Eawag_06460

DISS. ETH No.19384

Adaptive divergence of the moor frog (Rana arvalis) along an acidification
gradient

A dissertation submitted to
ETH ZURICH
for the degree of
Doctor of Sciences
presented by
Sandra Bettina Hangartner
Dipl. phil.-nat., University of Zürich, Switzerland
Date of birth, 24.03.1979
Place of origin, Kaltbrunn (SG)

Accepted on the recommendation of
Prof. Dr. Jukka Jokela, examiner
Prof. Dr. Frank Johansson, co-examiner
Dr. Katja Räsänen, co-examiner

2010

2

Table of contents
Summary

5

Zusammenfassung

7

General Introduction

9

Results and discussion

15

Chapter I): Adaptive divergence along an acidification gradient

25

Chapter II): Inferences from QST- FST correlations

61

Chapter III): Quantitative genetic basis

95

Chapter IV): Interactive effects of pH and predation

141

Acknowledgements

177

Curriculum Vitae

179

3

4

Summary
Local populations often inhabit contrasting habitats, which is predicted to cause
divergent natural selection and drive adaptive divergence. Contemporary populations are
increasingly exposed to environmental stressors, which is an important selective factor
creating local adaptation. An increasing number of studies on natural populations have
suggested a major role for divergent selection in driving phenotypic differentiation between
populations. However, the selective agents causing phenotypic divergence are often not
known. Furthermore, organisms are likely experiencing multiple selective agents in nature,
which can result in trade-offs, and affect the extent of phenotypic divergence. However, it is
still largely an open question how organisms adapt to complex environments. As different
sources of phenotypic variation (such as direct genetic vs. maternal effects) can have
fundamental consequences for the maintenance of genetic variation and local adaptation we
need a better understanding of relative importance of these sources. Comparing populations
along an environmental stress gradient can be a powerful way to test how environmental
stress drives adaptive divergence between populations, if different selective factors affect
the extent of phenotypic divergence, and what is the quantitative genetic basis of population
divergence.
In this thesis, I investigated nine moor frog (Rana arvalis) populations along a
160km acidification gradient in southwest Sweden. I used laboratory common garden
experiments to study phenotypic divergence among populations along this gradient. In
particular, I showed that acid origin populations have higher embryonic acid tolerance,
faster larval growth rates, longer larval periods and are larger at metamorphosis than neutral
origin populations, which suggests divergent selection mediated by acidity. Phenotype –
environment correlations further showed that divergence in embryonic acid tolerance and
metamorphic size correlated most stronglyt with breeding pond pH, whereas divergence in
larval period and larval growth correlated most strongly with latitude and gape limited
predator density, respectively.
I used correlations among population pairwise estimates of quantitative trait
divergence (QSTs), neutral genetic divergence (FSTs) and environmental differences to show
that even after accounting for neutral genetic differentiation, differentiation in embryonic
acid tolerance and metamorphic mass was strongly related to pond pH, whereas
5

differentiation in larval period and growth rate were more strongly correlated with
geographic distance/latitude and gape limited predator density, respectively. These results
strongly suggest that it is selection rather than neutral processes that have caused phenotypic
divergence among populations along this gradient.
I performed reciprocal crosses between three neutral and three acid origin
populations to test for the quantitative genetic basis of phenotypic divergence. Results of
this experiment revealed that embryonic acid tolerance is mainly determined by maternal
effects, whereas divergence in larval traits was determined by both maternal effects and
direct (additive and non-additive) genetic effects. Their relative contribution, however,
differed strongly between population pairs and depended partly on the environment where
the phenotype is expressed.
Finally, I performed a common garden experiment to investigate the interactions
between a biotic (predators) and an abiotic (acidity) stressor on inducible defenses (larval
behavior and morphology) and life history traits in six populations. My main findings were
that tadpoles from acid (and predator -rich) populations showed higher behavioral plasticity
and stronger constitutive morphological defenses than tadpoles from neutral populations.
They also survived better when exposed to a free-ranging predator, in particular at acid
conditions. These results suggest that acid (and predator-rich) origin R. arvalis populations
are adapted to both acid stress and the prevailing predation regime. However, while
behavior and life history more closely correlated with acidity, predator density appears to
select for constitutive morphological defenses.
The results of my thesis showed that environmental stress such as acidity can cause
strong divergent selection and local adaptation, supporting the view that environmental
stress is a powerful evolutionary force. However, my results also suggest that the actual
agents of selection may differ among traits along a stress gradient and that combined effects
of multiple selective factors are important drivers of phenotypic diversification in natural
populations. My results further suggest that both maternal and direct genetic effects make an
important contribution to adaptive divergence but that seemingly parallel divergence may be
the result of different genetic architecture.
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Zusammenfassung
Lokale Populationen bewohnen häufig unterschiedliche Habitate, was zu divergenter
natürlicher Selektion und adaptiver Divergenz führen kann. Heutige Populationen sind
immer

häufiger

anthropogenem

Umweltstress

ausgesetzt,

was

ein

wichtiger

Selektionsfaktor ist, der lokale Anpassung kreieren kann. Immer mehr Studien, dass
divergente Selektion eine Hauptrolle in der phänotypischen Differenzierung zwischen
natürlichen Populationen spielt. Die selektiven Faktoren sind jedoch häufig nicht bekannt.
Organismen in der Natur sind zudem stets mehreren selektiven Faktoren ausgesetzt, was zu
Kompromissen führen und daher das Ausmass der phänotypischen Divergenz beeinflussen
kann. Da unterschiedliche Quellen von phänotypischer Variation (wie direkte genetische
oder maternale Effekte) wichtige Konsequenzen für die Erhaltung der genetischen
Diversität und lokaler Anpassung haben, brauchen wir ein besseres Verständnis über die
relative Wichtigkeit dieser Quellen. Anhand eines Vergleichs von Populationen entlang
eines Stressgradienten kann man testen, ob Umweltstress zu adaptiver Divergenz zwischen
Populationen führen kann, ob unterschiedliche Selektionsfaktoren das Ausmass der
phänotypischen Divergenz beeinflussen und was die quantitative genetische Basis der
Divergenz ist.
In meiner Doktorarbeit habe ich neun Moorfrosch (Rana arvalis) Populationen
entlang eines 160km langen Versauerungsgradienten im Südwesten von Schweden
untersucht. In „common garden“ Experimenten im Labor konnte ich die phänotypische
Divergenz zwischen Populationen entlang dieses Gradienten nachweisen. Im Besonderen
konnte ich zeigen, dass Populationen aus sauren Gebieten eine höhere embryonale
Säuretoleranz, eine höhere Wachstumsrate, eine längere larvale Entwicklungszeit hatten und
sie waren bei der Metamorphose grösser. Diese Ergebnisse deuten darauf hin, dass
Versauerung divergente Selektion verursachen kann. Korrelationen zwischen Phänotypen
und Umweltfaktoren haben gezeigt, dass embryonale Säuretoleranz und Grösse bei der
Metamorphose am stärksten mit dem pH-Wert der Teiche korrelierte, während die
Entwicklungszeit und Wachstumsrate stärker mit dem Breitengrad respektive Räuberdichte
korrelierte.
Des Weiteren habe ich Korrelationen von Divergenz in quantitativen Merkmalen
(QSTs), neutraler genetischer Divergenz (FSTs) und Umweltunterschieden zwischen
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Populationspaaren durchgeführt. So konnte ich zeigen, dass bei Korrektur für neutrale
Divergenz, die Divergenz in embryonaler Säuretoleranz und in Grösse bei der
Metamorphose immer noch negativ mit dem pH-Wert des Teiches zusammenhängt, sowie
die Divergenz in der Entwicklungsrate und Wachstumsrate mit dem Breitengrad und der
Räuberdichte. Diese Resultate deuten stark darauf hin, dass die phänotypische Divergenz
zwischen Populationen durch Selektion und nicht durch neutrale Prozesse verursacht wird.
Ich habe reziproke Kreuzungen zwischen Populationen von drei sauren und drei
neutralen Teichen durchgeführt um die quantitative genetische Basis der phänotypischen
Divergenz zu testen. Die Resultate haben gezeigt, dass die Divergenz in embryonaler
Säurentoleranz vor allem von maternalen Effekten bestimmt wird, während Divergenz in
Larvenmerkmalen durch maternale und genetische (additive und nicht additive) Effekte
bestimmt wird. Deren relativer Beitrag war jedoch sehr unterschiedlich zwischen
Populationspaaren und teils zwischen der Umwelt, in der der Phänotyp exprimiert wurde.
Schlussendlich habe ich ein „common garden“ Experiment mit sechs Populationen
durchgeführt, in dem ein biotischer (Räuber) und ein abiotischer (Säure) Stressfaktor
kombiniert wurden. Ich untersuchte, welche Effekte bei induzierbaren Verteidigungen und
Lebenszyklusmerkmalen der Larven hervorgerufen wurden. Die wichtigsten Resultate
waren, dass Larven von saurem (und räuberreichem) Ursprung höhere Verhaltensplastizität
und stärkere konstitutive morphologische Verteidigungen zeigten als Larven von neutralem
Ursprung. Larven von saurem Ursprung überlebten auch besser, als sie einem freien Räuber
ausgesetzt waren, vor allem unter sauren Bedingungen. Diese Resultate deuten darauf hin,
dass Larven von saurem (und räuberreichem) Ursprung an Säurestress und die jeweilige
Räuberdichte im Teich angepasst sind. Dabei waren Verhalten und Lebenszyklusmerkmale
stärker mit dem pH-Wert des Ursprungs korreliert, während die Räuberdichte eher die
konstitutiven morphologischen Verteidigungen zu selektionieren scheint.
Die Resultate meiner Doktorarbeit unterstützen die These, dass Umweltstress wie
Versauerung zu starker divergenter Selektion und lokaler Anpassung führen kann.
Ausserdem konnte ich zeigen, dass kombinierte Effekte von mehreren Selektionsfaktoren
wichtige Ursachen von phänotypischer Diversifizierung in natürlichen Populationen sein
können. Meine Resultate deuten weiter darauf hin, dass maternale und direkt genetische
Effekte beide zu adaptiver Divergenz beitragen, und dass anscheinend parallele Divergenz
ein Resultat von unterschiedlicher genetischer Architektur sein kann.
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General introduction
A major question in evolutionary biology is how biological diversity arises and is
maintained. Ecological processes are central to the formation of biological diversity
(Dobzhansky 1937; Mayr 1942). Local populations occurring in ecologically different
environments are predicted to face divergent natural selection (Simpson 1953; Schluter
2000b). Without other forces and constraints such as homogenizing gene flow, trade-offs or
lack of genetic variation, divergent selection should cause each local population to evolve
traits that provide an advantage under its local environmental conditions (Williams 1966;
Endler 1986; Alexandrino et al. 1997). Numerous studies on contemporary populations
show that variation in the environment drives adaptation (Reznick and Ghalambor 2001;
Kawecki and Ebert 2004; Leinonen et al. 2008), population divergence and even speciation
(Endler 1977; Schluter 2000b; Gavrilets 2003). Studies on adaptation to novel environments
(Reznick and Ghalambor 2001; Kawecki and Ebert 2004; Leinonen et al. 2008) have
revealed that adaptation can occur rapidly and at ecological time scales (Hendry and
Kinnison 2001). However, we still lack a general understanding on the drivers of
diversification and the proximate and ultimate mechanisms that mediate it (e.g., Rundle and
Nosil 2005).
Contemporary organisms are increasingly exposed to environmental stress, defined
as an environment that lies outside the range of preferred conditions and challenges an
organism’s ability to maintain function (Ghalambor et al. 2007). Environmental stress is a
powerful evolutionary force, because it can alter the expression of phenotypic and genetic
variation and cause strong natural selection (Hoffmann and Parsons 1997; Hoffmann and
Merilä 1999). Such stressors can occur at short time scales and organisms facing these
changes may either migrate to more favorable habitats or adapt to the new conditions via
phenotypic plasticity or genetic change, but, extinction is always an alternative (e.g.,
Reznick and Ghalambor 2001). However, how natural selection through environmental
stress acts is poorly understood.
However, the relative importance of neutral processes and natural selection as a
source of evolutionary change is still debated (O'Hara 2005). Mutation, gene flow and
neutral genetic drift can influence the extent of divergence among populations without
invoking natural selection (Lande 1992; Whitlock 1999). Comparisons in divergence in
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neutral marker genes (FST) and quantitative traits (QST: Wright 1978) are increasingly used
to disentangle adaptive from neutral phenotypic variation (Spitze 1993; Merilä and
Crnokrak 2001; Leinonen et al. 2008). In short, stronger divergence in quantitative traits
than in neutral markers (QST > FST) suggests divergent selection, whereas the opposite (QST
< FST) suggest stabilizing selection. If the two measurements do not differ, the relative
effects of drift and selection on population differentiation cannot be separated (Merilä and
Crnokrak 2001). An increasing number of QST - FST comparisons have suggested a major
role for divergent selection between populations in phenotypic differentiation of populations
(Merilä and Crnokrak 2001; Leinonen et al. 2008). However, the selective agents
underlying phenotypic divergence are generally not known. Incorporating environmental
variables in QST - FST studies does not only allow to test if phenotypic divergence is likely
caused by selection, but also what the selective agent might be (Whitlock 2008). Studying
populations along a known environmental gradient that is likely to cause strong divergent
selection, enables to test for the relative importance of that potential selective factor versus
neutral genetic processes causing divergence (e.g., Storz 2002; Antoniazza et al. 2010).
The relative importance of different sources of phenotypic variation (such as direct
genetic vs. maternal effects) can have fundamental consequences for the maintenance of
genetic variation and local adaptation (Fenster et al. 1997; Wade 1998; Kennington et al.
2001). Thus understanding the processes that drive and maintain biological diversity
requires an understanding of the quantitative genetic basis of phenotypic variation both
within and between populations. In particular, the genetic architecture of adaptive
divergence in response to environmental stress has been rarely studied in replicated natural
populations (but see Kennington et al. 2001; Räsänen et al. 2003b; Hendrickx et al. 2008).
Traditionally, additive genetic effects were considered as the fuel for evolutionary responses
(Lynch and Walsh 1998). Theoretical and empirical evidence suggests that non-additive
genetic effects (Lynch and Walsh 1998; Wolf et al. 2004), epigenetic effects (Bossdorf et al.
2008), as well as parental effects (Mousseau and Fox 1998; Badyaev and Uller 2009;
Mousseau et al. 2009) can play an important role in direction and speed of evolution.
Reciprocal crosses (i.e. line crosses that involve both within and between population
crosses) are a powerful approach to investigate the relative contribution of direct genetic and
maternal effects to phenotypic differences among populations experiencing contrasting
environments (Lynch and Walsh 1998) and can be highly informative on the potential
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fitness of hybrids (e.g., the genetic architecture of divergent populations can strongly
influence hybrid fitness and selection against migrants and can therefore have fundamental
consequences on gene flow (e.g., Rundle and Nosil 2005; Pfennig et al. 2007). Studies on
replicated population pairs adapted to contrasting environments are therefore needed to get a
better understanding of the factors that contribute to phenotypic divergence of natural
populations, and how they may influence short term response to selection.
Organisms are experiencing multiple selective agents in nature, it is, however, still
largely an open question how organisms adapt to complex environments (e.g., Ghalambor et
al. 2004). Adaptation to one environmental factor may come with ecological or genetic
trade-offs, which might constraint simultaneous adaptation to multiple selective factors
(e.g., Reznick and Travis 1996). This question is particularly timely due to the multitude of
natural (e.g. temperature, drought, predators) and increasing anthropogenically induced (e.g.
pollution, increase UV-B radiation, novel pathogens) environmental stressors, which often
result in novel combinations of environmental factors (Hoffmann and Parsons 1997;
Palumbi 2001). Whereas adaptation to single stressors has been shown repeatedly (Reznick
and Ghalambor 2001), investigations of interacting effects of multiple stressors and how
this is affected by local adaptation is still in its infancy (Schulte 2007; Eränen et al. 2009).
Studying the effects of multiple stressors are necessary to test if organisms can adapt to
several stressors, which is a crucial question not only to get a better understanding on how
adaptation works in natural populations but also for conservation issues.
The general aim of my thesis was to study factors that drive phenotypic divergence
along a stress gradient. I investigated if environmental stress or other environmental factors
drive adaptive divergence between populations, what the quantitative genetic basis is of
phenotypic divergence and how combinations of multiple selective factors affect the extent
of phenotypic divergence. I addressed these questions in an amphibian system.

Study system
Amphibians are good model organisms to study adaptive divergence because they
experience geographic variation on a wide range of environmental factors and often show
strong natal philopatry (and hence limited gene flow; Beebee 2005; Smith and Green 2005),
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both characteristics that should facilitate local adaptation (Endler 1986; Hendry et al. 2001).
Accordingly, amphibian populations readily respond to natural selection as seen in adaptive
responses to large (e.g., Berven and Gill 1983; Palo et al. 2003) and local scale (e.g., Skelly
2004; Richter-Boix et al. 2010b) variation in climatic factors and biotic interactions (e.g.,
Loman 2003). Additionally, amphibians are amenable for common garden rearing,
quantitative genetic crosses (e.g., Berger et al. 1994; Räsänen et al. 2003a) and have suitable
molecular genetic markers (e.g., Beebee 2005). Amphibians are also of specific
conservation interest as they are undergoing a worldwide decline (Blaustein and Wake
1900; Stuart et al. 2004) and studying local adaptation to environmental stress is therefore
also crucial in terms of conservation issues.
I studied adaptation to acidity in the moor frog, Rana arvalis. R. arvalis is a brown
frog that occurs across Eurasia in a wide range of habitats (marshlands, wood ponds to wet
meadows) and pH levels (pH 4.0 to 7.5; Glandt 2006; Räsänen et al. 2008b). Natural and
anthropogenic acidification expose a wide range of organisms to stressful conditions,
especially in freshwater, as low pH has negative effects on survival, growth, and
development in various species (e.g., Haines 1981). Naturally acid environments are
common and have developed gradually over hundreds/thousands of years allowing
organisms to adapt to them (e.g., Collier et al. 1990). However, as a consequence of
industrialization since the early 1900’s, anthropogenic acidification has become an
increasing problem, especially in Scandinavia and North Eastern parts of North America
(Brodin 1993; AMAP 1998). Even though in Sweden there are clear signs of recovery due
to heavily investing in liming, in southwestern Sweden, approximately 30% of the lakes >
1ha were still significantly acidified in 2005 (Bostedt et al. 2010). Evolutionary responses to
acidity have been little investigated, but evidence for local adaptation has been found in
plants (Göransson et al. 2009), fish (Rahel 1983), zooplankton (Derry and Arnott 2007b)
and amphibians (Räsänen and Green 2008).
In amphibians, anthropogenic acidification can cause extinction of local populations,
as well as cause strong selection via reduced survival and growth and development rates
(Pierce 1985; Räsänen and Green 2008). Both embryonic survival and metamorphic traits
are important fitness components in amphibians (Berven 1990; Scott 1994; Altwegg and
Reyer 2003; Mirza and Kiesecker 2005) and acidity is therefore expected to cause strong
divergent selection on these traits. To date, however, very few studies have investigated
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local adaptation to acidity in amphibians (Räsänen and Green 2008). Most rigorous
evidence for local adaptation comes from studies on R. arvalis both from common garden
experiments (Andrén et al. 1989; Räsänen et al. 2003a; Merilä et al. 2004; Räsänen et al.
2005; Räsänen et al. 2008b) and transplantation experiments in the field (Persson et al.
2007; Riedener 2010). Comparisons of field and laboratory experiments further suggest that
laboratory tests can provide appropriate estimates of among population variation as well as
quantitative genetic basis in acid tolerance (Persson et al. 2007; Riedener 2010). Previous
studies on phenotypic divergence of R. arvalis between acid and neutral environments
suggest that environmental acidity drives divergence in maternal investment (larger but
fewer eggs in acid origin populations) and embryonic acid tolerance (higher survival of acid
origin embryos at low pH; Räsänen et al. 2003a; Räsänen et al. 2005; Räsänen et al. 2008b).
Previous quantitative genetics experiments found evidence that divergence in
embryonic acid tolerance is driven by maternal effects (Räsänen et al. 2003b; Persson et al.
2007; Brunold 2010) and is likely due to egg variation in the composition of the egg
capsules that surrounds the embryos (Räsänen et al. 2003b; Brunold 2010). There is also
some evidence from a comparison of one acid and one neutral origin population, that acidity
might drive divergence in larval life-history traits (faster growth and slower development of
larvae, and larger metamorphic size of acid origin larvae, Räsänen et al. 2003a; Räsänen et
al. 2005), but the quantitative genetic basis of larval trait divergence has not been previously
studied. However, these previous studies used only few, geographically distant populations,
therefore limiting the generality of the inferences. Additionally, several abiotic and biotic
factors co-vary with pH as a direct or indirect result of acidification (e.g., elevated levels of
metals, reduced humic compounds, increased UV-B radiation, altered species composition,
Brodin 1993), and it is unclear to what extent it is variation in environmental pH per se or
some other agent correlated with it that drives phenotypic divergence.

Aims of the study
I)

Test if moor frog populations show phenotypic divergence in embryonic
acid tolerance and larval life-history traits and investigate if this
divergence was related to environmental differences (pond acidity or
other environmental factors).
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II)

Examine the relative importance of natural selection versus neutral
genetic processes in phenotypic divergence along the acidification
gradient by comparing QSTs, FSTs and environmental differences.

III)

Determine the quantitative genetic basis of phenotypic divergence using
reciprocal crosses to estimate the relative contributions of maternal and
direct genetic effects.

IV)

Investigate the effects of the interactions between a biotic (predators) and
an abiotic stressor (acidity) on components of inducible defences, larval
life-history traits and survival when exposed to a free-ranging predator.

Results and discussion
I) Adaptive divergence along an acidification gradient
I found that both embryonic and larval fitness traits have diverged along the acidity
gradient in R. arvalis populations. First, I found evidence for divergence in acid tolerance
both in embryonic survival and in larval period, whereby acid origin populations had higher
embryonic survival at low pH and were less negatively affected by low pH in terms of larval
period, suggesting adaptive divergence of the moor frog along the acidification gradient.
Second, I found strong phenotypic divergence in larval life-histories, with acid origin
populations showing faster larval growth rate and slower development rates, as well as
larger metamorphic size. The fitness consequences of the observed divergence in larval
traits are currently not clear, but both metamorphic mass and larval period are important
fitness components and a large metamorphic mass as well as a short larval period is
expected to increase fitness (Altwegg and Reyer 2003). Assuming that the observed pattern
is adaptive, my results would suggest that acid origin populations may increase their fitness
by increasing metamorphic mass, whereas more neutral origin populations may increase
fitness by reducing larval period.
Third, I also tested if phenotypic divergence was related more strongly to pond pH or
to other environmental factors. These results showed that divergence in embryonic acid
tolerance and metamorphic mass were most strongly correlated to pond pH, suggesting that
pond pH (or factors closely correlated with it) is the likely selective factor driving
14

divergence in these traits. Phenotypic divergence in larval period was, however, more
strongly related to latitude. I found that more higher latitude populations had a shorter larval
period than lower latitude populations, which is in accordance with countergradient
selection (Conover et al. 2009), suggesting that shorter larval season in the north selects for
a shorter larval period. Growth rate was, however, most strongly related to pond pH and
density of gape limited predators. It seems reasonable that high predation pressure by gape
limited predators might select for increased growth rates into a size refuge from the
predators (Urban 2007). Overall, these results suggest that different larval traits may
experience selection by different habitat variables and may also in part respond
independently.
II) Inferences from QST - FST comparisons
Correlations of population pairwise differences in QST, FST and environmental factors
revealed that, when accounting for neutral genetic differentiation, divergence in quantitative
traits was still strongly correlated with difference in environmental factors. These results
suggest that phenotypic divergence in these traits is most likely driven by selection and not
by neutral genetic processes. In particular, my results supported the findings from chapter I
that selection by pond pH drives phenotypic divergence in embryonic acid tolerance and
metamorphic mass, whereas shorter larval season in the north may select for a shorter larval
period and selection by gape limited predator density potentially divergence in growth rates.
However, the extent of QST - environment correlations (after controlling for neutral
divergence) differed between traits and environments, indicating that inferences on adaptive
divergence and local adaptation from QST - FST contrasts may strongly differ between traits
and may be heavily influenced by the environment under which trait divergence is studied.
III) Quantitative genetic basis
Reciprocal crosses between acid and neutral origin populations revealed that
phenotypic divergence in embryonic acid tolerance was only maternally determined, which
is in line with previous studies (Räsänen et al. 2003b; Persson et al. 2007; Brunold 2010). In
contrast, phenotypic divergence in larval traits was determined by both maternal and direct
genetic effects, suggesting that divergence in larval traits is at least partially determined by
genetic effects, whereas maternal effect might also contribute to population divergence.
However, the relative contributions of maternal and direct genetic effects strongly differed
15

between traits and population pairs indicating that seemingly parallel divergence in larval
life-history traits of amphibians may be the result of different genetic architecture.
Additionally, the relative contributions of maternal and genetic components to trait
divergence also differed between environments, however, not in a consistent way.
IV) Interactive effects of pH and predation
Common garden experiments combining effects of a biotic (predator) and an abiotic
(acidity) environmental stressor revealed that all populations exhibited inducible defenses in
terms of behavior and morphology, and growth and development rates were reduced in the
acid treatment. However, responses to predator and acid stress differed among the
populations. Tadpoles from acid (and predator-rich) populations showed higher behavioral
plasticity and stronger constitutive morphological defenses than tadpoles from neutral origin
populations. They also survived better when exposed to a free-ranging predator, in
particular at acid conditions. These results suggest that acid (and predator-rich) origin R.
arvalis populations are adapted to both acid stress and the prevailing predation regime.
However, while behavior and life history traits are more closely correlated with acidity,
predator density appears to select for constitutive morphological defenses, reinforcing the
view that the combined effects of multiple selective factors are important drivers of
phenotypic diversification in natural populations.

General implications & future directions
To conclude, I found strong evidence that environmental acidity drives adaptive
divergence between Swedish moor frog populations along an acidification gradient. Acid
origin populations had higher fitness under acid conditions in terms of higher embryonic
survival (I, II, III) and higher survival in the presence of a free hunting predator (IV) than
neutral origin populations. These results strongly suggest that moor frog populations are
adapted to environmental acidity and further suggest that environmental stressor such as
acidity can be a strong evolutionary force (Hoffmann and Parsons 1997).
My results (I, II) revealed that different larval traits may experience selection by
different habitat variables and may in part respond independently (e.g., Zijlstra et al. 2003;
Dudley et al. 2007), although these larval traits are phenotypically highly correlated.
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Comparisons of differentiation in quantitative traits (QST), in neutral genetic markers (FST )
and of environmental differences further suggest that selection most likely drives
phenotypic divergence and not neutral genetic processes (II), suggesting that environmental
differences in acidity (or latitude and predation risk) cause divergent selection on larval
traits. I suggest that incorporating measurements of environmental variation into QST - FST
studies can improve our knowledge about the agents of natural selection in natural
populations. Future studies should aim at identifying the actual selective agent, explicitly
testing the strength of divergent selection that may be driving adaptive divergence along
environmental stress gradients and investigate how selection acts through such a multitude
of selective forces.
Inferences about phenotypic divergence require knowledge of the underlying
mechanisms that mediates divergence. My results (III) are in line with previous studies that
showed that divergence in embryonic acid tolerance is determined by adaptive maternal
effects (Räsänen et al. 2003b; Persson et al. 2007; Brunold 2010); These results emphasise
the importance of maternal effects as adaptations (Mousseau and Fox 1998), as well as
suggests that more studies are needed on the determinants of stress tolerance (or generally
of adaptation) during early life-stages. The underlying mechanism for increased embryonic
acid tolerance appears to be related to variation in the maternally derived egg capsules
(Räsänen et al. 2003b; Persson et al. 2007; Brunold 2010). We do not know if the observed
adaptive maternal effects have a genetic basis or not, as appropriate quantitative genetics
experiments using F2 generations are almost impossible to do in this system (Lynch and
Walsh 1998). A better approach to further investigate the underlying mechanism of
phenotypic divergence might therefore be a bottom up approach, such as analysis of protein
composition (Brunold 2010).
My results (III) also suggested that seemingly parallel divergence in larval lifehistory traits may be the result of different genetic architecture. The exact mechanistic basis
of divergence in larval traits is however not known, but likely involves genetic adjustments
in hormonal and metabolic pathways (e.g., Richter-Boix et al. 2010a), as well as
physiological maintenance of ionic balance under acid conditions, in particular prevention
of sodium loss (Wilson 1988; AMAP 1998; Barata et al. 2002; Räsänen et al. 2005; Alpert
2006). Further investigations of hormonal or metabolic pathways, or a candidate loci
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approach for local adaptation (e.g., Richter-Boix et al. 2010a), are likely to prove fruitful in
gaining further understanding of the evolution of growth and development rates.
Studying the combined effect of two stressors (IV) suggested that moor frogs are
adapted to both acidity and prevailing predator density, which indicates that combined
effects of multiple selective factors are important drivers of phenotypic diversification in
natural populations. More studies are needed to better understand how multiple selective
agents affect natural populations and if organisms can simultaneously adapt to several
stressors, in particular to novel stressors. This is particularly important for contemporary
populations, which are increasingly exposed to environmental stressors due to novel
combinations of environmental factors, both natural and anthropogenic.

Applied implications
Amphibian populations are under decline around the world and many different
causes have been proposed (Alford and Richards 1999; Kiesecker et al. 2001; Stuart et al.
2004). Anthropogenic acidification is one environmental stressor that has caused local
extinctions in amphibians (Pierce 1985; Räsänen and Green 2008) and studying local
adaptation to environmental stressors such as acidification is therefore also crucial in terms
of conservation issues. My results suggest that R. arvalis populations are adapted to acidity
(I, II, IV), which has important consequences for the conservation of a species. For instance
translocations between acid and neutral areas may introduce maladapted genotypes that
disrupt local adaptation and may pose a threat to the population persistence in the long term
(Wade and Goodnight 1991; Boulding and Hay 2001; Edmands and Timmerman 2003;
Tallmon et al. 2004).
Environmental stress such as acidity do have negative impacts on biological
diversity, as many species that are not stress tolerant go locally extinct (Räsänen and Green
2008). Although R. arvalis populations seem to be locally adapted to acidity, my (I, II, IV)
and previous results (Räsänen et al. 2003a; Persson et al. 2007; Brunold 2010; Riedener
2010) also clearly show that acidity is still stressful for populations that are adapted to
acidity. Environmental stress is considered to decrease effective population sizes (Hoffmann
and Parsons 1997) which might result in decreased genetic variation and increased risk of
inbreeding/inbreeding depression (Keller et al. 2002). I did not find a decrease in neutral
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genetic variation (II) and only weak evidence for inbreeding/inbreeding depression in one
acid and one neutral origin population (III). Previous quantitative genetics experiments
additionally revealed low but significant heritability in embryonic (Merilä et al. 2004) and
larval traits (Räsänen & Laurila, unpublished data) also in acid origin populations. This
suggests that acidity is unlikely to lower the ability of R. arvalis populations to respond to
selection. However, acid conditions could lower the ability of populations to respond to
selection in the long run if they reduce effective population size (Merilä et al. 2004).
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Adaptive divergence of the moor frog (Rana arvalis) along an acidification gradient
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Abstract
Local populations often inhabit contrasting environments, which is predicted to cause
divergent natural selection and drive adaptive divergence. However, how natural
populations respond to different agents of selection is still poorly understood. Here we
studied adaptive divergence in response to pH mediated environmental stress. We used a
common garden experiment to study divergence in embryonic acid tolerance (survival) and
larval life history traits (larval growth and age and size at metamorphosis) in eight moor
frog (Rana arvalis) populations inhabiting an acidity gradient (breeding pond pH 4.0 to 7.5)
in southwestern Sweden. We also measured relevant environmental variables from each
breeding pond and used linear models to get insight into the putative selective agents along
this acidity gradient, and whether the magnitude of phenotypic divergence correlates with
the magnitude of environmental differences. Embryos were raised in the laboratory until
hatching at three (4.0, 4.3 and 7.5) and larvae until metamorphosis at two (4.3 and 7.5) pH
treatments. We found evidence for divergence in both stress tolerance (acid origin
populations had higher embryonic survival at low pH and were less negatively affected by
low pH in terms of larval period) and larval life-history traits (acid origin populations had
higher larval growth but slower development rates and metamorphosed at a larger size). The
phenotype – environment correlations further showed that phenotypic trait values are
correlated with environmental differences. However, whereas divergence in embryonic acid
tolerance and metamorphic size strongly correlated with breeding pond pH, divergence in
larval period and larval growth correlated most strongly with latitude and predator density,
respectively. Taken together, our results suggest that environmental acidity is a strong
selective agent in R. arvalis, but the agents of selection along the gradient may differ among
traits. Future studies should explicitly test the agents of natural selection as well as whether
the extent of phenotypic divergence among populations reflects the strength of divergent
selection.
Keywords: acid tolerance, amphibians, divergent selection, environmental stress,
life-history traits, local adaptation
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Introduction
Local populations occurring in ecologically different environments are predicted to
face divergent natural selection (Simpson 1953; Endler 1986; Schluter 2000b). In the
absence of other forces and constraints, such as homogenizing gene flow, trade-offs or lack
of genetic variation, divergent selection should drive adaptive divergence and local
adaptation (Williams 1966). Numerous studies on contemporary populations show that
phenotypic differentiation among populations is adaptive (Reznick and Ghalambor 2001;
Kawecki and Ebert 2004; Leinonen et al. 2008; Hereford 2009), and that adaptation often
occurs in response to novel environments (Reznick and Ghalambor 2001; Kawecki and
Ebert 2004; Leinonen et al. 2008). However, we still lack a general understanding on the
drivers of diversification and how selection acts in natural populations.
Environmental stress, defined as an environment that lies outside the range of
preferred conditions and challenges an organism’s ability to maintain function (Ghalambor
et al. 2007), is often a powerful evolutionary force, because it can alter the expression of
phenotypic and genetic variation and cause strong natural selection (Hoffmann and Parsons
1997; Hoffmann and Merilä 1999). Typical examples of environmental stressors include
extreme temperatures, drought or pollution (Hoffmann and Parsons 1997), and their relative
strength often varies on a local scale, facilitating local adaptation (e.g., Gomez-Mestre and
Tejedo 2003; Hoffmann et al. 2003; Räsänen et al. 2003a; Gomez-Mestre and Tejedo 2004;
Jimenez-Ambriz et al. 2007). One such geographically varying stressor is environmental
acidity. Acidity - whether natural or human induced – has strong lethal (reduced survival)
and sublethal effects (e.g. reduced growth) on individuals in a broad range of taxa (Haines
1981; Pierce 1985; Bradford et al. 1998; Rusek and Marshall 2000; Räsänen and Green
2008) and should therefore cause strong natural selection (Collier et al. 1990; Räsänen et al.
2003a). In accordance, there is now evidence for evolution of increased acid tolerance from
several systems (Rahel 1983; Räsänen et al. 2003a; Räsänen et al. 2005; Derry and Arnott
2007b; Fisher and Oleksiak 2007). However, how environmental acidity acts on stress
tolerance and life-history variation is unclear.
In nature, many abiotic and biotic selective agents co-vary and it is not clear how
geographic variation in a range of environmental factors interact in the process of natural
selection. For instance in the context of acidity, several abiotic and biotic factors co-vary

with pH as a direct result of acidification (e.g. elevated levels of metals, reduced humic
compounds, increased UV-B radiation, changed population densities and species
composition, Brodin 1993). In addition, several other independent factors (e.g. altitude,
latitude, species presence) may vary geographically and therefore act jointly with acid stress
(Räsänen and Green 2008). It is therefore not clear to what extent it is acidity (local
differences in environmental pH) per se or some other agent correlated with it that drives
divergent selection.
The strength of divergent selection among populations is expected to vary among
populations due to relative differences in the environment (Kingsolver et al. 2001; Schluter
2001). However estimating the strength of divergent selection in the wild is notoriously
difficult (e.g., Kingsolver et al. 2001). One way to make indirect inferences about strength
of divergent selection is therefore to correlate the magnitude of the extent of phenotypic
divergence with the magnitude of the environmental difference (Räsänen and Hendry 2008).
Phenotypic comparisons of populations along broad environmental gradients, in
combination with accurate measurements of environmental differences, can then allow first
insight into the strength of divergent natural selection (Endler 1986). Because pH varies
geographically and is easily measured, it allows for testable predictions about divergent
selection and its relative strength among local populations. We conducted a laboratory
common garden experiment under two contrasting environments (acid = stressful, neutral =
benign) to investigate phenotypic divergence in embryonic and larval fitness traits among
moor frog (Rana arvalis) populations originating from environments differing in acidity. In
addition, we measured environmental variables and used phenotype – environment
correlations to get initial insight into the specific selective factors acting along the
acidification gradient, to what extent phenotypic divergence correlates with local variation
in pH, and how these inferences may be influenced by the environment where the
phenotype is expressed.
Study system
Embryonic survival and larval life-history traits are important fitness components in
amphibians. Embryonic survival directly affects reproductive success, whereas larval
growth can influence survival under size selective predation (e.g., Urban 2007). Short larval
periods increase survival in seasonally time constrained environments (e.g. temporary ponds
or high latitudes) and large size at metamorphosis increases survival and reproductive
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success later in life (Berven 1990; Scott 1994; Altwegg and Reyer 2003; Mirza and
Kiesecker 2005). Because acid stress causes both lethal (increased embryonic mortality) and
sublethal (slow larval growth and development rates, resulting in delayed metamorphosis at
smaller size) effects in amphibians (Pierce 1985; Räsänen and Green 2008), acidity should
cause strong selection on these traits. In accordance, evidence for adaptive divergence has
been found in embryonic acid tolerance of amphibians (R. arvalis, Andrén et al. 1989;
Räsänen et al. 2003b; Räsänen et al. 2003a; Merilä et al. 2004; R. temporaria, Glos et al.
2003; Brunold 2010), whereas divergence of larval traits in response to acidity has been
little studied (Räsänen and Green 2008).
Selection on growth and development in stressful and slow growth environments can
take several forms (Arendt 1997) ranging from co-gradient to countergradient selection
(Conover and Schultz 1995), and it is influenced by potential trade-offs between growth and
development rates (Arendt 1997). Environmental stress can therefore act on trait means, but
also on stress tolerance, as evident by genotype-environment interactions (Hoffmann and
Parsons 1997). A recent study on two R. arvalis populations suggested that acidity may
select for faster growth, slower development and larger metamorphic size (Räsänen et al.
2005). However, to what extent this reflects a general pattern in response to acidity
mediated selection and to what extent adaptive divergence occurs in larval stress tolerance
(as reflected in genotype  environment (G  E) interactions, Via and Lande 1985) is not
known.
We studied among population divergence in embryonic acid tolerance (survival) and
larval life-history traits (growth rate, larval period and metamorphic size) in eight R. arvalis
populations occurring along an acidity gradient (breeding pond pH 4.0 to 7.5). We
conducted a common garden laboratory experiment to test two main predictions: 1) Acidity
drives phenotypic divergence in embryonic and larval fitness traits and 2) the magnitude of
phenotypic divergence correlates with the extent of environmental differences (and hence
presumably strength of divergent selection). In particular, we predicted that 1) if populations
have diverged in acid stress tolerance, acid origin populations should show higher acid
stress tolerance and this should be reflected as G  E interactions, 2) if populations have
diverged in larval-life histories, this should be reflected as contrasting patterns in growth
and development rates and metamorphic size between acid and neutral origin populations,
and 3) if environmental acidity reflects the strength of selection, phenotypic trait values
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should correlated with breeding pond pH. Any deviations from these patterns would suggest
that acidity per se is not the most important selective force in acid vs. neutral environments,
or that there are constraints (e.g., trade-offs or gene flow) to adaptation. We also measured a
set of environmental variables and used phenotype – environment correlations to enable
inferences on variation in potential agents of natural selection.

