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"These foul and loathsome animals are abborrent because of their cold body,
pale color, cartilaginons skeleton, filthy skin, fierce aspect, calculating eye,
offensive smell, harsh voice, squalid habitation, and terrible venom...and so
their Creator has not exerted his powers to make more of then"

- Carl Linnaeus (1758)



"It is onr choices [...] that show what we truly are, far more than our abilities”

- J. K. Rowling



Title

Phenotypic Plasticity and Local Adaptation in Island Populations of Rana tempo-
raria

Abstract

Phenotypic plasticity is the ability of a genotype to express different phenotypes
in different environments. Despite its common occurrence, few have investigated
differences in plasticity between populations, the selection pressures responsible for
it, and costs and constraints associated with it. In this thesis, I investigated this by
studying local adaptation and phenotypic plasticity in populations of the common
frog Rana temporaria, inhibiting islands with different pool types (temporary,
permanent or both). The tadpoles develop in these pools, and have to finish meta-
morphosis before the pool dries out.

I found that the tadpoles were locally adapted both in development time and in
phenotypic plasticity of development time. Tadpoles from islands with temporary
pools had a shorter development time than tadpoles from islands with permanent
pools, when reared in a common garden. The population differentiation in devel-
opment time, estimated as Qsr, was larger than the population differentiation in
neutral molecular markers (Fsr), which suggest that divergent selection among the
populations is responsible for the differentiation. Moreover, tadpoles from islands
with more variation in pool drying regimes had higher phenotypic plasticity in
development time than tadpoles from islands with only one pool type present.
Interestingly, increased migration among populations did not select for increased
plasticity, rather it was the local environmental variation that was important. This
adaptation has occurred over a short time scale, as the populations are less than 300
generations old.

In temporary pools, it is adaptive to finish development before the pool dries
out. This could be achieved by entering metamorphosis at a smaller size, as a
smaller size takes shorter time to reach. However, I found that there is a minimum
threshold size below which tadpoles’ cannot enter metamorphosis, and that there
had been no evolution of this threshold size in populations living in temporary
environments. That suggests that this developmental threshold is tightly linked to
physiological constraints in the developmental process.

Despite their expected importance as constrains on the evolution of plasticity,
costs of plasticity are often not found in nature. However, theories of why they are
absent have not been tested empirically. In this thesis, I show that fitness costs of
phenotypic plasticity are only found in populations with genotypes expressing high
levels of phenotypic plasticity, while in populations with low-plastic genotypes, I
find costs of not being plastic. This suggests that costs of plasticity increase with
increased level of plasticity in the population, and that might be a reason why costs
of plasticity are hard to detect.
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plasticity, Pool drying, Qsr
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Phenotypic Plasticity and Local Adaptation
in Island Populations of Rana temporaria

Martin I. Lind

Department of Ecology and Environmental Science,
Umed University, 901 87 Umed, Sweden
E-mail: martin.ilind@gmail.com

INTRODUCTION

Phenotypic plasticity

Phenotypic plasticity is the ability of a genotype to produce more
than one phenotype, depending upon the environment (Gotthard, &
Nylin, 1995). In other words, it means that an individual can develop
quite differently depending upon what environment it currently in-
habits, in contrast to specialists, who produce the same phenotype in
all environments. Well-known examples of phenotypic plasticity are
the different growth forms of plants in shaded vs. sunny patches
(Bradshaw, 1965), morphological defence structures, such as spines,
expressed by many aquatic organisms in the presence of predators
(Tollrian, & Dodson, 1999), and sun tanning in humans. Plasticity is
often visualised graphically as a reaction norm, by plotting the differ-
ent phenotypes expressed as a function of the environment (Figure
1). However, despite its common occurrence in nature (West-
Eberhard, 2003), it has long been considered less important by evolu-
tionary biologists (Pigliucci, 2005). Although the first work on pheno-
typic plasticity was performed as early as the beginning of the 20th
century (Woltereck, 1909), with the rediscovery of Mendel’s work on
genetics (Mendel, 1866) and especially by formulation of the genetic
theory of evolution during the modern synthesis (Huxley, 1942), evo-
lutionary theory essentially became a “theory of genes” (Pigli-
ucci, 2007). In this perspective, plasticity was seen as something that
was hiding the true genetic response and a problem in experiments
on evolution (Falconer, 1952). However, evidence for plasticity was
still accumulating (e.g. Bradshaw, 1965), but it was not until the eight-
ies that theoretical evolutionary biologists became interested in
phenotypic plasticity and reaction norms, and the first models on



