durand, H. B. A.
Evangelista, R. FitzJohn, M. Friendly, B. Furneaux, G. Hannigan, M. O. Hill, L. Lahti, D.
McGlinn, M.-H. Ouellette, E. Ribeiro Cunha, T. Smith, A. Stier, C. J. F. Ter Braak, J.
Weedon, and T. Borman. 2001, September 6. vegan: community ecology package.

Olsson, J., M. Quevedo, C. Colson, and R. Svanback. 2007. Gut length plasticity in perch: into
the bowels of resource polymorphisms: gut length plasticity in perch. Biological Journal
of the Linnean Society 90:517-523.

Osborne, P. L., and A. J. McLachlan. 1985. The effect of tadpoles on algal growth in temporary,
rain-filled rock pools. Freshwater Biology 15:77-87.

Palkovacs, E. P., and D. M. Post. 2009. Experimental evidence that phenotypic divergence in

predators drives community divergence in prey. Ecology 90:300-305.

58



1242

1243

1244

1245

1246

1247

1248

1249

1250

1251

1252

1253

1254

1255

1256

1257

1258

1259

1260

1261

1262

1263

1264

1265

1266

Pancak, M. K., and D. H. Taylor. 1983. Seasonal and daily plasma corticosterone rhythms in
American toads, Bufo americanus. General and Comparative Endocrinology 50:490—
497.

Parlato, B. P., and C. L. Mott. 2023. Consumptive and nonconsumptive effects of omnivorous
tadpoles on aquatic invertebrate communities. Ecosphere 14:e4474.

Persson, M., K. Rasanen, A. Laurila, and J. Merila. 2007. Maternally determined adaptation to
acidity in Rana arvalis : are laboratory and field estimates of embryonic stress tolerance
congruent? Canadian Journal of Zoology 85:832—-838.

Petranka, J. W., and C. A. Kennedy. 1999. Pond tadpoles with generalized morphology: is it
time to reconsider their functional roles in aquatic communities? Oecologia 120:621—
631.

Pfennig, D. W. 1990. The adaptive significance of an environmentally-cued developmental
switch in an anuran tadpole. Oecologia 85:101-107.

Pfennig, D. W., M. A. Wund, E. C. Snell-Rood, T. Cruickshank, C. D. Schlichting, and A. P.
Moczek. 2010. Phenotypic plasticity’s impacts on diversification and speciation. Trends
in Ecology & Evolution 25:459-467.

R Core Team. 2022. R: a language and environment for statistical computing. Vienna, Austria.

Ranvestel, A. W., K. R. Lips, C. M. Pringle, M. R. Whiles, and R. J. Bixby. 2004. Neotropical
tadpoles influence stream benthos: evidence for the ecological consequences of decline
in amphibian populations. Freshwater Biology 49:274-285.

Rasanen, K., and Green. 2009. Acidification and its effects on amphibian populations. Pages
3244-3267 Decline: Diseases, Parasites, Maladies and Pollution. H. Heatwole (ed.).
Surrey Beatty and Sons, Chipping Norton, Australia.

Rasanen, K., and A. P. Hendry. 2008. Disentangling interactions between adaptive divergence

and gene flow when ecology drives diversification. Ecology Letters 11:624-636.

59



1267

1268

1269

1270

1271

1272

1273

1274

1275

1276

1277

1278

1279

1280

1281

1282

1283

1284

1285

1286

1287

1288

1289

1290

1291

1292

Rasanen, K., A. Laurila, and J. Merila. 2003. Geographic variation in acid stress tolerance of the
moor frog, Rana arvalis. |. Local adaptation. Evolution 57:352-362.

Rasanen, K., A. Laurila, and J. Merila. 2005. Maternal investment in egg size: environment- and
population-specific effects on offspring performance. Oecologia 142:546-553.

Rasanen, K., F. Séderman, A. Laurila, and J. Merila. 2008. Geographic variation in maternal
investment: acidity affects egg size and fecundity in Rana Arvalis. Ecology 89:2553—
2562.

Relyea, R. A. 2002. Competitor-induced plasticity in tadpoles: consequences, cues and
connections to predator-induced plasticity. Ecological monographs 72:523-540.

Revelle, W. 2007, May 6. psych: Procedures for Psychological, Psychometric, and Personality
Research.

Richter-Boix, A., G. A. Llorente, A. Montori, and J. Garcia. 2007. Tadpole diet selection varies
with the ecological context in predictable ways. Basic and Applied Ecology 8:464—-474.

Richter-Boix, A., M. Tejedo, and E. L. Rezende. 2011. Evolution and plasticity of anuran larval
development in response to desiccation. A comparative analysis. Ecology and Evolution
1:15-25.

Ripley, B., and B. Venables. 2009, May 8. MASS: Support Functions and Datasets for Venables
and Ripley’s MASS.