Material & Methods
Study species and populations
R. arvalis is a ranid frog that occurs in the western Palaearctic in a wide range of
habitats and acidity levels (Glandt 2006). Breeding occurs in early spring, at higher latitudes
soon after spring snow melt (hence coinciding with peak acidity in acidified areas). Females
produce a single clutch per year, which is laid directly in water, and larvae hatch out from
the maternally derived egg capsules one-to-two weeks after fertilization. Tadpoles
metamorphose at the age of two-to-three months after which they become primarily
terrestrial (Glandt 2006).
Eight populations along a ca. 160km transect in southwestern Sweden were used in
this study (Table 1, Fig.1A & B). All study sites are permanent ponds or small lakes in
forested areas and have been to different extent influenced by acidification (Fig. 1, Table 1).
Subsequently, breeding pond pHs range from pH 4.0 to 7.3 (Table 1). The exact
acidification history of these ponds is not currently known, but is likely influenced by a mix
of anthropogenic (acid rain, (Brodin 1993; Renberg et al. 1993) and natural acidification
(Table 1). Within the acidified area (Fig. 1), acidification may have been counteracted in
some locations with artificial liming (Guhren et al. 2007). The two most neutral sites (Fig.
1, Table 1) are buffered naturally due to limestone bedrock (Brunberg and Blomqvist 2001).
Quantification of the selective environment
To characterise differences among breeding ponds in potential selective factors, pH
and several abiotic and biotic variables known to change as a result of acidification (e.g.
predators density) or to be ecologically important for amphibians (e.g. temperature) were
measured (Table 1). The abiotic environment was characterized as pH, latitude and altitude,
water temperature, pond size and canopy closure. The biotic environment was characterized
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as predator abundance and tadpole density. To increase sample size for environmental
inferences, habitat variables were also measured in one additional population that was,
however, not included in the experimental work (Nitta, Table 1).
pH was measured annually since 2007, whereas the other environmental variables
were quantified in 2009. pH was measured in April 2007, 2008 and 2009 and additionally in
May and June 2009 with an Orion 9109WL electrode (Thermo Scientific, Inc.) attached to a
portable field pH-meter (Orion 260, Thermo Scientific, Inc.). At each pond, pH was
measured at three different sites (three measurements per site) during one to three
visits/year. Average pH for each pond was calculated on pH averages of April 2007, 2008
and 2009 (embryonic period) and pH averages of April 2007 and 2008, May and June 2009
(larval period). Variability in pH within each pond is presented in Table 1 based on the
averages of three sites within each pond in April 2008 and April, May and June in 2009.
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Lomsjo (4.0) •
• Viskafors (5.6)
• Tottatjam (4.0)
•

Satila (4.1)

Ktmgsbacka (4.9)

I 1o km

I100 km
Fig. l. Map showing A) the location of the study region (square) and study ponds (black dots) in Sweden in
relation to geographic variation in anthropogenic acidification and B) the study region with nine populations
and their pond pHs (in brackets). The pond Nitta (*) was only used for info1mation on environmental
va1iation. Source: Swedish Environmental Protection Agency: http://www.intemat.environ.se/index.php3 .
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Table 1. Descriptive information on study ponds. The A) approximate numbers of breeding R. arvalis females, B) number of full-sib families produced per
population, C) coordinates (N, E), D) altitude (m), E) forest canopy closure (%), F) mean ± SD pond pH, G) likely acidification history, H) average temperature (°C)
during March - July 2009, I) density (per five sweeps) of gape limited and gape unlimited predators, J) amphibian larval density, and K) pond size (m3) for nine R.
arvalis study populations. Number of breeding females is based on clutch counts in 2007-2009. * Study site was only used for environmental information. Pond pH
is based on averages of three sites within each pond in April 2008 and April, May and June in 2009. See text for further details, stress tolerance and other
performance measures, such as life history trait variation.
Population

Kungsbacka

80

8

57°50N,12°06E

46

60

4.9 ± 0.2

Natural & human

17.0

I)
Gape
limited
6.2

Sätila

45

6

57°51N, 12°34E

94

30

4.1 ± 0.2

Natural & human

15.1

5.2

4.5

0.5

263647

Tottajärn

100

7

57°60N, 12°60E

141

40

4.0 ± 0.2

Natural & human

15.5

1.5

4.5

1.0

462683

Viskafors

270

6

57°65N, 12°87E

146

60

5.6 ± 0.3

Indirect liming

14.4

3.8

2.3

7.0

754776

50

11

57°76N, 12°88E

268

20

4.0 ± 0.2

Natural & human

14.6

8.5

5.7

3.5

284400

Nitta*

>500

-

57°87N, 13°21E

240

70

5.7 ± 0.3

Unknown

14.2

0.3

1.7

28.5

286853

Bergsjö

>500

10

58°20N, 13°48E

310

10

6.1 ± 0.3

Unknown variation

14.8

2.2

2.5

43.0

7221305

Stubberud

250

9

58°46N, 13°76E

281

40

7.3 ± 0.2

Limestone area

14.8

5.3

1.7

14.5

34128

Rud

300

10

58°59N, 13°79E

88

30

7.0 ± 0.2

Limestone area

15.4

3.2

3.3

11.0

267701

Lomsjö

A)

B)

C)

D)

E)

F)

G)

H)

J)

K)

Gape
unlimited
4.0

1.0

65120

32

Climatic factors, such as seasonal time constraints and temperature, can have strong
effects on larval life history traits in amphibians (Morrison and Hero 2003). Latitude and
altitude estimates were gained from Google Earth (http://earth.google.com/) and used as
indicators of large scale climatic variation. Local temperature was measured with iButton
data loggers (DS1921G-F50, Maxim Integrated Products, Inc.) in 2009 from 14th of April
(early breeding season) until 17th of June (when tadpoles were approaching metamorphosis).
The loggers were set at measuring interval of three hours and placed just below water
surface in sealed plastic bottles at two or three different sites within a pond, near R. arvalis
breeding sites. Due to technical fault, data from only one logger could be retrieved from two
of the ponds (Rud and Sätila, Table 1). For each pond, the mean temperature was calculated
over the whole recording period and across sites.
Pond size (m³) was calculated by multiplying pond area (m²) with pond depth (m).
Pond area was estimated by multiplying pond length  pond width measurements gained
from Google Earth. At each pond, shoreline depth was measured in May and June 2009 (to
the nearest 0.01m) at three randomly chosen sites at approximately equidistant places using
a measuring band (with a weight attached to assure a straight line). The average of May and
June measurements/pond were used as pond depth. As canopy cover may affect
performance of amphibians (Skelly et al. 2002), the percentage of forest canopy closure was
estimated as the proportion of non-visible sky within an angle of 40°- 45° by the same
person (S.H.) in 10% categories (Jennings et al. 1999).
Community composition typically shifts towards more insect dominated predator
communities and reduced amphibian densities as a result of acidification (Brodin 1993).
Predator and tadpole densities were estimated at each pond in mid May and mid June with
dip net (32cm diameter, 0.08cm mesh size) sweeps. Within each pond, five sweeps at a
depth of 0.5-1.5m over a 2-3m distance along the shoreline were made at three equidistantly
distributed sites at each sampling occasion (May and June). All tadpoles (Bufo bufo, R.
arvalis and R. temporaria are the only anurans occurring at these ponds) and all invertebrate
(aeshnid, libellulid and zygoptera larvae, notonectid bugs and dytiscid beetles) and
verterebrate taxa (fishes and adult newts, Triturus vulgaris and T. cristatus) considered as
potential predators were placed in a white square plastic box and photographed for later
counts of predator and tadpole numbers. All animals were subsequently released. Because
different types of predators can cause different selection on larval growth rates (e.g.,
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Henrikson 1990; Urban 2007), predators were divided into gape limited (capable of
catching only small tadpoles: libellulid and zygopteran larvae, notonectids and newts) and
gape unlimited (capable of capturing large tadpoles: aeshnids, larval and adult dytiscids and
fish) predators (e.g., Van Buskirk and Arioli 2005); K. Räsänen and A. Laurila, unpubl.
data). The total number of gape limited and gape unlimited predators and tadpoles over the
five sweeps/site was counted. The average numbers over the three sampling sites per pond
in May and June were taken as predator (gape limited and gape unlimited) and competitor
abundance in each pond.
Experimental design and rearing of embryos and tadpoles
Seven to 11 males and females in breeding condition were collected from each of the
eight populations (168 individuals in total) in spring 2008 (Table 1) and were transported to
the laboratory at Uppsala University (59°50`N, 17°50`E). The adults were kept in a climate
chamber at +2 to 4°C until artificial crosses were made. Artificial mating prevented any bias
due to differences in exposure in the early environment and assured that the offspring in
each family were full sibs. The crosses were performed at +16°C according to Berger et al.
(1994) and Räsänen et al. (2003a) with some modifications. Sperm production was
stimulated by injecting males with ca. 2 μl/25g body mass of the fish hormone LHRH (H7525, Bachem Bioscience Inc.) the day before the crosses and with a small boost-injection
one hour before the crosses (Browne et al. 2006). Females were not treated with hormones,
as they had already ovulated. Sperm from males was collected by rinsing their cloacae with
sterile physiological salt solution into 0.9l plastic vials containing 10% Amphibian Ringer
solution (Rugh 1962). Sperm motility of each male was checked under a microscope. Eggs
from the females were subsequently stripped into the sperm solution (Berger et al. 1994)
and treated using standard procedures (Räsänen et al. 2003a). The fertilized eggs were
divided in the treatments after two hours from fertilization but before the first cell cleavage.
The embryonic experiment consisted of five to 11 families/population (Table 1) with
three pH treatments (embryos: pH 4.0, 4.3 and 7.5) and three replicates/family/treatment.
The larval experiment consisted of four to 11 families/population with two pH treatments
(larvae: pH 4.3 and 7.5) and nine replicates/family/treatment. These treatments were chosen
as they reflect pH levels at our most extreme sites in the wild, and are known to reduce
embryonic survival and cause sublethal effects (reduction in growth and developmental
rates) in the larvae (Merilä et al. 2004; Räsänen et al. 2005). During both experiments, the
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experimental vials were randomly distributed over three blocks (embryos: one replicate per
family and treatment per block, larvae: three replicates per family and treatment per block)
according to a known temperature gradient within the room. This design resulted in a total
of 631 experimental units for the embryonic and a total of 1079 experimental units for the
larval experiment.
Embryos and tadpoles were reared in reconstituted soft water (RSW, APHA 1985) as
described in Räsänen et al. (2003a). Untreated RSW was used for the neutral (pH 7.5)
treatment. RSW in the acid (pH 4.0 and 4.3) treatments was adjusted with 1M H2SO4 over
two days before use. To maintain appropriate pH and water quality, water was changed
every three days in the embryonic and every two days in the larval part of the experiment.
Prior to every water change, pH was measured in randomly selected experimental vials (pH
4.0 and pH 4.3 treatment: three vials; pH 7.5 treatment: one vial) with a Ross Sure-flow
electrode (model 8172BN, Thermo scientific, Inc.) and a Thermo Orion 3 Star pH-meter
(model 1112000, Thermo scientific, Inc.). pH drift between the water changes was low
during the embryonic experiment (mean pH ± SD: pH 4.0 treatment = 4.03 ± 0.05, pH 4.3
treatment = 4.29 ± 0.08 and pH 7.5 treatment = 7.63 ± 0.08). It was also relatively low
during the first half of the larval experiment (mean pH ± SD: pH 4.3 treatment = 4.49 ± 0.19
and pH 7.5 treatment = 7.43 ± 0.13), but during the second half of the larval experiment, pH
deviated more strongly due to increasing tadpole biomass and food (mean pH ± SD for the
pH 4.3 treatment = 4.96 ± 0.17 and for the pH 7.5 treatment = 7.14 ± 0.09). However, the
low pH treatment always remained clearly acid (below pH = 5.5) and the two treatments
never overlapped.
The experiments were conducted in a walk in climate room (+16°C) with a 17L:7D
photoperiod. For the embryonic experiment, 30-50 embryos per replicate were reared in 0.9l
plastic vials containing 0.5l treatment water. Embryos were reared from fertilization (day =
0) to day 12, i.e. when the larvae had hatched and reached the free-swimming stage (ca.
Gosner stage 20; Gosner 1960). Survival of embryos was recorded during each water
change (see below).
For the larval experiment, a randomly selected subset of tadpoles from each family
was selected from the neutral embryonic treatment as soon as they had reached Gosner stage
25 (complete gill absorption and initiation of independent feeding, Gosner 1960), which
occurred ca. 12 - 15days after fertilization. We used larvae from the neutral treatment
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because of the high mortality in the acid treatment, which constrained the availability of
healthy larvae and might have caused biased result due to selective mortality. Carry over
effects from embryonic to larval stages have been shown to be small (Räsänen et al. 2002),
suggesting that hatchlings transferred from pH 7.5 (embryonic neutral treatment) to pH 4.3
(larval acid treatment) should be little affected by the change in pH. The tadpoles were
randomly assigned to the two pH treatments (nine tadpoles/family/treatment) and reared
singly in 0.9l opaque plastic containers containing 0.7l treatment water. Tadpoles were fed
ad libitum with finely chopped and parboiled spinach every second day. The amount of food
was increased with increasing age of the tadpoles. When the tadpoles approached
metamorphosis (emergence of at least one front leg; Gosner stage 42) the vials were
checked daily.
Response variables
Embryonic survival was recorded by visual inspection at every water change, but
eggs were left untouched and only final survival (day 12) was used in the statistical
analyses. Any unfertilized eggs were determined in conjunction to first water change (day 3)
and were excluded from the analyses of survival. Embryos were considered dead if they did
not hatch (i.e. escape the egg capsule) and any abnormal hatchlings (e.g., bent spine,
truncated body and oedema) were treated as dead as their survival is very low (Beattie et al.
1992). Embryonic survival was estimated as healthy hatched larvae at day 12/total number
of fertilized eggs in each experimental unit.
In the larval experiment, survival was monitored at each water change, but only final
survival was used in the statistical analyses. At metamorphosis, mass, larval period and
growth rate was measured for each individual. Wet mass was measured with an electronic
balance (to the nearest 0.1mg). Larval period was measured as the number of days from
Gosner stage 25 (day 0 of larval experiment) to metamorphosis. Average daily growth rate
(mg/day) was defined as the ratio of mass at metamorphosis/larval period.
Because maternal investment can differ among acid and neutral R. arvalis
populations (Räsänen et al. 2008a) and because egg size/initial size mediated maternal
effects can affect larval performance of R. arvalis in a pH dependent way (Räsänen et al.
2005; Räsänen et al. 2008a), average egg size of each parental female, as well as initial size
(size at Gosner stage 25) of each experimental tadpole, was measured from digital images.
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For egg size, 20-40 eggs/female, and for initial size the individual stage 25 tadpole, were
placed in a small petri dish, illuminated from below and photographed with a digital camera
(Olympus Camedia C-5060 WideZoom with 5.1 megapixels). For photographing, eggs were
covered with water and tadpoles placed in a thin layer of water to avoid dehydration whilst
preventing movement. Egg size was measured as area (mm²) and the initial size of tadpoles
was measured as total length from tip of the nose to tip of the tail (to the nearest 0.01mm)
using the public domain program ImageJ, version 1.39u (http://rsbweb.nih. gov/ij/).
Statistical analyses
Phenotypic divergence
Both the embryonic and the larval experiment were performed as a nested
randomized block design, where families (nested under pond pH) were used as random
factors, and pond pH (8 levels), pH treatment (pH 4.0 and/or 4.3 and 7.5) and block (3
levels) as fixed factors. For pond pH, average pond pH during the embryonic period was
used in the embryonic analyses and average pond pH during the larval period in the larval
analyses. It is possible that the lowest pond pH (rather than the average pH) experienced by
eggs or tadpoles in nature might be better predictive of strength of acidity mediated
selection on embryonic and larval traits, and the same analyses were therefore also run
using minimum pond pH (instead of average pH). However, mean and minimum pond pH
were highly correlated (Persons r = 0.96, N = 8, P < 0.001) and results in both analyses
were very similar (data not shown). Only analyses using mean pond pH are therefore
shown.
Embryonic survival was analyzed with generalized linear mixed models with
binomial errors, logit link function and Kenward-Roger degrees of freedom in the
GLIMMIX procedure (Littell et al. 2006) in SAS 9.2 (SAS institute, Inc.). Metamorphic
mass, larval period and growth rate were log-transformed to homogenize variances and
analyzed with mixed model analyses of (co)variance using the MIXED procedure and
Kenward-Roger degrees of freedom in SAS (Littell et al. 2006). To test whether breeding
pond pH is linearlily related to phenotypic trait values, linear orthogonal polynomials
(Quinn and Keough 2002) were used to test for a linear relationship between pond pH and
embryonic survival or larval life-history traits.
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Egg size and initial size were log-transformed to homogenize variances and analyzed
using mixed models including pond pH as fixed factors, and family (for initial size) as a
random factor. To test for linear relationship between pond pH with egg size and initial size,
linear orthogonal polynomials (Quinn and Keough 2002) were used. The models for
embryonic and larval traits were subsequently run with and without egg size (embryonic
survival) or initial size (larval traits) as a covariate to control for potential contribution of
maternal effects on offspring performance. As none of the interactions between fixed factors
and the covariates were significant (P > 0.1), the final models only included the covariate
main effects and not their interactions.
Taken together, a significant breeding pond pH effect would indicate phenotypic
divergence in trait mean values among populations, significant pH treatment  pond pH
interaction would indicate among population variation in pH tolerance (e.g., G  E
interaction), and significant family and pH treatment  family interactions would indicate
within population maternal/genetic variation. Any effects of egg or initial size would
indicate that the responses may be modified by maternal effects. Linear effects of breeding
pond pH on trait values would indicate a linear increase/decrease in the trait means along
the acidity gradient, whereas interactions between linear effects of breeding pond pH with
pH treatment would indicate a linear increase/decrease in acid tolerance along the acidity
gradient. The linear relationships would also be indicative of larger phenotypic differences
correlating with larger environmental differences.
Putative agents of natural selection
In order to explore the relative contribution of acidity (pH per se and/or correlated
environmental variation) and other potential selective factors on divergence in larval lifehistory traits, we used mixed model analyses of covariance, where alternate environmental
variables were included as covariates (see below). First, to control for multicollinearity
among correlated environmental variables, principal component analyses (PCA) were used
to create composite indices of environmental variation. All habitat variables (pond pH,
water temperature, altitude, latitude, pond size, canopy cover, gape unlimited and gape
limited predator density, tadpole density) were first tested for correlations among them
(Table S2). If two variables were strongly correlated (Pearson r > |0.6|), only one of the
variables was included in any given PCA. Principal components with eigenvalues > 1 were
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then used as environmental indices. To create composite indices that either 1) included pH
AND all the other habitat variables or 2) excluded pH (whilst containing factors that may
covary with acidity in nature), two separate PCAs were conducted. In the first PCA, factor
habitat_pH_1 was most strongly related to pond size and altitude, and factor habitat_pH_2
to density of gape limited predators. In the second PCA, the first factor, habitat_1, was most
strongly related to pond size, latitude and altitude, and the second factor, habitat_2, to
canopy cover and gape unlimited predators. The details of the PCAs are given in supporting
Appendix S1, Table S3.
To then test for the relative importance of acidity and other environmental factors, a
set of models was produced, where one environmental (either a single or a composite)
variable at a time was included as a covariate. As the models only contained one changing
covariate, F statistics were used to compare models (Zar 1996) and the covariate with the
highest F value was considered to be most strongly correlated with a given larval trait.
Analyses for all three larval traits were performed within each pH treatment separately. As
pond pH and latitude were strongly correlated (Pearson r > 0.8, P = 0.002), we first ran a
model including pond pH only and then a model including latitude only as a covariate. To
test for the relative effects of pond pH, latitude and the composite environment, either pond
pH, latitude or one of the principal components was included as a covariate (Table S3).
Population and family (nested within population) were both included as random effects to
account for non-independence of experimental units and block as a fixed effect to account
for a known temperature gradient within the laboratory. All these analyses were conducted
in SAS 9.2 (SAS Institute, Inc.).

Results
Phenotypic divergence
Embryonic survival – As indicated by a significant pH treatment effect, low pH
reduced embryonic survival from 90-100% at pH 7.5 to 60-90% at pH 4.3 and to 10-40% at
pH 4.0 (Table 2, Fig. 2A). Pond pH had no significant main effect on embryonic survival
(Table 2), but populations differed strongly in their responses to pH as indicated by a highly
significant pond pH  pH treatment interaction (Table 2). This effect arose because
embryonic survival was strongly negatively correlated with breeding pond pH at pH 4.0
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(Fig. 2A; b ± S.E. = -1.86 ± 0.41, P < 0.001), not significantly correlated with breeding
pond pH at pH 4.3 (Fig. 2A; b = -0.28 ± 0.40, P = 0.484), but significantly positively
correlated with breeding pond pH at pH 7.5 (Fig. 2A; b = 1.07 ± 0.54, P = 0.048).
Significant family and family  pH treatment interactions indicated maternal/genetic
effect variation within populations in embryonic survival and pH tolerance (Table 2). Egg
size differed significantly among populations (F7,
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= 3.07, P = 0.008), but was not

significantly correlated with pond pH (log b = -0.05 ± 0.04, P = 0.206). There was no
significant egg size or pH treatment  egg size interaction in embryonic survival and its
inclusion as a covariate did not qualitatively change the results (not shown), indicating that
family effects in embryonic survival are independent of egg size.

Table 2. Generalized linear mixed model of embryonic survival at two pH treatments in eight R. arvalis
populations occurring along a pH gradient. Significant effects are shown in bold.
Random effects
Family (pH pond)

Var ± SE
35.77 ± 14.78

Z
2.42

P
0.008

Family (pH pond) × pH treatment

80.88 ± 14.22

5.69

<0.001
P

Fixed effects
pH treatment

ndf
2

ddf
127.4

F
430.6

<0.001

7

60.8

1.2

0.319

14

120.2

2.7

0.002

Block

2

546.0

11.3

<0.001

Linear contrasts
pH pond

1

61.3

1.3

0.256

pH pond × pH treatment (pH 4 vs. 4.2)

1

85.6

10.6

0.002

pH pond × pH treatment (pH 4 vs. 7)

1

179.1

24.0

<0.001

pH pond × pH treatment (pH 4.3 vs. 7)

1

174.2

5.2

0.024

pH pond
pH pond × pH treatment

Larval traits – Across all populations and treatments, larval survival was generally
very high ranging from 92.3% (for Sätila) to 98.8% (for Lomsjö) at pH 7.5 and from 84.2%
(for Sätila) to 100% (for Bergsjö and Rud) at pH 4.3. There were no significant pond pH, pH
treatment or their interaction effects on larval survival (all P > 0.40) and the data were
therefore not further analyzed. As indicated by significant pH treatment main effects
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Fig. 2. Means ± SE for A) emb1yonic smvival, B) metamo1phic mass, C) lruval pe1iod, and D) growth rate
for eight R. an1alis populations. The somce pond pH is on the x-axis, and the different pH treatments are pH
7.5 (open circles), pH 4.3 (black circles) and pH 4.0 (black tiiangles).

(Table 3), metamorphic mass and growth rate decreased, and larval period increased at pH
4.3 (Fig. 2B-D), indicating sublethal stress effects on tadpoles. Populations have diverged in
all three larval traits, as indicated by the significant pond pH effects (Table 3). Significant
linear contrasts further showed that metamorphic mass, larval period and growth rate
increased with decreasing breeding pond pH (Table 3, Fig. 2B-D). There was no significant
pond pH x pH treatment effect on metamorphic mass or growth rate (Table 3a & c). In
contrast, as indicated by a significant pond pH x pH treatment interaction in larval period
(Table 3b), the populations differed in pH tolerance for larval period. Larval period was
more negatively affected by the acid treatment in neutral origin than in acid origin
populations (ca. 2.5-3.5days delay vs. 0-2days delay, respectively; Fig. 2C), indicating that
acid origin populations have higher acid stress tolerance in terms of larval period. This pH
treatment-dependent population divergence was also reflected in the relationship between
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pond pH and larval period, which was slightly stronger at pH 7.5 (log b = -0.09 ± 0.01, P
<0.001) than at pH 4.3 (log b = -0.06 ± 0.01, P < 0.001; Fig. 2C).
Significant family main effects indicated maternal/genetic effect variation within
populations in all three larval traits (Table 3). In addition, a significant pH treatment 
family effect for larval period indicated within population maternal/genetic effect variation
in pH tolerance for this trait. Across all populations, family means of egg size and initial
size were strongly positively correlated (Pearson r = 0.60, P < 0.001, N = 61). Populations
(F7,54 = 2.23, P = 0.046), as well as families within populations (Z = 5.09, P < 0.001)
differed significantly in initial size, but initial size was not significantly correlated with
pond pH (log b= -0.01 ± 0.02, P = 0.426). When initial size was included in the model as a
covariate, it was significantly positively related to metamorphic mass (Table S1a; log b =
0.27 ± 0.09, F = 8.19, P = 0.004) and growth rate (Table S1c; log b = 0.42 ± 0.10, F =
17.80, P < 0.001), and significantly negatively related to larval period (Table S1b; log b = 0.15 ± 0.06, F = 7.36, P = 0.007). These results indicate that initially large larvae grew and
developed faster, but these effects were independent of pH treatment (non-significant initial
size x pH treatment interaction). Moreover, family effects, as well as the results in general,
remained qualitatively unchanged when initial size was included as a covariate (Table S1),
indicating that family or population level responses were independent of initial size.
Putative agents of natural selection
To investigate different potential selective factors driving phenotypic divergence, the
next set of models included one of the environmental indices as a covariate. Metamorphic
mass had a strong negative relationship with pond pH, and a significant but weaker negative
relationship with latitude (Table 4a), suggesting that divergence in metamorphic size is
mainly driven by pond pH. In contrast, larval period was most strongly related to latitude at
both pHs. In addition, pond pH and habitat_1 (variation in pond size, latitude and altitude in
absence of pH, Table S3) had both a negative and weaker relationship with larval period in
the high pH treatment, but not in the low pH treatment (Table 4b). These results suggest that
divergence in larval period is most strongly related to latitude (or something correlated with
it), and that the extent of phenotypic divergence in relation to other variables depends on the
environment where the phenotype is expressed (Table 4b). The only significant
environmental correlation for larval growth was found for habitat_ph_2, which was most
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Table 3. Mixed model analysis of variance for (log) a) metamorphic mass, b) larval period and c) growth rate in eight R. arvalis populations along a pH gradient.
Significant effects are shown in bold.
a) Mass
Random effects
Family (pH pond)
Family (pH pond) × pH treatment
Residuals

b) Larval period

c) Growth rate

Var ± SE

Z

P

Var ± SE

Z

P

Var ± SE

Z

P

2.58 ± 0.61

4.26

<0.001

1.13 ± 0.28

4.09

<0.001

2.95 ± 0.70

4.19

<0.001

0

.

.

0.19 ± 011

1.72

0.043

0

.

.

9.99 ± 0.45

22.42

<0.001

3.30 ± 0.15

21.79

<0.001

12.42 ± 0.55

22.42

<0.001

Fixed effects

ndf

ddf

F

P

ndf

ddf

F

P

ndf

ddf

F

P

pH treatment

1

1006

318.1

<0.001

1

54

54.4

<0.001

1

1006

427.4

<0.001

pH pond

7

55

7.7

<0.001

7

55

8.4

<0.001

7

55

2.8

0.016

pH pond × pH treatment

7

1006

1.8

0.079

7

54

1.7

0.136

7

1006

0.7

0.661

Block

2

1006

2.4

0.094

2

955

0.2

0.835

2

1006

2.4

0.090

ndf

ddf

F

P

ndf

ddf

F

P

ndf

ddf

F

P

pH pond

1

55

39.9

<0.001

1

55

29.5

<0.001

1

55

6.2

0.016

pH pond × pH treatment

1

1006

1.7

0.194

1

54

6.6

0.013

1

1006

0.2

0.637

Linear contrasts
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Table 4. F test results for a) metamorphic mass, b) larval period and c) growth rate from mixed model analyses of variance, where either pond pH, latitude or one of
the habitat indices was included as a covariate. The significant effects (P < 0.05) are indicated in bold and marginally significant (P < 0.06) underlined. The variable
with the highest F and significance is considered most important. See methods section for description of habitat indices.
a) Mass

b) Larval period

c) Growth rate

F

P

Slope

SE

F

P

Slope

SE

F

P

Slope

SE

Pond pH

18.5

0.006

-0.035

0.008

3.4

0.114

-0.017

0.009

4.9

0.066

-0.019

0.008

Latitude

10.7

0.014

-0.010

0.003

8.0

0.028

-0.006

0.002

1.3

0.299

-0.003

0.003

Habitat_pH_1

1.9

0.223

-0.024

0.018

3.5

0.113

-0.021

0.011

0.1

0.825

-0.003

0.014

Habitat_pH_2

3.3

0.126

-0.036

0.020

0.1

0.934

-0.001

0.018

13.2

0.001

-0.037

0.010

Habitat_1

6.0

0.051

-0.035

0.014

4.8

0.075

-0.023

0.011

0.9

0.374

-0.013

0.013

Habitat_2

0.3

0.603

0.014

0.025

0.8

0.414

-0.015

0.017

6.2

0.052

0.031

0.012

Pond pH

18.4

0.007

-0.040

0.009

7.4

0.034

-0.025

0.009

2.9

0.142

-0.015

0.009

Latitude

9.8

0.022

-0.009

0.003

14.9

0.008

-0.008

0.002

0.5

0.499

-0.002

0.003

Habitat_pH_1

1.6

0.256

-0.027

0.021

3.8

0.102

-0.026

0.014

0.1

0.999

-0.001

0.013

Habitat_pH_2

1.1

0.336

-0.029

0.027

0.1

0.743

-0.007

0.022

3.7

0.130

-0.024

0.013

Habitat_1

4.1

0.093

-0.037

0.018

6.2

0.049

-0.031

0.012

0.3

0.633

-0.007

0.013

Habitat_2

0.1

0.859

0.006

0.030

0.4

0.540

-0.014

0.022

2.5

0.178

0.022

0.014

pH 4.3

pH 7.5
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strongly related to gape limited predator density (and less to pond pH and canopy cover,
Table S3). This suggests that divergence in larval growth may be most strongly affected by
selection imposed by predators, pond pH and canopy cover (Table 4c). However, this effect
was significant only in the low pH treatment (Table 4c) - again indicating that the extent of
phenotypic divergence depends on the environment where the phenotype is expressed.