their evolution were published (Via, & Lande, 1985). Since then,
phenotypic plasticity has been well studied theoretically (e.g. Gabriel,
& Lynch, 1992; Van Tienderen, 1991; Gomulkiewicz, & Kirk-
patrick, 1992; Moran, 1992; Sultan, & Spencer, 2002; Ernande et
al., 2004), and we now know that phenotypic plasticity is adaptive and
often beneficial. The models have identified a number of conditions
that explains whether phenotypic plasticity or local specialisation is
most likely to evolve. Plasticity should be selected for if there is envi-
ronmental heterogeneity present (either variation over the landscape
or variation over time). In addition, plasticity is more likely if none of
the environmental states are more common than any others. The
environmental variation has also to be predictable, so that the organ-
isms can accurately identify the environmental conditions and de-
velop the appropriate phenotype. The evolution of plasticity is con-
strained by lack of genetic variation in plasticity, and by costs of plas-

ticity.
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Figure 1. Illustration of phenotypic plasticity using reaction norms
of two genotypes. Each line represents one genotype and its pheno-
typic expression along an environmental gradient. (a) The two geno-
types have different phenotypes, but the phenotype is insensitive to
the environment, thus no phenotypic plasticity is present. (b) The
two genotypes produce different phenotypes in different envi-
ronments, thus plasticity is present. However, the magnitude of plas-
ticity (the slope of the reaction norm) is similar, so there is no ge-
netic variation in plasticity in the population. (c) The two genotypes
show different degtree of plasticity, thus there is genetic variation for
plasticity in the population (i.e. a genotype X environment interac-
tion).

However, despite the number of studies demonstrating the presence
of phenotypic plasticity in natural populations systems (reviewed by
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Bradshaw, 1965; Schlichting, 1986; Gotthard, & Nylin, 1995; West-
Eberhard, 2003; Pigliucci, 2005), surprisingly few have focused on the
variation in phenotypic plasticity among populations, and many of
the theoretical expectations have not been well investigated experi-
mentally (Pigliucci, 2005). Few have investigated the selective forces
responsible for phenotypic plasticity in nature, or if and why, plas-
ticity may differ among populations (Pigliucci, 2005).

Another area were knowledge is lacking is the role of gene flow for
the evolution of phenotypic plasticity. Theoretical models
(Scheiner, 1998; Sultan, & Spencer, 2002) have identified gene flow
between populations as a factor that increase the likelihood that plas-
ticity and not specialisation will evolve. This is because migration
results in specialists encountering the wrong environment more fre-
quently (Scheiner, 1998; Sultan, & Spencer, 2002). Moreover, models
have also suggested that plasticity by itself can promote dispersal, as
plastic individuals are more likely than specialists to survive in novel
environments with different selection pressures (Price et al., 2003).
These predictions have some empirical support, as marine inverte-
brates with high dispersal rates also have a high degree of phenotypic
plasticity (Hollander, 2008), and invasive species often are more plas-
tic in the invasion (Sexton et al., 2002; Niinemets et al., 2003; Yeh, &
Price, 2004).

However, if the more plastic populations also live in the more het-
erogeneous localities, gene flow may actually disrupt this relationship
simply by immigration of maladapted specialists (Alpert, &
Simms, 2002; Crispo, 2008). This effect of gene flow for the evolu-
tion of plasticity has been much less studied, and although a compari-
son among amphibian species suggests that the species living in the
most heterogeneous environments also are more plastic (Richter-Boix
et al., 20062), no one has directly studied the role of gene flow on
locally adaptive plasticity.

Costs and limits of phenotypic plasticity

Despite the numerous examples of phenotypic plasticity in nature
(e.g. reviews by Bradshaw, 1965; Gotthard, & Nylin, 1995), pheno-
typic plasticity is not always found (Delasalle, & Blum, 1994; Pigli-
ucci, 1997), and the degree of phenotypic plasticity often varies be-
tween populations (Donohue et al., 2000; Merild et al., 2004b; Van
Buskirk, & Arioli, 2005). As some degree of environmental variation
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often is present, this indicates that phenotypic plasticity is not only
beneficial, but is also subjected to costs and constrains. Costs of plas-
ticity were included in the models of the evolution of plasticity by
Van Tienderen (1991), and later models have shown that costs of
plasticity, together with the accuracy of the environmental cues, is a
major determinant as to whether or not phenotypic plasticity will
evolve in heterogeneous environments (Moran, 1992; Van
Tienderen, 1997; Sultan, & Spencer, 2002). There could be many
different costs of plasticity such as: maintenance costs, production
costs, information acquisition costs, genetic costs or costs by devel-
opmental instability (DeWitt et al., 1998). The cost of plasticity is paid
as a reduction in fitness that a non-plastic individual does not pay
when expressing the same trait value (DeWitt et al., 1998). The last nota-
tion is important, as it is the ex#ra cost paid by the plastic genotypes
that is of interest. For example, it is likely that the production of an
anti-predator phenotype in Dapbnia (Tollrian, & Dodson, 1999) is
costly, however, such a cost by a nonplastic individual expressing the
same antipredator phenotype and therefore not a true cost of plas-
ticity. Instead the cost of plasticity is the ex#7a cost paid by the plastic
genotype when producing this defence compared to a non-plastic
genotype that always develop this defence morphology. Hence, it is
important to keep this distinction in mind when discussing costs of
plasticity.