Rose, C. 2005. Integrating ecology and developmental biology to explain the timing of frog
metamorphosis. Trends in Ecology & Evolution 20:129-135.

Rosopa, P. J., M. M. Schaffer, and A. N. Schroeder. 2013. Managing heteroscedasticity in
general linear models. Psychological Methods 18:335-351.

Rowland, F. E., M. B. Rawlings, and R. D. Semlitsch. 2017. Joint effects of resources and
amphibians on pond ecosystems. Oecologia 183:237-247.

Sala, O. E., F. Stuart Chapin, lii, J. J. Armesto, E. Berlow, J. Bloomfield, R. Dirzo, E. Huber-

Sanwald, L. F. Huenneke, R. B. Jackson, A. Kinzig, R. Leemans, D. M. Lodge, H. A.

60



1293

1294

1295

1296

1297

1298

1299

1300

1301

1302

1303

1304

1305

1306

1307

1308

1309

1310

1311

1312

1313

1314

1315

1316

1317

Mooney, M. Oesterheld, N. L. Poff, M. T. Sykes, B. H. Walker, M. Walker, and D. H.
Wall. 2000. Global Biodiversity Scenarios for the Year 2100. Science 287:1770-1774.

Sandhall, A., and H. Berggren. 2001. Mikrobilder : livi damm och sjé. Interpublishing,
Stockholm.

Sapolsky, R. M., L. M. Romero, and A. U. Munck. 2000. How Do Glucocorticoids Influence
Stress Responses? Integrating Permissive, Suppressive, Stimulatory, and Preparative
Actions. Endocrine Reviews 21:55-89.

Saros, J. E., and N. J. Anderson. 2015. The ecology of the planktonic diatom Cyclotella and its
implications for global environmental change studies. Biological Reviews 90:522-541.

Sasaki, M., J. Isanta-Navarro, and L. Govaert. 2025. Experimental ecology and the balance
between realism and feasibility in aquatic ecosystems. Nature Communications 16.

Scaramella, N., J. Mausbach, A. Laurila, S. Stednitz, and K. Rasanen. 2022. Short-term
responses of Rana arvalis tadpoles to pH and predator stress: adaptive divergence in
behavioural and physiological plasticity? Journal of Comparative Physiology B 192:669—
682.

Schiesari, L., E. E. Werner, and G. W. Kling. 2009. Carnivory and resource-based niche
differentiation in anuran larvae: implications for food web and experimental ecology.
Freshwater Biology 54:572-586.

Seale, D. B. 1980. Influence of amphibian larvae on primary production, nutrient flux, and
competition in a pond ecosystem. Ecology 61:1531-1550.

Seale, D. B., and N. Beckvar. 1980. The comparative ability of anuran larvae (genera: Hyla,
Bufo and Rana) to ingest suspended blue-green algae. Copeia 1980:495.

Sibly, R. M. 1981. Strategies of digestion and defecation. Page in C.R. Townsend & P. Calow
(Eds.), Physiological ecology: an evolutionary approach to resource use. Blackwell,

Oxford, UK.

61



1318

1319

1320

1321

1322

1323

1324

1325

1326

1327

1328

1329

1330

1331

1332

1333

1334

1335

1336

1337

1338

1339

1340

1341

1342

Skulason, S., and T. B. Smith. 1995. Resource polymorphisms in vertebrates. Trends in
Ecology & Evolution 10:366-370.

Smith, D. W., and R. H. Piedrahita. 1988. The relation between phytoplankton and dissolved
oxygen in fish ponds. Aquaculture 68:249-265.

Sendergaard, M., and B. Moss. 1998. Impact of submerged macrophytes on phytoplankton in
shallow freshwater lakes. Pages 115-132 In E. Jeppesen (Ed.) The structuring role of
submerged macrophytes in lakes. Springer Sciences, Business Media New York.

Sparling, D. W. 2009. Water-quality criteria for amphibians’. Page Amphibian Ecology and
Conservation: A Handbook of Techniques. Oxford University Press.

Stewart, R. I. A., M. Dossena, D. A. Bohan, E. Jeppesen, R. L. Kordas, M. E. Ledger, M.
Meerhoff, B. Moss, C. Mulder, J. B. Shurin, B. Suttle, R. Thompson, M. Trimmer, and G.
Woodward. 2013. Mesocosm experiments as a tool for ecological climate-change
research. Pages 71-181 Advances in Ecological Research. Elsevier.

Stoler, A. B., and R. A. Relyea. 2013. Leaf litter quality induces morphological and
developmental changes in larval amphibians. Ecology 94:1594-1603.