Discussion
The agents of natural selection driving phenotypic diversification is largely an open
question in natural populations (Schluter 2000b; Nosil and Crespi 2006). Environmental
stress is a strong evolutionary force (Hoffmann and Parsons 1997), but how natural
selection acts through environmental stressors is poorly understood. We here tested for
among population phenotypic divergence of R. arvalis along an acidification gradient and
found divergence in both stress tolerance (embryonic survival and larval period) and larval
life-history traits (metamorphic mass, growth rate and larval period). The extent of
phenotypic divergence was correlated with breeding pond pH, but the putative selective
agents on the particular traits varied along the acidification gradient and between the rearing
environments. We next discuss evidence for adaptive divergence and factors contributing to
the extent of divergence along this acidification gradient.
Adaptive divergence in response to acidification
We found that acid origin populations have higher embryonic acid tolerance, faster
larval growth and slower development rates, as well as larger metamorphic size. Acid origin
populations also tended to have higher acid tolerance in terms of responses of larval period
to acid stress. Our study therefore parallels previous findings from a limited number of
populations that showed that acid environments select for increased embryonic acid
tolerance (Räsänen et al. 2003a; Merilä et al. 2004; Persson et al. 2007), as well as faster
larval growth, slow development and large metamorphic size (Räsänen et al. 2005), and
provide clear evidence for phenotypic divergence along a gradient of environmental acidity
in R. arvalis.
Increased embryonic survival under acid conditions is clearly adaptive for acid origin
populations. Intriguingly, populations with highest embryonic survival in the acid treatment
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had reduced survival in the neutral treatment and vice versa, indicating a possible fitness
trade-off and local adaptation along the acidity gradient (Williams 1966; Kawecki and Ebert
2004; Hereford 2009). However, the effect at the neutral pH treatment was very weak,
possibly because neutral conditions are generally benign. It is possible that fitness trade-offs
would become more apparent at other environmental conditions (e.g. alkaline pH) or in
other traits. Nevertheless, our results emphasizes the importance of investigating early lifehistory stages in studies of adaptation to environmental stress (e.g., Weis 2002; GomezMestre and Tejedo 2003; Räsänen et al. 2003a).
The fitness consequences of the observed divergence in larval traits are less clear to
predict, but large metamorphic size (here in populations from acid breeding sites) and short
larval period (here in populations from neutral breeding sites) generally have a positive
effect on fitness in amphibians (Altwegg and Reyer 2003). Under this scenario, and
assuming the observed pattern reflects adaptive divergence, it would seem that acid origin
populations may increase their fitness more by fast growth rates and large metamorphic size
and neutral origin populations more by fast development rates. However, several alternative,
but not mutually exclusive, mechanisms can account for the pattern we observed.
Elsewhere we show using quantitative genetics that divergence in larval traits is at
least partially genetically determined and deviates strongly from neutral expectations
(chapter II & III) strongly suggesting that the observed patterns of phenotypic divergence
are adaptive. Several hypotheses relating to adaptation of larval life-history traits on the
acid-neutral axis were discussed in Räsänen et al. (2005) and we here only make a brief
summary of these. Environmental stress, and slow growth environments in general, may
cause diverse forms of selection on trait means (Arendt 1997). First, acidity may select for
fast growth and slow development because both have a positive effect on (metamorphic)
size (Arendt 1997; Roff 2000). Second, acidity may induce countergradient selection,
whereby - in slow growth environments with seasonal time constrains (such as acid sites in
northern latitudes) - the genetic growth and development patterns contrast the
environmental patterns (Conover and Schultz 1995). Third, strong selection for fast growth
may trade-off with selection on development rate and outweigh the cost of slow
development (Arendt 1997). Fourth, slow development itself may be adaptive. This could
be the case, for example, if slow larval development has a positive effect on postmetamorphic performance (e.g., Ficetola and De Bernardi 2006). Furthermore, the benefits
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of slow development might be more pronounced in stressful environments if slow
development enhances the physiological capacity to cope with the negative effects of a
stressor (Arendt 1997).
We cannot currently distinguish between these hypotheses and the relative
importance of selection on size, growth and development. However, two points are worth
making here. First, we found that metamorphic size was more strongly (than larval period or
growth) correlated with pond pH, whereas larval period was more strongly correlated with
latitude, and growth with predation than with pond pH (see below). We therefore suggest
that the observed relationship between pond pH and metamorphic size reflects strong acidity
mediated selection specifically on metamorphic size. For example, larger juveniles may
have higher survival during the terrestrial phase (e.g., Smith 1987; Altwegg and Reyer
2003) and this effect may be stronger under acid environments. Another possibility is that if
metamorphic size correlates with adult size (Smith 1987; Altwegg and Reyer 2003), fitness
gains might come through increased reproductive success. For example, both egg size and
number are positively correlated with female size in R. arvalis females along an
acidification gradient (Räsänen et al. 2008b) and relatively larger females may therefore
have higher fitness. Selection for genetically large body size (through increased survival or
reproduction) might be stronger in acid environments to counteract the negative effects that
environmental acidity has on size. Second, as to the possibility of countergradient selection
(Conover and Schultz 1995), our data suggests that acidity may cause countergradient
selection on growth rate, as growth rates were faster in acid origin populations. However,
acidity does not seem to cause countergradient selection on development rate: development
rates were slower in acid environments and were more strongly related to latitude than pH.
We return to these hypotheses below in our discussion of alternative agents of selection.
Adaptive divergence in stress tolerance along environmental gradients has been
intensively studied in the context of adaptation to metal pollution (Antonovics and
Bradshaw 1970; Antonovics 2006) and climate (Hoffmann et al. 2002; Sgro and Blows
2004; Lee and Boulding 2010), whereas studies along other stress gradients are rare. We
here found strong divergence in embryonic acid tolerance, but for larval traits, evidence for
differences in stress tolerance was limited to larval period. Specifically, larval period was
less negatively affected by acid stress in acid origin populations than in neutral origin
populations. Because stress tolerant organisms may have to trade-off stress tolerance and
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other performance measures, such as life history trait variation (e.g., Hoffmann and Parsons
1991; Shirley and Sibly 1999; Koskela et al. 2002; Arnold et al. 2008), our results for larval
traits suggest the possibility that increased physiological tolerance (in terms of larval
development) may have resulted in slow average development rates (Fig 2C; Arendt 1997).
However, the higher physiological tolerance of acid origin larvae in terms of development
did not manifest itself in growth or size either positively (higher tolerance overall) or
negatively (trade-offs between traits). It is worth noting here that our laboratory conditions
were very benign apart from the low pH and it is well possible that divergence in stress
tolerance might be stronger under more natural conditions, such as in the presence of
competition, restricted food or predators (Hoffmann and Parsons 1997). The underlying
basis for costs associated with increased stress tolerance is generally poorly known
(Hoffmann and Parsons 1997), but may involve changes in resource allocation or
constraints imposed by resistance mechanisms (e.g., Wilson 1988; Barata et al. 2002; Alpert
2006). It is therefore possible that acid and neutral origin populations differ specifically in
how they allocate resources or to what extent hormonal pathways influencing development
are affected by acid stress. However, explicit studies investigating the linkage between the
different life-history traits, as well between life-history and stress tolerance traits are needed
to shed light on these hypotheses.
Mechanisms of adaptive divergence
Inferences about adaptive divergence require knowledge of its underlying genetic
basis and the mechanisms that drive or constrain divergence. The underlying mechanisms of
divergence along this gradient are not fully understood but include a combination of
maternal and direct genetic effects.
First, divergence in embryonic acid tolerance in R. arvalis has been repeatedly shown
to be due to adaptive maternal effects (Räsänen et al. 2003b; Persson et al. 2007; Brunold
2010); chapter III). Egg size – though an evident manifestation of a maternal effect
(Bernardo 1996) seems to have at most weak effects on embryonic acid tolerance (Räsänen
et al. 2003a; this study). Instead, the underlying mechanism for increased embryonic acid
tolerance appears to be related to variation in the maternally derived egg capsules (Räsänen
et al. 2003b; Persson et al. 2007; Brunold 2010). This raises the intriguing possibility that
the trade-offs/costs driving local adaptation in embryonic acid tolerance are mediated
through changes in egg capsules.
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Second, the mechanistic basis of divergence in larval traits needs further studies, but
likely involves genetic adjustments in hormonal and metabolic pathways (Richter-Boix et al.
2010a), as well as physiological maintenance of ionic balance under acid conditions, in
particular prevention of sodium loss (Räsänen et al. 2005). Our recent quantitative genetic
study shows that both maternal and direct genetic effects contribute to larval trait
divergence along this acidification gradient (chapter III). A previous study showed that
larval life-history responses to environmental acidity depend on initial size – which is
strongly affected by egg size – and that these effects are environment and population
specific (Räsänen et al. 2005). Subsequently, we suggested that divergence in maternal
investment (acid origin females invest in larger but fewer eggs; Räsänen et al. 2008b) may
arise due to large eggs increasing larval fitness in acid environments – suggesting that egg
size mediated adaptive maternal effects may contribute to adaptive divergence. In the
present study, we found that initially larger hatchlings had faster growth rates, shorter larval
periods and large metamorphic size. However, the effects of initial size were not treatment
specific, nor did statistical control qualitatively alter any of our results. The contrasting
result with Räsänen et al. (2005) with respect to rearing conditions could be due to
differences in experimental conditions, Räsänen et al. (2005) used larvae that were reared in
acid vs. neutral conditions during the embryonic stage, whereas we here used larvae that
were all reared under neutral conditions during the embryonic stage. Nevertheless, our
results, together with the evidence from our quantitative genetic studies (chapter III),
suggests that phenotypic divergence seen here is a combined result of direct genetic effects
and maternal effects.
Putative agents of natural selection and variation in the extent of phenotypic divergence
Organisms often face simultaneous selection by several abiotic and biotic factors,
raising the question of how to optimize fitness in complex environments (e.g., Templeton
and Shriner 2004; Eränen et al. 2009). Natural and anthropogenic acidification results in a
broad range of abiotic and biotic changes in aquatic environments, ranging from increased
leaching of metals and changes in macrophyte vegetation (Brodin 1993) to predator-prey
interactions as acid sensitive taxa (e.g., fish) disappear (Henrikson 1990). Such changes
could cause variation in the combination of particular selection pressures among
populations along acidification gradients. We found that both embryonic and larval traits are
correlated with environmental acidity, suggesting that the observed correlation between
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breeding pond pH and phenotypic divergence may reflect variation in the strength of
divergent selection (Räsänen and Hendry 2008). However, explicit tests in the wild are
needed to confirm that this is indeed the case (e.g., Kinnison et al. 2001; Hereford et al.
2004; Kingsolver and Pfennig 2007).
Moreover, the strength of the environmental relationships depended both on the trait
under study, as well as on rearing conditions. In particular, whereas metamorphic size was
most strongly correlated with pond pH, larval period was most strongly correlated with
latitude and growth rate with a composite of predation and pond pH. Our results suggest
different relative contributions of acidity versus other selective factors in driving divergence
of larval life-history traits along this acidification gradient. First, it appears that acidity (or a
factor closely correlated with it) is the likely selective factor behind divergence in
metamorphic size (see above), whereas divergence in larval period may be mainly driven by
latitude and growth rate by predator mediated selection.
As to larval period, we found that development rate is faster at higher latitudes, in
accordance with countergradient selection (Conover and Schultz 1995), whereas the pattern
for growth rate (faster in the south) contrasts with the commonly observed pattern in other
Scandinavian Rana populations (e.g., Laugen et al. 2003; Lindgren and Laurila 2005;
Laurila et al. 2006). We propose that acid (slow growth) environments, favor large
metamorphic size, whereas the seasonal time constraints in the north favor faster
development. On a cautionary note, the relative contribution of latitude and pH, however, is
difficult to disentangle in this study as acidity and latitude were closely correlated.
Interestingly, larval growth rates were higher for populations from more acid ponds
and with higher densities of gape limited predators, particularly in the low pH treatment. It
seems reasonable that high predation pressure by gape limited, or gape limited, predators
might select for faster growth into a size refuge from gape limited predators (Urban 2007).
Specifically, libellullid dragonflies are one of the most common predators of R. arvalis
tadpoles in acidic ponds, and their efficiency as predators decreases rapidly with tadpole
size (Henrikson 1990). Although these larval traits are phenotypically highly correlated, our
results suggest that different larval traits may experience selection by different habitat
variables and may in part respond independently (e.g., Zijlstra et al. 2003; Dudley et al.
2007). However, explicit experimental tests are clearly needed to test how selection acts
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through such a multitude of selective forces and on a set of traits likely linked to a varying
degree with each other.
Although we find strong correlations between some of our environmental variables
and the extent of phenotypic divergence, there clearly is potential for several other factors
than variation in strength of divergent selection to influence the extent of phenotypic
divergence. Historical selection may be important (e.g., Galvani and Slatkin 2003; Eastman
et al. 2009), and this could be or not be related to acidification history. Many sites in
southwestern Sweden have been strongly affected by anthropogenic acidification, but some
sites are now influenced directly or indirectly by liming activities (Brodin 1993; Renberg et
al. 1993). Land use changes and age of the ponds may further contribute to the observed
variation (Renberg et al. 1993). Finally, phenotypic divergence may be influenced by
genetic factors, such as genetic correlations (e.g., Rogell et al. 2009), lack of genetic
variation (e.g., Hoffmann et al. 2003), homogenizing gene flow (Slatkin 1985; Räsänen and
Hendry 2008), genetic drift (Lande 1988), as well as developmental (e.g., Smith et al. 1985)
or functional trade- offs (e.g., Reznick and Travis 1996). However, a QST – FST study
showed that quantitative trait divergence along this gradient is strongly correlated with
environmental differences even after accounting for neutral genetic variation. Although we
can not fully exclude the contribution of environmental maternal effects (e.g., Bernardo
1996), adaptive maternal effects in embryonic acid tolerance and the genetic basis of larval
traits suggests that phenotypic divergence along the acidification gradient is most likely
driven by natural selection (chapter II).
In conclusion, we found strong phenotypic divergence in R. arvalis populations along
an acidification gradient in both embryonic and larval fitness traits and our results support
the view that environmental stress is a powerful evolutionary force (Hoffmann and Parsons
1997). Furthermore, we found that phenotypic divergence correlates with environmental
differences (among population differences in breeding pond pH), suggesting that
environmental acidity may be indicative of strength of divergent selection. However, our
results also suggest that the actual agents of selection may differ among traits, and that
inferences may be influenced by the environment where the phenotype is studied,
supporting the view that multiple fitness components and genotype  environment
interactions need to be considered in studies of adaptive divergence of natural populations
(Ellegren and Sheldon 2008). Future studies should aim at explicitly testing the strength of
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divergent selection, as well as the exact selective factors, that may be driving adaptive
divergence along acidification gradients and environmental stress gradients in general.
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Appendix S1
Details for environmental indices
Environmental indices were calculated based on measured habitat characteristics
(methods section in main paper) using principal component analyses. Highly correlated
variables were not included in the same analysis. Latitude was highly positively correlated
with pond pH (Table S2) as more northern sites are situated on limestone bedrock and are
therefore more neutral (Fig. 1A). Altitude was negatively correlated with temperature and
positively correlated with tadpole density (Table S2), tadpole density positively correlated
with pond size and negatively correlated with gape unlimited predators (Table S2), and gape
unlimited predator density was negatively correlated with pond pH (Table S2). Because of
these strong correlations, tadpole density and temperature were excluded from the PCAs.
The first PCA included pond pH as an environmental variable. Due to high correlations
(Table S2), latitude and gape unlimited predator density were now excluded. This first PCA
included: gape limited predator density, pond size, canopy, altitude and pond pH. This gave
two composite variables of habitat: habitat_pH_1 and habitat_ph_2. Habitat_pH_1
explained 39.7% and was related to canopy cover, pond size and altitude, whereas
habitat_ph_2 explained 28.1% and was related to gape limited predator density, pond pH
and canopy (Table S3). The second PCA excluded pond pH but included: density of gape
limited and gape unlimited predators, pond size, canopy, latitude and altitude. This gave two
composite variables of habitat: habitat_1 and habitat_2. Habitat_1 explained 39.9% of the
variation and was mainly related to gape unlimited predator density, pond size, latitude and
altitude. Habitat_2 explained 30.0% of variation and was mainly related to canopy cover
and gape limited and gape unlimited predator density (Table S3).
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Table S1. Mixed model analysis of variance for (log) a) metamorphic mass, b) larval period and c) growth rate in eight R. arvalis populations along a pH gradient
including initial size as a covariate. Significant effects are shown in bold.
a) Mass
Random effects
Family (Pop)

c) Growth

Var ± SE

Z

P

Var ± SE

Z

P

Var ± SE

Z

P

2.61 ± 0.62

4.2

<0.001

0.97 ± 0.25

3.9

<0.001

2.56 ± 0.64

4.0

<0.001

0

.

.

0.17 ± 0.11

1.6

0.059

0

.

.

9.97 ± 0.45

22.19

<0.001

3.30 ± 0.15 21.57

<0.001

12.46 ± 0.56

22.19

<0.001

Family (Pop) × pH treatment
Residuals

b) Age

Fixed effects

ndf

ddf

F

P

ndf

ddf

F

P

ndf

ddf

F

P

pH treatment

1

986

313.1

<0.001

1

54

58.9

<0.001

1

987

423.9

<0.001

pH pond

7

55

6.8

<0.001

7

54

9.9

<0.001

7

54

2.8

0.014

pH pond × pH treatment

7

986

1.7

0.096

7

54

2.0

0.067

7

987

0.7

0.682

Block

2

987

2.5

0.084

2

936

0.1

0.917

2

987

2.4

0.092

Initial size

1

413

8.2

0.004

1

477

7.4

0.007

1

340

17.8

<0.001

ndf

ddf

F

P

ndf

ddf

F

P

ndf

ddf

F

P

pH pond linear

1

54

35.9

<0.001

1

54

31.9

<0.001

1

54

5.8

0.019

pH pond × pH treatment

1

986

1.9

0.169

1

53

8.4

0.006

1

987

0.3

0.571

Contrasts
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Table S2. Correlation matrix for habitat variables and larval traits at pH 7.5 and pH 4.3. Significant correlations are shown in bold. The correlations are based on
population means (habitat variables: N = 9, larval traits: N = 8).

Canopy
cover
Canopy cover

Gape
Gape
limited unlimited Tadpole Temp.
predators

predators

density

Pond

Alt.

size

pH

pH

embryo

larvae

Lat.

Mass
pH 7.5

Age

pH 4.3

pH 7.5

pH 4.3

x

Gape limited
predators

-0.266

x

Gape unlimited
predators

-0.400

0.557

x

Tadpole density

-0.193

-0.538

-0.643

x

0.082

0.257

0.401

-0.450

Pond size

-0.547

-0.301

-0.227

0.778 -0.172

x

Altitude

-0.351

-0.070

-0.342

0.677 -0.680

0.497

x

pH embryo

0.034

-0.161

-0.711

0.382 -0.135

0.066

-0.182

x

pH larvae

0.074

-0.256

-0.791

0.484 -0.244

0.118

0.253

0.988

x

Latitude

-0.350

-0.172

-0.490

0.496 -0.258

0.239

0.394

0.881

0.872

x

pH 7.5

0.222

-0.070

0.685

-0.620

0.111

-0.328

-0.375

-0.836

-0.841

-0.775

x

pH 4.3

0.208

0.217

0.710

-0.643 -0.041

-0.352

-0.350

-0.860

-0.854

-0.839

0.904

x

pH 7.5

0.456

-0.163

0.508

-0.600

0.443

-0.291

-0.697

-0.753

-0.763

-0.864

0.843

0.766

x

pH 4.3

0.571

-0.149

0.357

-0.542

0.321

-0.259

-0.722

-0.607

-0.603

-0.797

0.752

0.766

0.918

x

Growth pH 7.5

-0.192

0.166

0.582

-0.330 -0.390

-0.218

0.269

-0.520

-0.517

-0.270

0.674

0.630

0.174

0.133

pH 4.3

-0.291

0.516

0.722

-0.418 -0.398

-0.281

0.239

-0.660

-0.657

-0.419

0.578

0.709

0.175

0.092

Temperature

Mass
Age

x

Temp = temperature; Alt = altitude; Lat = latitude.
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Table S3. Details on the two principal component analyses and the resulting factors habitat_pH_1,
habitat_pH_2. habitat_1 and habitat_2, Eigenvalues > 1 and factor loadings > ׀0.7 ׀are shown in bold.
PCA 1
Eigenvalue

Proportion Cumulative

Factor loading

Habitat_pH_1 Habitat_pH_2

1

1.99

0.40

0.40

Canopy

-0.68

0.60

2

1.41

0.28

0.68

Gape limited pred.

-0.22

-0.80

3

0.84

0.17

0.85

Pond size

0.88

0.01

4

0.54

0.11

0.95

Altitude

0.78

0.03

5

0.23

1.00

Pond pH

0.31

0.63

Habitat_2
-0.87

PCA 2
1

2.39

0.40

0.40

Canopy

Habitat_1
-0.39

2

1.80

0.30

0.70

Gape limited pred.

-0.46

0.64

3

0.86

0.14

0.84

Gape unlimited pred.

-0.63

0.70

4

0.62

0.10

0.94

Pond size

0.75

0.30

5

0.29

0.05

0.99

Latitude

0.72

0.01

Altitude

0.75

0.22

6 0.04
1.00
Pred = predators.

Chapter II:
Adaptive divergence of the moor frog (Rana arvalis) along an acidification gradient:
II: Inferences from QST- FST correlations
Sandra Hangartner, Anssi Laurila & Katja Räsänen
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Abstract
Microevolutionary responses to spatial and temporal variation in natural selection
seem to be ubiquitous. However, the relative role of selection and neutral processes
(mutation, gene flow and genetic drift) in driving phenotypic diversification, and the actual
selective agents, are often unknown. We studied seven phenotypically divergent moor frog
(Rana arvalis) populations along an acidification gradient in southwestern Sweden. We used
correlations among population pairwise estimates of quantitative trait divergence (QSTs or
PSTs from common garden estimates of embryonic acid tolerance, metamorphic size, larval
growth and development), neutral genetic divergence (FSTs from neutral microsatellite
markers) and environmental differences (pond pH, predator density and latitude) to test
whether the extent of phenotypic divergence among populations is more strongly correlated
with divergent selection or with neutral processes. We further tested to what extent these
relationships were influenced by the trait as well as the rearing environment (acid vs.
neutral). We found that trait divergence was more strongly correlated with environmental
differences than with neutral divergence, suggesting that divergent natural selection has
driven phenotypic divergence along the acidification gradient. Pairwise PSTs of embryonic
acid tolerance and QSTs of metamorphic size were strongly correlated with breeding pond
pH, whereas pairwise QSTs of larval period and growth rate were more strongly correlated
with geographic distance/latitude and gape limited predator density, respectively. Moreover,
the strength of the QST - environment correlations also differed between the rearing
environments, indicating that inferences on adaptive divergence/local adaptation from QST FST contrasts may be influenced by the environment under which trait divergence is studied.
We suggest that incorporating measurements of environmental variation into QST - FST
studies can improve our inferential power about the agents of natural selection in natural
populations.

Keywords: acid stress, adaptive divergence, amphibians, environmental gradient,
environmental stress, local adaptation
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Introduction
One of the central goals of evolutionary biology is to understand which forces shape
phenotypic diversification (Fisher 1930; Wright 1931; Lande 1976; Spitze 1993; O'Hara
2005). Although microevolutionary responses to spatial and temporal variation in natural
selection seem to be ubiquitous (Endler 1986; Conover and Schultz 1995; Kawecki and
Ebert 2004; Leinonen et al. 2008; Hereford 2009), neutral processes (mutation, gene flow
and genetic drift) can also influence diversification (Lande 1992; Whitlock 1999). In
particular, genetic drift can give rise to random phenotypic variation, especially in small
populations (e.g., Jones et al. 1968; Spitze 1993), and gene flow can constrain adaptive
divergence - unless divergent selection is strong enough to counteract gene flow (reviewed in
Lenormand 2002; Garant et al. 2007; Räsänen and Hendry 2008). Although the potential
contribution of selection and neutral processes has been long acknowledged, their relative
importance is still much debated (O'Hara 2005).
Comparisons of divergence in quantitative traits (as measured by QST) and divergence
in neutral marker genes (as estimated by FST) are increasingly used to disentangle adaptive
from neutral phenotypic differentiation (Raymond and Rousset 1995; Merilä and Crnokrak
2001; McKay and Latta 2002; O'Hara and Merilä 2005; Leinonen et al. 2008; Whitlock
2008). Stronger divergence in quantitative traits than in neutral markers (QST > FST) suggests
divergent selection, lower divergence (QST < FST) suggests stabilizing selection, and a lack of
a significant differences (QST = FST) that the relative effects of drift and selection on
population differentiation can not be separated (Raymond and Rousset 1995; Merilä and
Crnokrak 2001; McKay and Latta 2002; O'Hara and Merilä 2005; Whitlock 2008). However,
although QST - FST comparisons are a valuable technique to eliminate neutral genetic
processes as an explanation for divergence, additional approaches - such as correlations of
environmental variables or measurement of local selection - are required to understand the
nature of selection (Whitlock 2008).
In this context, comparisons of populations along environmental gradients can be
particularly useful. Intraspecific cline studies have provided strong evidence for adaptation to
spatially varying selection (e.g., Antonovics and Bradshaw 1970; Conover and Schultz 1995;
Gilchrist and Partridge 1999). However, when phenotypic divergence is studied along
geographical clines, the relative contributions of different processes that contribute to
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adaptive divergence often remain unclear (e.g., Huey et al. 2000). In particular, the relative
importance of gene flow and drift should correlate with geographic distance: the
homogenizing effects of gene flow should be strong at shorter geographic distances, but
become less influential relative to random genetic drift at larger geographic distances. In
absence of invoking selection, phenotypic divergence among geographically distant
populations could also arise from a non-adaptive isolation-by-distance pattern (Gould and
Johnston 1972; Hutchison and Templeton 1999). The relative importance of selection and
neutral processes in phenotypic divergence along environmental gradients should then
depend on the spatial correlation between the selective environment and geographic distance.
QST - FST comparisons along environmental gradients should be a particularly
powerful tool to test for the relative importance of selection versus neutral processes, as they
do not only allow to test if phenotypic divergence is likely caused by selection, but also
allow inferences about what the selective agent might be (Whitlock 2008). If the phenotypic
divergence along the gradient is solely due to neutral isolation-by-distance, QST for the trait
and FST for neutral markers should show similar patterns of increase with increasing
differences in environment (Whitlock 2008). In contrast, if phenotypic divergence reflects
adaptation to a particular spatially varying environmental factor, QSTs should increase more
strongly than FSTs with increasing differences in a given environmental factor. When
accounting for neutral genetic variation, a significant increase in QST with increasing
differences in the environment would therefore suggest that the extent of environmental
differences correlates with the strength of divergent selection. However, most studies of QST
and FST comparisons along environmental gradients to date have used geographic distance as
a proxy for spatially correlated selection (Storz 2002; Palo et al. 2003; Saether et al. 2007;
Alho et al. 2010a; Alho et al. 2010b; Antoniazza et al. 2010). In studies on large scale clinal
variation, such as latitude, among geographically distant populations (Storz 2002; Palo et al.
2003; Alho et al. 2010a; Alho et al. 2010b; Antoniazza et al. 2010), distance might be a good
proxy for divergent natural selection. However, in comparisons of populations along shorter
geographic scales, local variation in several strong selective agents may not be accurately
reflected by geographic distance (Richter-Boix et al. 2010). Arguments about the role of
natural selection should therefore be greatly strengthened by measurements of putative
selective agents.
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Environmental stress, defined as an environment that lies outside the range of
preferred conditions and challenges an organism’s ability to maintain function (Ghalambor et
al. 2007), can be a powerful evolutionary force (Hoffmann and Parsons 1991).
Environmental stressors, such as extreme temperatures, drought or pollution, often vary on a
local scale, facilitating local adaptation (Reznick and Ghalambor 2001; Gomez-Mestre and
Tejedo 2003; Räsänen et al. 2003a; Gomez-Mestre and Tejedo 2004; Jimenez-Ambriz et al.
2007), and can alter the expression of phenotypic and genetic variation (Hoffmann and
Merilä 1999). However, to what extent phenotypic divergence along environmental stress
gradients reflects selection versus neutral processes has been rarely studied (but see GomezMestre and Tejedo 2004; Jimenez-Ambriz et al. 2007; Lee and Boulding 2010). Moreover, if
populations differ in their stress tolerance, as indicated by genotype  environment
interactions (G  E, Via and Lande 1985; Hoffmann and Parsons 1997; Pigliucci 2001), the
inferences on the relative role of selection vs. neutral processes in QST - FST comparisons
may be influenced by the environmental conditions under which the phenotype is expressed
(Palo et al. 2003; Gomez-Mestre and Tejedo 2004; Alho et al. 2010a). As G  Es are
ubiquitous (Via and Lande 1985; Pigliucci 2001), it is important to estimate quantitative
traits in different environments, especially under environmental conditions relevant to the
study (Palo et al. 2003; Porcher et al. 2004; Leinonen et al. 2008; Alho et al. 2010a; Alho et
al. 2010b).
Studies on the relationship between quantitative trait and neutral marker divergence
can also be important from a conservation biology perspective. Management decisions are
still often based purely on population genetic analyses (e.g., Moritz et al. 1995; Haig 1998;
Reed and Frankham 2001), whereas variation in quantitative traits is more likely to reflect
variation important for fitness (Lynch 1996; Storfer 1996). Meta-analyses of QST - FST
studies show that QSTs and FSTs tend to be correlated (Leinonen et al. 2008), but such
apparent correlations may indicate that both neutral markers and quantitative traits are
affected by neutral processes and/or that there is spatial autocorrelation between neutral
genetic divergence and the environmental factor that drives adaptive divergence in
quantitative traits (Leinonen et al. 2008; Alho et al. 2010a). More studies are clearly needed
to shed light on the factors that might influence QST - FST correlations.
The main aim of this study was to estimate the relative importance of divergent
natural selection and neutral genetic processes in quantitative trait divergence along an
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environmental stress gradient. We use correlations between population pairwise QSTs
(embryonic acid tolerance and larval life-history traits), FSTs (microsatellite markers) and
environmental differences (pond pH, latitude and predator density) on moor frog (Rana
arvalis) populations occurring along a 160km acidification gradient in southwestern Sweden.
Our previous studies along this gradient suggest adaptive divergence in embryonic and larval
traits, and that phenotypic divergence among populations is correlated with environmental
differences (acidity and other factors, chapter I). We made the following main predictions.
First, if the phenotypic divergence along the acidification gradient is solely due to neutral
isolation-by-distance, QSTs and FSTs should show similar patterns of increase with increasing
environmental differences. Second, if phenotypic divergence reflects adaptation to acidity,
QSTs should increase more strongly with increasing differences in breeding pond pH than
with FSTs. A significant increase in QSTs (after accounting for neutral divergence) with
increasing differences in pond pH would therefore suggest that the extent of differences in
breeding pond pH correlates with the strength of acidity mediated divergent selection. To
account for potential trait specific divergence and G  E interactions, we further investigated
to what extent inferences based on QST - FST correlations depend on the specific
environmental measures used and on the environment under which the phenotype is
expressed. Finally, we investigated to what extent divergence in quantitative traits and
neutral genetic markers are correlated in our study system.

Material and methods
Study system
R. arvalis is a ranid frog that occurs in the western Palaearctic in a wide range of
habitats and acidity levels (Glandt 2006). Breeding occurs in early spring, at higher latitudes
soon after spring snow melt (hence coinciding with peak acidity in acidified areas). Females
produce a single clutch per year, which is laid directly in water, and larvae hatch out from
the maternally derived egg capsules one-to-two weeks after fertilization. Tadpoles
metamorphose at the age of two-to-three months after which they become largely terrestrial
(Glandt 2006).
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Both natural and human induced acidity has strong lethal and sublethal effects on
organisms and are therefore expected to cause strong natural selection (Collier et al. 1990;
Räsänen et al. 2003a). Accordingly, our previous comparisons of R. arvalis between acid and
neutral environments suggest that environmental acidity drives divergence in maternal
investment (larger but fewer eggs in acid origin populations), embryonic acid tolerance
(higher survival of acid origin embryos at low pH), and larval life-history traits (faster
growth and slower development, and larger metamorphic size of acid origin larvae (Räsänen
et al. 2003a; Räsänen et al. 2005; Räsänen et al. 2008; chapter I). Quantitative genetic
crosses further indicate that divergence in embryonic acid tolerance is driven by maternal
effects (Räsänen et al. 2003b; Merilä et al. 2004; Persson et al. 2007, chapter III), whereas
divergence in larval traits is at least partially determined by genetic effects (chapter III).
Study populations and environmental variation
Seven populations along a ca. 160km transect in southwestern Sweden were used in
this study (Table 1, Fig. 1A & B; for further details see chapter I), that in previous studies
showed strong evidence for adaptive divergence in response to acidity. The strength of the
correlation between phenotypic divergence and breeding pond pH depends on the particular
trait under study (chapter I). All study populations inhabit permanent ponds or small lakes in
forested areas, with average breeding pond pH ranging from pH 4.0 - 7.3 (Table 1). The
exact acidification history of these specific ponds is not known, but studies on nearby lakes
show a mix of anthropogenic and natural acidification (Brodin 1993; Renberg et al. 1993).
Artificial liming to counteract acidification is common in the acidified areas (Guhren et al.
2007), and although none of the ponds is directly limed, some may have received input from
forest liming. The two most neutral sites (Rud and Stubberud) are naturally buffered due to
limestone bedrock (Table 1, Fig. 1A, see chapter I for further details). Primarily due to local
variation in the extent of liming and soil buffering capacity, pH of ponds can vary on a local
scale, suggesting that acidity mediated selection may vary locally and gene flow from
neighbouring ponds with a different pond pH is possible. However, to date this has not been
studied in detail.
Based on findings from a previous study (chapter I), three environmental measures
were selected as indicators of spatially varying selection: pond pH (strongly correlated with
divergence in embryonic acid tolerance and metamorphic mass), latitude (strongly correlated
with divergence in larval period) and gape limited predator density (correlated with
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divergence in lruval growth). pH was measured in April 2007, 2008 and 2009, and in May
and June 2009, with an Orion 9109WL electrode (The1m o Scientific, Inc.) attached to a
portable field pH-meter (Orion 260, Thermo Scientific). Average pH for each pond was
calculated as in chapter (I) across averages of April 2007, 2008 and 2009 (emb1yonic period)
and across averages of April 2007 and 2008, May and June 2009 (lruval period).
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Fig.l. A) Maps showing the location of the study region within Sweden (1ight hand side) and the location of
the seven R. m--valis populations (left hand side, solid dots) in relation to large scale anthropogenic
acidification histo1y. (Source: Swedish Environmental Protection Agency: http://www.intemat.environ.se/
index.php3). B) Pond pH of the study populations plotted against geographic distances from the Ku
population(= Okm). The paiiwise differences between each study population are given in Table 3.
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Table 1. Information on study R. avalis populations: coordinates (N/E), pond pH (mean ± SD), approximate number of breeding females (clutches) based on clutch
counts in 2007-2009, gape-limited predator density (individuals/five sweeps), allelic richness (mean ± SD), average observed heterozygosity (Ho), expected
heterozygosity (He, mean ± SD) and loci showing signs of a null allele.
a) Population

Latitude N

Longitude E

pond pH

Nr. clutches

Predator density

Allelic richness

Ho

He

Null alleles

Kungsbacka Ku)

57°49´69.90’’

12°06'02.23’’

4.9 ± 0.2

80

6.2

4.68 ± 3.02

0.60

0.64 ± 0.18

Tottajärn (To)

57°60´33.51’’

12°57'94.96’’

4.0 ± 0.2

100

1.5

4.73 ± 2.95

0.58

0.60 ± 0.25

Viskafors (Vi)

57°65´39.55’’

12°87'23.07’’

5.6 ± 0.3

270

3.8

4.70 ± 3.16

0.60

0.61 ± 0.24

Lomsjö (Lo)

57°76´32.37’’

12°88'42.22’’

4.0 ± 0.2

50

8.5

5.01 ± 3.14

0.56

0.63 ± 0.22

Bergsjö (Be)

58°20´10.07’’

13°48'42.59’’

6.1 ± 0.3

>500

2.2

5.13 ± 3.79

0.59

0.59 ± 0.24

Stubberud (St)

58°45´72.25’’

13°76'48.39’’

7.3 ± 0.2

250

5.3

4.82 ± 3.49

0.61

0.63 ± 0.19

REC

Rud (Ru)

58°59´07.65’’

13°79'05.51’’

7.0 ± 0.2

300

3.2

4.77 ± 2.93

0.50

0.58 ± 0.25

RtsB14

WRA160, RC1
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Table 2. Number of families used and phenotypic variation (mean ± SD embryonic survival, metamorphic mass, larval period growth) in different pH treatments
(pH 4.0=embryonic, ph 4.3 = larval). Data from common garden experiments in 2008 (08) and 2009 (09). Details for environmental measurements are given in text.
na = data not available.