Although a method of how to measure costs of plasticity has been
available for a number of years (Van Tienderen, 1991), it was not
until the publication of the opinion paper by DeWitt et al. (1998) that
experimental research on costs of plasticity started. However, despite
the importance plasticity costs have in theoretical models (eg. Van
Tienderen, 1991; Moran, 1992), they have been sutprisingly difficult
to find in natural populations. In fact, they are usually only found in a
fraction of the traits measured in a study (DeWitt, 1998; Scheiner, &
Berrigan, 1998; Donohue et al., 2000; Dorn et al., 2000; Poulton, &
Winn, 2002; Relyea, 2002a; Steinger et al., 2003; Callahan et al., 2005;
Weijschedé et al., 2006; Weinig et al., 2006; Avramov et al., 2007;
Steiner, & Van Buskirk, 2008; Van Buskirk, & Steiner, 2009), or in a
few environments and populations (Donohue et al., 2000; Merild et
al., 2004b; Callahan et al., 2005). Moreover, a number of studies have
also found a significant positive relationship between plasticity and
fitness (Dorn et al.,, 2000; Relyea, 2002a; Weijschedé et al., 2000;
Weinig et al., 2006; Avramov et al, 2007; Steiner, & Van Buskirk,
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2008), which suggests that plasticity is sometimes not costly. Instead,
this suggests that but that the genotypes with a canalized (i.e. non-
plastic) development sometimes pay a higher cost (Poulton, & Winn,
2002).

The failure of most studies to find costs of plasticity had often been
explained by the action of natural selection, which might already have
removed plastic genotypes with high costs (DeWitt et al., 1998; Sul-
tan, & Spencer, 2002; Callahan et al., 2005; Weinig et al., 2006). This
hypothesis however is hard to test, as the costs of plasticity (which by
definition is expressed even when the plasticity itself is not) should be
continuously removed by natural selection, and therefore not present
in natural populations. One could argue that a possible way to test
this would be to compare costs of plasticity in populations of differ-
ent age, but as the individuals from these populations have also ev-
olved prior to when they were isolated from other populations, it is
not likely that this approach would give any insight in the process.

Another possible explanation for the lack of plasticity costs found in
most studies is that the costs might differ among populations. If costs
of plasticity increases with the degree of plasticity expressed, as sug-
gested by Van Tienderen (1991), then costs of plasticity are more
likely to be found in populations where phenotypic plasticity is under
selection. On the other hand, there would be no difference among
the populations if the magnitudes of the costs were independent of
the degree of plasticity (as in DeWitt et al., 1998). This question is
investigated in Paper IV.

In contrast to plasticity costs, limits of plasticity means that the plas-
tic genotype cannot produce the full range of phenotypes that the
different specialists are able to, i.e. the plastic genotype are not able to
express the optimal phenotype (DeWitt et al., 1998; Pigliucci, 2005).
This is conceptually very different from costs of plasticity, where the
plastic genotype always pays a fitness cost, whether or not plasticity is
expressed (Pigliucci, 2005). There have been few experiments that
have investigated plasticity limits, but none of the experiments have
found any support for the concept (DeWitt, 1998; Relyea, 2002a). It
has been suggested that there is a lack of support for limits of plas-
ticity ecause alternating selection pressures may select against non-
plastic specialists (Relyea, 2002a). Therefore, limits of plasticity
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should only be present in populations where plasticity is not under
selection, but this has never been tested.

Estimating population differentiation in markers and traits
There is a general observation that different populations of a species
often differ from each other in one or more traits (Hendry, & Tay-
lor, 2004). This can be seen as a result of natural selection favouring
different trait optima in the different populations (due to different
environments). If the populations are large enough and separated for
enough time, this could be a first step in a speciation process
(Schluter, 2001; Gavrilets, 2003). However, different selection pres-
sures in the different populations are not the only factors that can
explain phenotypic differences between populations; neutral genetic
drift and novel mutations will over time also lead to accumulated
differences between the populations (Merild, & Crnokrak, 2001;
Hendry, & Taylor, 2004). To distinguish between these two pro-
cesses, one must first be able to estimate the degree of difference
between the populations on a common scale. With the introduction
of molecular methods in ecological research, population diversifica-
tion in neutral genetic markers has become this null-model for popu-
lation differentiation, against which differentiation in quantitative
characters can be compared.