Streble, H., and D. Krauter. 2006. Das leben im wassertropfen: mikroflora und makrofauna des
slisswassers - ein bestimmungsbuc. Tenth edition. Franckh-Kosmos-Verlags-GmbH &
Co, Stuttgarz.

Sullivan, G. M., and R. Feinn. 2012. Using effect size - or why the P value is not enough.
Journal of Graduate Medical Education 4:279-282.

Svensson, B. M. 1995. Competition between Sphagnum fuscum and Drosera rotundifolia: a
case of ecosystem engineering. Oikos 74:205.

Teplitsky, C., K. Rasanen, and A. Laurila. 2007. Adaptive plasticity in stressful environments:
acidity constrains inducible defences in Rana arvalis. Evolutionary Ecology Research

9:447-458.

62



1343

1344

1345

1346

1347

1348

1349

1350

1351

1352

1353

1354

1355

1356

1357

1358

1359

1360

1361

1362

1363
1364

Urban, M. C., J. L. Richardson, and N. A. Freidenfelds. 2014. Plasticity and genetic adaptation
mediate amphibian and reptile responses to climate change. Evolutionary Applications
7:88-103.

Walsh, M. R., J. P. DeLong, T. C. Hanley, and D. M. Post. 2012. A cascade of evolutionary
change alters consumer-resource dynamics and ecosystem function. Proceedings of the
Royal Society B: Biological Sciences 279:3184—-3192.

Weber, A. K., and R. Pirow. 2009. Physiological responses of Daphnia pulex to acid stress.
BMC Physiology 9:9.

Whiles, M. R., R. O. Hall, W. K. Dodds, P. Verburg, A. D. Huryn, C. M. Pringle, K. R. Lips, S. S.
Kilham, C. Col6n-Gaud, A. T. Rugenski, S. Peterson, and S. Connelly. 2013. Disease-
Driven Amphibian Declines Alter Ecosystem Processes in a Tropical Stream.
Ecosystems 16:146-157.

Wickham, H. 2016. ggplot2: elegant graphics for data analysis. Springer-Verlag, New York.

Williams, G. C. 1966. Adaptation and natural selection: a critique of some current evolutionary
thought. Princeton University Press., Princeton.

Wood, S. L. R., and J. S. Richardson. 2010. Evidence for ecosystem engineering in a lentic
habitat by tadpoles of the western toad. Aquatic Sciences 72:499-508.

Wu, X., C. Zhang, J. N. Griffin, and S. Sun. 2014. The brown-world role of insectivores: Frogs
reduce plant growth by suppressing detritivores in an alpine meadow. Basic and Applied

Ecology 15:66—-74.

63



1365

1366

1367

1368

1369

1370

1371

1372

1373

1374

1375

1376

1377

1378

1379

1380

1381

1382

1383

1384

1385

1386

1387

Appendix S1: Supplementary Information

Materials and Methods

Hormonal extraction - Corticosterone was analysed using standard procedures (Mausbach et al.
2022). We conducted organic phase extraction with Ethyl acetate, and standard Enzyme Immuno
Assays (EIA, Arbor assays) hormonal assessments (adapted from Burraco et al. 2015) using an

absorbance plate reader (Molecular devices, SpectraMax 190).

Briefly, the samples were defrosted and homogenized for 30 s using a hand-held Qiagen tissue
ruptor. Between 0.080-0.099 g of each homogenized sample was pipetted into a sterile 2mL PP
screw tube (Sarstedt, 72.693.005) and 1500 puL of Ethyl acetate added (99.8%, Sigma aldrich,
270989). The samples were homogenized for 30 s using a mechanical orbital agitator (VWR
Vortex), and transferred to a plate shaker for 30 min at 4°C. The samples were centrifuged at
5000 Rpm (VWR, Micro Star 17) for 15 min and the resulting supernatant (approx. 1450 uL)
was transferred into safe lock tubes (2mL, Eppendorf, PP), and immediately stored at -20°C. For
extraction, the samples were evaporated at 45°C using a speed vac (SpeedVac plus, SC110A
attached to Savant, Gel Pump GP110). The samples were filled with a stream of nitrogen to
prevent oxidation, and then sealed with Parafilm for transportation dry at room temperature to
the Swiss Federal Institute of Aquatic Science and Technology (EAWAG) in Duebendorf. The
samples were reconstituted in 115 pL assay buffer (Arbor Assays Detect X Corticosterone
Enzyme Immunoassay Kit, KO14-H1/H5) and 5 ul 99% EtOH, thoroughly agitated (VWR
Vortex) and stored at -20°C for later EIA analyses. EIA analyses were conducted following the
Arbor Assays Detect X Corticosterone Enzyme Immunoassay Kit (K014-H1/HS5) instructions.