b) Population

pH treatment

Embryonic experiment
Families
Survival
(N)
(%)
08
09
08

09

Larval experiment
Families
Mass
(N)
(mg)
08 09
08

09

Larval period
(days)
08
09

Growth
(mg/day)
08

09

Ku

pH 7.5
pH 4.0/4.3

8

9

96.9 ± 4.2
20.7 ± 15.6

92.7 ± 11.6
11.0 ± 9.5

8

9

698 ± 77
621 ± 55

424 ± 40
383 ± 54

61 ± 4
62 ± 5

66 ± 5
71 ± 6

11.5 ± 1.6
10.0 ± 1.1

6.4 ± 0.8
5.4 ± 0.6

To

pH 7.5
pH 4.0/4.3

5

8

97.9 ± 4.6
38.1± 22.0

98.8 ± 2.8
34.4 ± 21.4

5

9

775 ± 67
649 ± 82

453 ± 55
404 ± 68

62 ± 3
62 ± 4

65 ± 3
68 ± 5

12.5 ± 1.1
10.5 ± 1.5

7.0 ± 0.8
5.9 ± 0.7

Vi

pH 7.5
pH 4.0/4.3

6

0

99.6 ± 1.2
23.9 ± 20.3

na
na

6

0

719 ± 91
650 ± 92

na
na

60 ± 4
63 ± 5

na
na

12.1 ± 1.7
10.3 ± 1.5

na
na

Lo

pH 7.5
pH 4.0/4.3

11

12

97.6 ± 5.4
24.6 ± 19.0

98.6 ± 2.6
12.6 ± 12.7

11

11

724 ± 62
654 ± 53

451 ± 57
395 ± 47

57 ± 4
60 ± 4

67 ± 5
69 ± 5

12.7 ± 1.4
11.0 ± 1.1

6.8 ± 0.7
5.7 ± 0.6

Be

pH 7.5
pH 4.0/4.3

9

0

98.1 ± 3.3
16.9 ± 20.0

na
na

10

0

659 ± 52
592 ± 66

na
na

56 ± 3
59 ± 4

na
na

11.7 ± 0.9
10.1 ± 1.1

na
na

St

pH 7.5
pH 4.0/4.3

9

8

99.4 ± 1.4
7.6 ± 8.9

96.3 ± 7.1
3.4 ± 5.4

9

9

638 ± 67
575 ± 68

394 ± 37
340 ± 40

54 ± 4
57± 3

61 ± 4
68 ± 5

11.8 ± 1.2
10.2 ± 1.3

6.5 ± 0.6
5.0 ± 0.6

Ru

pH 7.5
pH 4.0/4.3

10

12

98.9 ± 3.8
7.1 ± 6.5

97.4 ± 4.5
7.1 ± 6.0

10

12

669 ± 76
598± 65

398 ± 41
343 ± 59

57 ±3.3
60 ± 4

61 ± 5
66 ± 5

11.8 ± 1.3
10.1 ± 1.3

6.5 ± 0.7
5.3 ± 0.9
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Predator density was estimated at each pond in mid May and mid June 2009 (see
chapter I for details). Within each pond, samples were taken at three equidistantly distributed
sites at each sampling occasion by making five sweeps at a depth of 0.5-1.5 m over a 2-3 m
distance along the shoreline. All invertebrate (aeshnid, libellulid and zygoptera larvae,
notonectid bugs and dytiscid beetles and beetle larvae) and vertebrate taxa (newts, Triturus
vulgaris and T. cristatus, and fishes) considered as potential predators were counted. The
average numbers of all taxa over the three sampling sites per pond in May and June was
taken as predator abundance in each pond. Different types of predators can cause different
selection on larval growth rates (e.g., Henrikson 1990; Urban 2007) and our previous finding
showed that density of gape limited predators was strongest related to divergence in growth
rate. We here therefore use density of gape limited predators (capable of catching only small
tadpoles: libellulid and zygopteran larvae, notonectids and newts, e.g., Van Buskirk and
Arioli 2005; K. Räsänen and A. Laurila, unpubl. data).
Latitude was gained from Google Earth (http://earth.google.com/). As latitude was
strongly correlated with geographic distance (Mantels r > 0.97, P <0.001), geographic
distance was used in the analyses to indicate latitudinally ordered environmental variation.
Common garden experiments
QST estimates were calculated from common garden experiments that were performed
to estimate the extent of phenotypic divergence (2008) and the quantitative genetic basis
(2009) of among population divergence along the acidification gradient (chapter I & II). All
seven populations were used in 2008, five of them also in 2009 (Table 2). For populations
where data was available for both years, data were pooled to increase the number of families
per population, and hence accuracy of the QST estimates (Whitlock and Guillaume 2009).
Similar experimental conditions were used in both years. The methods details for these
experiments are described elsewhere (chapter I & II) and we here only provide a short
summary. Adult frogs were collected from the wild, brought to Uppsala University, Sweden
(59°50`N, 17°50`E), and maintained in climate chambers at +2-4°C until crossed artificially
a few days later. Artificial mating prevented any bias due to differences in exposure in the
early environment and assured that the offspring in each family were full sibs. In males,
sperm production was stimulated with fish hormone LHRH (H-7525, Bachem Bioscience
Inc., Browne et al. 2006), whereas females were not treated with hormones as they had
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already ovulated. Sperm from males was collected into 0.9l plastic vials containing 10%
Amphibian Ringer solution and eggs from the females subsequently stripped into the sperm
solution and treated using standard procedures (Räsänen et al. 2003a).
Fertilized eggs were divided in the treatments after two hours from fertilization but
before the first cell cleavage. Embryos and tadpoles were reared in reconstituted soft water
(RSW) at two pH’s (acid: embryos pH 4.0; larvae pH 4.3; neutral: pH 7.5). RSW was used
untreated in the neutral treatment and adjusted with 1M H2SO4 in the acid treatments, and
changed every three (embryos) and two to three days (larvae) to maintain appropriate pH and
water quality (chapter I & II). The experiments were conducted in a walk in climate room
(+16°C) with a 17L: 7D photoperiod. For the embryonic experiment, 30-50 embryos per
replicate were reared in 0.9l plastic vials containing 0.5l of treatment water. Embryos were
reared from fertilization (day = 0) to day 12, i.e. when all the larvae had hatched and most
had reached the free-swimming stage (ca. Gosner stage 20; Gosner 1960). Survival of
embryos was recorded during each water change. For the larval experiment, a randomly
selected subset of tadpoles from each family was selected from the neutral embryonic
treatment (due to high mortality and potentially selective mortality in the acid treatment) as
soon as they had reached Gosner stage 25 (complete gill absorption and initiation of
independent feeding, Gosner 1960), which occurred 12 - 15 days after fertilization. The
tadpoles were randomly assigned to one of the two pH treatments and reared singly in 0.9l
opaque plastic vials containing 0.7 l of treatment water. They were fed ad libitum with finely
chopped and parboiled spinach every second to third day in conjunction with water change
and the amount of food was increased with increasing age of the tadpoles. When the tadpoles
approached metamorphosis (emergence of at least one front leg; Gosner stage 42) the vials
were checked daily.
The number of families for the embryonic and larval experiments over the two study
years ranged from six to 23 per population (Table 2). Within each year, the embryonic
experiment consisted of three replicates/family/treatment and the larval experiment of nine
replicates/family/treatment. Within both experiments and years, the experimental vials were
fully randomly distributed over three blocks (embryos: one replicate per family and
treatment per block, larvae: three replicates per family and treatment per block) according to
a known temperature gradient within the room. This design resulted in a total of 627
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experimental units for the embryonic (2008: 348, 2009: 279) and a total of 1559
experimental units for the larval experiment (2008: 1011, 2009: 548).
Final survival (day 12) was used in the statistical analyses of embryonic survival. Any
unfertilized eggs were determined in conjunction to first water change (day 3) and were
excluded from the survival analyses, as were any abnormal hatchlings. Embryonic survival
was estimated as healthy hatched larvae at day 12/total number of fertilized eggs in each
experimental unit. In the larval experiment, mass at metamorphosis, larval period and growth
rate was measured for each individual as described in chapter I. Wet mass was measured
with an electronic balance (to the nearest 0.1mg). Larval period was measured as the number
of days from Gosner stage 25 (day 0 of larval experiment) to metamorphosis. Average daily
growth rate (mg/day) was defined as the ratio of mass at metamorphosis/larval period.
Molecular genetic data
To estimate neutral genetic differentiation (FST; Weir and Cockerham 1984), genetic
variation was assessed for the same seven populations as for phenotypic traits. Embryos from
25 - 36 clutches at Gosner stage 10-19 were randomly collected in each population in 2007,
except in Stubberud, which was sampled in 2009. Only one embryo per clutch was used for
the genetic analyses to assure non-independence of the genetic material. 12 microsatellite
loci were used for the genetic analyses, RtCa2-22, RtCa25 (T. Garner, unpublished),
Rtempu6 (Rowe and Beebee 2001), WRA1-22, WRA1-28, WRA1-160, WRA6-8 (P. Arens,
unpublished, Genbank accession AJ1419881-84), RECALQ, RCO8604 and RCIDII (Vos et
al. 2001), RLaCa41 (Garner and Tomio 2001), RtsB14 (Berlin et al. 2000), RtµP (Pidancier
et al. 2002) and Gala 19 (Arioli 2007). Egg capsules were first removed from the eggs and
DNA extracted from embryos using a high salt extraction procedure (Aljanabi and Martinez
1997). Multiplexed polymerase chain reaction (PCR) amplifications were performed in a
total volume of 5µl containing some 50ng DNA template, 2.5μg PCR mix (QIAGEN
Multiplex PCR Kit), 1µl 10xprimer mix, 1.5µl RNAse-free water in a TProfessional Basic
(Biometra) thermal cycler. PCR profiles consisted of 15 min denaturation at 95°C followed
by 30-38 cycles of 30s denaturation at 94°C, 90s annealing at 50-50°C and 60s extension at
72°C with a final step of 30 minutes at 72°C. PCR products were visualized using an ABI
3739xI DNA analyzer (Applied Biosystems) and alleles were scored using GeneMapper
software v3.7 (Applied Biosystems). A total of 173 R. arvalis embryos (22-34 individuals
per population) were genotyped.
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Null alleles (Pemberton et al. 1995) can lead to unknown biases in estimates of allele
frequencies and population differences. Microchecker 2.2.3 (Van Oosterhout et al. 2004) was
used to test for the presence of null alleles, and potential genotyping errors due to stuttering
and allelic dropouts. Evidence for null alleles was detected in three populations at four
different markers (Table 1). Corrected allele frequencies for each locus and population
containing null alleles were estimated using the Brookfield Estimator 2 (Brookfield 1996),
under the assumption that the nonamplified samples represent null allele homozygotes. All
estimates of population differentiation were carried out using both the original (non-adjusted
for null-alleles) data and the adjusted data. As the results were qualitatively similar, we
present the results for the non-adjusted genotypes only. Arlequin (Excoffier et al. 2005) was
used to test for linkage disequilibrium between pairs of loci, to estimate the overall FST value
and to estimate expected and observed heterozygosities. Tests of departure from HardyWeinberg expectations were performed using the Markov chain method (Raymond and
Rousset 1995) with 10,000 permutations. FSTAT version 2.9.3.2 (Goudet 1995) was used to
estimate pairwise FST values and allelic richness. When multiple comparisons were made, a
sequential Bonferroni correction of the significance level was applied using a global
significance level of 0.05 (Rice 1989).
Statistical analyses
All statistical analyses were performed using SAS 9.2 (SAS Institute, Inc.). To test for
pH treatment effects and among population differences, mixed model analyses were
conducted with pH treatment, year, block (nested under year) and population as fixed factors
and family (nested under population) as a random factor. Embryonic survival was analyzed
using generalized linear mixed models with binomial errors, logit link function and
Kenward-Roger degrees of freedom method in the GLIMMIX procedure (Littell et al. 2006).
Metamorphic mass, larval period and growth rate were log-transformed to homogenize
variances and analyzed using mixed model analyses of variance using the MIXED procedure
and Kenward-Roger degrees of freedom method in SAS (Littell et al. 2006). To test for
phenotypic divergence within the rearing conditions (acid or neutral), the same analyses
were performed separately within each pH treatment. In these models the factors remained
the same as in the above models, but pH treatment was not included.
Quantitative trait divergence indices (PST or QST, see below) were generated based on
mixed model analyses. For embryonic survival, PSTs were extracted from generalized linear
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mixed models with binomial errors, logit link function in the GLIMMIX procedure.
Metamorphic mass, larval period and growth rate were log-transformed to homogenize
variances and QSTs extracted from mixed model analyses of variance using the MIXED
procedure. Estimates of pairwise differences among populations were extracted from the
mixed models for each trait and each pH treatment separately. In all models, year and block
(nested within year) were included as fixed factors and population and family (nested within
population) were included as random factors. Variance components were extracted from
these analyses and used for estimating QST using the equation (Spitze 1993; O'Hara and
Merilä 2005):
QST trait = Vb/(2Vw + Vb)
where Vb is the between population genetic variance and Vw the within population
genetic variance. Vb was obtained directly from the estimated variance component for the
population effect (between populations) and the within population variance (Vw) was
estimated using the among family variance component (Vf) and multiplying by two (Vw =
2Vf) as we used a full sib design (Roff 1997).
Population pairwise QSTs were calculated for each trait and within the two pH
treatments separately. Since our data are based on common garden rearing, the
environmental source of phenotypic variance that can bias QST estimates (Pujol et al. 2008)
can be excluded. However, since the data is based on full-sib analyses on F1 offspring from
adults collected from the wild, the genetic estimates are broad sense estimates of genetic
variance and can be influenced by non-additive genetic and maternal sources of variance
(Lynch and Walsh 1998). As divergence in embryonic acid tolerance in R. arvalis is driven
by maternal effects (Räsänen et al. 2003b; Persson et al. 2007) and it is not known to what
extent these reflect environmental versus genetic maternal effects, we here call population
differentiation in embryonic survival as PST (for phenotypic or pseudo - QST) as proposed by
Saether et al. (2007).
Mantel tests
Mantel tests and Partial mantel tests (Mantel 1967; Manly 1997) were used to analyze
correlations between geographic (distance) and environmental (pond pH and predator
density) variables and genetic (FST) and phenotypic (QST) components (Antoniazza et al.
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2010). The basic Mantel test examines the relationship between one dependent (e.g. QST-FST)
and one independent (e.g. geographic distance) variable matrix, whereas a partial Mantel test
allows comparisons among one dependent variable matrix and two (or more) independent
variable matrices (Mantel 1967; Manly 1997). All Mantel tests were performed in FSTAT
separately for the two pH treatments and the four phenotypic traits using 10`000
permutations. A correlation between pairwise FSTs and the geographic distance matrices was
first performed to test for an isolation-by-distance relationship. We then tested if neutral
genetic differentiation explained divergence in quantitative traits, by performing correlations
between population pairwise FSTs and QSTs. A simple way to then test if selection or neutral
processes are more likely to have driven phenotypic divergence is to correlate the matrix of
pairwise differences between QST and FST (QST-FST) with the matrix of environmental
differences (Antoniazza et al. 2010). This approach enables to test if phenotypic
differentiation along the pH gradient remains when accounting for neutral genetic variation.
Contrasting the correlations of FST and QST with environmental differences between pairs of
populations constitutes a more robust test of gradually varying selection than comparing an
overall value of QST and FST, as the latter comparison does not depend on the absolute
magnitudes of phenotypic and genetic differentiation. With this approach, selection is
inferred from a significant difference between the slopes of the respective regressions: if
divergent selection is stronger than neutral genetic processes, phenotypes will diverge more
markedly among populations with increasing environmental differences than populations
differ at neutral genetic markers (Antoniazza et al. 2010). If phenotypic divergence is only
due to neutral processes, the two matrices (QST-FST matrix and environmental difference
matrix) should be uncorrelated, whereas a positive correlation between them would strongly
indicate that selection by the environmental factor is driving phenotypic divergence
(Antoniazza et al. 2010).
Several environmental factors can vary along the acidity gradient and presumably
cause divergent selection. First, we asked if acidity drives phenotypic divergence along the
acidity gradient. Second, as pond acidity and geographic distance are correlated along this
gradient, we tested if phenotypic divergence is more strongly related to pond pH or to
geographic distance. Third, as our previous study suggested that divergence in larval period
is related to latitude and divergence in growth rate to gape limited predator density (chapter
I), we also tested if these correlations between phenotype and environment remain when
neutral genetic divergence is accounted for (by performing mantel tests comparing the
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pairwise QST - FST matrix to the matrix of pairwise geographic distances or differences in
predator density). However, as the differences in latitude and geographic distance are very
highly correlated along this acidification gradient (Mantel’s r = 0.97, P <0.001), we used
geographic distance as an indicator of geographically/latitudinally ordered selection. If more
than one habitat variable was correlated with a quantitative trait, partial Mantel tests were
subsequently performed with the pairwise QST- FST matrix as the dependent variable matrix
and the two habitat matrices as independent matrices to estimate which habitat variable best
explains phenotypic divergence in the quantitative trait when accounting for neutral genetic
processes.

Results
Phenotypic divergence
As the detailed tests of among population divergence in phenotypic traits are
presented elsewhere (chapter I & III), we here only provide a short summary of the trait
means and statistical results to confirm that these populations differ significantly even after
accounting for year variation. For all populations, low pH treatment reduced embryonic
survival (Table 2, pH treatment: P < 0.001), metamorphic size and growth rate, and
increased larval period (Table 2; pH treatment: all P < 0.001). The seven populations showed
clear divergence in all four traits at both acid and neutral pHs (Table 2; population main
effect: all P < 0.001), with the exception of embryonic survival at pH 7.5, which was very
similar among populations (range 95 to 99%, P = 0.290). In short, acid origin populations
had higher embryonic acid tolerance (survival at pH 4.0), larger metamorphic mass, faster
growth and slower development rates. Among population differences in larval traits were
roughly similar in both pH treatments (Table 2).
Neutral genetic differentiation
Variability in the 12 microsatellite markers ranged from one to 24 alleles per locus
and population, with an average of 6.2 alleles per locus and population. Population average
of allelic richness ranged from 4.45 - 5.40 and expected heterozygosity ranged from 0.581 to
0.637 (Table 1). There was evidence for the presence of null alleles in three populations at
four different loci, with no loci showing systematic presence of null alleles across
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populations (Table 1). Across loci, Lomsjö (Lo, acid pH origin) and Rud (Ru, neutral pH
origin) showed significant FIS values (0.11 and 0.13, respectively). When all populations
were pooled, none of the loci showed significant linkage disequilibrium.

Table 3. Population pairwise differences among seven R. arvalis populations in neutral markers (FST)
estimated with FSTAT (above the diagonal) and geographic distance (km) (below the diagonal). FST values
that are significant after Bonferroni corrections are shown in bold.
Ku
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Vi
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Be

St

Ru

Ku

X

0.026

0.041

0.024

0.029

0.035

0.044

To

33.3

X

0.026

0.027

0.019

0.044

0.042

Vi
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18.4

X

0.035

0.018
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0.032
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X
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0.028
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Fig. 2. Pairwise neutral genetic differentiation (FST) plotted against pairwise geographic distances
among seven R. arvalis population pairs.

78

The overall FST (0.017; P < 0.001) revealed low but significant genetic differentiation
among the seven populations. Pairwise FST values between populations ranged from 0.003 to
0.044 (Table 3), and were significantly different from zero except for three population pairs
(Table 3). There was a significant positive correlation between pairwise FSTs and
geographical distance (Mantel’s r = 0.56, P = 0.013, Fig. 2) suggesting isolation-by-distance
in these populations. There was also a significant positive correlation between pairwise FSTs
and difference in pond pH (Mantel’s r = 0.55, P = 0.015), which was most likely due to the
strong correlation between differences in pond pH and geographic distance (Mantel’s r =
0.62, P = 0.003). Additionally, pond pH was highly positively correlated with latitude
(Pearson’s r = 0.86, P = 0.012), but not significantly correlated with predator density
(Mantel’s r = -0.50, P = 0.254; all N = 7).
Comparisons of neutral genetic and quantitative trait differentiation
Overall, divergence in quantitative traits was higher than average divergence in
neutral markers (FST = 0.017) for all traits. Divergence in embryonic survival was about
eight times higher at pH 4.0 (PST = 0.139), but about four times smaller at pH 7.5 (PST =
0.004). Divergence in larval traits was about 14 times higher for metamorphic mass (QST at
pH 4.3 = 0.218, at pH 7.5 = 0.277) and about six times higher for growth rate (QST at pH 4.3
= 0. 123, at pH 7.5 = 0.105) at both pH’s, but for larval period about six times higher at pH
4.3 (QST = 0.113) and about 13 times higher at pH 7.5 (QST = 0.221).
Pairwise FSTs were significantly correlated with pairwise PSTs for embryonic survival
at pH 4.0 (Table 4a) and with QST for mass at metamorphosis at pH 4.3 (Table 4a), but only
marginally so for mass at metamorphosis at pH 7.5 (Table 4a). Pairwise FSTs were not
significantly correlated with pairwise PSTs for embryonic survival at pH 7.5, or QST for
growth rate and larval period at either pH 4.3 or pH 7.5 (Table 4a). These results suggest that
– in absence of accounting for environmental distances - neutral isolation-by-distance might
explain phenotypic divergence in embryonic acid tolerance and metamorphic mass.
QST divergence after controlling for neutral divergence
We next tested if pairwise QSTs were correlated with environmental differences after
accounting for neutral genetic differentiation - and whether they hence presumably have
diverged as a result of divergent selection.
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For embryonic survival, Mantel test was only produced for pH 4.0, as embryonic
survival at pH 7.5 did not show any divergence. For embryonic survival at pH 4.0, the PST FST matrix was strongly correlated with differences in pond pH and geographic distance (Fig.
3A & B, Table 4a). Partial Mantel tests including both geographic distance and pond pH
matrices revealed that only pond pH had a significant effect on PST divergence in embryonic
acid tolerance (Table 4b). This indicates that embryonic acid tolerance has diverged as a
result of acidity related divergent selection.
For larval traits, the QST - FST correlations, after accounting for the baseline level of
neutral genetic differentiation, differed among traits and between treatments. For
metamorphic mass, the QST - FST matrix was strongly correlated both with difference in pond
pH (Table 4a, Fig. 4A) and with geographic distance at both pH’s (Fig. 4B, Table 4a). Partial
Mantel tests including geographic distance and pond pH matrices revealed that the pairwise
QSTs - FSTs were more strongly correlated with differences in pond pH at both pH treatments.
This suggests that divergence in metamorphic size is a result of divergent selection by pond
pH and that this effect is independent of the rearing environment (Table 4b).
For larval period, the QST - FST matrices were correlated with differences in pond pH
at pH 7.5, but not at pH 4.3 (Fig. 5A, Table 4a), indicating environmental influences in
expression of phenotypic divergence. However, QST - FST matrices of larval period were
strongly correlated with difference in geographic distance at both pH treatments (Fig. 5B,
Table 4a). Partial mantel tests including both pond pH and geographic distance matrices
revealed that only geographic distance was significantly correlated with larval period QSTs FSTs at both pH’s (Table 4b), suggesting that among population divergence in larval period is
likely driven by selection that is more strongly correlated with geographic distance than with
pond pH. Because geographic distance and latitude are very highly correlated (and hence
were not included in the same Mantel test), the patterns for latitude and geographic distance
are indistinguishable (Fig. 5C). This indicates climate mediated selection or that the putative
selective agent strongly correlates with geographic distance/latitude.
For growth rate, QST - FST matrices were not correlated with differences in pond pH or
geographic distance (Fig. 6A & B, Table 4a). However, they were correlated with predator
density at pH 4.3 but not at pH 7.5 (Table 4a, Fig. 6C), suggesting predator density mediated
divergent selection on growth rate, but that the expression is environment dependent. As
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growth rate was not related to geographic distance or difference in pond pH, no partial
Mantel tests were performed for growth rate.

Table 4. a) Mantel and B) Partial Mantel tests for correlations between genetic (FST), geographic (distance),
environmental (pond pH or predation) and phenotypic trait (embryonic survival, metamorphic mass, larval
period and growth) distance matrices among seven R. arvalis populations. Matrix 1 are the dependent variable
matrices (QST or QST - FST), whereas matrix 2 and 3 are independent variable matrices (genetic, geographic or
environmental). Partial mantel tests were only performed when Matrix 1 was correlated with more then one
other of the independent matrices.
a) Mantel tests
Matrix1
Dependent
matrix
QST

Trait
Survival

QST - FST

Survival

Matrix 2
Treatment

pH 7.5
pH 4.0
Mass
pH 7.5
pH 4.3
Larval period pH 7.5
pH 4.3
Growth
pH 7.5
pH 4.3
pH 7.5
pH 4.0
pH 7.5
pH 4.0
Mass
pH 7.5
pH 4.3
pH 7.5
pH 4.3
Larval period pH 7.5
pH 4.3
pH 7.5
pH 4.3
Growth
pH 7.5
pH 4.3
pH 7.5
pH 4.3
pH 7.5
pH 4.3

Independent
matrix
FST
FST
FST
FST
FST
FST
FST
FST

R2

P

-0.15
0.58
0.39
0.53
0.34
0.22
0.14
0.23

2.1
33.8
15.0
27.5
11.4
4.9
1.9
5.3

0.523
0.008
0.077
0.015
0.138
0.330
0.570
0.326

-0.32
0.72
-0.19
0.61
0.66
0.77
0.50
0.57
0.51
0.06
0.66
0.47
0.01
0.29
-0.12
0.01

10.3 0.157
51.9 <0.001
3.7 0.446
37.1 0.004
44.0 0.002
59.3 <0.001
25.3 0.021
32.3 0.006
26.2 0.018
0.3 0.795
43.6 0.002
22.0 0.029
0.0 0.963
8.7 0.202
1.4 0.613
0.0 0.972

r

pond pH
pond pH
Geo. distance
Geo. distance
pond pH
pond pH
Geo. distance
Geo. distance
pond pH
pond pH
Geo. distance
Geo. distance
pond pH
pond pH
Geo. distance
Geo. distance
gapelim. predation
gapelim. predation

0.35
0.49

12.34
24.12

0.116
0.023

b) Partial Mantel tests
Matrix1
Dependent
matrix
QST - FST

Matrix 2
Trait
Survival
Mass

Treatment

pH 4.0
pH 7.5
ph 4.3
Larval period pH 7.5
ph 4.3

Independent
matrix
pond pH
pond pH
pond pH
Geo. distance
Geo. distance

Matrix 3
r
0.44
0.45
0.53
0.43
0.55

R

2

56.6
45.4
60.6
45.3
30.8

P
0.046
0.043
0.001
0.048
0.015

Independent
matrix
Geo. distance
Geo. distance
Geo. distance
pond pH
pond pH

r

P

0.22
0.12
0.12
0.13
-0.30

0.336
0.605
0.607
0.588
0.183
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Discussion
Studies of environmental gradients in conjunction with QST - FST comparisons can
provide a powerful means for inferring the relative role of divergent natural selection and
neutral process in phenotypic diversification (Storz 2002; Palo et al. 2003; Whitlock 2008;
Alho et al. 2010a; Antoniazza et al. 2010; Lee and Boulding 2010). We found that
quantitative trait divergence of R. arvalis along an acidification gradient is more strongly
correlated with environmental differences (acidity, latitude, and predation) than with neutral
genetic divergence – indicating that divergence is more likely driven by natural selection
than by neutral genetic processes. However, the relationship between trait divergence
(embryonic survival, larval life-history) and particular environmental factors depended on
the particular trait and was influenced by the rearing environment (i.e. G  E interactions).
We next discuss the strength of evidence for adaptive divergence along this environmental
gradient, as well the general implications of our study.
Evidence for adaptive divergence
Higher QSTs than FSTs seem to be rather the norm than the exception in natural
populations (Merilä and Crnokrak 2001; McKay and Latta 2002; Leinonen et al. 2008),
providing evidence for a general role of selection in driving phenotypic diversification
(Leinonen et al. 2008). In our study, divergence in FSTs revealed a significant but weak
isolation-by-distance pattern, suggesting that at the geographic distances studied here
(population pairwise geographic distances ca. 10-160km), ongoing or historical gene flow
has constrained neutral genetic differentiation between more closely situated populations
(Hutchison and Templeton 1999). However, QST divergence remained strong for all traits
even after statistically accounting for neutral genetic variation. Moreover, comparisons of
QST and FST differentiation together with environmental measurements (i.e. putative selective
agents) further showed that the extent of phenotypic divergence of R. arvalis along the
acidity gradient is strongly correlated with the extent of environmental differences – and
therefore presumably with the strength of divergent selection (Porcher et al. 2004). In
particular, divergence in embryonic acid tolerance (survival at pH 4.0) and metamorphic
mass were strongly correlated with differences in breeding pond pH, strengthening the
argument that environmental acidity (low pH or some correlated factor) selects for higher
embryonic acid tolerance (e.g., Räsänen et al. 2003a; Merilä et al. 2004; chapter I) and larger
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metamorphic size (e.g., Räsänen et al. 2005; chapter I). In contrast, divergence in larval
period was most strongly related to geographic distance/latitude, suggesting latitudinally
ordered climatic selection – or some other selective factor correlated with distance. The
northernmost populations had shorter larval periods than the southernmost populations and,
in light of previous evidence, we suggest that this pattern may have arisen due to latitudinally
mediated countergradient selection (Conover and Schultz 1995) on developmental rates, as is
commonly seen in amphibians (e.g., Berven and Gill 1983; Palo et al. 2003). In contrast with
most other amphibian studies, however, we did not find evidence for countergradient
selection on growth rate. Divergence in growth rates seems to be most strongly correlated
with predator abundance, with higher growth rates in populations with more gape limited
predators (chapter I, this study). This is in line with the suggestion that large body size
increases tadpole survival under gape limited predation (Urban 2007). However, more
detailed measurements of environmental variation as well as explicit tests of divergent
selection are needed to make conclusive statements on the nature of selection acting on R.
arvalis along this gradient.
Caveats and nuances in QST estimates
QST estimates, when used in their most strict sense, should be based on estimates of
additive genetic variance to avoid potential bias due to environmental variation, maternal
effects or non-additive genetic effects (O'Hara 2005). As we here used common garden
reared individuals, we can discard biases arising from direct environmental effects typical in
QST (PST) studies on individuals collected from the wild (Pujol et al. 2008). A potential
limitation in our study, however, is that it utilizes full sib-families and the QST estimates may
therefore be biased by maternal or non-additive genetic effects (e.g., Lopez-Fanjul et al.
2007).
With regard to embryonic acid tolerance, quantitative genetic studies on R. arvalis
have repeatedly shown that both within and among population variation is maternally
determined (Räsänen et al. 2003b; Merilä et al. 2004; Persson et al. 2007; chapter III). If
maternal effects are genetically determined, it is possible (using appropriate study designs) to
estimate maternal QSTs, and it has been suggested that maternal QSTs may be higher than
QSTs for traits determined by direct genetic effects (Perry et al. 2005). For our study system,
maternal effects on embryonic acid tolerance are mediated through the egg envelopes
surrounding the embryos (Räsänen et al. 2003b; Brunold 2010) and are clearly adaptive
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(Räsänen et al. 2003a). However, whether they are genetically determined or represent
environmentally induced transgenerational plasticity (Mousseau and Fox 1998) is currently
not known. Nevertheless, our data strengthen the argument that maternal effects can drive
local adaptation (Mousseau and Fox 1998; Räsänen and Kruuk 2007) and suggest that
maternally determined embryonic acid tolerance QSTs (PSTs) have similar levels of
divergence (average PST 4-10 fold higher than FST) than QSTs of traits primarily determined
by direct genetic effects (i.e. larval traits). However, studies confirming a genetic basis to the
maternal effects are needed for more conclusive evidence. Our study further suggests that
rather than treating maternal effects as nuisance parameters, maternal QST - FST comparisons
may shed further light on maternal effects as drivers of local adaptation (Perry et al. 2005).
With regard to larval traits, quantitative genetic studies of amphibians show that larval
traits typically have a genetic basis, but that both maternal effects and non-additive genetic
effects often contribute to trait divergence (Laugen et al. 2002; Laurila et al. 2002; Sommer
and Pearman 2003; Laugen et al. 2005; Relyea 2005; Uller et al. 2006). Along these lines,
our own data on R. arvalis along this gradient (chapter III) show that additive genetic,
together with maternal and non-additive genetic, effects determine phenotypic divergence in
metamorphic traits, but that the relative contribution of different source of variance differs
among pairs of populations. Maternal and non-additive genetic effects could therefore also
potentially bias larval QST estimates. However, with regard to maternal effects, their relative
contribution is much weaker than for embryonic traits. Moreover, several studies show that
non-additive effects may not introduce strong bias to QST – FST comparisons (Whitlock
2008), suggesting that larval QST estimates in our study are probably conservative.
Another important point to make is that any inferences about the extent of local
adaptation based on QST – FST contrasts may heavily depend on the trait under study
(Chenoweth and Blows 2008). As traits are often genetically correlated, it has been
suggested that - when there is divergence in multiple traits - a multivariate analogue of QST
may provide a more accurate picture of quantitative trait divergence among populations than
univariate QST analyses alone (Chenoweth and Blows 2008). Although all our univariate QST
analyses showed stronger divergence than FSTs, the divergence differed strongly among
traits. Divergence in embryonic acid tolerance and metamorphic mass correlated strongly
with differences in breeding pond pH, whereas divergence in larval period and larval growth
correlated more strongly with geographic distance/latitude and predation, respectively,
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suggesting that different traits may be under selection by different environmental variables.
Multivariate analyses to estimate within and among population genetic variance-covariance
matrices, together with direct selection experiments would further improve our
understanding on how multiple selective forces act on genetically correlated traits.
The expression of genetic and phenotypic variation and, subsequently, quantitative
genetic parameters are dependent on environmental conditions under which they are
estimated (Hoffmann and Merilä 1999; Hoffmann and Hercus 2000). We found that pairwise
PSTs of embryonic survival differed extremely between the two pH treatments (survival only
decreased in the low pH treatment), in accordance with environmentally dependent
expression of maternal effects (Räsänen and Kruuk 2007). In contrast, QSTs of metamorphic
size were similar in both pH treatments, whereas larval growth and larval period responded
differently to the pH treatments. This effect likely arose because of differences among
populations in larval acid stress tolerance (chapter I). Nevertheless, these results further
emphasize that inferences based on QST - FST comparisons from wild collected specimens
might be misleading (Saether et al. 2007; Pujol et al. 2008; Alho et al. 2010b) and under - or
overestimation of divergence is possible if the environment masks underlying genetic
divergence (Conover and Schultz 1995; Conover et al. 2009; Alho et al. 2010b). Moreover,
even studies using common garden rearing to investigate adaptive divergence and local
adaptation need to estimate quantitative trait variation under different environmental
conditions relevant to the study.
Does neutral genetic divergence reflect phenotypic divergence?
Because of the difficulty of gaining appropriate estimates of quantitative trait
divergence, neutral genetic markers are often used to evaluate distinctiveness of populations
and therefore their conservation value, such as evolutionary significant units (Moritz 1994;
Moritz 1995; Fraser and Bernatchez 2001). It has been suggested that the degree of genetic
differentiation in neutral markers may at least roughly predict the degree of differentiation in
genes coding for quantitative traits, as a positive correlation between FST and QST has been
found across different studies (Leinonen et al. 2008). We found low but significant neutral
genetic differentiation between most population pairs and an isolation-by-distance
relationship for FST. Despite clear divergence in all larval traits, and among most populations
in neutral markers, the extent of correlation between neutral marker divergence and
quantitative trait divergence was inconsistent. First, pairwise QSTs of larval period and
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growth rate were not significantly correlated with neutral genetic differentiation. In contrast,
pairwise PSTs of embryonic survival at pH 4.0 and QSTs of metamorphic mass were
positively (marginally significant at pH 7.5) correlated with neutral genetic differentiation.
However, differences in pond pH and latitude correlated positively with geographic distance,
whereby strength of divergent selection and neutral genetic processes are spatially
autocorrelated (Storz 2002; Antoniazza et al. 2010). Such correlations between strength of
selection and geographic distance might explain why FSTs often correlate with QSTs. A more
powerful approach to investigate correlations between neutral marker and quantitative trait
divergence might therefore be to study populations that are under divergent selection, but
where the selective agent is not correlated with geographic distance (Richter-Boix et al.
2010). Our results therefore further emphasize that both neutral markers and phenotypic
traits should be considered in conservation issues and management decisions (e.g., Lynch
1996; Storfer 1996; Palo et al. 2003).
Conclusions
By comparing pairwise QSTs, FSTs, and environmental differences among local
populations along a relatively short environmental gradient, we suggest that phenotypic
divergence of R. arvalis along an acidification gradient is most likely driven by divergent
natural selection than by neutral genetic processes. Moreover, our study suggests that a range
of selective factors may be acting at the geographic scale of our study populations: acid
stress (low pH) seems to enforce selection both through lethal and sublethal effects and at
different life-stages (embryonic survival and metamorphic mass), whereas seasonal time
constraints may drive increases in developmental rates in the north, and predator mediated
selection divergence in growth rates. To test how selection acts through such a multitude of
selective forces and on a set of correlated traits clearly calls for explicit tests. We argue that
inferences on adaptive divergence/local adaptation from QST - FST comparisons can be
strengthened by including measurements of environmental variation under a range of
relevant environmental conditions. We also provide further evidence that studies conducted
under single environments may be inaccurate and that studies of neutral marker divergence
may not always reflect accurately divergence in traits relevant for fitness.

89

Acknowledgements
We thank Beatrice Lindgren, Andrés Egea-Serrano, Tove Nielson, Nicole Hatt and
Claudio Brunold for invaluable help with the field and laboratory work, as well as all
landowners for permission to use their sites. The molecular analyses were conducted in the
Genetic Diversity Centre of ETH Zurich. The experiments were conducted under
permissions from the county boards in Halland and Västra Götaland counties and from the
Ethical committee for animal experiments in Uppsala county. This study was supported by
grants from Swiss National Science foundation (to KR) and Swedish Research Council
Formas (to AL and KR).

References
Alho, J. S., G. Herczeg, A. T. Laugen, K. Räsänen, A. Laurila, and J. Merilä. 2010a. Allen`s rule
revisited: quantitative genetics of extremity length in the common frog along a latitudinal
gradient. Journal of Evolutionary Biology 24:59-70.
Alho, J. S., G. Herczeg, F. Söderman, A. Laurila, J. Jonsson, and J. Merilä. 2010b. Increasing
melanism along a latitudinal gradient in a widespread amphibian: local adaptation,
ontogenic or environmental plasticity? BMC Evolutionary Biology 10:317.
Aljanabi, S. M., and I. Martinez. 1997. Universal and rapid salt-extraction of high quality genomic
DNA for PCR-based techniques. Nucleic Acids Research 25:4692-4693.
Antoniazza, S., R. Burri, L. Fumagalli, J. Goudet, and A. Roulin. 2010. Local adaptation maintains
clinal variation in melanin-based coloration of European barn owls (Tyto Alba). Evolution
64:1944-1954.
Antonovics, J., and A. D. Bradshaw. 1970. Evolution in closely adjacent plant populations. VIII.
Clinal patterns at a mine boundary. Heredity 25:349-362.
Arioli, M. 2007. Reproductive patterns and population genetics in pure hybridogenetic water frog
populations of Rana eculenta. Ph.D. thesis. Univ. of Zurich, Ecology department. Available
at www.dissertationen.unizh.ch.
Berlin, S., J. Merilä, and H. Ellegren. 2000. Isolation and characterization of polymorphic
microsatellite loci in the common frog, Rana temporaria. Molecular Ecology 9:1938-1939.
Berven, K. A., and D. E. Gill. 1983. Interpreting geographic variation in life-history traits.
American Zoologist 23:85-97.
Brodin, Y.-W. 1993. Acidification - an everlasting problem or is there hope? The environment in
Sweden. Swedish Environmental Protection Agency, Värnamo, Sweden.
Brookfield, J. F. Y. 1996. A simple new method for estimating null allele frequency from
heterozygote deficiency. Molecular Ecology 5:453-455.
Browne, R. K., J. Seratt, C. Vance, and A. Kouba. 2006. Hormonal priming, induction of
ovulation and in-vitro fertilization of the endangered Wyoming toad (Bufo baxteri).
Reproductive Biology and Endocrinology 4.
Brunold, C. 2010. Acid stress tolerance and adaptive maternal effects of Rana arvalis and Rana
temporaria. Master thesis, ETH-Zurich.
Chenoweth, S. F., and M. W. Blows. 2008. Q(ST) meets the G matrix: The dimensionality of
adaptive divergence in multiple correlated quantitative traits. Evolution 62:1437-1449.
Collier, K. J., O. J. Ball, A. K. Graesser, M. R. Main, and M. J. Winterbourn. 1990. Do organic
and anthropogenic acidity have similar effects on aquatic fauna? Oikos 59:33-38.
90

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. The Year in Evolutionary Biology
2009. Annals of the New York Academy of Sciences 1168: 100-129.
Conover, D. O., and E. T. Schultz. 1995. Phenotypic similarity and the evolutionary significance
of countergradient variation. Trends in Ecology & Evolution 10:248-252.
Endler, J. A. 1986. Natural selection in the wild. Princeton University Press, Princeton, NJ.
Excoffier, L., G. Laval, and S. Schneider. 2005. Arlequin ver. 3.0: An integrated software package
for population genetics data analysis. Evolutionary Bioinformatics Online 1: 47-50.
Fisher, R. A. 1930. The genetic theory of natural selection. Clarendon Press, Oxford.
Fraser, D. J., and L. Bernatchez. 2001. Adaptive evolutionary conservation: towards a unified
concept for defining conservation units. Molecular Ecology 10:2741-2752.
Ghalambor, C. K., J. K. McKay, S. P. Carroll, and D. N. Reznick. 2007. Adaptive versus nonadaptive phenotypic plasticity and the potential for contemporary adaptation in new
environments. Functional Ecology 21:394-407.
Garant, D., L. E. B. Kruuk, R. H. McCleery, and B. C. Sheldon. 2007. The effects of
environmental heterogeneity on multivariate selection on reproductive traits in female great
tits. Evolution 61:1546-1559.
Garner, T. W. J., and G. Tomio. 2001. Microsatellites for use in studies of the Italian Agile Frog,
Rana latastei (Boulenger). Conservation Genetics 2:77-80.
Gilchrist, A. S., and L. Partridge. 1999. A comparison of the genetic basis of wing size divergence
in three parallel body size clines of Drosophila melanogaster. Genetics 153:1775-1787.
Glandt, D. 2006. Der Moorfrosch. Einheit und Vielfalt einer Braunfroschart. Beiheft der
Zeitschrift für Feldherpetologie 10, Bielefeld (Laurenti Verlag).
Gomez-Mestre, I., and M. Tejedo. 2003. Local adaptation of an anuran amphibian to osmotically
stressful environments. Evolution 57:1889-1899.
Gomez-Mestre, I., and M. Tejedo. 2004. Contrasting patterns of quantitative and neutral genetic
variation in locally adapted populations of the natterjack toad, Bufo calamita. Evolution
58:2343-2352.
Gosner, K. L. 1960. A simplified table for staging anuran embryos and larvae with notes on
identification. Copeia 1960:183-190.
Goudet, J. 1995. FSTAT (Version 1.2): A computer program to calculate F-statistics. Journal of
Heredity 86:485-486.
Gould, S. J., and R. F. Johnston. 1972. Geographic variation. Annual Review of Ecology and
Systematics 3:485-486.
Guhren, M., C. Bigler, and I. Renberg. 2007. Liming placed in a long-term perspective: a
paleolimnological study of 12 lakes in the Swedish liming program. Journal of
Paleolimnology 37:247-258.
Haig, S. M. 1998. Molecular contributions to conservation. Ecology 79:413-425.
Henrikson, B. I. 1990. Predation on amphibian eggs and tadpoles by common predators in
acidified lakes. Holarctic Ecology 13:201-206.
Hereford, J. 2009. A quantitative survey of local adaptation and fitness trade-offs. American
Naturalist 173:579-588.
Hoffmann, A. A., and M. J. Hercus. 2000. Environmental stress as an evolutionary force.
Bioscience 50:217-226.
Hoffmann, A. A., and J. Merilä. 1999. Heritable variation and evolution under favourable and
unfavourable conditions. Trends in Ecology & Evolution 14:96-101.
Hoffmann, A. A., and P. A. Parsons. 1991. Evolutionary genetics and environmental stress.
Oxford Univ. Press, Oxford, U.K.
Hoffmann, A. A., and P. A. Parsons. 1997. Extreme environmental change and evolution.
Cambridge University Press, Cambridge, U.K.
Huey, R. B., G. W. Gilchrist, M. L. Carlson, D. Berrigan, and L. Serra. 2000. Rapid evolution of a
geographic cline in size in an introduced fly. Science 287:308-309.
91

Hutchison, D. W., and A. R. Templeton. 1999. Correlation of pairwise genetic and geographic
distance measures: Inferring the relative influences of gene flow and drift on the distribution
of genetic variability. Evolution 53:1898-1914.
Jimenez-Ambriz, G., C. Petit, I. Bourrie, S. Dubois, I. Olivieri, and O. Ronce. 2007. Life history
variation in the heavy metal tolerant plant Thlaspi caerulescens growing in a network of
contaminated and noncontaminated sites in southern France: role of gene flow, selection and
phenotypic plasticity. New Phytologist 173:199-215.
Jones, L. P., R. Frankham, and J. S. F. Barker. 1968. Effects of population size and selection
intensity in selection for a quantitative character in Drosophila .2. Long-term response to
selection. Genetical Research 12:249-266.
Kawecki, T. J., and D. Ebert. 2004. Conceptual issues in local adaptation. Ecology Letters 7:12251241.
Lande, R. 1976. Natural selection and random genetic drift in phenotypic evolution. Evolution
30:314-334.
Lande, R. 1992. Neutral theory of quantitative genetic variance in an island model with local
extinction and colonization. Evolution 46:381-389.
Laugen, A. T., L. E. B. Kruuk, A. Laurila, K. Räsänen, J. Stone, and J. Merilä. 2005. Quantitative
genetics of larval life-history traits in Rana temporaria in different environmental
conditions. Genetical Research 86:161-170.
Laugen, A. T., A. Laurila, and J. Merilä. 2002. Maternal and genetic contributions to geographical
variation in Rana temporaria larval life-history traits. Biological Journal of the Linnean
Society 76:61-70.
Laurila, A., S. Karttunen, and J. Merilä. 2002. Adaptive phenotypic plasticity and genetics of
larval life histories in two Rana temporaria populations. Evolution 56:617-627.
Lee, H. J., and E. G. Boulding. 2010. Latitudinal clines in body size, but not in thermal tolerance
or heat-shock cognate 70 (HSC70), in the highly-dispersing intertidal gastropod Littorina
keenae (Gastropoda: Littorinidae). Biological Journal of the Linnean Society 100:494-505.
Leinonen, T., R. B. O'Hara, J. M. Cano, and J. Merilä. 2008. Comparative studies of quantitative
trait and neutral marker divergence: a meta-analysis. Journal of Evolutionary Biology 21:117.
Lenormand, T. 2002. Gene flow and the limits to natural selection. Trends in Ecology & Evolution
17:183-189.
Littell, R. C., G. A. Milliken, R. D. Stroup, R. D. Wolfinger, and O. Schabenberger. 2006. SAS for
mixed models. Second edition. SAS Institute, Cary, North Carolina, USA.
Lopez-Fanjul, C., A. Fernandez, and M. A. Toro. 2007. The effect of dominance on the use of the
Q(ST)-F(ST) contrast to detect natural selection on quantitative traits. Genetics 176:725727.
Lynch, M. 1996. A quantitative-genetic perspective on conservation issues. Pp 471-501 in: Avise
JC, Hamrick JL, eds. Conservation genetics. New York: Chapman & Hall.
Lynch, M., and B. Walsh. 1998. Genetics and analysis of quantitative traits. Sinauer, Sunderland.
Manly, B. F. J. 1997. Randomization and Monte Carlo Methods in Biology, 2nd edition. Chapman
& Hall, London.
Mantel, N. 1967. Detection of disease clustering and a generalized regression approach. Cancer
Research 27:209-&.
McKay, J. K., and R. G. Latta. 2002. Adaptive population divergence: markers, QTL and traits.
Trends in Ecology & Evolution 17:285-291.
Merilä, J., and P. Crnokrak. 2001. Comparison of genetic differentiation at marker loci and
quantitative traits. Journal of Evolutionary Biology 14:892-903.
Merilä, J., F. Söderman, R. O'Hara, K. Räsänen, and A. Laurila. 2004. Local adaptation and
genetics of acid-stress tolerance in the moor frog, Rana arvalis. Conservation Genetics
5:513-527.
Moritz, C. 1994. Defining evolutionarily-significant-units for conservation. Trends in Ecology &
Evolution 9:373-375.
92

Moritz, C. 1995. Uses of molecular phylogenies for conservation. Philosophical Transactions of
the Royal Society of London Series B-Biological Sciences 349:113-118.
Moritz, C., S. Lavery, and R. Slade. 1995. Using allele frequency and phylogeny to define units
for conservation and management. Pp. 249-262 in J. L. Nielsen, ed. Evolution and the
Aquatic Ecosystem: Defining Unique Units in Population Conservation.
Mousseau, T. A., and C. W. Fox. 1998. The adaptive significance of maternal effects. Trends in
Ecology & Evolution 13:403-407.
O'Hara, R. B. 2005. Comparing the effects of genetic drift and fluctuating selection on genotype
frequency changes in the scarlet tiger moth. Proceedings of the Royal Society B-Biological
Sciences 272:211-217.
O'Hara, R. B., and J. Merilä. 2005. Bias and precision in Q(ST) estimates: Problems and some
solutions. Genetics 171:1331-1339.
Palo, J. U., R. B. O'Hara, A. T. Laugen, A. Laurila, C. R. Primmer, and J. Merilä. 2003.
Latitudinal divergence of common frog (Rana temporaria) life history traits by natural
selection: evidence from a comparison of molecular and quantitative genetic data. Molecular
Ecology 12:1963-1978.
Pemberton, J. M., J. Slate, D. R. Bancroft, and J. A. Barrett. 1995. Nonamplifying alleles at
microsatellite loci - a caution for parentage and population studies. Molecular Ecology
4:249-252.
Perry, G. M. L., C. Audet, and L. Bernatchez. 2005. Maternal genetic effects on adaptive
divergence between anadromous and resident brook charr during early life history. Journal
of Evolutionary Biology 18:1348-1361.
Persson, M., K. Räsänen, A. Laurila, and J. Merilä. 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.
Pidancier, N., P. Gauthier, C. Miquel, and F. Pompanon. 2002. Polymorphic microsatellite DNA
loci identified in the common frog (Rana temporaria, Amphibia, Ranidae). Molecular
Ecology Notes 2:304-305.
Pigliucci, M. 2001. Syntheses in Ecology and Evolution. Phenotypic plasticity: Beyond nature and
nuture. Hohns Hopkins University Press; Johns Hopkins University Press.
Porcher, E., T. Giraud, I. Goldringer, and C. Lavigne. 2004. Experimental demonstration of a
causal relationship between heterogeneity of selection and genetic differentiation in
quantitative traits. Evolution 58:1434-1445.
Pujol, B., A. J. Wilson, R. I. C. Ross, and J. R. Pannell. 2008. Are Q(ST)-F(ST) comparisons for
natural populations meaningful? Molecular Ecology 17:4782-4785.
Räsänen, K., and A. P. Hendry. 2008. Disentangling interactions between adaptive divergence and
gene flow when ecology drives diversification. Ecology Letters 11:624-636.
Räsänen, K., and L. E. B. Kruuk. 2007. Maternal effects and evolution at ecological time-scales.
Functional Ecology 21:408-421.
Räsänen, K., A. Laurila, and J. Merilä. 2003a. Geographic variation in acid stress tolerance of the
moor frog, Rana arvalis. I. Local adaptation. Evolution 57:352-362.
Räsänen, K., A. Laurila, and J. Merilä. 2003b. Geographic variation in acid stress tolerance of the
moor frog, Rana arvalis. II. Adaptive maternal effects. Evolution 57:363-371.
Räsänen, K., A. Laurila, and J. Merilä. 2005. Maternal investment in egg size: environment- and
population-specific effects on offspring performance. Oecologia 142:546-553.
Räsänen, K., F. Söderman, A. Laurila, and J. Merilä. 2008. Geographic variation in maternal
investment: Acidity affects egg size and fecundity in Rana arvalis. Ecology 89:2553-2562.
Raymond, M., and F. Rousset. 1995. An exact test for population differentiation. Evolution
49:1280-1283.
Reed, D. H., and R. Frankham. 2001. How closely correlated are molecular and quantitative
measures of genetic variation? A meta-analysis. Evolution 55:1095-1103.
Relyea, R. A. 2005. The heritability of inducible defenses in tadpoles. Journal of Evolutionary
Biology 18:856-866.
93

Renberg, I., T. Korsman, and H. J. B. Birks. 1993. Prehistoric increases in the pH of acid-sensitive
Swedish lakes caused by land-use changes. Nature 362:824-827.
Reznick, D. N., and C. K. Ghalambor. 2001. The population ecology of contemporary adaptations:
what empirical studies reveal about the conditions that promote adaptive evolution. Genetica
112:183-198.
Rice, W. R. 1989. Analyzing tables of statistical tests. Evolution 43:223-225.
Richter-Boix, A., C. Teplitsky, B. Rogell, and A. Laurila. 2010. Local selection modifies
phenotypic divergence among Rana temporaria populations in the presence of gene flow.
Molecular Ecology 19:716-731.
Roff, D. 1997. Evolutionary quantitative genetics, Chapman and Hall: New York.
Rowe, G., and T. J. C. Beebee. 2001. Polymerase chain reaction primers for microsatellite loci in
the common frog, Rana temporaria. Molecular Ecology Notes 1:6-7.
Saether, S. A., P. Fiske, J. A. Kalas, A. Kuresoo, L. Luigujoe, S. B. Piertney, T. Sahlman, and J.
Hoglund. 2007. Inferring local adaptation from Q(ST)-F(ST) comparisons: neutral genetic
and quantitative trait variation in European populations of great snipe. Journal of
Evolutionary Biology 20:1563-1576.
Sommer, S., and P. B. Pearman. 2003. Quantitative genetic analysis of larval life history traits in
two alpine populations of Rana temporaria. Genetica 118:1-10.
Spitze, K. 1993. Population-structure in Daphnia-obtusa - quantitative genetic and allozymic
variation. Genetics 135:367-374.
Storfer, A. 1996. Quantitative genetics: A promising approach for the assessment of genetic
variation in endangered species. Trends in Ecology & Evolution 11:343-348.
Storz, J. F. 2002. Contrasting patterns of divergence in quantitative traits and neutral DNA
markers: analysis of clinal variation. Molecular Ecology 11:2537-2551.
Uller, T., J. Sagvik, and M. Olsson. 2006. Crosses between frog populations reveal genetic
divergence in larval life history at short geographical distance. Biological Journal of the
Linnean Society 89:189-195.
Urban, M. C. 2007. The growth-predation risk trade-off under a growing gape-limited predation
threat. Ecology 88:2587-2597.
Van Buskirk, J., and M. Arioli. 2005. Habitat specialization and adaptive phenotypic divergence of
anuran populations. Journal of Evolutionary Biology 18:596-608.
Van Oosterhout, C., W. F. Hutchinson, D. P. M. Wills, and P. Shipley. 2004. MICRO-CHECKER:
software for identifying and correcting genotyping errors in microsatellite data. Molecular
Ecology Notes 4:535-538.
Via, S., and R. Lande. 1985. Genotype-environment interaction and the evolution of phenotypic
plasticity. Evolution 39:505-522.
Vos, C. C., A. G. Antonisse-De Jong, P. W. Goedhart, and M. J. M. Smulders. 2001. Genetic
similarity as a measure for connectivity between fragmented populations of the moor frog
(Rana arvalis). Heredity 86:598-608.
Weir, B. S., and C. C. Cockerham. 1984. Estimating F-Statistics for the Analysis of PopulationStructure. Evolution 38:1358-1370.
Whitlock, M. C. 1999. Neutral additive genetic variance in a metapopulation. Genetical Research
74:215-221.
Whitlock, M. C. 2008. Evolutionary inference from Q(ST). Molecular Ecology 17:1885-1896.
Whitlock, M. C., and F. Guillaume. 2009. Testing for Spatially Divergent Selection: Comparing
Q(ST) to F(ST). Genetics 183:1055-1063.
Wright, S. 1931. Evolution in Mendelian populations. Genetics 16:0097-0159.

94

Chapter III:
Adaptive divergence of the moor frog (Rana arvalis) along an acidification gradient
III: Quantitative genetics
Sandra Hangartner, Anssi Laurila & Katja Räsänen

95

Abstract
To understand the drivers of phenotypic diversification, we need a better
understanding of the relative contributions of different sources of phenotypic variation (i.e.
direct genetic effects, maternal and environmental effects). Environmental stress, such as
natural and human induced acidity, can cause strong divergent selection and influence the
expression of genetic and phenotypic variation. Adaptive divergence in embryonic and
larval fitness traits in response to acidification has been demonstrated in amphibians, but
the quantitative genetic basis of this divergence is largely unknown. We tested for the
relative contribution of maternal and direct genetic effects to divergence in embryonic acid
tolerance and larval life history traits (viz. growth, age and size at metamorphosis) in the
moor frog (Rana arvalis) inhabiting an acidification gradient in southwestern Sweden. We
performed reciprocal crosses between three population pairs (one acid and one neutral
population in each) and reared embryos (from fertilization to hatching) and larvae (from
hatching to metamorphosis) at two pH’s (embryos: pH 4.0 and 7.5, larvae: pH 4.3 and pH
7.5) in a laboratory common garden experiment. Divergence in embryonic acid tolerance
was consistently determined by maternal effects, whereas direct genetic and maternal
effects contributed to divergence in larval life-history traits. However, the relative
contribution of maternal, additive genetic and non-additive effects to larval trait divergence
differed among the population pairs and depended on the environmental conditions where
the phenotypes were expressed. Our results suggest that both maternal and direct genetic
effects make an important contribution to adaptive divergence along the acidification
gradient, but that their relative contribution to phenotypic divergence can differ strongly
among populations. We discuss the implications of variation in the quantitative genetic
basis of adaptive divergence for maintenance of local adaptation, in particular in the
context of fitness of migrants and hybrids.
Keywords: acid tolerance, amphibians, environmental stress, hybrid fitness, maternal
effects, quantitative genetics

96

Introduction
Adaptive divergence between contemporary populations inhabiting different
environments is common (Reznick and Ghalambor 2001; Kawecki and Ebert 2004;
Leinonen et al. 2008), but little is still known about the proximate and ultimate
mechanisms mediating divergence among local populations (e.g., Schluter 2000a).
Traditionally, additive genetic effects were viewed as the fuel of adaptation (Fisher 1930),
but recent theoretical and empirical evidence suggests that non-additive genetic effects
(Lynch and Walsh 1998; Wolf et al. 2004), epigenetic effects (e.g., Bossdorf et al. 2008),
as well as parental effects (Mousseau and Fox 1998; Räsänen and Kruuk 2007; Badyaev
and Uller 2009; Mousseau et al. 2009) can be a powerful evolutionary force. For instance,
epistatic gene interactions promote coevolution of alleles at different loci, which can play
an important role in the maintenance of genetic variation, adaptive divergence and in
conservation genetics (Wright 1977; Fenster et al. 1997; Wolf et al. 2004). Likewise,
maternal effects, defined as phenotypic variation in individuals that is the result of the
mother’s phenotype rather than offspring`s own genes or environment (Roff 1998) are
often under strong natural selection (Mousseau and Fox 1998; Räsänen et al. 2003b;
Badyaev 2009; Pfennig and Martin 2009), and can alter trait evolution and facilitate rapid
local adaptation (Kirkpatrick and Lande 1989; Wade 1998; Räsänen and Kruuk 2007).
Moreover, the amount of genetic variation of a trait, as well as genetic correlations
between traits, can cause variation in the genetic basis of divergence (Arnold 1992).
However, the relative contribution of direct genetic (additive and non-additive) and
maternal effects, as well as the consistency of the quantitative genetic architecture between
populations showing parallel phenotypic divergence remains poorly understood in most
natural systems (e.g., Bradshaw and Holzapfel 2000).
The genetic architecture of trait divergence can have important consequences for
fitness of migrants and hybrids, and therefore on gene flow between local populations
(Rundle and Nosil 2005; Pfennig et al. 2007). Direct selection against migrants among
locally adapted populations is expected to constrain gene flow and to contribute to
reproductive isolation (e.g., Nagy and Rice 1997; Via et al. 2000; Hendry 2004; Nosil and
Crespi 2004; Nosil et al. 2005). Hybrid fitness is an important component in maintaining
local gene pools (Dobzhansky 1936), and can be affected both by endogenous (hybrid
97

fitness depends on innate genetic viability) or exogenous factors (hybrids fitness depends
on the ecological context; e.g., Rundle and Whitlock 2001). For instance, from the
“purely” genetic point of view, hybrids may show hybrid vigor in populations suffering
from inbreeding depression (e.g., Whitlock et al. 2000), or outbreeding depression due to
genetic incompatibilities among locally adapted genomes (e.g., Templeton et al. 1986;
Dybdahl et al. 2008). Ecological selection against hybrids (and therefore gene flow)
between ecologically divergent populations or species is expected to occur due to the
intermediacy of the hybrid phenotype, whereby hybrids should have lower fitness than the
native parental types in either parental environment (Hendry et al. 2001; Nosil et al. 2005;
Bolnick and Nosil 2007). However, to what extent the relative fitness of migrants and
natives is determined by the underlying genetic architecture of trait divergence is largely
an open question.
Environmental stress, defined as an environment that lies outside the range of
preferred conditions and challenges an organism’s ability to maintain function (Ghalambor
et al. 2007), can be a powerful evolutionary force (Hoffmann and Parsons 1997), and,
accordingly, there is increasing evidence for adaptation to stressful environments
(reviewed in Palumbi 2001; Reznick and Ghalambor 2001). In addition to causing direct
selection, environmental variation can influence the expression of phenotypic and genetic
variation (Hoffmann and Merilä 1999; Charmantier and Garant 2005) and subsequently the
relative contributions of different sources of phenotypic variance (Jinks et al. 1973;
Armbruster and Reed 2005; Bradshaw et al. 2005). Likewise, inbreeding or outbreeding
depression (e.g., Armbruster and Reed 2005), as well as the relative fitness differences of
pure and hybrids types between ecologically divergent populations (e.g., Via et al. 2000),
may depend on the environment where the phenotype is expressed. Because genotype 
environment interactions are common (Via and Lande 1985), the relative importance of
different sources of phenotypic variation and their dependency on the environment where
the phenotype is expressed can have fundamental consequences for the maintenance of
local adaptation and speciation (Fenster et al. 1997; Wade 1998; Kennington et al. 2001;
Crispo 2008). Any studies on quantitative genetic architecture of phenotypic divergence
should therefore be conducted under multiple environmental conditions.
Studies on parallel phenotypic divergence among natural populations suggest that
the genetic architecture of adaptive divergence can be both, different (e.g., Armbruster et
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al. 1997; Gilchrist and Partridge 1999) or similar (e.g., Cresko et al. 2004; Kennington and
Hoffmann 2010) within the study systems. However, the genetic architecture of adaptive
divergence in response to environmental stress has only rarely been studied in natural
populations (but see Macnair et al. 2000; Kennington et al. 2001; Räsänen et al. 2003b;
Hendrickx et al. 2008). Reciprocal crosses (i.e. line crosses that involve both within and
between population crosses) are a powerful approach to investigate the relative
contribution of direct genetic and maternal effects to phenotypic differences among
populations (Lynch and Walsh 1998) and can be highly informative about the relative
fitness of hybrids (e.g., Lexer et al. 2003). Much insight to the quantitative genetic
architecture of adaptive divergence has been gained from line cross studies on invertebrate
laboratory strains (Borash and Shimada 2001; Teotonio et al. 2004; Kennington and
Hoffmann 2010), whereas studies on vertebrates and natural populations have been mainly
conducted on single population pairs (e.g., Albertson et al. 2003; Uller et al. 2006), but see
(Cresko et al. 2004; Rice et al. 2009). The generality of the observed patterns for natural
populations remains unclear. To get a better understanding of the factors that contribute to
phenotypic divergence of natural populations, studies on replicated population pairs
adapted to contrasting environments are therefore needed.
The main aim of this study was to investigate the quantitative genetic basis of
phenotypic divergence among moor frog (Rana arvalis) populations showing parallel
phenotypic divergence in embryonic and larval fitness traits (chapter I). Previous evidence
from this system suggests maternally mediated adaptive divergence in embryonic acid
stress tolerance (Räsänen et al. 2003b; Merilä et al. 2004; Persson et al. 2007), but the
quantitative genetic basis of larval trait divergence has not been previously studied. We
conducted reciprocal crosses between three population pairs (one acid and one neutral
origin population in each) and reared F1 offspring from within and among population
crosses under two contrasting environments (acid = stressful and neutral = benign) in a
laboratory common garden experiment. We investigated the relative contribution of direct
genetic (additive and non-additive) and maternal effects, as well as their interactions, to
divergence in embryonic survival and larval life-history traits.
We made the following main predictions: 1) if maternal effects are a general
determinant of adaptive divergence in embryonic acid tolerance in R. arvalis, embryonic
acid tolerance should be largely maternally determined in all three population pairs, 2) if
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the quantitative genetic architecture of divergence in larval life-history traits is consistent,
the relative contribution of maternal and direct genetic contributions should be similar in
all three population pairs, and 3) if the environment influences the expression of genetic or
phenotypic variation, the relative contributions of direct genetic and maternal effects
should differ between rearing environments. We discuss our findings in the light of
adaptation along the environmental stress gradient and potential fitness of migrants and
hybrids.

Material and Methods
Study system
R. arvalis is a brown frog that occurs in a wide range of habitats and pH levels in
the western Palearctic (Glandt 2006). Breeding occurs in early spring, at higher latitudes
soon after spring snow melt (hence coinciding with peak acidity in acidified areas).
Females produce a single clutch per year, which is laid directly in water, and larvae hatch
one-to-two weeks after fertilization. Tadpoles metamorphose at the age of two-to-three
months after which they become largely terrestrial (Glandt 2006).
R. arvalis shows parallel phenotypic divergence in relation to environmental acidity
in both embryonic and larval traits. In particular, populations from acid environments have
increased embryonic acid tolerance (survival), faster larval growth, slower larval
development, and larger metamorphic size (Räsänen et al. 2003a; Räsänen et al. 2005;
chapter I & II) compared to populations from neutral environments. The specific selective
agents along the acidification gradient are not known to date, but likely involve a
combination of acidity (pH) and correlated factors (e.g. predation and climate; chapter I &
II).
This study
We studied six R. arvalis populations that are located along a 160km transect in
southwestern Sweden and vary in breeding pond pH (chapter I, Table 1). Five of them were
known to differ in embryonic acid tolerance and larval life-history traits from an earlier
study (chapter I – the Nitta population had not been previously tested). To test for the
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quantitative genetic basis of among population divergence, we performed reciprocal crosses
between three population pairs, each pair consisting of one relatively “acid” (henceforth
“acid origin”) and one relatively “neutral” (henceforth “neutral origin”) origin population.
The three acid origin populations were Tottajärn (pH = 4.0), Lomsjö (pH = 4.0) and
Kungsbacka (pH = 4.9), and the three neutral origin populations were Nitta (pH =5.7), Rud
(pH = 7.0) and Stubberud (pH = 7.3; Table 1; see chapter I. for more detailed descriptions
of the study sites). The populations were paired so as to maintain roughly similar pairwise
differences in pond pH: Kungsbacka - Stubberud (henceforth K-S), Lomsjö - Rud
(henceforth L-R) and Tottajärn - Nitta (henceforth T-N, Table 1). Although the population
Nitta is not strictly taken a neutral population (pH = 5.7), it was chosen due to logistic
reasons at the time of sampling and we considered it neutral relative to the Tottatjärn
population.
Some bias may be caused by variation among population pairs in geographic distance (e.g.,
Edmands 1999). However, the geographic distances between the populations within a pair
are not extensively different (Table 1) and estimates of neutral genetic variation among the
populations indicated similar levels of divergence (pairwise FSTs range from 0.024 to 0.044
across five of the populations, chapter II; for two of the pairs: K-S: FST = 0.035, L-R: FST =
0.028, both P < 0.05; T-N: FST not available as no genetic data is available for Nitta).
Likewise, the within population genetic variability for five of the study populations (not
available for Nitta) is roughly equal (allelic richness in 12 microsatellites ranged from 4.68
to 4.73 in acid populations and from 4.77 to 4.82 in neutral populations; see chapter II for
further details). These data suggests that any bias arising from geographic distance should
be small. However, both populations in the L-R pair show significant inbreeding
coefficients (L: FIS = 0.11, P = 0.013 and R: FIS = 0.13, P = 0.004). This effect was
unintentional (population genetic analyses were performed after the experiments described
here), but might indicate that inbreeding affects the results for these two populations (see
discussion).
Quantitative genetic crosses and laboratory rearing procedures
Adult frogs were collected in the wild and brought to the laboratory at Uppsala
University, Uppsala, Sweden (59°50`N, 17°50`E), where they were kept in a climate
chamber at +2 to 4°C until artificial crosses were made. Artificial mating prevented any bias
due to differences in early environment and assured that the offspring in each family were
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Table 1. Descriptive information on three R. arvalis population (pop) pairs. A) geographic distance (km) between the acid and neutral population and B) number of
crossing matrices for embryonic and larval experiments for each population pair. Population average mean ± SD C) pond pH, D) embryonic survival (%), E)
metamorphic mass (mg), F) larval period (days) and G) growth rate (mg/day) are shown for each population under two pH treatments (acid: embryonic pH 4.0,
larval pH 4.3; neutral: pH 7.5).
Pop.
pair

A)

K-S

147

B)

pH
treatment

Acid
Population

C)

D)

E)

F)

G)

Neutral
population

C)

D)

E)

F)

G)

11

neutral

Kungsbacka

4.9±0.2

93±12

424±39

66±5

6.4±0.8

Stubberud

7.3±0.2

96±7

394±37

61±4

6.5±0.6

11±9

383±54

71±6

5.4±0.6

3±5

340±40

68±5

5.0±0.6

99±3

451±57

66±5

6.8±0.7

97±5

400±41

61±5

6.5±0.7

13±13

395±47

69±5

5.7±0.6

7±6

342±59

65±5

5.3±0.9

99±3

453±55

65±4

7.0±0.8

99±3

406±46

64±4

6.4±0.7

34±21

404±68

68±5

5.9±0.7

7±1

350±52

68±5

5.2±0.6

acid
L-R

106

12

neutral

Lomsjö

4.0±0.2

acid
T-N

48

10

neutral
acid

Tottatjärn

4.0±0.2

Rud
Nitta

7.0±0.2
5.7±0.3
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full sibs. The crosses were performed at +16°C according to Berger et al. (1994) and
Räsänen et al. (2003a) with some modifications (for details see chapter I). In short, sperm
production was stimulated by injecting males with the fish hormone LHRH (Browne et al.
2006), whereas females were not treated with hormones as they had already ovulated.Sperm
from males was collected into 10% Amphibian Ringer solution (Rugh 1962) and sperm
mobility checked under a microscope prior to crosses. Eggs from the females were
subsequently stripped into the sperm solution and treated using standard procedures
(Räsänen et al. 2003a). The fertilized eggs were divided to the treatments two hours after
fertilization but before the first cell cleavage.
Embryos and tadpoles were reared at two pH levels (embryos: pH 4.0 and 7.5, larvae:
pH 4.3 and 7.5). These treatments were chosen as they reflect the pH levels at our most
extreme sites during embryonic and larval periods in the wild, and are known to reduce
embryonic survival and cause sublethal stress (reduction in growth and developmental rates)
in the larvae. Embryos and larvae were reared in reconstituted soft water (RSW; APHA
1985) as described in Räsänen et al. (2003a). RSW was used untreated in the neutral
treatment (pH 7.5) and adjusted with 1M H2SO4 in the acid treatments (pH 4.0 and 4.3). To
maintain appropriate pH and water quality, water was changed every three days in the
embryonic and in the larval part of the experiment. Prior to each water change, pH was
measured in randomly selected experimental vials (pH 4.0 and pH 4.3 treatment: three vials;
pH 7.5 treatment: one vial) using a Thermo Orion 3 Star pH-meter (model 1112000,
Thermo scientific Inc.) in combination with a Ross Sure-flow electrode (model 8172BN,
Thermo scientific Inc.). Deviation of pH from the target was very small during the
embryonic experiment: mean pH ± SD was 4.03 ± 0.03 for the pH 4.0 treatment and 7.46 ±
0.13 for the pH 7.5 treatment. pH varied very little also during the first half of the larval
experiment (pH 4.3: 4.43 ± 0.21, pH 7.5: 7.41 ± 0.14), but was more variable during the
second half as a result of increasing larval biomass and food (pH 4.3: 4.92 ± 0.25, pH 7.5:
7.33 ± 0.17). However, the low pH treatment always remained clearly acid (pH < 5.5) and
the two treatments never overlapped.
The experiments were conducted in a walk-in climate room (+16°C) with 17L:7D
photoperiod, divided to three blocks due to known temperature gradients within the room.
For the embryonic experiment, 30-50 embryos per replicate were reared in 0.9l plastic vials
containing 0.5l of treatment water. Embryos were reared from fertilization (day = 0) to day
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12, when all possible larvae had hatched. Survival of embryos was recorded during each
water change.
For the larval experiment, a randomly selected subset of tadpoles from each family
was selected from the neutral embryonic treatment as soon as they had reached Gosner stage
25 (complete gill absorption and initiation of independent feeding, Gosner 1960), which
occurred ca. 12 - 15 days after fertilization. We used larvae from the neutral treatment
because of high mortality in the acid treatment, which would have constrained availability
of healthy larvae and may have biased the results due to selective mortality. The tadpoles
were randomly assigned to the two pH treatments (nine tadpoles/family/treatment) and
reared singly in 0.9l opaque plastic vials containing 0.7l of treatment water. They were fed
ad libitum with finely chopped and parboiled spinach every third day in conjunction with
water change and the amount of food was increased with increasing age of the tadpoles.
When the tadpoles approached metamorphosis (emergence of at least one front leg; Gosner
stage 42) the vials were checked daily.
Experimental design and response variables
Both the embryonic and the larval experiment was performed as a 3  2  4  3
factorial randomized block design, with 3 population pairs, 2 pH treatments (pH 4.0 and 7.5
for embryonic experiment; pH 4.3 and 7.5 for larval experiment), 4 cross types (AA, AN,
NA, NN) and 3 blocks. The reciprocal crosses within each of the population pairs consisted
of 2  2 crossing matrices with one acid origin (A) and one neutral origin (N) female, each
mated with one acid origin (A) and one neutral origin (N) male. The combinations for each
population pair were acid female – acid male (AA: LL, KK, TT), acid female – neutral male
(AN: LR, KS, TN), neutral female – acid male (NA: RL, SK, NT) and neutral female –
neutral male (NN: RR, SS, NN). The number of replicate 2  2 crossing matrices (and
therefore families within each of these crossing combinations) ranged from ten to 12 per
population pair (Table 1). For embryos, there were three replicates per family and treatment
combination (one replicate per block), resulting in a total of 681 experimental units. For
larvae, there were nine replicates per family and treatment combination (three replicates per
block), resulting in a total of 1366 experimental units.
The response variables measured were embryonic survival, larval growth, larval
period and size at metamorphosis. Embryonic survival was recorded by visual inspection at
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every water change, but eggs were left untouched and only final survival (day 12) was used
in the statistical analyses. Any unfertilized eggs were determined at the first water change
(day 3) and were excluded from the analyses of survival. Embryos were considered dead if
they did not hatch (i.e. escape the egg capsule) or had crude abnormalities (e.g., bent spine,
truncated body or oedema). Embryonic survival was estimated as healthy hatched larvae at
day 12/total number of fertilized eggs in each experimental unit. At metamorphosis, mass,
larval period and growth rate were measured for each individual. Wet mass was measured
with an electronic balance (to the nearest 0.1mg). Larval period was measured as the
number of days from Gosner stage 25 (day 0 of larval experiment) to metamorphosis.
Average daily growth rate (mg/day) was defined as the ratio of mass at
metamorphosis/larval period. In the larval experiment, survival was monitored at each water
change, but only final survival was used in statistical analyses.
Because maternal investment differs among R. arvalis populations across the
acidification gradient (Räsänen et al. 2008) and initial size can affect larval performance
(Räsänen et al. 2005), average egg size of each female, as well as initial size (size at Gosner
stage 25) of each experimental tadpole, was measured from digital images. For egg size, 2040 eggs/female, and for initial size each individual stage 25 tadpole, were placed in a small
petri dish illuminated from below and photographed with a digital camera (Olympus
Camedia C-5060 WideZoom with 5.1 megapixels). Egg size was measured as area (mm²)
and the initial size of tadpoles was measured as total length from tip of the nose to tip of the
tail (to the nearest 0.01mm) using ImageJ version 1.39u (http://rsbweb.nih.gov/ij/).
Statistical analyses
For both the embryonic and the larval experiment, the statistical analyses were
conducted in two main steps. The data was first analyzed including all three population
pairs to test for generality in the pattern of the acid vs. neutral parental origin contribution
(pH origin analyses). Subsequently, separate analyses within each population pair and pH
treatment were conducted to investigate population pair and treatment specific variation in
the relative contribution of different sources of variance (population pair analyses). In the
analyses including all populations, male pH-origin (acid or neutral), female pH-origin (acid
or neutral), female population (K, T, L, S, N or R; nested within female pH-origin), and
male population (K, T, L, S, N or R; nested within male pH-origin), pH treatment and block
were considered as fixed factors, and family (nested within male and female population)
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was considered as a random factor. Female and male populations were considered as fixed
factors because we specifically chose phenotypically divergent populations pairs and
matched each population to represent an “acid like” and a “neutral like” population within
each origin. The within population pair analyses included male population, female
population and block as fixed factors and family (nested within male and female population)
as a random effect.
All statistical analyses were conducted in SAS 9.2 (SAS Institute, Inc.). Embryonic
and larval survival were analyzed with a type3 generalized linear mixed model, with
binomial errors and logit link function as implemented in the GLIMMIX procedure of SAS
(Littell et al. 2006). Because egg size is an important maternal effect, embryonic survival
was also analyzed including egg size as a covariate, as well as its interactions with pH
treatment and pH-origin. Larval survival was not affected by the pH treatment (96% at pH
7.5 and 94% at pH 4.3), the parental pH-origin, population or their interactions (all P >
0.15) and the results are therefore not reported further.
Metamorphic mass, larval period and growth rate were log transformed and analyzed
with a type3 mixed model analyses of (co)variance. Larval trait analyses were also
conducted including initial size, as well as its interactions with population and pH treatment,
as a covariate because initial size can influence larval performance in R. arvalis in a
population and pH dependent manner (Räsänen et al. 2005). All non-significant covariate
(egg size or initial size)  factor interactions were excluded from the final models and
results presented only excluding the covariate interactions. The details of egg size and initial
size analyses are given in supplementary material (S1).
To illustrate to what degree F1 hybrids between populations differ from parental
phenotypes within each population pair and within each pH treatment, Wright’s (1978)
ΔF1/ΔU indices were calculated. ΔF1 is the F1 hybrid mean minus the lower parental pure
type mean and ΔU is the upper minus the lower parental pure type mean. A value of 0.5
represents an exactly intermediate F1 hybrid phenotype (i.e. additive genetic effects). A
value of 1/0 represents the exact same F1 hybrid phenotype as the the upper/lower parental
pure type mean (i.e. maternal, paternal or dominance effects), whereas a value of >1/<0
represents a F1 hybrid phenotype that is larger/lower than the parental pure type means (i.e.
non-additive genetic effects).
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In the embryonic and larval trait analyses, significant female and male pH-origin (or
population, in the within population pair analyses) effects, together with perfectly
intermediate hybrid trait values (Wrigth’s hybrid index = 0.5), would indicate additive
genetic effects (Fig. 1A). Female pH-origin (or population) effects, together with pure and
hybrid type offspring of the same female pH-origin (or population) having the same mean
values (Wrigth’s hybrid index = 1 and 0), - irrespective of male pH-origin (or population),
would indicate that differences between acid and neutral populations are due to maternal
effects (Fig. 1B). Deviations from these patterns should be evident as significant female ×
male pH-origin (or population) interactions (Wright’s index deviating from 0.5), and would
indicate non-additive genetic effects or maternal × direct genetic effect interactions (Lynch
and Walsh 1998). In the pH origin analyses, significant pH-origin effects would indicate
parallel parental contributions (direct genetic or maternal) in divergence between acid and
neutral origin populations, whereas significant population effects would indicate that the
replicate maternal and/or paternal populations differ within each pH-origin.