We adapted the standard curve due to the relatively low corticosterone concentration of some
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1388

1389

1390

1391

1392

1393

samples by using a concentration range from 39.063 to 5000 pg/mL. We measured optical
density at 450 nm with a plate reader (Molecular devices, SpectraMax 190) and transformed the
values to concentrations (pg/mL) using the provided Arbor Assay software
(https://www.myassays.com/). The corticosterone concentrations were corrected for mass of
extracted tissue, as well as volume of the sample used for each well, resulting in a measure of

corticosterone concentration as pg per mg of tadpole tissue for each individual tadpole.
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Table S1: Number of tadpoles at G42 per combination of pH environment x population origin

and across tanks:

pH
environment

pH 4.3

pH 8.4

Population
origin

acid origin

neutral origin

acid origin

neutral origin

Tank id

10

16

24

26

4

9

15

25

13

14

17

22

7

11

20

21

# of
tadpoles

15

We extracted model estimated means from our model on tadpole developmental stage as to

quantify the difference between environments for each population. We used the “emmeans”

package (Lenth 2025) to run pairwise comparison between all groups, and adjusted for multiple

comparison using the Benjamini-Hochberg (1995) method.
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1402  Table S2: details on model structure and data transformations for analyses of survival,
1403  developmental stage, body mass of G42 individuals, corticosterone level, gut length (including

1404  post-hoc tests), and gut content. “rlm” standards for robust linear model. “Imm” stands for linear

1405 mixed model.

1406
3 3
o0 o)
£ 1595z = e
- 98|75 .g .g
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Type of model rlm | Imm | Imm | Imm | Imm Imm Imm | permanova
Fixed effects
pH (environment) X X X X X X
population (origin) X X X X X X X X
pH x population X X X X X X
body length X X X
pH x body length X
population x body length X X X
pH x population x body length X
sampling time X
Random effects
Tank ID X X X X X X X
sampling time X X X
Transformation & statistical
practices
Residuals vs fitted as weights X X X

1407
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1412

1413

1414

Table S3: details on model structure and data transformations for analyses of periphyton,
phytoplankton, dissolved oxygen production (NPP), PAR light penetration, vegetation biomass
and zooplankton density at the end of the experiment, in either pH environment (pH 4.3 vs pH
8.4). PAR light penetration stands for Photosynthetically Active Radiation light penetration.

“lm” stands for linear model.

pH 4.3 pH 8.4
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Residuals vs fitted as X X
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Results

Gut length - We found a highly significant pH environment x population origin x body length
interaction effect on tadpole gut length (%= 8.605, P=0.003, Fig. 2b) in the full model. This
same initial model indicated a significant effect of the environment x body length interaction
(x*1= 19.092, P<0.001, Fig. 2b), of the environment x population origin interaction (1= 4.693,
P=10.030, Fig. 2b), of the body length (y*1=498.705, P<0.001, Fig. 2b) and of the environment
(x*1=5.94, P=0.015, Fig. 2b). However, we found no significant effect of the population origin
x body length (y?1=0.180, P= 0.671, Fig. 2b) and of the population origin (%= 0.869, P=0.351,

Fig. 2b).
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1427  Figure S1: gut content of either population (acid origin vs neutral origin) across pH

1428  environments (pH 4.3 vs pH 8.4) and sampling times (first vs second sampling).
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1441

1442
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1444

In the discussion, we mention that the pH 4.3 environment appeared more productive and
resource-rich than the pH 8.4. As to better understand our results and their implication, we tested
whether the environment provided to the tadpoles differed in productivity. To do this, we reduce
the data and selected only the mesocosms containing no tadpoles (3 mesocosms at pH 4.3 and 3
mesocosms at pH 8.4), as this will paint the most representative picture of what the tadpoles has
access to, and eliminate presence and/or population specific effects. We compared several
variables that may reflect productivity, namely: phytoplankton density, periphyton density,
vegetation biomass, Net Primary Productivity, zooplankton density. We used non-parametric
Kruskal Wallis tests, with each of these variables as a numerical response variable, and pH
environment as a categorical predictor.

We found a significant effect the pH environment on phytoplankton density (K-W 2= 4.355,
P=0.037, Fig. 3b), on vegetation biomass (K-W x?1= 3.857, P=0.049, Fig. 3¢), on NPP (K-W
x21=3.971, P=0.046, Fig. S2b) as the level of these variables was higher in pH 4.3 than pH 8.4.
We found no significant effect of the pH environment on periphyton density (K-W y*1=2.333,
P=0.127, Fig. 3a) or on zooplankton density (K-W y*1=2.333, P=0.127, Fig. 3d), despite an

apparent trend for these to be higher in pH 4.3.
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Figure S2: light penetration and daily dissolved oxygen production in the presence of either

population (acid or neutral origin) or in the absence of tadpoles, across both pH environments

(pH 4.3 vs pH 8.4).
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