A) Additive genetic effects

Trait value

B) Maternal effects

AA

AN

NA

Crossing type

NN

AA

AN

NA

NN

Crossing type

Fig. 1. Schematic graphs showing that hybrids (AN and NA) A) have exactly intermediate trait values to
pure types (AA or NN) - indicating additive genetic effects, and B) have similar trait values as pure types of
the same female origin (i.e. AA with AN and NA with NN) - indicating maternal effects. The parental origin
types are given on the x – axis, with the first letter indicating female origin.
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Results
Description of phenotypic divergence among populations
Acidity reduced embryonic survival (pH 4.0: 5-35%, pH 7.5: 92-99%), metamorphic
mass (reduction of ca. 12% at pH 4.3), as well as growth (reduction of ca. 15% at pH 4.3)
and development rates (reduction of ca. 5% at pH 4.3; Fig. 2 & 3), indicating that the acid
treatment was stressful. In terms of the pure type crosses, the three population pairs show
parallel divergence in most traits. All three acid origin populations have higher embryonic
acid tolerance (survival at pH 4.0; Fig. 2, Table 1), as well as higher metamorphic mass and
growth rates (Fig. 3A & C; Table 1) than neutral origin populations. Two of the acid origin
populations also had longer larval periods than their neutral population pair, whereas the TN population pair was not divergent in this trait (Fig. 2B, Table 1). As shown in detail
elsewhere (chapter I), the extent of within-pair phenotypic divergence differs among the
population pairs. Divergence between acid and neutral origin populations in metamorphic
mass is roughly similar within all the pairs (ca. 10-20% higher in the acid populations, Fig.
3A). Divergence in embryonic survival and growth is strongest within the T-N population
pair (Fig. 2, 3C), whereas divergence in larval period is equally strong within K-S and L-R
pairs (Fig 3B), and no divergence is apparent within T-N (Fig. 3B).
pH origin analyses
For embryonic survival, there was a significant female pH-origin main effect and a
pH treatment  female pH-origin interaction (Table 2). These effects arose because embryos
from acid origin females had on average higher survival at pH 4.0 than those from neutral
origin females, whereas embryonic survival at pH 7.5 did not differ between acid and
neutral origin females (Fig. 2). However, significant female population and pH treatment 
female population effects further suggested that the extent of maternal effects differs among
populations of the same pH-origin (Table 2): offspring of T females had much higher
survival than offspring of K or L females at pH 4.0. There were no significant male pHorigin (or male population) or male pH-origin  female pH-origin (or male  female
population) interaction effects, suggesting that divergence in embryonic survival between
acid and neutral populations is solely determined by maternal effects (Table 2).
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Table 2. Generalized linear mixed model analyses of emb1yonic smvival of R. arvalis at two pH treatments,
for among population reciprocal crosses within three population pairs, each composed of an acid and neutral
01igin population (pop). Significant values (p<0.05) are shown in bold.
Random effects
Family (female pop x male pop)
pH treatment x family (female pop x male pop)

VAR±SE
10.41±13.96
80.22±17.24

Fixed effects
pH treatment
Female pH-01igin
Male pH-origin
Female pH-01igin x male pH-01igin
Female pop (female pH-01igin)
Male pop (male pH-origin)
Female pop x male pop (female pop x male pH-01igin)

nd[
1
1
1
1
2
2
2
1
1
1
2
2
2
2

pH treat.
pH treat.
pH treat.
pH treat.
pH treat.
pH treat.
Block

x female pH-01igin
x male pH-01igin
x female pH-01igin x male pH-origin
x female pop (female pH-origin)
x male pop (male pH-origin)
x female pop x male pop (female x male pH-origin)

dd[
133.8
121.1
121.1
121.1
119.4
119.4
119.4
133.7
133.7
133.7
131.5
131.5
131.5
655.0

z

0.75

4.65
F
1665.26
14.02
0.19
0.07
4.96
0.81
1.17
14.63
0.31
0.03
3.98
0.27
0.23
0.55

l!.
0.228
<0.001
l!.
<0.001
<0.001
0.661
0.786
0.009
0.446
0.313
<0.001
0.577
0.856
0.021
0.761
0.796
0.579

For metamorphic mass, both female pH-origin and male pH-origin effects were
significant (Table 3a). Hybrids tended, on average, to be intermediate to pure neutral pH
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origin metamorphs (Fig. 3A) - indicative of additive genetic effects. However, hybrids were
not perfectly intermediate and tended, on average, to be more similar to the female type
(Fig. 3A), which gave rise to a much stronger female pH-origin effect than male pH-origin
effect. This suggests that maternal effects contribute to divergence in metamorphic size
among acid and neutral origin populations (Table 3a). A significant female pH-origin 
male pH-origin effect further suggested non-additive genetic effects in divergence in
metamorphic size between acid and neutral origin populations (Table 3a). None of the pH
treatment interactions were significant, indicating that pH treatment did not have an effect
on the expression of direct genetic or maternal effects in this trait (Table 3a). None of the
male or female population effects were significant.
For larval period, there was a significant male pH-origin effect and a much stronger
female pH-origin effect (Table 3b). Hybrids tended to be intermediate, but more similar to
the female pH-origin type (Fig. 3B), indicative of additive genetic and maternal effects. A
significant pH treatment  female pH-origin interaction (Table 3b) further suggested that
larval period responses to pH depended on maternal effects: on average, the increase in
larval period in the acid treatment compared to the neutral treatment was weaker for
offspring from acid origin (AA and AN) females ((log) LS means ± S.E. at pH 7.5 = 4.179
± 0.006; at pH 4.3 = 4.239 ± 0.006) than for offspring from neutral origin (NA and NN)
females (at pH 7.5 = 4.137 ±0.006; at pH 4.3 = 4.214 ± 0.006), irrespective of the pHorigin of the males (Fig. 3B). None of the male or female population effects were
significant for larval period (Table 3b).
For growth rate, there was a significant female pH-origin and male pH-origin effect
(Table 3c) with hybrids tending to be intermediate (Fig. 3C), indicating additive genetic
effects. However, the female pH-origin effect was again stronger than the male pH-origin
effect (Table 3c) and the hybrids tended to be more similar to the female pH-origin type
(Fig. 3C), indicating maternal effects. A significant male pH-origin  female pH-origin
interaction (Table 3c) suggested non-additive genetic/maternal effect  direct genetic effect
interactions in divergence in growth rate. A significant pH treatment  female pH-origin
effect (Table 3c) indicated that responses of growth rate to pH depended on maternal
effects. On average, the decrease in growth rate at pH 4.3 compared to pH 7.5 was weaker
for offspring of acid origin (AA and AN) females ((log)LS mean ± S.E.: at pH 7.5 = 1.896
± 0.009, at pH 4.3=1.716 ± 0.009) than for offspring of neutral origin (NA and NN)
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Table 3. Mixed model analysis of variance on (log) a) metamorphic mass, b) larval period and c) growth rate from reciprocal crosses of three population pairs,
each composed of an acid and neutral origin (pH-origin) population (pop), in two pH treatments (pH treat.). Significant values (p<0.05) are shown in bold.
a) Mass
Random effects

VAR±SE

b) Larval period

Z

p

3.22
1.61
23.65

0.001
0.053
<0.001

VAR±SE

c) Growth rate

Z

p

5.27
1.39
23.59

<0.001
0.082
<0.001

VAR±SE

Family (female pop  male pop)
pH treat.  family (female pop  male pop)
Residuals

1.85±0.57
0.85±0.53
16.5±0.70

Fixed effects

Ndf

ddf

F

p

Ndf

ddf

F

p

Ndf

1
1
1
1
2
2
2
1
1
1
2
2

111
110
110
110
110
110
110
111
111
111
111
111

258.38
38.37
22.34
4.72
2.94
0.38
0.26
1.44
2.25
1.45
0.16
0.15

<0.001
<0.001
<0.001
0.032
0.057
0.682
0.774
0.233
0.136
0.231
0.853
0.859

1
1
1
1
2
2
2
1
1
1
2
2

110
110
110
110
109
109
109
110
110
110
110
110

350.04
22.05
7.45
0.52
1.92
1.57
0.57
5.18
0.74
0.70
1.08
0.47

<0.001
<0.001
0.007
0.471
0.151
0.212
0.567
0.025
0.392
0.404
0.343
0.624

1
1
1
1
2
2
2
1
1
1
2
2

2
2

111
1137

0.13
21.49

0.881

2
2

110
1129

0.13
121.10

0.879

pH treat.
Female pH-origin
Male pH-origin
Female  male pH-origin
Female pop (female pH-origin)
Male pop (male pH-origin)
Female pop  male pop (female  male pH-origin)
pH treat.  female pH-origin
pH treat.  male pH-origin
pH treat.  female pH-origin  male pH-origin
pH treat.  female pop (female pH-origin)
pH treat.  male pop (male pH-origin)
pH treat.  female pop  male pop (female  male
pH-origin)
Block

<0.001

1.15±0.22
0.16±0.11
3.59±0.15

<0.001

Z

p

2.22
1.55
23.67

0.013
0.061
<0.001

F

p

112 688.57
111 15.47
111 13.06
111
3.92
111
6.54
111
0.14
111
1.50
112
5.89
112
3.87
112
0.66
112
0.24
112
0.23

<0.001
<0.001
0.001
0.050
0.002
0.870
0.228
0.017
0.052
0.417
0.788
0.796

0.94±0.42
0.72±0.46
14.8±0.62
ddf

2 112
2 1140

0.27
6.60

0.765
0.001
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females (at pH 7.5 = 1.877 ± 0.008, at pH 4.3 = 1.661 ± 0.008), irrespective of the pHorigin of the males (Fig. 3C). In addition, female population had a significant main effect
on growth rate (Table 3c): offspring of K females had, on average, lower growth rates
than offspring of L and T females (Fig. 3C).
Within population pair analyses
To test how the relative contribution of maternal and direct genetic effects depends
on the environmental conditions and on the population pair, we next ran analyses within
each population pair and pH treatment.

Table 4. Generalized linear mixed model analyses for embryonic survival within three population pairs and
two pH treatments (pH 4.0 and 7.5). The population pairs consist of reciprocal crosses between an acid (K, L,
T) and a neutral (S, R, N) origin population (pop). Significant values (p<0.05) are shown in bold.
Population
pair

pH 4.0

pH 7.5

K-S

Random effects
Family (female pop  male pop)
Fixed effects
Female pop
Male pop
Female pop  male pop
Block

VAR±SE
0.62±0.25
Ndf
ddf
1
28.8
1
28.8
1
28.8
2
95.0

Z
2.46
F
8.46
1.04
0.07
0.47

p
0.007
p
0.007
0.316
0.787
0.626

VAR±SE
1.59±0.54
Ndf
ddf
1
39.0
1
39.0
1
39.0
2 101.0

Z
2.93
F
2.74
0.17
0.70
0.57

p
0.002
p
0.106
0.685
0.409
0.568

L-R

Random effects
Family (female pop  male pop)
Fixed effects
Female pop
Male pop
Female pop  male pop
Block

VAR±SE
0.78±0.23
Ndf
ddf
1
37.8
1
37.8
1
37.8
2 136.0

Z
p
3.43 <0.001
F
p
2.50
0.122
0.17
0.679
0.83
0.368
0.29
0.747

VAR±SE
0.62±0.25
Ndf
ddf
1
48.5
1
48.5
1
48.5
2 134.0

Z
2.47
F
1.36
0.30
0.56
0.40

p
0.007
p
0.250
0.585
0.459
0.668

T-N

Random effects
Family (female pop  male pop)
Fixed effects
Female pop
Male pop
Female pop  male pop
Block

VAR±SE
1.10±0.35
Ndf
ddf
1
28.0
1
28.0
1
28.0
2
88.0

Z
p
3.15 <0.001
F
p
33.17 <0.001
0.00
0.957
0.04
0.837
0.94
0.396

VAR±SE
0.67±0.41
Ndf
ddf
1
37.2
1
37.2
1
37.2
2
91.0

Z
1.65
F
1.49
1.02
0.32
1.27

p
0.049
p
0.231
0.320
0.576
0.286
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For embryonic survival, only female population (but not male population) had a
significant effect. These effects were evident only at pH 4.0 (Fig. 2A, Table 4) and differed
between the population pairs: whereas there was a significant female population effect
within both the K-S and T-N population pairs, no such effect was found in the L-R
population pair (Table 4). In accordance with the pH-origin analyses, all male population
effects or their interactions with female population remained non-significant (Table 4).
Including egg size as a covariate to these population pair specific analyses found no effects
of egg size on embryonic survival for the K-S or T-N pairs, indicating that maternal effects
in these two populations were independent of egg size. However, for the L-R population
pair, although there was no significant female population effect (indicative of population
specific maternal effects) in embryonic survival, egg size was negatively related to
embryonic survival at pH 4.0: smaller eggs had higher survival (b ± SE = -0.99 ± 0.36, P =
0.009; Table S2).
For metamorphic mass, the relative contribution of different sources of variance
differed among the population pairs, but were qualitatively consistent between the two pH
treatments (Fig. 3A, Tables 4 & 8). For the K-S population pair, there was a significant
male population effect but no significant female population effect (Table 5). The KS
hybrids were intermediate to the pure types, whereas the SK hybrids were more similar to
KK offspring (Table 8, Fig. 3A), suggesting non-additive genetic effects in metamorphic
mass. For the L-R population pair, there was a strong female population effect, and a
significant but somewhat weaker male population effect (Table 5). RL hybrids were
intermediate to the pure types, whereas LR hybrids were more similar to the LL offspring
(Fig. 3A, Table 8), suggesting that both maternal and non-additive genetic effects influence
divergence in metamorphic mass. For the T-N population pair, only maternal population
had a significant effect (Table 5) and hybrids were generally more similar to the female
type (Table 8, Fig. 3A), indicating that divergence in metamorphic mass is strongly
affected by maternal effects in this pair.
For larval period, the relative contribution of different sources of variance differed
among the population pairs and between the two pH treatments (Table 6). For the K-S
population pair, there was a significant female population and male population effect, but
only in the pH 7.5 treatment, whereby the female population effects were much stronger
(Table 6). At pH 7.5, both KS and SK hybrids were intermediate but more similar to the
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female type, whereas at pH 4.3, both hybrid types were more similar to the KK offspring
(Table 8, Fig. 3B). These results suggest that divergence in larval period is influenced by
a combination of maternal and direct genetic effects, but that these effects are manifested
only under neutral conditions. For the L-R population pair, female population effect was
significant in both treatments, but a significant male population effect was found only in
the pH 7.5 treatment (Table 6). At pH 4.3, hybrids were more similar to the female type,
whereas at pH 7.5 hybrids were relatively intermediate (Table 8, Fig. 3B). These results
suggest that divergence in larval period in this population pair is affected by maternal
effects and additive genetic effects, but the additive genetic effects are evident only under

Table 5. Mixed model analyses of variance for metamorphic mass within three population pairs and two pH
treatment (pH 4.3 and 7.5). The population pairs consist of reciprocal crosses between an acid (K, L, T) and
a neutral (S, R, N) origin population (pop). Significant values (p<0.05) are shown in bold.
Population
pair
K-S

Random effects
Family (female pop  male pop)
Residuals
Fixed effects

L-R

T-N

pH 4.3
VAR±SE
3.63±1.5
12.94±1.4
Ndf

ddf

pH 7.5
Z

p

VAR±SE

2.39
0.009
9.01 <0.001

2.68±1.11
9.02±1.02

F

p

Female pop
Male pop
Female pop  male pop
Block

1 33.0 2.10
1 33.0 10.88
1 33.1 1.20
2 165.0 5.96

Random effects

VAR ± SE

Z

p

0.157
0.002
0.282
0.003

1 33.2
1 33.2
1 33.2
2 159.0

1.15
4.12
0.22
2.25

0.290
0.050
0.645
0.109

p

VAR±SE

Z

p

Fixed effects

Ndf

F

2.42
0.008
8.85 <0.001
F

1.64±1.60 1.03
0.151
31.67±3.02 10.49 <0.001
ddf

p

3.20±1.11 2.88
0.002
1.1±1.03 10.65 <0.001
Ndf

ddf

F

p
0.001
0.025
0.341
0.005

Female pop
Male pop
Female pop  male pop
Block

1 45.7 18.26 <0.001
1 45.7 5.89
0.019
1 45.8 3.86
0.055
2 223.0 7.91
0.001

1 43.5 13.38
1 43.5 5.37
1 43.5 0.93
2 229.0 5.38

Random effects

VAR±SE

p

VAR±SE

1.95
0.026
9.10 <0.001
F
p

2.35±1.08
10.94±1.17

Family (female pop  male pop)
Residuals

3.66±1.90
18.97±2.08

Fixed effects

Ndf

Female pop
Male pop
Female pop  male pop
Block

ddf

Z

1 30.4 11.38
1 30.4 3.74
1 30.4 0.61
2 169.0 3.28

p

ddf

Family (female pop  male pop)
Residuals

Ndf

Z

0.002
0.063
0.441
0.040

Ndf

ddf

Z

p

2.17 <0.001
9.32
0.008
F
p

1 32.6 14.49
0.001
1 32.6 1.56
0.221
1 32.7 0.58
0.451
2 177.0
9.6 <0.001
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Table 6. Mixed model analysis of variance for larval period within three population pairs and two pH
treatments (pH 4.3 and 7.5). The population pairs consist of reciprocal crosses between an acid (K, L, T)
and a neutral (S, R, N) origin population (pop). Significant values (p<0.05) are shown in bold.
Population
pair
K-S

Random effects

VAR±SE
1.00±0.39
30.71±0.35

ddf

3.07
0.001
8.94 <0.001
F
p

Female pop
Male pop
Female pop  male pop
Block

1 32.9
1 32.9
1 32.9
2 162.0

2.43
0.128
2.48
0.125
1.06
0.311
11.17 <0.001

Random effects

VAR±SE

Fixed effects

T-N

VAR±SE

pH 7.5
p

Family (female pop  male pop)
Residuals

L-R

pH 4.3
2.23±0.73
3.59±4.02
Ndf

Z

Z

p

Ndf

ddf

Z

p

2.51
0.006
8.86 <0.001
F
p

1 33.7 20.56 <0.001
1 33.7 6.43
0.016
1 33.7 0.35
0.559
2 160.0 27.14 <0.001
VAR±SE

Z

p

ddf

2.72
0.003
10.44 <0.001
F
p

1.15±0.38 3.040
0.001
13.58±0.33 10.70 <0.001
Ndf
ddf
F
p

Female pop
Male pop
Female pop  male pop
Block

1 44.5
1 44.5
1 44.5
2 220.0

12.65
0.001
2.91
0.095
0.13
0.721
61.94 <0.001

1 44.5 15.72 <0.001
1 44.5 7.29
0.010
1 44.5 0.22
0.642
2 231.0 23.81 <0.001

Random effects

VAR±SE

Family (female pop  male pop)
Residuals

0.94±0.34
36.71±0.35

Fixed effects

Ndf

Family (female pop  male pop)
Residuals

1.46±0.58
14.21±4.63

Fixed effects

Ndf

Female pop
Male pop
Female pop  male pop
Block

ddf

1 30.9
1 30.9
1 30.9
2 169.0

Z

p

VAR±SE

2.52
0.006
9.10 <0.001
F
p

1.31±0.45
2.82±0.30

0.27
0.08
0.45
4.92

0.608
0.775
0.510
0.008

Ndf

ddf

Z

p

2.88
0.002
9.31 <0.001
F
p

1 32.8 1.63
0.211
1 32.8 0.01
0.960
1 32.8 0.12
0.730
2 176.0 15.20 <0.001

neutral conditions. For the T-N population pair, no parental population effects were found
(Table 6), which is not surprising as this population pair showed little divergence in larval
period (Fig. 3B).
For growth rate, the relative contribution of different sources of variance differed
between the population pairs and pH treatments (Table 7, Fig. 3C). For the K-S population
pair, the only significant parental population effect was that of male population at pH 4.3
(Table 7). Hybrids were intermediate, but more similar to the paternal type (Table 8, Fig.
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Table 7. Mixed model analysis of variance for growth rate within three population pairs and two pH
treatments (pH 4.3 and 7.5). The population pairs consist of reciprocal crosses between an acid (K, L, T)
and a neutral (S, R, N) origin population (pop). Significant values (p<0.05) are shown in bold.
Population
pH 4.3

pair
K-S

Random effects
Family (female pop  male pop)
Residuals
Fixed effects

L-R

1.65±0.88
9.41±1.05
Ndf

ddf

Z

p

VAR±SE

1.89
0.030
8.95 <0.001
F
p

2.25±1.09
10.73±1.21
Ndf

ddf

Z

p

2.07
0.019
8.85 <0.001
F
p

Female pop
Male pop
Female pop  male pop
Block

1 32.7 0.53
0.473
1 32.7 9.02
0.005
1 32.7 0.12
0.735
2 164.0 10.38 <0.001

1 33.1
1 33.1
1 33.1
2 160.0

2.62
0.33
0.01
4.23

0.115
0.569
0.935
0.016

Random effects

VAR±SE

VAR±SE

Z

p

Family (female pop  male pop)
Residuals
Fixed effects

T-N

VAR±SE

pH 7.5

Z

p

0.36±0.28 0.28
0.389
30.30±2.89 10.50 <0.001
Ndf
ddf
F
p

1.83±0.78 2.35
0.01
9.62±0.90 10.65 <0.001
Ndf
ddf
F
p

Female pop
Male pop
Female pop  male pop
Block

1 45.9
1 45.9
1 45.9
2 224.0

8.67
3.33
5.69
0.33

0.005
0.074
0.021
0.721

1 43.1
1 43.1
1 43.1
2 230.0

2.72
0.91
2.66
0.30

0.107
0.345
0.110
0.742

Random effects

VAR±SE

Z

p

VAR±SE

Z

p

1.48
0.070
9.17 <0.001

3.14±1.26
11.07±1.18

Family (female pop  male pop)
Residuals

1.45±1.00
13.08±0.14

Fixed effects

Ndf

Female pop
Male pop
Female pop  male pop
Block

ddf

F

p

1 32.1 17.63 <0.001
1 32.2 5.77
0.022
1 32.1 0.33
0.568
2 171.0 7.62
0.001

Ndf

2.48
0.007
9.35 <0.001

ddf

F

p

1 33.7
1 33.7
1 33.7
2 177.0

7.77
1.34
0.26
1.65

0.009
0.255
0.610
0.195

3C), suggesting non-additive genetic effects. For the L-R population pair, there were strong
female population and female population  male population effects at pH 4.3, but not at pH
7.5, and the male population main effect was not significant at either pH treatment (Table
7). These results arose because both LR and RL hybrids were similar to, or even slightly
larger than, the LL offspring (Table 8, Fig. 3C), suggesting a dominance contribution of the
L population in addition to maternal effects at pH 4.3. For the T - N population pair, female
population had a significant effect at both pH treatments, whereas male population had a
significant effect only at pH 4.3, and the female population effect was much stronger at this
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pH (Table 7). Hybrids were intermediate but more similar to the female type (Table 8, Fig.
3C), suggesting that growth rate divergence is affected by both maternal and additive
genetic effects in this population pair.
For all traits and all population pairs, there were also significant family effects at
both pH treatments (Tables 2b, 4-6), with the exception of mass and growth for the L-R
pair and for growth for the T-N pair at pH 4.3 (Table 7). Significant family effects
indicated within combination maternal or genetic variation in these traits.

Table 8. Analyses of intermediacy of F1 hybrid phenotypes for embryonic survival and three larval traits in
three population pairs (K-S, L-R and T-N) and two pH treatments (pH 4.3 and 7.5). For embryonic survival,
values are only given at pH 4.0 as there was no among population divergence apparent at pH 7.5. First letter
of the hybrid type represents the female and the second the male population. In the case of perfect
intermediacy, the index Δ F1/ΔU has a value of 0.5 (Wright 1978) indicating additive genetic effects.
Traits

Survival

Hybrid type
KS
SK

Mass

pH 4.0 pH 7.5
0.76
0.47
0.17
1.13

Larval period

Growth rate

pH 4.3
0.53
0.93

pH 7.5
0.73
0.46

pH 4.3
0.88
0.91

pH 7.5
-1.43
2.38

pH 4.3
0.30
0.88

LR
RL

0.30
-0.07

0.81
0.57

0.94
0.60

0.51
0.31

0.59
0.23

4.30
2.65

3.19
1.25

TN
NT

1.00
-0.04

0.85
0.40

0.78
0.50

1.30
0.20

1.00
-1.86

0.78
0.43

0.76
0.69

Egg size and initial size effects
Family effects for embryonic survival remained significant also when egg size was
included in the analyses per population pairs, indicating that maternal/genetic variation
within crossing types were independent of egg size (Table 4, Table S2).
Initial size increased metamorphic mass (b ± SE = 0.01 ± 0.01, P = 0.043) and
growth rate ( b ± SE = 0.02 ± 0.01, P < 0.001) and decreased larval period (b ± SE = -0.01
± 0.01, P = 0.032; Table S3), but including initial size in the pH-origin or population
pairwise analyses as a covariate had only a small qualitative effect on the overall results
(Table 3 & S3). For growth rate within the L-R population pair, a significant female
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population effect arose at both pH’s (previously only at pH 4.3), suggesting that female
source population effects were previously partially masked by initial size related variation.
For the T-N population pair the previously significant female population effect disappeared
at pH 7.5 (Table S6), suggesting that the female population effect was largely a
consequence of initial size effects. All other parental pH origin or population results
remained qualitatively similar.

Discussion
We found that both maternal and genetic effects determine divergence of R. arvalis
populations, but that their relative contribution depends strongly on the trait, the population
and on the environment where the phenotype is expressed. This adds to the previous
evidence that the quantitative genetic architecture of trait divergence can be similar
(Cresko et al. 2004; Kennington and Hoffmann 2010) or different (Armbruster et al. 1997;
Gilchrist and Partridge 1999; Wichman et al. 1999) within a given system. In the context of
environmental stress, studies on invertebrates have shown that resistance to anthropogenic
toxins often involves a change in a single major gene (Macnair 1991), that maternal effects
can be important adaptation to metal stress (springtails, Lam 1996; wolf spiders, Hendrickx
et al. 2008) and that additive and dominance genetic effects, as well as maternal effects,
contribute to population divergence in desiccation and starvation stress (fruit flies,
Kennington et al. 2001). In vertebrates, the quantitative genetic basis of adaptation to
stressful environments has been little studied, but some evidence has been found for a
genetic basis of stress tolerance (Semlitsch et al. 2000; Meyer and Di Giuliuo 2003). We
next discuss the consistency of the quantitative genetic basis of divergence among acid and
neutral origin populations and discuss their implications for maintenance of local
adaptation in nature.
Consistent patterns in quantitative genetic basis among acid and neutral origin populations
We found that divergence between acid and neutral populations in embryonic acid
tolerance was consistently determined by maternal effects: offspring of acid origin females
(irrespective of male pH-origin) had higher embryonic survival at pH 4.0 than offspring of
neutral origin females. The maternal contribution was evident in the K-S and T-N
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population pairs, but no significant parental origin effects were found for the L-R
population pair, which may reflect the fact that the L-R population pair was only weakly
divergent in embryonic acid tolerance. Nevertheless, these results parallel our previous
findings (Räsänen et al. 2003b; Persson et al. 2007; Brunold 2010) and suggest that
maternal effects are an important means of adaptive divergence in R. arvalis. Although
embryonic stages are an important fitness component in many taxa (Pechenik et al. 1998),
their adaptive divergence and its quantitative genetic basis is rarely studied (e.g., Perry et
al. 2005; Sagvik et al. 2008), and more studies are clearly needed on the determinants of
stress tolerance during early life-stages.
Divergence in larval traits between acid and neutral origin populations also showed
significant maternal contributions, but all traits were also influenced by direct genetic
effects. Moreover, the relative importance of maternal vs. direct genetic effects depended
on the population and rearing environment (discussed below). First, maternal effects
contributed to divergence in larval acid stress tolerance (evident as G  E interactions in
both larval period and growth rate). For offspring of acid origin females, the delay in larval
period and the reduction in growth rate in the acid treatment (relative to neutral treatment)
was, on average, weaker than for offspring of neutral origin females (Fig. 3A). Maternal
effects also contributed to mean trait divergence between acid and neutral origin
populations in metamorphic mass and larval period, which was evident as stronger
maternal than paternal origin effects, and hybrids tending to be more similar to the
maternal type. Second, both additive and non-additive genetic effects were evident in
divergence between acid and neutral origin populations in metamorphic mass and growth
rate. Overall, our results suggest that acid origin larvae have genetically faster growth and
slower development rates, and are genetically larger, but that these differences are
amplified or modified by maternal effects. The results of larval traits, together with the
relatively weaker maternal effects than in embryonic acid tolerance, are consistent with
genetically based response to divergent natural selection between acid and neutral origin
populations and a decline in the relative role of maternal vs. genetic effects later in life
(e.g., Pechenik et al. 1998; Lindström 1999). However, when looking at the individual
population pairs, the relative contribution of maternal effects, and additive and nonadditive genetic/maternal effect interaction effects we strikingly inconsistent.
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Variation in the quantitative genetic basis of divergence between population pairs and
environments
Previous studies on larval trait divergence in ranid frogs have found different
relative contributions of maternal and direct genetic effects on among population
divergence, as well as clear trait dependency. For instance, for metamorphic size, some
studies have found only a genetic contributions (Uller et al. 2006) and others a maternal
and an additive genetic contribution (Berven 1987), and for larval period, either a genetic
(Laugen et al. 2002), a maternal (Berven 1987) or both a maternal and a genetic
contribution (Uller et al. 2006). Our study adds to the apparent inconsistency: despite the
seeming parallelisms (based on pure type crosses) on average trait divergence among the
population pairs in most larval traits, the relative importance of maternal effects and direct
genetic effects differed between traits, as well as between population pairs.
Metamorphic mass – For the K-S pair, divergence in metamorphic mass was
determined by the male population and therefore presumably by purely genetic
components. Offspring with K fathers were on average larger than offspring with S fathers,
irrespective of the mother and the rearing environment (Fig. 3) – indicating a dominance
contribution of paternal genes. In contrast, for the L-R population pair, divergence in
metamorphic mass was due to a combination of additive genetic and maternal effects. Yet
another pattern was evident in the T-N population pair. Here only female population made
a significant contribution to trait divergence, whereby offspring from T females were
larger than offspring from N females (irrespective of male population), suggesting that
divergence between these two populations in metamorphic size is driven by maternal
effects (Mousseau and Fox 1998; Räsänen and Kruuk 2007) – or maternal gene dominance
effects (e.g., Simpson 1983; Grossniklaus et al. 1998; Lynch and Walsh 1998). Including
initial size as a covariate did not alter this result, suggesting that the maternal contribution
to divergence in metamorphic mass is not mediated by initial size. The results for
metamorphic size also did not depend on the rearing environment, suggesting that all
genotypes responded in the same way to the pH treatments.
Larval period – In the K-S and L-R population pairs, larval periods were longer for
the acid population than for the neutral population, but the quantitative genetic basis of
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divergence in larval period depended strongly on the rearing environment. Most notably,
for both population pairs, divergence in larval period, as well as the male and strong
female population effects, were strong under neutral (benign) conditions. Under acid
conditions, however, neither male nor female population made a contribution to larval
period for the K-S population pair, and only female population contributed to divergence
between the L-R population pair, suggesting that the relative expression of direct genetic
and maternal effects depend on the environment. The T-N population pair has not diverged
in larval period and no male or female population effects were apparent. It is worth noting
here, that divergence in larval period along the acidity gradient is more likely driven by
latitude (or some other environmental factor correlated with geographic distance) than by
breeding pond pH (chapter I & II), which may explain why the T-N population does not
show divergence in this trait (geographic distance ca. 48km for T-N compared to ca.
106km for L-R and 147km for K-S).
Growth rate – No generally consistent patterns among the population pairs were
found for growth rate. In contrast to larval period, trait divergence and the contributions of
parental populations were stronger in the acid than in the neutral treatment. For the K-S
population pair, offspring of K males had higher growth rates than offspring of S males,
irrespective of the female they were mated to. This indicates non-additive genetic effects,
and a male genome dominance effect, which was however evident only in the acid
treatment. For the L-R population pair, both maternal and non-additive genetic or maternal
 direct genetic interactions seemed to influence divergence in growth rates. In particular,
both hybrid (LR and RL) and pure LL type offspring had faster growth rates than pure RR
offspring, suggesting a dominance effect of the L genome. In fact, both LR and RL hybrids
tended to have slightly faster growth rates than either pure type offspring and it is possible
that growth rates were influenced by heterosis (e.g., Whitlock et al. 2000). The heterosis
effect might be a result of inbreeding, as both the L and the R populations showed
significant FIS values (0.11 and 0.13, respectively). For the T-N population pair, both direct
genetic and maternal effects were evident in growth rate divergence at pH 4.3, whereas
only maternal effects were evident at pH 7.5.
Implications
The relative importance of additive and non-additive genetic variation is likely
dependent on the trait and how closely related to fitness it is (Crnokrak and Roff 1995;
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Merilä and Sheldon 1999). Our results revealed that divergence in embryonic acid
tolerance was only maternally determined and divergence in important larval life-history
traits showed substantial contribution of maternal and non-additive effects. Our findings
for embryonic survival are in line with the role of maternal effects as adaptations
(Mousseau and Fox 1998), as well as the highly environment dependent expression of
maternal effects (Mousseau and Fox 1998; Räsänen and Kruuk 2007). Our findings for the
larval life-history traits are in line with the common pattern that life-history traits harbor
abundant non-additive genetic variation both within and between divergent forms
(Crnokrak and Roff 1995; Roff and Emerson 2006). The underlying reasons for variation
in the genetic architecture in embryonic and the different larval traits are not clear, but
could indicate the contribution of strong selection on fitness traits eroding additive genetic
variation and/or maternal and non-additive genetic effects being important determinants of
fitness in nature (Roff and Emerson 2006). Further studies are clearly needed to shed light
on this aspect.
The expression of genetic variation, as well as the relative contribution of different
sources of phenotypic variation can differ between environments (Hoffmann and Merilä
1999; Charmantier and Garant 2005). In accordance, we found that the relative
contribution of maternal and direct genetic effects differed between the pH treatments (G 
E interaction). Specifically, divergence in embryonic survival, as well as its maternal
contribution, was evident only in the acid treatment. For larval traits, the quantitative
genetic basis of divergence clearly differed between acid and neutral treatments, but the
pattern was also different among the population pairs. Our previous study found that - in
terms of larval period - R. arvalis populations from more acid breeding ponds were less
negatively affected by acidity than populations from more neutral breeding ponds (chapter
I). Our results here suggest that this higher larval acid tolerance might be due to maternal
effects, as indicated by the pH treatment  female origin (and population) interactions for
larval period and growth rate. Nevertheless, our results add to the evidence that the relative
contribution of maternal and direct genetic effects may depend on the environment under
which the phenotype is expressed. We next discuss the implications for the role of
maternal effects and selection on migrant and hybrids for adaptive divergence.
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Maternal effects as determinants of among population divergence
Maternal effects often play an important role in evolutionary responses (Mousseau
and Fox 1998; Badyaev and Uller 2009; Mousseau et al. 2009), but are relatively little
studied in the context of adaptive divergence (Perry et al. 2005; Räsänen and Kruuk 2007;
Badyaev and Uller 2009). The genetic or environmental basis of the maternal effects in our
study needs to be confirmed, but they are clearly adaptive in embryonic acid tolerance:
offspring of acid origin mothers had higher survival than offspring of neutral origin mothers
under acid conditions. These maternal effects are likely primarily driven by variation in egg
capsules surrounding the embryos (Räsänen et al. 2003b), but occasional (and inconsistent)
egg size effects have also been noted (Andrén et al. 1989; Räsänen et al. 2003a). These
results provide evidence that maternal effects are an important mean to adapt to divergent
environments during early life stages.
The adaptive significance and determinants of maternal effects in larval traits are less
clear, and could arise through various environmental or genetic mechanisms, including
environmentally induced egg size effects (e.g. surface volume ratio, egg quality) and transfer
of growth mediating factors (e.g., hormones or mRNA, Gibson et al. 2004; Groothuis et al.
2006; Uller et al. 2007; Badyaev and Uller 2009) or genetic maternal effects (Wade 1996;
Mousseau et al. 2009). We here found a positive correlation between initial size and larval
fitness traits, but the effects of initial size seemed to be independent of pH or population.
Although divergence in initial size was only determined by maternal effects, the relative
contribution of maternal and direct genetic effects on larval trait divergence was little
affected by accounting for initial size, suggesting that maternal effect contributions were
mainly due to other effects than initial size. Although environmental or genetic maternal
effects are the more likely cause of relatively strong maternal pH-origin contribution, it is
also possible that the strong maternal effects on among population variation in larval lifehistory traits are due to dominance of maternal genes (e.g., Simpson 1983). Likewise,
paternal effects (Roth et al. 2010) can not be discarded in the apparent male dominance
effects evident for the K-S pair. Detailed studies are needed to reveal the underlying
architecture of parental contribution to trait divergence in this system.
Post mating selection on migrants and hybrids
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Selection against immigrant genes among populations can act directly through fitness
of migrants (viability selection, e.g., Nagy 1997; Via et al. 2000; Hendry 2004; Nosil et al.
2005), or through endogenous (innate genetic viability) or exogenous factors on hybrid
fitness (depends on the ecological context, e.g., Rundle and Whitlock 2001). The
quantitative genetic architecture determining phenotypic variation among populations, as
well as genotype × environment interactions, can have important consequences on fitness of
migrants and hybrids (e.g., Burke and Arnold 2001) and therefore on gene flow (e.g.,
Hendry 2004; Nosil et al. 2005). As we studied F1 hybrids, we can only make inferences
about short term effects on migrant and hybrid fitness. For instance, we did not find any
evidence for outbreeding depression (in no case did hybrids perform worse then the pure
types), but it is important to keep in mind that the negative effects of breakdown of
coadapted gene complexes may only become apparent in later generations (Lynch 1996).
We next consider potential implications of our findings for short term effects through fitness
of migrants and hybrids.
Ultimately, the effects of gene flow among divergent populations will depend on the
whole suite of fitness traits (e.g., Forister 2005), but for simplicity we here consider first a
scenario where post mating selection acts through embryonic survival (e.g. following
dispersal of adults prior to breeding), and secondly a scenario where selection acts through
metamorphic size (e.g. following dispersal of juveniles after environmental exposure). First,
with respect to embryonic survival, our results suggest that fitness of pure or hybrid
offspring is determined by the maternal source population, but in an environment specific
manner: under acid conditions, offspring of acid origin females have higher survival than
offspring of neutral origin females, whereas under neutral conditions survival was high and
did not differ between neutral and acid origin populations. Females migrating from neutral to
acid ponds might therefore have much lower fitness than native females, whereas females
migrating from acid to neutral ponds would presumably have similar fitness to native
females during the embryonic stage - irrespective of the type of the males they are mated to
(e.g., Pfennig et al. 2007). In this case, maternally mediated post mating selection against
migrants would be asymmetric: strong selection in the acid environment, but weak in the
neutral environment. Moreover, in the short term, selection would be sex specific: males
dispersing among acid and neutral ponds would not suffer fitness reduction – at least through
the F1 generation (e.g., Turner et al. 2010). Adaptive maternal effects in embryonic acid
tolerance might therefore select against female dispersal, or sex-bias in dispersal may favor
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the evolution of parental effects (e.g., Revardel et al. 2010). Studies on sex-biased dispersal
await further studies in our study system.
Although selection through maternal effects can be powerful even in the short term,
the long term consequences will depend on whether maternal effects are environmental or
genetic (Wade 1996). If they are genetic, even males immigrating from neutral to acid
populations could introduce maladapted genes, which would then be expressed by females in
the next generation and selected against with a time lag (Wade 1998). Maladapted maternal
effect genes carried by male, instead of female immigrants, could therefore be expected to
persist longer and may more likely constraint local adaptation than maternal effect genes
carried by female immigrants.
The quantitative genetic basis of larval traits was much less consistent across traits
and populations, and any predictions with regard to post mating selection are more difficult
to make. We next hypothesize some interesting scenarios based on our main findings on
metamorphic size, which is an important fitness component in amphibians as large size
typically increases survival and reproductive success (Altwegg and Reyer 2003). First, we
consider a scenario where direct environmental influences do not affect migrant phenotype
(i.e. phenotype determined only by the quantitative genetic architecture). In most of our
population pairs, hybrids were intermediate to parental types either due to additive genetic or
due to a combination of additive genetic and maternal effects. The theory of ecologically
mediated selection against hybrids, typically expects that hybrids will be competitively
inferior to parental types as they are expected to be phenotypically intermediate and
therefore be poorly adapted to either parental environment (e.g., Schluter 2000b; Rundle and
Whitlock 2001; Rundle and Nosil 2005). However, hybrids may also express novel
phenotypes relative to the parental types (e.g., Rieseberg et al. 1999; Seehausen 2004) or, as
shown here, be more similar to maternal or paternal type. Whether or not hybrids will show
a relatively higher or lower fitness compared to the parental types will therefore depend on
phenotypic variation, its quantitative genetic basis and the fitness consequences of this
variation in the parental environments (e.g., Pfennig et al. 2007). If hybrids are more similar
to the male (male dominance) or female source population (female dominance or maternal
effects), selection and subsequently, gene flow, may be asymmetric (e.g., Burgess and
Husband 2004; Forister 2005; Pfennig et al. 2007).
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It is important to remember that, in the short term, selection acts on the phenotype as
a whole and phenotypic plasticity may interact with the genotype in determining fitness of
migrants (e.g., Crispo 2008). Dispersal in amphibians often occurs at the juvenile stage after
metamorphosis (Glandt 2006), whereby how selection acts on juveniles should in part
depend on the environment (acid vs. neutral) that they experienced during their aquatic
phase. We next consider a scenario where juveniles of different genotypes disperse between
environments (i.e. phenotype under selection determined jointly by the quantitative genetic
architecture and the rearing environment). In our study system, genetic and environmental
influences on the phenotype may contrast each other (i.e., countergradient selection,
Conover and Schultz 1995; Conover et al. 2009). For instance, pure acid or pure neutral type
individuals might be phenotypically relatively similar when meeting in either environment,
because acid origin metamorphs are genetically larger – but inhabit a slow growth
environment, whereas neutral origin metamorphs are genetically smaller – but inhabit a
more benign growth environment. Hypothetical migrating juveniles might then show small
phenotypic divergence, and the within generation responses to size mediated selection might
be similar. Likewise, selection on hybrid dispersers could be similar, higher or lower than
that on the native type juveniles – depending on the quantitative genetic architecture (e.g. the
relative contribution of maternal and dominance effects), the environment from which they
migrate and the fitness consequences of phenotypic variation in the parental environments.
Clearly the environmental influences on the dispersing phenotype are more complex than
those depicted by low and high pH treatments in the lab, but this serves to illustrate the point
that selection on migrants and hybrids need to consider the quantitative genetic architecture
as well as its interaction with the complex environmental conditions in nature (e.g., Nagy
and Rice 1997; Via et al. 2000; Pfennig et al. 2007; Crispo 2008).
In conclusion, we found that acid and neutral origin populations have diverged from
each other through a combination of maternal and direct genetic sources of variation. The
relative contribution of the different sources of variation differed, however, strongly among
population pairs and between the environments under which the phenotype is expressed. In
particular, divergence in embryonic acid tolerance is maternally determined but it is only
expressed under acid conditions, whereas divergence in key larval life history traits has a
genetic basis but is also often influenced by maternal effects – the relative contribution of
maternal and paternal origin differing among the traits and acid and neutral environments.
These data suggest that maternal effects consistently determine adaptive divergence in
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embryonic acid tolerance but the seemingly parallel divergence in larval life-history traits of
amphibians may be the result of different genetic architecture. Our findings emphasize the
need to investigate multiple populations and a range of traits when making inferences about
the factors that contribute to adaptive divergence among populations. We further suggest
that divergent selection on migrants and hybrids between populations adapting to contrasting
environment may be strongly affected by the underlying quantitative genetic basis and by
interactions with the environment. Explicit field studies are needed to test how divergent
selection on phenotypes is affected by the underlying genetic architecture and its interactions
with environment.
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Supplementary material
S1. Divergence in egg size and initial size
Overall, populations differed significantly in egg sizes (Population: F4, 56 = 3.67, P =
0.001). Analyses within population pairs revealed that egg sizes were marginally smaller in
the L than in the R population (t = 3.69, N = 23, P = 0.068) and significantly larger in the T
than in the N (t = 20.73, N = 19, P <0.001), but did not differ between the K and S
population (t = 0.29, N = 20, P = 0.600).
Divergence in initial size between populations was analyzed with a mixed model
analysis of variance within each population pair, including male and female source
populations as fixed effects and family (nested within male and female population) as a
random effect, but without pH treatment as factor as all hatchlings used for the larval
experiment were raised at pH 7.5. The same model was run including egg size as a
covariate.
Initial size differed between populations of the T-N and L-R population pair,
whereby initial size was larger in the R and the T population. The K-S population pair did
not differ in initial size (Table S1). Separate analyses for each population pair revealed a
significant female population effect in initial size, indicating maternal effects in the L-R
and T-N population pairs (Table S1). Egg size had a positive effect on initial size in all
three population pairs (K-S: b ± SE = 0.06 ± 0.01, P < 0.001; L-R: b ± SE = 0.11 ± 0.02, P
< 0.001; T-N: b ± SE = 0.06 ± 0.02, P < 0.003). When accounting for egg size differences,
female population effects on initial size were still significant, but weaker for the L-R
population pair and only marginally significant for the T-N population pair (Table S1),
suggesting that divergence in initial size is at least partially due to differences in egg sizes.
These results suggest that maternal effects determine divergence in initial size and
including initial size as a covariate may therefore partially account for initial size mediated
maternal effects.
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Table S1. Mixed model analysis of variance of initial size from among population reciprocal crosses within
three population pairs each composed of an acid (K, L, T) and a neutral (S, R, N) origin population.
Analyses are shown a) without and b) with including egg size as a covariate. Hatchlings used for the larval
experiment were raised at pH 7.5 during the embryonic stage. Significant values (p<0.05) are shown in
bold.
Population
pair
K-S Random effects
Family (female pop  male pop)
Residuals
Fixed effects
Female pop
Male pop
Female pop  male pop
Egg size

a) without egg size

b) with egg size

VAR±SE
2.65±0.68
0.67±0.07
Ndf ddf
1 33.1
1 33.1
1 33.1
-

Z
3.92
13.36
F
0.01
0.99
0.24
-

p
<0.001
<0.001
p
0.968
0.327
0.629
-

VAR±SE
1.61±0.42
0.97±0.07
Ndf
ddf
1 32.3
1 32.3
1 32.2
1 32.8

Z
3.78
13.36
F
0.20
2.01
1.44
21.88

p
<0.001
<0.001
p
0.655
0.166
0.239
<0.001

L-R Random effects
VAR±SE
Family (female pop  male pop) 3.88±1.03
Residuals
10.09±0.64
Fixed effects
Ndf ddf
Female pop
1 43.4
Male pop
1 43.4
Female pop  male pop
1 43.4
Egg size
-

Z
3.77
15.74
F
9.65
0.68
0.01
-

p
<0.001
<0.001
p
0.003
0.412
0.982
-

VAR±SE
2.10±0.68
10.32±0.66
Ndf
ddf
1 39.6
1 39.7
1 39.7
1 39.3

Z
3.09
15.54
F
4.58
1.09
0.01
24.64

p
0.001
<0.001
p
0.039
0.302
0.937
<0.001

T-N Random effects
Family (female pop  male pop)
Residuals
Fixed effects
Female pop
Male pop
Female pop  male pop
Egg size

Z
3.89
13.77
F
28.26
1.24
0.99
-

p
<0.001
<0.001
p
<0.001
0.274
0.328
-

VAR±SE
1.47±0.39
0.86±0.6
Ndf
ddf
1 31.6
1 32.1
1 32.0
1 31.8

Z
3.79
13.77
F
3.64
0.24
0.77
10.25

p
<0.001
<0.001
p
0.066
0.625
0.386
0.003

VAR±SE
1.91±0.49
0.86±0.06
Ndf ddf
1 33.0
1 33.0
1 33.0
-
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Table S2. Generalized linear mixed model analyses of covariance for embryonic survival from reciprocal
crosses in three population pairs and at two pH treatments (pH 4.0 and 7.5). Each population pair consists of
an acid (K, L and T) and neutral (S, R and N) origin population (pop) and including egg size as a covariate.
Significant values (p<0.05) are shown in bold.
Population
pH 4.0

pair
K-S

Random effects
Family (female pop  male pop)
Fixed effects

L-R

VAR±SE

Z

p

VAR±SE

Z

p

0.65±0.26

2.48

0.007

1.59±0.56

2.84

0.002

ddf

F

p

Ndf

ddf

F

p

Female pop
Male pop
Female  male pop
Block
Egg size

1
1
1
2
1

28.6
28.8
28.0
94.0
27.4

8.27
1.06
0.03
0.44
0.56

0.008
0.312
0.864
0.644
0.460

1 36.8
1 37.2
1 37.4
2 100.0
1 28.1

2.88
0.12
0.49
0.57
0.63

0.098
0.735
0.490
0.569
0.434

Random effects

VAR±SE

Z

p

VAR±SE

Z

p

3.21 <0.001

0.63±0.26

2.37

0.009

ddf

F

p

Family (female pop  male pop)
Fixed effects

T-N

pH 7.5

0.57± .18
ddf

F

p

Female pop
Male pop
Female pop  male pop
Block
Egg size

1 36.2
1 37.1
1 37.2
2 132.0
1 41.5

1.09
0.62
1.04
0.28
7.50

0.303
0.438
0.315
0.754
0.009

1 49.1
1 46.0
1 47.6
2 130.0
1 41.9

0.50
0.43
0.39
0.45
1.67

0.484
0.514
0.535
0.638
0.203

Random effects

VAR±SE

Z

p

VAR±SE

Z

p

3.60 <0.001

0.79±0.45

1.65

0.049

Family (female pop  male pop)
Fixed effects

Ndf

Ndf

1.13±0.36

Ndf

Ndf

ddf

F

p

Ndf

ddf

F

p

Female pop
Male pop
Female pop  male pop
Block

1
1
1
2

25.7
27.0
27.3
87.0

12.24
0.03
0.02
0.93

0.002
0.874
0.895
0.397

1
1
1
2

31.5
34.7
33.4
90.0

0.06
1.41
0.20
1.29

0.809
0.243
0.655
0.280

Egg size

1

26.7

0.64

0.429

1

36.7

0.64

0.430
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Table S3. Mixed model analysis of covariance on (log) a) metamorphic mass, b) larval period and c) growth rate in two pH treatments (pH treat.) with initial size as
a covariate. Analyses are shown for reciprocal crosses of three population pairs, each composed of an acid and neutral origin population (pop). Significant values
(p<0.05) are shown in bold.
a) Mass
Random effects
Family (female pop  male pop)
Family  pH treat. (female pop  male pop)
Residuals
Fixed effects
pH treat.
Female pH origin
Male pH origin
Female  male pH origin
Female pop (female pH origin)
Male pop (male pH origin)
Female pop  male pop (female x male pH
origin)
pH treat.  female pH origin
pH treat.  male pH origin
pH treat.  female origin  male pH origin
pH treat.  female pop (female pH origin)
pH treat.  male pop (male pH origin)
pH treat.  female pop  male pop (female 
male pH origin)
Block
Initial size

b) Larval period

c) Growth rate

VAR±SE

Z

p

VAR±SE

Z

p

VAR±SE

Z

p

1.60±0.57
1.14±0.57
1.60±0.63

2.83
1.99
23.53

0.002
0.023
<0.001

1.09±0.21
0.11±0.14
3.59±0.15

5.15
1.44
23.51

<0.001
0.076
<0.001

0.64±0.41
0.93±0.50
14.58±0.62

1.57
1.85
23.52

0.058
0.032
<0.001

F

p
<0.001
<0.001
0.001
0.016
0.005
0.853

Ndf

ddf

F

p

Ndf

ddf

F

p

Ndf

ddf

1
1
1
1
2
2

107
111
111
110
118
111

246.07
36.94
19.99
6.59
3.15
0.80

<0.001
<0.001
<0.001
0.012
0.047
0.453

1
1
1
1
2
2

110
109
109
109
115
109

344.24
22.78
7.13
0.66
1.12
1.70

<0.001
<0.001
0.009
0.420
0.329
0.188

1
1
1
1
2
2

107 659.08
112 14.62
112 11.68
111
5.95
119
5.66
111
0.16

2
1
1
1
2
2

111
107
107
107
107
107

0.12
1.09
2.43
1.62
0.24
0.19

0.887
0.300
0.122
0.206
0.787
0.825

2
1
1
1
2
2

109
110
109
109
109
109

0.55
5.07
0.92
0.87
1.11
0.36

0.580
0.026
0.339
0.353
0.333
0.698

2
1
1
1
2
2

112
107
107
107
107
107

1.10
4.96
4.34
0.73
0.28
0.31

0.337
0.028
0.040
0.393
0.757
0.736

2
2
1

107
1123
475

0.13
21.38
4.10

0.808
<0.001
0.043

2
2
1

109
1120
776

0.15
119.05
4.58

0.865
<0.001
0.033

2
2
1

107
1124
377

0.31
7.35
15.12

0.733
0.001
<0.001
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Table S4. Mixed model analyses of covariance for metamorphic mass from reciprocal crosses of three
population pairs at two pH treatments (pH 4.3 and 7.5) and including initial size as a covariate. Each
population pair consists of an acid (K, L and T) and neutral (S, R and N) origin population (pop). Significant
values (p<0.05) are shown in bold.
Population
pair
K-S

L-R

T-N

Random effects

pH 4.3
VAR±SE

Family (female pop  male pop)
Residuals

3.71±1.60
13.03±1.46

Fixed effects

Ndf

ddf

pH 7.5
Z

p

VAR±SE

2.38
0.009
8.98 <0.001
F
p

1.90±0.09
8.49±0.96

Female Pop
Male Pop
Female pop  male Pop
Block
Initial size

1 32.7 2.21
1 32.8 10.93
1 32.8 1.38
2 163.0 5.95
1 99.1 0.15

Random effects

VAR±SE

Ndf

ddf

Z

p

2.20
0.014
8.87 <0.001
F
p

0.147
0.002
0.249
0.003
0.702

1 34.8
1 34.8
1 34.9
2 161.0
1 123.0

1.89
5.23
0.59
2.79
8.15

0.178
0.029
0.447
0.064
0.005

p

VAR±SE

Z

p

Family (female pop  male pop)
Residuals

31.07±1.80 1.29
0.099
3.71±3.00 10.36 <0.001

2.94±1.06
11.01±1.04

Fixed effects

Ndf

p

Ndf

ddf

Female Pop
Male Pop
Female pop  male Pop
Block
Initial size

1 44.7 17.67 <0.001
1 40.9 5.42
0.025
1 41.0 3.69
0.062
2 218.0 7.57
0.001
1 63.7 0.94
0.335

1
1
1
2
1

47.9
43.4
43.3
229.0
211.0

Random effects

VAR±SE

p

VAR±SE

1.75
0.040
9.08 <0.001

2.37±1.09
10.95±1.18

ddf

Family (female pop  male pop)
Residuals

2.93±1.70
18.97±2.09

Fixed effects

Ndf

Z

F

Z

ddf

F

p

Ndf

ddf

Female Pop
Male Pop
Female pop  male pop
Block

1 38.5
1 30.9
1 30.9
2 167.0

9.77
3.26
1.02
3.68

1
1
1
2

41.6
33.2
32.9
174.0

Initial size

1

0.87

0.003
0.081
0.320
0.027
0.354

1

114.0

69.7

2.78
0.003
10.64 <0.001
F

p

16.14 <0.001
5.05
0.030
0.83
0.368
5.54
0.005
2.53
0.113
Z

p

2.18
0.015
9.27 <0.001
F

p

7.76
0.008
0.83
0.368
0.94
0.339
9.30 <0.001
0.38
0.541
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Table S5. Mixed model analyses of covariance for larval period from reciprocal crosses of three population
pairs at two pH treatments (pH 4.3 and pH 7.5) and includes initial size as a covariate. Each population pair
consists of an acid (K, L and T) and neutral (S, R and N) origin population (pop). Significant values (p<0.05)
are shown in bold.
Population
pair
K-S

Random effects

VAR±SE

3.04
0.001
8.88 <0.001
F
p

1.00±0.40
3.05±0.35
Ndf

Female pop
Male pop
Female pop  male pop
Block
Initial size

1 32.7 2.51
0.123
1 33.0 2.19
0.148
1 32.8 1.04
0.316
2 160.0 10.60 <0.001
1 130.0 0.21
0.648

1
1
1
2
1

Random effects

VAR±SE

Fixed effects

Family (female pop  male pop)
Residuals
Fixed effects

T-N

VAR±SE

pH 7.5
p

Family (female pop  male pop)
Residuals

L-R

pH 4.3

2.23±0.73
3.64±0.41
Ndf

ddf

Z

Z

p

0.90±0.34 2.68
0.004
3.68±0.35 10.42 <0.001

Female pop
Male pop
Female pop  male pop
Block
Initial size

1 48.8 8.37
0.006
1 44.2 3.32
0.075
1 44.3 0.08
0.778
2 220.0 61.20 <0.001
1 85.1 1.46
0.230

1
1
1
2
1

Random effects

VAR±SE
1.20±0.51
4.23±0.46
Ndf

F

Z

ddf

Z

p

VAR±SE

2.33
0.010
9.07 <0.001

1.30±0.46
2.77±0.30

F

p

Ndf

Female pop
Male pop
Female pop  male pop
Block

1 40.2
1 31.1
1 31.0
2 167.0

1.73
0.08
0.55
4.23

1
1
1
2

Initial size

1

3.22

0.196
0.778
0.463
0.016
0.076

1

F

p

48.9 13.13
0.001
44.4 7.55
0.009
44.3 0.19
0.663
230.0 23.61 <0.001
223.0 0.51
0.476

p

ddf

86.0

2.5
0.006
8.82 <0.001
F
p

1.14±0.38 3.01
0.001
3.59±0.34 10.68 <0.001
Ndf

Fixed effects

ddf

p

33.3 21.2 <0.001
33.2 5.86
0.021
33.3
0.4
0.534
159.0 27.54 <0.001
133.0 0.64
0.424

VAR±SE

p

Family (female pop  male pop)
Residuals

Ndf

ddf

Z

ddf

Z

p

2.83
0.002
9.23 <0.001
F

p

40.6 3.77
0.059
31.9 0.01
0.930
31.7 0.03
0.870
173.0 14.52 <0.001
154.0 3.42
0.066
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Table S6. Mixed model analyses of covariance for growth rate from reciprocal crosses of three population
pairs at two pH treatments (pH 4.3 and 7.5) and including initial size as a covariate. Each population pair
consists of an acid (K, L and T) and neutral (S, R and N) origin population (pop). Significant values (p<0.05)
are shown in bold.
Population
pair
K-S

L-R

T-N

Random effects

pH 4.3
VAR±SE

p

VAR±SE
1.70±0.90
10.25±1.15

ddf

1.79
0.037
8.88 <0.001
F
p

Ndf

ddf

Female pop
Male pop
Female pop  male pop
Block
Initial size

1 31.9
1 31.8
1 31.9
2 162.0
1 83.2

0.61
0.441
10.26
0.003
0.26
0.616
11.06 <0.001
1.33
0.252

1
1
1
2
1

35.2
35.1
35.2
162.0
116.0

2.59
0.49
0.09
2.61
9.73

0.117
0.490
0.770
0.077
0.002

Random effects

VAR±SE

VAR±SE

Z

p

Family (female pop  male pop)
Residuals

1.60±0.90
9.48±1.07

Fixed effects

Ndf

Family (female pop  male pop)
Residuals

0.39±0.14
3.01±0.29

Fixed effects

Ndf

ddf

Z

pH 7.5

Z

p

0.27
0.393
10.30 <0.001
F
p

Ndf
1
1
1
2
1

Female pop
Male pop
Female pop  male pop
Block
Initial size

1 41.4
1 38.2
1 38.2
2 217.0
1 54.2

11.89
3.01
5.45
0.35
3.17

0.001
0.091
0.025
0.707
0.080

Random effects

VAR±SE

Z

Family (female pop  male pop)
Residuals

1.40±0.10
13.09±1.44

Fixed effects

Ndf

ddf

Female pop
Male pop
Female pop  male pop
Block

1 38.5
1 31.7
1 31.6
2 169.0

Initial size

1

64.8

Z

p

1.92
0.028
8.89 <0.001
F
p

2.11
0.017
10.63 <0.001
ddf
F
p

1.48±0.70
9.61±0.90

0.026
0.477
0.142
0.735

47.4
42.7
42.7
229.0
177.0

5.32
0.52
2.24
0.31
6.00

0.015

p

VAR±SE

Z

p

1.42
0.078
9.12 <0.001
F
p

3.10±1.30
10.93±1.18

9.89
0.003
4.65
0.039
0.62
0.439
8.29 <0.001
0.01
0.973

2.46
0.007
9.29 <0.001
F
p

Ndf

ddf

1
1
1
2

42.7
33.8
33.6
175.0

2.21
0.56
0.72
1.58

0.144
0.458
0.404
0.209

1

127.0

2.69

0.104
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Chapter IV:
Adaptive divergence of the moor frog (Rana arvalis) along an acidification gradient
IV: Interactive effects of pH and predation

Andrés Egea-Serrano, Sandra Hangartner, Katja Räsänen and Anssi Laurila
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Abstract
Natural populations are simultaneously exposed to a multitude of selective pressures
and it is still largely an open question how organisms adapt to complex environments. This
is particularly true for contemporary populations, which are increasingly exposed to
environmental stress by combinations of natural and anthropogenic environmental factors.
We studied among population variation in responses to the combined effects of a biotic
(predator) and an abiotic (acidity) environmental stressor in six R. arvalis populations along
an acidification gradient (breeding pond pH 4.0 to 7.5) in southwestern Sweden. We reared
tadpoles in two pH (pH 4.5 and 7.5) and two predation (presence and absence of a caged
dragonfly larva) treatments in a common garden laboratory experiment, and measured larval
antipredator defense (behavior, morphology) and life-history (growth, age and size at
metamorphosis) traits. To test for survival differences among the populations and
treatments, we also exposed tadpoles from different populations and rearing conditions to
direct predation by dragonflies. In general, all populations exhibited inducible defenses
(behavior and morphology), and growth and development rates were reduced in the acid
treatment. However, we found that responses to predator and acid stress differed among the
populations. Tadpoles from acid populations showed higher behavioral plasticity and
stronger constitutive morphological defenses than tadpoles from neutral populations. They
also survived better under most experimental conditions when exposed to a free-ranging
predator. Tadpoles from acid populations had a higher growth rate and metamorphosed
later, but at larger size, in the presence of predators than tadpoles from neutral populations.
Our results suggest that acid (and predator-rich) origin R. arvalis populations are adapted to
both acid stress and the prevailing predation regime. Moreover, while acidity seems to
impose selection on behavior and life history, predators seem to impose selection on
constitutive morphological defenses. These results emphasize the need to study interactions
among multiple stressors and among population variation in responses to them in studies of
adaptive plasticity.
Keywords: constitutive defenses, environmental stress, inducible defenses, multiple
stressors, natural selection
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Introduction
Environmental stress, defined as an environment that lies outside the range of
preferred conditions and challenges an organism’s ability to maintain function (Ghalambor
et al. 2007), is a powerful evolutionary force (Hoffmann and Parsons 1997; Palumbi 2001;
Reznick and Ghalambor 2001; Ghalambor et al. 2007). Typical examples of environmental
stressors include extreme temperatures, drought or pollution, and their relative strength
often varies on a local scale (Hoffmann and Parsons 1997). This spatial heterogeneity in
environmental conditions may result in local populations experiencing divergent natural
selection (Simpson 1953; Endler 1986; Schluter 2000), which is expected to drive adaptive
divergence and local adaptation (Williams 1966; Reznick and Ghalambor 2001; Kawecki
and Ebert 2004).
Contemporary natural populations are exposed to a multitude of natural and
anthropogenic environmental stressors, which often result in novel combinations of
environmental factors (e.g., Relyea and Hoverman 2006; Holmstrup et al. 2010; Woodward
et al. 2010). Exposure to multiple stressors can result in energetic and functional trade-offs,
which subsequently can increase the negative effects of a given stressor in combination with
another abiotic (e.g., Relyea 2004; Relyea et al. 2005; Pelletier et al. 2006; Crain et al. 2008;
Egea-Serrano et al. 2009; Eränen et al. 2009) or biotic stressor (e.g., Relyea and Mills 2001;
Relyea 2003; Teplitsky et al. 2005; Relyea 2006; Teplitsky et al. 2007). In a similar way,
adaptation to one environmental factor can incur ecological or genetic trade-offs, which may
constrain simultaneous adaptation to multiple selective factors (Reznick and Travis 1996;
Hoffmann and Parsons 1997; Kawecki and Ebert 2004). Whereas adaptation to single
stressors has been shown repeatedly (e.g., Palumbi 2001; Reznick and Ghalambor 2001;
Kawecki and Ebert 2004), investigations of interacting effects of multiple stressors and how
this is affected by local adaptation are still in their infancy (Ghalambor et al. 2004; Schulte
2007; Eränen et al. 2009; Rogell et al. 2009).
In heterogeneous environments, adaptation can arise as a fixed genetic response or as
genetically based adaptive phenotypic plasticity, defined as the ability of a genotype to
produce different phenotypes in different environments (Pigliucci 2001). In the absence of
costs to plasticity, spatially and temporally heterogeneous environments are expected to
select for phenotypic plasticity (e.g., Via and Lande 1985; Pigliucci 2001; Sultan and
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Spencer 2002). On the other hand, when plasticity is costly, and the environment is stable in
space and time, the baseline selection may favor a fixed response instead of a plastic
response to a given environmental factor (Via and Lande 1985; Sultan and Spencer 2002).
The evolution of plasticity may therefore occur independently or jointly with changes in the
mean trait value (e.g., Via and Lande 1985; Crispo 2007), and the outcome should depend
on the relative costs of plasticity and canalization (e.g., DeWitt et al. 1998; Steiner and Van
Buskirk 2008; Lind and Johansson 2009).
Inducible defenses, defined as plastic modifications in prey behavior, morphology
and life histories that have evolved in response to spatial and temporal variation in predation
risk, are a well-known example of adaptive plasticity (e.g., Tollrian and Harvell 1999).
Antipredator defenses reduce the risk of predation (e.g., McCollum and VanBuskirk 1996;
Van Buskirk et al. 1997), but they can incur costs such as decreased growth rate, delayed
maturity or reduced fecundity (e.g., Agrawal et al. 1999; Van Buskirk 2000; Relyea 2002a;
Nelson 2007). Depending on how costly plasticity is and how predation risk varies in space
and time, predator mediated selection may either drive the evolution of inducible defenses
or the evolution of constitutive defenses (Via and Lande 1985; Sultan and Spencer 2002).
Plastic adaptive responses to single environmental factors have been repeatedly
documented (Pigliucci 2001; Ghalambor et al. 2007). Studies on interactions between
environmental factors and inducible defenses have shown that additional environmental
stressors may increase the costs (e.g., Hanazato 2001; Christin et al. 2004; Huber et al.
2004; Teplitsky et al. 2005) or decrease the investment in defenses (e.g., Barry 2000; Relyea
2004; Teplitsky et al. 2007). However, how selection experienced by the populations in the
past affects plastic responses to multiple environmental factors in general, and in inducible
defenses in particular, are less well understood. Although among population variation in the
expression of inducible defenses has been reported (Storfer and Sih 1998; Relyea 2002b;
Kishida et al. 2007; Laurila et al. 2008), divergence in expression of inducible defenses has
rarely been studied along gradients of interacting environmental stressors.
Acid environments are stressful and can have strong lethal (e.g. reduced embryonic
survival) and sublethal (e.g. reduced growth and development rates) fitness effects on
aquatic organisms (Haines 1981; Pierce 1985; Bradford et al. 1998; Räsänen and Green
2008). Acidification, whether natural or human induced, is therefore expected to cause
strong natural selection (Collier et al. 1990; Räsänen et al. 2003a), and adaptation to acid
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stress has been observed in a range of aquatic taxa (e.g., Rahel 1983; Räsänen et al. 2003b;
Derry and Arnott 2007). In addition to reductions in pH, however, acidification results also
in major correlated environmental changes, including leaching of metals, increased UV-B
radiation and changes in the composition of biological communities (Brodin 1993;
Schindler et al. 1996). One of the major biotic changes is a shift in the identity of top
predators: as fish disappear from acidified lakes, large acid tolerant predatory insects, such
as aeshnid dragonfly larvae and large dytiscid beetles, become top predators and increase in
numbers (Henrikson 1990). Consequently, it seems possible that predator mediated
selection covaries with pH mediated selection along acidity gradients. Studies along acidity
gradients may therefore provide a powerful system to investigate responses to simultaenous
selection by abiotic (pH mediated) and biotic (predator) mediated environmental stress in
natural populations.
Amphibians provide an interesting model system in this respect. First, amphibians are
severely negatively impacted by environmental acidity (reviewed in Räsänen and Green
2008), but some species also show evidence for adaptive divergence in response to acidity
(Andrén et al. 1989; Glos et al. 2003; Räsänen et al. 2003a; Räsänen et al. 2005). Second,
amphibian larvae are a widely used model system for inducible defenses (Miner et al. 2005).
When exposed to chemical cues of a predator, most tadpole species develop defenses in
terms of behavior, color, and morphology (e.g., McCollum and VanBuskirk 1996; Miner
and Vonesh 2004). The costs of these defenses seem to be paid mainly as reduced growth
and development (Benard 2004; Relyea 2007) and simultaneous exposure to predator stress
together with other stressors has been shown to reduce survival (e.g., Relyea 2006).
However, how the expression of inducible defenses is affected by interactions among
stressors, and may vary among populations, is less well understood. A previous study on one
acid and one neutral origin population of moor frog (Rana arvalis) found that the exposure
to acid stress inhibited the expression of inducible defenses in a neutral origin population
but not in an acid origin population (Teplitsky et al. 2007), suggesting, on one hand,
geographic variation in sensitivity of populations to combined stressors and, on the other
hand, natural selection mediated adaptation to joint acidity and predation stress. However,
the generality of these results and the fitness consequences of the phenotypic responses
remain to be tested.
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We studied the interactive effects between predator and acidity mediated
environmental stress on predator defense (behavior and morphology) and larval life-history
traits (growth and age and size at metamorphosis) in six R. arvalis populations along an
acidification gradient (breeding pond pH 4.0 to 7.5). We reared tadpoles at a combination of
pH (pH 4.5 and 7.5) and predator stresses (presence or absence of a caged predator) until
metamorphosis. In addition, we conducted a direct survival assay by exposing tadpoles from
different populations and treatments (acid and/or predator exposure) to a free-ranging
predator.
We made two main predictions. First, we predicted that past selective history
influences responses to acid and predation stress. In particular, we expected that i) tadpoles
originating from predator rich populations invest more in inducible defenses or show
stronger constitutive defenses, and ii) if acid origin populations are adapted to acid stress,
tadpoles from neutral origin populations should suffer relatively more from acid stress and
therefore show inability to express defenses under acid stress. Second, we predicted that
differences among populations in the expression of inducible defenses will affect their
survival when directly exposed to predators. More specifically, we predicted that
populations showing higher constitutive or plastic defenses have higher survival.

Material and methods
Study system
R. arvalis is a brown frog that occurs in the western Palaearctic in a wide range of
habitats and pH levels (pH 4 to 9, Glandt 2006). Breeding occurs in early spring, and
females produce a single egg clutch per year, which is laid directly in water. R. arvalis
breeding ponds typically contain high densities of tadpole predators and R. arvalis exhibits
well developed inducible defenses in behavior and morphology (Lardner 1998; Laurila et al.
2006; Teplitsky et al. 2007). Tadpoles metamorphose at the age of two-to-three months after
which they become largely terrestrial (Glandt 2006).
Southwestern Sweden has been exposed to human induced acidification (“acid rain”)
since the onset of the industrial revolution (e.g., Brodin 1993; Renberg et al. 1993).
Whereas lime stone bedrock provides a natural buffer against acidification in some part of
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the area, large areas have low buffering capacity and therefore show severe declines in pH
(Renberg et al. 1993). Subsequently, the most neutral sites have no history of acidity,
whereas the most acid sites have a history of natural and human induced acidification
(Brodin 1993; Renberg et al. 1993).

Table 1. Descriptive information on study sites: coordinates (N, E), pond pH (mean ± SD), likely
acidification history and average density (number of individuals per five sweeps) of gape-unlimited predators
(Aeshna sp, Dytiscus sp). For further details see methods section and chapter I.
Population
Tottajärn
Lomsjö
Kungsbacka
Nitta
Stubberud
Rud

Coordinates
57°60N, 12°60E
57°76N, 12°88E
57°50N,12°06E
57°87N, 13°21E
58°46N, 13°76E
58°59N, 13°79E

Pond pH
4.0 ± 0.2
4.0 ± 0.2
4.9 ± 0.2
5.7 ± 0.3
7.3 ± 0.2
7.0 ± 0.2

Likely acidification
history
Natural & human
Natural & human
Natural & human
Unknown
None (Limestone area)
None (Limestone area)

gape-unlimited
Predator density
4.50
5.67
4.00
1.70
1.69
3.33

The six R. arvalis populations studied all inhabit permanent ponds or small lakes in
forested areas during their aquatic phase, with breeding pond pH ranging from pH 4.0 - 7.3
(Table 1). The exact acidification history of these ponds is not currently known, but is likely
a mix of anthropogenic and natural acidification (Renberg et al. 1993). Although none of
our study sites are directly limed, some sites within the acidified area (see Fig 1. in chapter
I) may have been impacted by forest liming which is used in Sweden commonly to
counteract acidification (Guhren et al. 2007). In the neutral areas, pH is buffered naturally
by limestone bedrock and the two most neutral populations have therefore presumably not
experienced acid stress in the past. The pairwise geographic distances among the
populations range from 15 to 160km.
Quantification of the selective environment
At each site, pond pH and density of gape unlimited invertebrate predators was
measured. Other details of the environmental variation among these sites can be found in
chapter I. Pond pH was measured at three different sites within each pond in April 2007 and
2008, and May and June 2009, with an Orion 9109WL electrode (Thermo Scientific, Inc.)
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attached to a portable field pH-meter (Orion 260, Thermo Scientific Inc.). Average pH for
each pond was calculated across the pond means at each time point (Table 1).
Predator density was estimated at each pond in mid May and mid June in 2009 using
dip net (32cm diameter, 0.08cm mesh size) sweeps. Within each pond, and at each sampling
occasion, samples were taken at three equidistantly distributed sites by making five sweeps
at a depth of 0.5-1.5m over a 2-3m distance along the shoreline. The densities of Aeshna
dragonfly larvae and Dytiscus larvae and beetles, which are the most effective predators in
this system (e.g., Van Buskirk and Arioli 2005), were estimated by placing the samples in a
square white plastic box and photographing them for later counts of their numbers from
digital images. Predator density was calculated as total number of predators/five sweeps,
and the average of the three sites of May and June sampling was taken as predator
abundance in each pond.
Common garden experiment
Five male and five female R. arvalis in breeding condition were collected in each of
the six populations and transported to the laboratory at Uppsala University, Sweden
(59°50`N, 17°50`E). The frogs were kept in a climate chamber at + 2 to 4 °C until artificial
crosses were made. Artificial mating prevented any bias due to differences in exposure in
the early environment and assured that the offspring in each family were full sibs. The
crosses were performed according to Berger et al. (1994) and Räsänen et al. (2003a), with
some modifications as described in chapter I. Embryos from each of the five families per
population were reared in three groups (three replicate vials) of ca. 50 eggs in 0.9l plastic
vials containing 0.5l of reconstituted soft water (RSW; APHA 1985). The embryos were
reared in a climate room (+ 16ºC) under a 18h L: 6h D photoperiod. Water was changed
every three days until larvae reached Gosner stage 25 (complete gill absorption and
initiation of independent feeding; Gosner 1960), at which point the experiment was set up.
The experimental design was a 2  2  6 randomized factorial block design with two
pH treatments (pH 4.5 and 7.5), two predator treatments (present or absent of dragonfly
larvae) and six populations. The experimental units were plastic containers (38 × 28 ×
13cm) containing 10l treatment water. The experimental units were arranged over two shelf
systems, divided into four vertical blocks to account for known temperature gradients within
the room. Two apparently healthy individuals were randomly selected from each of the five
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families per population and placed in an experimental container resulting in ten tadpoles per
experimental unit. There were four replicate units for each population - treatment
combination (one per block), resulting in a total of 96 experimental units. At day 21, five
tadpoles per replicate were taken for measurements of morphology (see below), and later
returned back to their respective experimental containers. At day 25, a subset of tadpoles
was removed for the survival assay (see below), and the remaining tadpoles (in most cases
five/replicate) left in the experiment until metamorphosis.
The experiment started on May 5, 2009 (day 0 of the experiment) and was carried out
in a climate room (+ 19ºC) under a 18h L: 6h D photoperiod. RSW was used throughout the
experiment to maintain stable water quality. In the acid treatment, pH was adjusted with 1M
H2SO4 during a two-day period before use, whereas pH in the neutral treatment was not
adjusted (pH of RSW is 7.2-7.6, APHA 1985). Each experimental container was provided
with a plastic filter, which contained filter wool and peat pellets. Peat pellets were placed in
the filters to reduce pH fluctuations during the experiment in the acid treatment. In order to
reduce bias among the treatments due to material, filters in the neutral treatment were also
provided with peat pellets, but about one third of the amount of peat than the acid treatment.
To ensure mixing of water, oxygen was pumped to each container with aquarium pumps
and air flux was dispersed by one air stone. To seal the filters, the peat pellets, filter wool
and air stones were placed within nylon mesh (250 micra). Water was changed once a week
for the first 21 days and twice a week thereafter to maintain appropriate pH and water
quality. pH was monitored regularly during the experiment, and was on average 4.9 ± 0.1
(until day 25: mean ± SD = 4.7 ± 0.4; day 27 until metamorphosis: mean ± SD = 5.2 ± 0.5)
in the acid treatment, and 7.6 ± 0.2 (until day 25: mean ± SD = 7.6 ± 0.2; day 27 until
metamorphosis: mean ± SD = 7.6 ± 0.4) in the neutral treatment.
Tadpoles were fed ad libitum with finely chopped spinach every other day. Lateinstar Aeshna sp. larvae captured at ponds near Uppsala were used as predators. The
predators were introduced into the experiment on day 1. In each experimental unit, one
predator was placed in a cylindrical cage (diameter 11 cm; height 21 cm) made of
transparent film with a double bottom (mesh size 1.5 mm) and hung 5 cm above container
floor. The dragonfly larvae were fed with two R. arvalis tadpoles every other day. This set
up assured visual and chemical cues from the predator to the tadpoles, whilst preventing
direct predation. In the control treatment the cage was left empty.
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Response variables
The response variables consisted of predator defense traits (larval activity,
morphology) and larval life-history traits (growth, larval period and metamorphic size).
Larval activity was recorded four times per day (between 10 am and 16 pm) during days 5-7
and 17-19. The containers were approached carefully and the number of active tadpoles
(judged by moving tail) was recorded.
On day 21, five tadpoles were randomly sampled from each container for
morphological measurements. Each tadpole was placed sideways in a Plexiglas box and
photographed alive in water from the left side, to gain a digital side-view image. The box
contained a piece of millimeter paper as a scale and sufficient water to cover the tadpoles,
whilst preventing them from swimming. Each tadpole was photographed when it rested
statically and subsequently returned to the tank of origin.
Body length (tip of the nose to end of the body), maximum body depth (straight line
from the widest point of upper part to the lower part of body), tail length (straight line from
body end to tail tip), maximum tail muscle depth (straight line from the widest point of
upper part to the lower part of tail muscle) and maximum tail depth (straight line from the
widest part from upper part to the lower part of tail fin) were measured from these images
(to the nearest 0.001 mm) with the software Pro-Plus 4.5.0.29 for Windows (Media
Cybernetics, Silver Spring, MD, USA). Tadpole body size was estimated from these images
by performing a principal component analysis (PCA) with a correlation matrix of the five
morphological variables. The first axis (PC1) explained 89.2% of the variation and all five
variables loaded strongly and positively (>0.91) on it, indicating it to be a size axis. PC1
was used as a measure of larval size and tail depth and tail muscle depth used as a measure
of morphological defenses.
When the tadpoles approached metamorphosis (emergence of at least one forelimb;
Gosner stage 42) the containers were checked daily. Metamorphosed larvae were removed
from the containers, blotted dry and weighed (to the nearest 0.1 mg) with an electronic
balance. Larval period was measured as the number of days elapsed from the start of the
experiment to metamorphosis. Average daily growth rate (mg/day) was defined as the ratio
of mass at metamorphosis/larval period. The experiment was run until all the surviving
tadpoles had metamorphosed.
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Statistical analyses
For larval activity, the average proportion of active larvae for days 5-7 and 17-19 was
calculated for each container. Cage means of larval body size (PC1), tail depth, tail muscle
depth, metamorphic size, larval period and larval growth rate were used in the statistical
analyzes. These traits were analyzed with analyses of (co)variance (AN(C)OVAs), where
block, pond pH (indicator of population origin), pH treament, predator treatment and their
interactions were used as fixed factors. In the analyses of tail depth and tail muscle depth,
PC1 was used as a covariate to correct for size variation. Analyses on the other
morphological traits (body depth, body length, tail length) showed little population-specific
effects and the results are not reported further here.
In these analyses a significant pond pH main effect indicates that populations differ
significantly from each other. In addition, linear orthogonal polynomials (Quinn and
Keough 2002) were used to test for a linear relationship between the factor pond pH and a
given phenotypic trait. Linear orthogonal polynomials were also used to test whether the
defense and life history traits correlated with pond predator density. In these models, pond
pH was replaced with predator density, because pond pH and predator density were
marginally significantly correlated (r = -0.80; n =6, P = 0.059). Non-significant three way
interactions were removed from the analyses.
Larval mortality was analyzed with a generalized linear mixed model with binomial
error and logit link using the Glimmix procedure in SAS (Littell et al. 2006). However, as
larval survival was generally high and did not differ among populations or treatments
(population averages at different treatments ranging from Acid-No predator: 87.5 to 100%,
Acid-Predator: 90-97.5%, Neutral-No predator: 87.5-100%, Neutral-Predator: 82.5-100%;
all P > 0.3), it is not reported further. All statistical analyses were conducted in SAS 9.2
(SAS Insitute, Inc.).
Survival experiment in the presence of free-ranging predators
We studied the effects of population, pH treatment, and predator induction on tadpole
survival in a direct predation experiment with free-ranging predators. On day 25, five
(where possible) R. arvalis larvae from each container in the above common garden
experiment were randomly selected to a direct predation experiment. Six larvae (one from
each study population) exposed to the same larval rearing combinations (acid vs. neutral pH
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and/or presence vs. absence of predator) were placed in plastic containers (40  20  24 cm)
containing 10l of treatment water (pH 4.5 or 7.5: the tadpoles were exposed to the same pH
conditions as in the common garden experiment). In seven replicates, only five tadpoles
could be used because of mortality during the common garden experiment prior to day 25,
and to allow sufficient number of tadpoles (typically five per replicate) to be reared until
metamorphosis.
During the survival assay, experimental larvae were maintained at the same pH
treatments as they had been reared at in the common garden experiment. The experimental
design was therefore the same as in the common garden experiment: a 2  2  6 factorial
design with two pH (pH 4.5 and 7.5) and two predator rearing treatments (prior rearing in
presence or absence of predator) and six populations. A free ranging Aeshna dragonfly was
added as a predator (see below) to each tank. Control trials without predators were not
conducted because survival of R. arvalis tadpoles is high under laboratory conditions
(Räsänen et al. 2005, this study), and because our interest was specifically in the relative
differences among populations and treatments in survival under predation. 17 -18 replicates
per pH - predation treatment combination were used resulting in a total of 69 experimental
units.
Each container contained finely chopped spinach as food for tadpoles, and 10g of
dried aspen (Populus tremulus) leaves, which provided structural complexity and shelter for
the tadpoles. At the start of the experiment, the experimental tadpoles were added to the
containers, and a late-instar Aeshna larva was added one hour later. To allow the predators
to acclimate to the experimental pH, each predator had been randomly assigned either to pH
4.5 or to pH 7.5 treatment at least five days before the start of the experiment. During this
time, the dragonfly larvae were fed with two R. arvalis larvae every other day, but they were
not provided with food for 24 h before the start of the experiment. The tadpoles were
exposed to the free-ranging dragonfly for 16 hours (6 pm - 10 am). The number of survivors
was recorded, and the tadpoles were stored in 70% alcohol. The population identity of the
survivors was later determined with parentage assignment (see below). As size of the
predator can influence predatory efficiency (e.g., Laurila et al. 2006), dragonfly length was
recorded at the end of each trial (i.e. after 16 hours of exposure).
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Parentage assignment
256 out of the total of 407 experimental tadpoles survived the exposure to predators.
Microsatellites were used to determine the source population of the surviving tadpoles by
assigning tadpole genotypes to putative parents. As five pairs were crossed within each
population, this resulted in a total of 30 families with 30 female and 30 male parents. Six
polymorphic microsatellite loci (WRA1-22, WRA1-28, WRA1-160, WRA6-8, P. Arens,
unpublished, Genbank accession AJ1419881-84; RLaCa41, (Garner and Tomio 2001); and
Gala 19, (Arioli 2007)) were used to identify the parents of the survived tadpoles. DNA was
extracted (from the tip of the tail of the tadpoles and from the tip of the skin fold among toes
of adults) using a high salt extraction procedure (Aljanabi and Martinez 1997). Multiplexed
polymerase chain reaction (PCR) amplifications were performed in a total volume of 5µl
containing some 50ng DNA template, 2.5μg PCR mix (QIAGEN Multiplex PCR Kit), 1µl
10xprimer mix, 1.5µl RNAse-free water in a TProfessional Basic (Biometra) thermal cycler.
PCR profiles consisted of 15min denaturation at 95°C followed by 30-38 cycles of 30s
denaturation at 94°C, 90s annealing at 50-59°C and 60s extension at 72°C with a final step
of 30min at 72°C. PCR products were visualized using an ABI 3739xI DNA analyzer
(Applied Biosystems) and alleles were scored using GeneMapper software v3.7 (Applied
Biosystems). Parentage assignment was performed using the PROBMAX (version 1.3)
program (Danzmann 1997). 236 out of the 256 survived tadpoles could be assigned to the
parents with a probability of >90%. Assignment probability of the remaining 20 tadpoles
was < 80% and they were treated as dead in the analyses.
Statistical analyses
Survival was analyzed with a generalized linear mixed model with REML estimation,
a logit link function and binomial error structure using the Glimmix procedure in SAS 9.2.
First, a full model was run where pond pH, pH treatment, predator treatment and their
interactions were included as fixed factors, and tank (nested within predator and pH
treatment) as a random factor to account for statistical non-independence of data points.
Subsequently, analyses were run within each pH treatment separately with pond pH,
predator treatment and their interactions as fixed factors, and tank (nested within predator
treatment x pH treatment) as a random factor. To correct for the effect of predator size on
survival, dragonfly length was included as a covariate in these analyses. To further test
whether breeding pond pH is correlated with survival, linear orthogonal polynomials (Quinn
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and Keough 2002) were used to test for a linear relationship between pond pH and survival.
To explore whether pond pH or predator density is a stronger predictor of survival, a
separate model was run where pond pH was replaced by predator density and its linear
relationship with survival tested using linear orthogonal polynomials.

Results
Common garden experiment
Behavioral and morphological defenses
As indicated by significant pH and predator treatment main effects, both acid stress
and presence of predators reduced tadpole activity (Table 2a, Fig. 1A). A significant pond
pH effect further indicated that activity differed among populations (Table 2a, Fig 1A).
Linear contrasts revealed that tadpole activity decreased, on average, with pond pH (b ± S.E.
= -0.04 ± 0.01, P = 0.014), but that the relationship between activity and pond pH differed
between the predation treatments (Table 2a). In the absence of predators, tadpole activity
decreased with increasing pond pH (b ± S.E. = -0.06 ± 0.02, P = 0.002), whereas in the
presence of predators activity was not related to pond pH (b = -0.01 ± 0.02, P = 0.718).
As indicated by significant pH and predator treatment main effects, both acid and
predation stress reduced tadpole size (Table 2b, Fig. 1B). A significant pond pH effect
indicated that populations differed significantly in body size, and significant linear pond pH
contrasts indicated that tadpole size increased with increasing pond pH (Table 2b, Fig. 1B).
However, a significant pond pH × predation interaction indicated that populations differed
in their responses to predator treatment. In particular, the pH 5.7 population (Nitta) showed
a very weak response to predator presence in terms of tadpole size (Table 2b, Fig. 1B).
pH treatment did not have a significant main effect on tail fin depth, but a significant
predator treatment effect arose because tadpoles developed deeper tail fins in the presence
of predators (Table 2c, Fig. 1C). Tail muscle depth was not significantly affected by pH or
predator treatment (Table 2d). However, as indicated by significant pond pH main effects
for these two traits, populations differed significantly in tail depth and tail muscle depth
(Table 2c&d, Fig. 1C&D). A significant pond pH linear contrast indicated that tadpoles
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Table 2. Summary statistics for analysis of (co)variance on a) activity, b) larval size (PC1), c) tail depth and d) tail muscle depth under two predation (presence and
absence) and two pH (pH 4.5 and 7.5) treatments in six R. arvalis populations occurring along a pH gradient. For linear contrasts, two models were run: one with
pond pH and another with pond predator density (see methods for details). Significant values (p<0.05) are shown in bold.
a) Activity
Fixed effects

ndf ddf

F

b) Larval size
P

ndf

ddf

F

c) Tail depth
P

ndf ddf

F

d) Tail muscle depth
P

ndf ddf

F

P

Block
pH treatment
Predator treatment
Pond pH
pH treatment  predator treatment
pH treatment  pond pH
predator treatment  population
pH treat.  predator treat.  pond pH
Larval size

3
1
1
5
1
5
5
-

74
1.0
0.418
74 18.5 <0.001
74 115.6 <0.001
74
2.9
0.020
74
0.6
0.451
74
0.9
0.487
74
1.4
0.229
-

3
1
1
5
1
5
5
-

74
2.1
0.106
74 129.2 <0.001
74 38.7 <0.001
74
2.4
0.047
74
0.1
0.801
74
2.2
0.064
74
2.6
0.030
-

3
1
1
5
1
5
5
5
1

68 1.2
0.313
68 2.0
0.158
68 13.9 <0.001
68 5.8 <0.001
68 0.3
0.578
68 0.4
0.852
68 1.3
0.279
68 0.8
0.582
68 25.4 <0.001

3
1
1
5
1
5
5
1

73
73
73
73
73
73
73
73

0.8 0.498
1.2 0.288
1.0 0.311
3.3 0.010
0.7 0.396
0.4 0.852
0.7 0.610
11.3 0.001

Linear contrasts on pond pH
pond pH
predator treatment × pond pH
pH treatment × pond pH
pH treat. × predator treat. × pond pH

1
1
1
-

74
74
74
-

6.3
4.0
1.5
-

0.014
0.049
0.223
-

1
1
1
-

74
74
74
-

4.0
1.9
3.6
-

0.049
0.175
0.063
-

1
1
1
1

68 13.9 <0.001
68 0.4
0.514
68 0.5
0.469
68 2.7
0.106

1
1
1
-

73
73
73
-

3.7
0.6
0.7
-

0.058
0.428
0.424
-

Linear contrasts on predator density
predator density
predator treat. × predator density
pH treat. × predator density
pH treat. × predator treat. × pred. density

1
1
1
-

74
74
74
-

5.1
1.0
0.3
-

0.027
0.328
0.602
-

1
1
1
-

74
74
74
-

7.0
4.6
1.6
-

0.010
0.036
0.205
-

1
1
1
1

68 21.3 <0.001
68 3.4
0.069
68 1.4
0.243
68 3.2
0.077

1
1
1
-

73
73
73
-

10.3
1.6
0.9
-

0.002
0.208
0.357
-
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from more acid populations had deeper tails (Table 2c). A marginally significant pond pH
linear contrast indicated that tadpoles from more acid sites had also tendencially deeper tail
muscles than tadpoles from more neutral populations (Table 2d, Fig. 1D).
Density of Aeshna and Dytiscus predators was marginally significantly correlated
with pond pH (r = -0.80, n = 6, P = 0.059), indicating that acid ponds harbor more gape
limited predators than neutral ponds. Analyses of variance, where pond pH was replaced
with pond predator density, and linear contrasts on predator density, revealed that activity (b
= 0.04 ± 0.01, P = 0.008), tail depth (b = 0.62 ± 0.16, P <0.001) and tail muscle depth (b =
0.12 ± 0.05, P =0.023) were all higher for ponds with high predator density (Table 2, Fig.
2). Whereas the linear contrast for activity was similar for pond pH and predator density, the
relationship was stronger with predator density than pond pH for tail depth and tail muscle
depth (Table 2c&d, Fig 2C&D). For larval size, the linear contrasts were significant for
predator density, as larvae from predator rich populations were, on average, smaller than
larvae from predator poor ponds (b = -0.28 ± 0.10, P = 0.004, Table 2b, Fig. 2B). However,
a significant predator treatment  predator density contrast arose, because this relationship
was apparent in the predator present treatment (b = -0.52 ± 0.14, P = 0.003) but not in the
predator absent treatment (b = -0.05 ± 0.14, P = 0.73, Fig. 2). This result indicates that the
responses of populations to predator treatments in terms of larval size depend on pond
predator density more strongly than on pond pH (Table 2b).For tail depth, a marginally
significant predator density  predator treatment effect arose because in presence of
predators, high predator density sites had, on average, deeper tails (b ± S.E. = 0.86 ± 0.23,
P < 0.001), whereas in absence of predators this pattern was much weaker (b ± S.E. = 0.37
± 0.21, P = 0.087). Moreover, a marginally significant predator density  predator treatment
 pH treatment interaction (Table 2c) arose because in the neutral treatment, tail depth
increased significantly with pond predator density both in the presence (b = 0.97 ± 0.29, P =
0.002) and the absence of predators (b = 1.07 ± 0.32, P = 0.002), whereas in the acid
treatment, tail depth increased significantly with pond predator density in the presence (b =
0.99 ± 0.31, P = 0.003), but not in the absence of predators (b = 0.04 ± 0.29, P = 0.905).
Larval life history traits
pH treatment had no significant main effect on metamorphic mass, whereas a
significant predator treatment effect indicated that metamorphs were, on average, larger in
158

the presence of predators (Table 3a, Fig.3A). However, a marginally significant pH
treatment  predation treatment interaction (Table 3a) indicated that metamorphic mass was
significantly higher in the presence than in the absence of predators in the acid pH treatment
(F1, 32 = 6.57, P = 0.015), whereas this effect was weaker in the neutral pH treatment (F1, 33
= 3.50, P = 0.070). A significant pond pH main effect indicated that populations differed
significantly in metamorphic mass (Table 3a, Fig. 3A), and linear contrasts revealed that, on
average, metamorphic mass decreased with increasing pond pH (b = -0.07 ± 0.01, P <
0.001). A marginally significant pH treatment  pond pH interaction indicted that
populations tended to respond differently to the pH treatments (Table 3a). Significant pH
treatment  pond pH interaction in the linear contrasts revealed that metamorphs were
smaller with increasing pond pH in the neutral pH treatment (b = -0.10 ± 0.02, P < 0.001),
whereas this relationship was weaker in the acid pH treatment (b = -0.04 ± 0.02, P = 0.069).
A significant predator treatment  pond pH interaction in the linear contrasts (Table 3a)
indicated that in the presence of predators, metamorphs were smaller with increasing pond
pH (b = -0.10 ± 0.02, P < 0.001), whereas in the absence of predators this relationship was
weaker and only marginally significant (b = -0.04 ± 0.02, P = 0.067).
As indicated by significant pH and predator treatment effects, larval period was longer in
the acid and in the predator treatments (Table 3b, Fig. 3B). There was no significant pond
pH main effect on larval period (Table 3b), but there was a significant pH treatment 
predation  pond pH interaction (Table 3b). Linear contrasts indicated that these responses
arose because in the acid treatment, larval period became shorter with increasing pond pH in
the presence (b = -6.01 ± 1.79, P = 0.002), but not in the absence of predators (b = 1.64 ±
1.70, P = 0.342, Table 3b, Fig.3B), indicating that, in presence of predators, neutral populations
developed relatively faster than acid populations. In the neutral pH treatment, larval period was not
related to pond pH neither in the presence (b = 1.66 ± 1.81, P = 0.365) nor in the absence of
predators (b = -1.45 ± 1.81, P = 0.430). As indicated by a significant pH treatment main effect,

growth rate was lower in the acid treatment (Fig. 3C), whereas predation treatment had no
significant main effect on growth (Table 3c). As indicated by a significant pond pH main
effect (Table 3c), populations differed significantly in growth rate. A significant predator
treatment  pond pH interaction further indicated that populations responded differently to
predation treatments (Table 3c). A significant predator treatment  pond pH interaction in
the linear contrasts revealed that, on average, growth rates decreased with increasing pond
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Table 3. Summary statistics for ANOVA on a) mass at metamorphosis, b) larval period and c) growth rate under two predation (presence and absence) and two pH
(pH 4.5 and 7.5) treatments in six R. arvalis populations occurring along a pH gradient. For linear contrasts, two models were run: one with pond pH and another
with pond predator density (see methods for details). Significant effects (p<0.05) are shown in bold.
a) Metamorphic mass
Fixed effects

b) Larval period

c) Growth rate

ndf

ddf

F

P

ndf

ddf

F

P

ndf

ddf

3
1
1
5
1
5
5

72.4
72.4
72.4
72.4
72.4
72.4
72.4

0.6
0.0
7.2
5.6
3.9
2.2
1.9

0.625
0.895
0.009
<0.001
0.051
0.061
0.101

3
1
1
5
1
5
5
5

67
67
67
67
67
67
67
67

3.4
88.8
26.7
0.8
1.7
0.5
1.6
2.4

0.023
<0.001
<0.001
0.560
0.199
0.751
0.166
0.048

3.0
1.0
1.0
5.0
1.0
5.0
5.0

74
74
74
74
74
74
74

1.3
0.289
20.5 <0.001
0.3
0.565
4.0
0.003
2.6
0.112
2.2
0.062
1.6
0.172

Linear contrasts on pond pH
pond pH
predator treat. × pond pH
pH treatment × pond pH
pH treat. × predator treat. × pond pH

1
1
1

73
73
73

23.7 <0.001
5.1
0.027
4.9
0.030

1
1
1
1

68
68
68
68

1.3
1.5
1.6
9.1

0.253
0.222
0.216
0.004

1
1
1

74
74
74

19.0 <0.001
4.2
0.043
2.8
0.099

Linear contrasts on predator density
predator density
Predator treat. × predator density
pH treatment × predator density
pH treat. × predator treat. × predator density

1
1
1

73
73
73

16.6
3.4
1.2

<0.001
0.070
0.277

1
1
1
1

68
68
68
68

3.1
2.3
0.3
2.4

0.081
0.133
0.573
0.126

1
1
1

74
74
74

12.0 <0.001
2.5
0.120
0.3
0.583

Block
pH treatment
Predator treatment
Pond pH
pH treatment × predator treatment
pH treatment × pond pH
Predator treat. × pond pH
pH treat. × predator treat. × pond pH
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Fig. 3. Least square means ± SE of A) metamorphic mass, B) larval pe1iod and C) growth rate in the absence

(solid symbols and black line) and presence (open symbols and grey line) of predators and at acid and neutral
pH treatments in six R. arvalis populations plotted against pond pH.

pH (b

=

-1.4 ± 0.32, P < 0.001). This relationship was, however, significant only in the

presence of predators (b = -2.05 ± 0.45, P < 0.001), and not in the absence of predators (b =
-0.74 ± 0.45, P

=

0.108). Replacing pond pH with predator density in the linear contrast for
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larval life-history traits showed a significant predator density contrast, because metamorphic
mass and growth rates increased with increasing predator density (Table 3c). However,
based on F statistics, this relationship was weaker than for pond pH for both traits. Larval
period was not related significantly to pond predator density.
Larval survival in the presence of a free-ranging predator
In the full model, a significant pH treatment effect indicated that tadpole survival in
the presence of a free-ranging predator was lower in the acid treatment (mean ± SD. = 54 ±
23%) than in the neutral treatment (mean ± SD = 71 ± 15%, Table 4, Fig. 4). A significant
pond pH main effect (Table 4a) and linear contrasts arose because on average, survival
decreased with increasing pond pH (b ± S.E. = -0.64 ± 0.26, P = 0.016, Fig. 4A), indicating
that neutral origin populations had on average lower survival. There was no significant
predator treatment main effect, or two way interactions. However, a significant pH
treatment × predation treatment × pond pH effect (Table 4a) indicated that populations
differed in their response to the joint effects of predator and pH (see below). In models
where pond pH was replaced with pond predator density, a significant predator density
effect indicated that, overall, survival under direct predation was strongly positively
correlated with pond predator density (b = 0.76 ± 0.26, P = 0.005), and this effect was
stronger than for pond pH (Table 4a).
We next ran separate analyses within the two pH treatments. In the neutral pH treatment, a
significant pond pH main effect and linear contrasts indicated that tadpoles from more
neutral ponds had lower survival (b ± S.E. = -0.77 ± 0.39, P = 0.049, Table 4b, Fig. 4A). In
contrast, in the acid treatment, neither pond pH nor predator treatment had significant main
effects (Table 4b), but a significant predation treatment  pond pH interaction and linear
contrasts (Table 4b) revealed that populations differed in their survival under predation.
When tadpoles had not been previously exposed to predators, and were reared under acid
conditions, survival was not related to pond pH (b = 0.45 ± 0.49, P = 0.362), whereas when
tadpoles had been raised in the presence of predators, survival strongly decreased with
increasing pond pH (b = -1.49 ± 0.54, P = 0.006), indicating that neutral origin tadpoles had
lower survival when exposed to both acid and predator stress (Fig. 4A). Tadpole survival
decreased with predator size only in the neutral pH treatment (Table 4b, b = -0.07 ± 0.03, P
= 0.005).
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Table 4. Generalized linear mixed model of tadpole survival in six R. arvalis populations when exposed to
free-hunting predators at two pH treatments (acid, neutral) following exposure to two predator treatments
(predator present or absent). a) Full model and b) separate per pH treatment. Linear contrasts were conducted
with either pond pH or pond predator density. Significant effects (p<0.05) are shown in bold.
a) Random effects
Tank (predator treatment x pH treatment)

VAR
1

SE
14

Z
0.1

P
0.468

Fixed effects
Predator treatment
pH treatment
pond pH
Predator treatment × pH treatment
Predator treatment × pond pH
pH treatment × pond pH
pH treatment × predator treatment × pond pH
Predator size

ndf
1
1
5
1
5
5
5
1

ddf
64
64
317
64
317
317
317
317

F
0.2
7.8
2.3
0.0
0.3
0.9
3.0
7.9

P
0.652
0.007
0.041
0.875
0.893
0.469
0.011
0.005

Linear contrasts pond pH
pond pH
pH treatment × pond pH
Predator treatment × pond pH
pH treatment × predator treatment × pond pH

1
1
1
1

317
317
317
317

5.9
0.2
1.0
7.1

0.016
0.676
0.313
0.008

Linear contrasts on predator density
Predator density
pH treatment × predator density
Predator treatment × predator density
pH treatment × predator treatment × predator density

1
1
1
1

317
317
317
317

8.2
0.4
0.5
2.2

0.005
0.548
0.476
0.140

acid treatment
b) Random effects
Tank (predator treatment × pH treatment)

VAR
0.3

neutral treatment

SE
Z
0.30 1.1

P
0.140

ddf
32
161
161
161

F
0.1
0.9
2.5
1.2

VAR
0.0

SE
.

Z

P

P
0.781
0.498
0.032
0.286

ndf ddf
1
32
5 155
5 155
1 155

F
0.2
2.3
0.9
6.9

P
0.636
0.050
0.509
0.009

Fixed effects
Predator treatment
Pond pH
Predator treatment × pond pH
Predator size

ndf
1
5
5
1

Linear contrasts pond pH
pond pH
Predator treatment × pond pH

1
1

161 2.0
161 7.1

0.158
0.009

1 155
1 155

3.9
1.4

0.049
0.245

Linear contrasts predator density
Predator density
Predator treatment × predator density

1
1

161 2.5
161 2.4

0.113
0.123

1 155
1 155

6.0
0.3

0.016
0.575
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Fig. 4. Prop01tion of tadpoles smviving when exposed to a free hunting predator in six R. arvalis
populations. Results are shown for tadpoles raised in the absence (solid symbols and black line) and presence
(open symbols and grey line) of predators and at acid and neutral pH treatments, plottet against A) the pH
gradient and B) the predator density. The values represent least square means ± SE.

In models where pond pH was replaced with pond predator density, linear contrasts
revealed that survival within the neutral treatment was more strongly related to predator
density (b = 0.93 ± 0.38, P
=

=

0.016, Table 4b, Fig. 4B), than to pond pH (b

=

-0.77 ± 0.39, P

0.049, Table 4b, Fig. 4A). In the acid treatment, population differences in survival
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depended more strongly on pond pH and predator treatment (Table 4b, see above). These
results indicate that acid stress alters the relationship between pond identity and survival.

Discussion
How interactions among a set of environmental stressors affect natural populations
and how populations adapt to complex environments is largely an open question. We found
that acidity can have negative effects on larval predatory defenses and life-history traits, as
well as on survival when exposed to a free-ranging predator. However, our results also
suggest that populations from contrasting environments respond differently to the
combination of stressors. In particular, R. arvalis populations originating from more acid
(and, consequently, invertebrate predator-rich) ponds had significantly stronger constitutive
and marginally stronger inducible morphological defenses than tadpoles from more neutral
ponds. Our study further suggests that higher constitutive, and possibly inducible,
morphological defenses in the more acid origin populations increased survival under
predation. We next discuss our findings and their implications in more detail.
Behavioral and morphological defenses
We found that both acid and predator stress reduced larval activity. This is in line
with previous evidence that physiological stress caused by acidity reduces activity and
foraging (Räsänen et al. 2002) and that reduced activity is a common adaptive response to
predation risk, as higher activity increases predation risk (e.g., Skelly 1994; Anholt and
Werner 1995; Brodin and Johansson 2004). However, we also found that in the absence of
predators, tadpoles from acid ponds were more active than tadpoles from neutral ponds,
whereas in the presence of predators, populations did not seem to differ in larval activity
levels. Moreover, acid origin tadpoles seemed to respond more strongly to predator
treatments, suggesting that they have higher behavioral plasticity than neutral origin
tadpoles. This higher plasticity may be adaptive if higher activity in absence of predators
allows for higher ingestion and, ultimately, growth and development rates (e.g., Brodin and
Johansson 2004), and thereby reduces the negative effects of acid stress on growth and
development rates.
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In accordance with previous studies on amphibians (e.g., Räsänen et al. 2002;
Räsänen et al. 2005; Relyea 2007), we found that both acid and predator stress also
decreased larval size. These effects may have resulted from reduced activity under these
treatments, which subsequently may have reduced tadpoles’ ability to acquire resources
needed for growth. On the other hand, especially in the case of predator stress, not only
activity level (and ingestion rate), but also physiological modifications in energy use (Stoks
et al. 2005; Steiner 2007) likely play a role. The populations differed, however, in their
responses to predator stress. Neutral populations on average, but the Nitta population (pond
pH 5.7) in particular, responded little to the predator treatment in terms of body size.
Moreover, tadpoles from neutral origin populations were on average larger than acid origin
tadpoles. This was especially the case in the neutral pH treatment, indicating that (in terms
of larval size) neutral origin tadpoles performed relatively well under “native” (neutral) pH
conditions. Also the among population variation in larval size may be influenced by
underlying physiological mechanisms. This could be the case if populations differ, for
example, in growth efficiency, as has been shown in another ranid species (Lindgren and
Laurila 2005). This needs yet to be studied along acidification gradients, however.
All populations expressed inducible morphological defenses in terms of increased tail
fin depth. On average, acid stress did not reduce tail depth, suggesting that tadpoles were
able to invest in deeper tails also under acid stress. However, populations differed in
constitutive morphological defenses. First, tadpoles from acid populations had, on average,
deeper tails and tail muscles than tadpoles from more neutral sites - irrespective of the
predator treatment. As both traits have been shown to be under positive selection by
dragonfly predators (Van Buskirk et al. 1997; Van Buskirk and Relyea 1998), our results for
neutral treatment, in particular, suggest that tadpoles from acid populations have stronger
constitutive morphological defenses than tadpoles from neutral populations. It seems
possible that divergence in constitutive defenses is driven by the relative intensity of
selection imposed by invertebrate predators, which may be higher in acid ponds that harbor
higher densities of insect predators (Henrikson 1990, this study). Indeed, our contrast
analyses (pond pH versus pond predator density) indicated that the constitutive morphology
was more closely related to predator density than to pond acidity, reinforcing the role of
predator-mediated selection.
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Second, if neutral populations are more sensitive to acid stress than acid populations,
tadpoles from neutral populations may be expected to reduce the expression of inducible
defenses under acid stress, as was suggested by a previous study on two R. arvalis
populations (Teplitsky et al. 2007). We did, however, not find strong support for this
hypothesis: while tail fins appeared to be shallower in the presence of predators under acid
conditions in neutral populations (Fig. 1C), this effect was not statistically significant. In
general, variation in both behavioral and morphological plasticity among the populations
was relatively weak, possibly suggesting that the costs of inducible defenses in this system
are low (Van Buskirk and Steiner 2009). Nevertheless, our results suggest that, in R. arvalis,
constitutive morphological defenses and behavioral plasticity may be under selection along
the acidification gradient.
Larval life-history traits
Inducible defenses are expected to come at a cost in other fitness traits (e.g., DeWitt
et al. 1998; Tollrian and Harvell 1999; Relyea 2007). In tadpoles, the reduction in growth
and development rates upon exposure to predator treatment, typically results in delayed
metamorphosis (Benard 2004; Relyea 2007), but responses in terms of size at
metamorphosis vary among study systems and species (Benard 2004; Relyea 2007). In our
study, tadpoles metamorphosed later but at a larger size in the presence of predators, in
accordance with results from previous studies on R. arvalis (Laurila et al. 2006; Teplitsky et
al. 2007). In contrast to our results on tadpole size (i.e. predator presence resulted in smaller
size), predator presence did not seem to affect average growth rates over the whole larval
period (i.e. until metamorphosis). This suggests that in our study populations, exposure to
predator presence mainly came at a cost in development rather than growth rate.
The effects of acid and predator stress on larval life history traits differed strongly
among populations. First, both metamorphic mass and growth rate were higher in more acid
populations than in more neutral populations - and these patterns were stronger in the
presence of predators. Second, in terms of metamorphic mass, populations differed in their
response to the pH treatments: in the neutral treatment, metamorphic size decreased much
more strongly with increasing pond pH than in the acid treatment. Third, also in terms of
larval period, populations differed in their response to the pH treatments: in the neutral
treatment, presence of predators delayed larval period of all populations, whereas in the acid
treatment, presence of predators delayed larval period only for more acid origin tadpoles.
167

While late metamorphosis can have negative effects on future fitness, late metamorphosis
can also result in larger size at metamorphosis, and the possible negative effects of delayed
metamorphosis may thereby be compensated by larger size at metamorphosis (Altwegg and
Reyer 2003). The positive effects of large metamorphic size have been shown to be stronger
than the negative effects of late metamorphosis (Altwegg and Reyer 2003), but the ultimate
relationship between metamorphic size and larval period probably depends on the
relationship between strength of the time constraints and terrestrial growth conditions the
populations are exposed to, and can hence vary strongly among species and populations. For
R. arvalis along acidification gradients, these relationships are yet to be investigated.
In accordance with previous results from single rearing of tadpoles in absence of
predators (Räsänen et al. 2005; chapter I & III), we found that tadpoles from acid origin
populations had slower developmental and higher growth rates. However, the importance of
these two factors differed between the two pH treatments. In the neutral treatment, large size
at metamorphosis was reached by high growth rates, whereas in the acid treatment, large
size was reached by slow development rate. Taken together, these results suggest that
populations differ in how they allocate resources to predator defenses, larval development
and larval growth traits. In particular, tadpoles from acid populations may invest more in
predator defenses - at a cost to delayed metamorphosis, while neutral origin tadpoles may
invest less in predator defenses, but metamorphose earlier.
It is important to keep in mind that several other abiotic and biotic factors - than
acidity and invertebrate predator density - likely differ among acid and neutral origin
populations in the wild. Some changes (e.g. elevated levels of metals, reduced amount of
humic substances, increased UV-B radiation and altered community composition) occur as
correlated responses to reduction in pH (Brodin 1993; Schindler et al. 1996), whereas other
differences may be caused by factors that are not causally correlated with breeding pond pH.
On this vain, our previous results suggest that at least density of gape-limited predators and
climatic (i.e. latitude mediated) mediated selection may interact with pH mediated selection
along this gradient (chapter I & II). Our studies (chapter I & II; this study) thus far suggest
interesting interactions among locally varying selective pressures (e.g. pH, predation,
climate), but more detailed studies are needed to disentangle the causal and relative role of
the different factors for adaptive divergence.
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Larval survival under direct predation
Demonstrating the adaptive value of particular fitness traits necessitates connecting
phenotype with function and fitness (e.g., Ghalambor et al. 2003; Kingsolver and Huey
2003; Hendry et al. 2010). Our study here suggests that genetically fixed phenotypic trait
variation along the acidification gradient, as well as plastic responses to rearing conditions
experienced during larval development, influenced the relative fitness of different genotypes
(populations). First, tadpoles form more acid/predator-rich populations survived on average
better when exposed to a free-hunting predator than tadpoles from more neutral/predatorpoor populations. Second, in the neutral treatment, tadpoles from more predator rich
populations had higher survival – irrespective of whether tadpoles originated from predator
induced or non-induced treatment. However, under the acid treatment, variation in tadpole
survival among populations was more strongly related to pond pH and predator treatment:
predator induced tadpoles from neutral populations had lower survival than predator
induced tadpoles from acid populations. Several possible reasons may account for this
pattern.
First, several studies have suggested that increased growth achieved through
increased activity levels can come at a cost of increased predation risk (e.g., Werner and
Gilliam 1984; Arendt and Wilson 1997). However, in contrast to several other amphibian
studies (e.g., Skelly 1994; Anholt and Werner 1995; Laurila et al. 2008), tadpole survival
under direct predation in our experiment was not lower in populations that showed higher
activity levels in absence of predators. This result likely comes from the fact that, although
populations differed in average larval activity in absence of predators, they differed little in
larval activity in the presence of predators.
Second, tail fin depth is the main component of morphological defenses in
amphibians, and decreased investment in this trait is expected to decrease survival during
predator encounters (e.g., Van Buskirk et al. 1997; Van Buskirk and Arioli 2002). Our study
is in line with this hypothesis, as tadpoles from predator-rich populations showed also
stronger constitutive morphological defenses (tail depth and tail muscle depth) and had
higher survival when exposed to predation by dragonfly larvae. These results suggest that
the stronger constitutive morphological defenses in predator-rich acid ponds are adaptive.
Third, among population differences in survival under predation may be influenced
also by acid stress, as evident in the (albeit non-significant) tendency of neutral origin
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tadpoles to have shallower tail fins when reared in the presence of predators in the acid
treatment. This may explain the lower predator-mediated survival of predator-induced
neutral origin tadpoles under acid conditions.
We also found that tadpole survival under predation was generally lower under acid
conditions. As neither behavioral nor morphological defenses seem likely to explain this
difference, the explanations have to be sought elsewhere. The possibility that physiological
acid stress makes tadpoles more prone to predation can not be excluded. One possibility
here is that tadpoles are smaller when reared under acid conditions, which might make it
easier for predators to handle their prey (e.g., Caldwell et al. 1980). However, late-instar
Aeshna are generally considered gape unlimited (non-size selective) predators and their
hunting capacity is not heavily impaired by large tadpole size (Henrikson 1990; Räsänen,
unpublished data). Another potential explanation could be that pH may influence predator
hunting tactics or motivation and, hence, tadpole survival. However, at least fish
antipredator behavior, especially predator recognition, may become impaired rather than
improved under acid conditions (Leduc et al. 2004; Munday et al. 2010). Moreover, Aeshna
sp. are common top predators in acidified sites, further suggesting that they may be
physiologically little impaired by acidity. Although our common garden experiment clearly
demonstrated an activity response of tadpoles to predators and acidity, further studies on
tadpole antipredator responses under acid conditions could prove interesting in
understanding how environmental stress interacts with prey antipredator tactics.
Conclusions
In conclusion, our study reinforces the view that the combined effects of multiple
selective factors are important drivers of phenotypic diversification in natural populations,
and that exposure to environmental stress may have negative fitness consequences on
natural populations through their effects on expression of adaptive phenotypes and life
history. Our study suggests that R. arvalis populations exposed to acidity are adapted to
physical acidity especially in terms of fitness related larval life-history traits, whereas
adaptation to correlated environmental change (higher predator density as a result of
acidification) occurs mainly in terms of constitutive morphological defenses. In general, we
found only weak evidence for adaptive variation in inducible defenses, possibly suggesting
that selection acts on these defenses. How selection acts on constitutive versus plastic
defenses under interactive environmental stressors should be the focus of future studies.
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