The genetic difference in a neutral trait between two populations of a
species is determined by their degree of genetic isolation, which often
is a result of some degree of physical isolation. Genetic differentiation
between populations arises through mutations and random genetic
drift, but is counterbalanced by gene flow (migration) between the
populations, which mixes the gene pools and reduces the differences.
Wright (1951) formalised this relationship by using the term Fsr,
which is the proportion of the total variance in a neutral marker loci
that is due to difference between populations:

\Y/
F.. = —b 1
TV, 4V, M

As seen, the larger the genetic variation between the populations is
(V1,), compared to the variation within the populations (Vy), the
higher the value of Fsr. Since V}, is found both in the numerator and
the denominator, the value of Fsr can vary between 0 (all variation is
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found within the populations) and 1 (all variation found between the
populations; the populations are isolated without migration).

While much of the theory concerning genetic changes in populations
is developed using Mendelian genetics with two-locus models, vari-
ation in phenotypic traits (for example length) is typically not discrete
but continuous (Futuyma, 1998). This continuous variation is due to
both environmental effects and the influence of not just one locus;
quantitative traits are determined by many interacting loci, each with a
number of possible alleles (Reed, & Frankham, 2001). Thus, the traits
are determined by additively acting Quantitative Trait Loci (QTLs)
(Latta, 2004a, b).

In a diploid organism, Wright (1951) showed that, for a quantitative
trait with purely additive gene effects, the neutral expectation of mean

. . .y - . 2 .
genetic variance within populations (O, ) is:

O<2;W = (1 - F, ST )Og @)

The between population variance (O‘éB) would then be:
2 2
Ogp =2F5 0 3

2 i o
The term O represents the variation that would exist if the popula-

tions would be a single unit.

. . . . 2 2
Since the total genetic variance in a trait (O;) equals (1 + F; )O'O, an

estimation of the divergence in quantitative traits can be obtained
(Spitze, 1993):

Qq = = @

2 2
205, + O0gp

This formula is very similar to that of Fsr (1); the only difference
(except for the fact that one is estimating the variance of quantitative
traits rather than neutral markers) is that the within-population vari-
ance (0%qw) in the denominator is multiplied by a factor 2. This is
because (st is calculated comparing genotypes, while Fsr is compar-
ing genes (Merild, & Crnokrak, 2001). Thus, Fsr and Qsr are compa-
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rable, and Qst has become the standard measure of genetic diver-
gence in quantitative traits. As the population differentiation in neu-
tral markers is purely the effect of reproductive isolation and drift,
other factors than genetic drift must be invoked to explain significant
differences between Fsr and Osr, and natural selection is the most
common explanation. If Ostr > Fsr, then divergent or disruptive se-
lection, favouring different trait values in different populations, must
be invoked. On the other hand, if Ost < Fsr, the populations are less
differentiated than expected based upon the level of genetic drift, and
stabilizing selection favouring the same trait value in all populations is
the most likely explanation (Spitze, 1993; Whitlock, 1999; Leinonen
et al., 2008).

Study system

The common frog Rana temporaria L. 1758 is distributed over most of
Europe, except the most southern parts, and extends it distribution
range far north of the Arctic Circle (Gasc et al., 1997). Together with
the Moor frog R. arvalis, it is the most common frog species in Scan-
dinavia (Ahlén et al.,, 1995). R. femporaria reaches sexual maturation
after 2-3 years (Miaud et al., 1999).

R. temporaria breeds in most types of pools, although northern popu-
lations show a preference for fishless pools in favourable microcli-
matic conditions (Ahlén et al., 1995). It is common on islands in ar-
chipelagos of the Baltic Sea (Seppi, & Laurila, 1999), where it often
breeds in rock pools of varying duration (Johansson et al., 2005).

In the Umea area, the breeding season of R. #emporaria starts soon
after the ice has melted, and spawning starts at a water temperature of
only 5°C (Elmberg, 1990). Although the females ate physically capa-
ble of laying two egg clumps per season, one from each ovary, ex-
periments where female R. femporaria from this area were allowed to
breed in buckets showed that they only lay one egg clump (Elm-
berg, 1991), and that no eggs were left in the reproductive system
(Elmberg 2007, pers. comm.).

If the pools in which the tadpoles of R. zemporaria are developing are
of short duration, the tadpoles are able to speed up the development
and metamorphose at a smaller size (Laurila, & Kujasalo, 1999).
Morteover, R. femporaria show genetic differentiation in development
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time (Merild et al., 2000a; Laugen et al., 2002; Palo et al., 2003) and
plasticity in development time (Laurila et al., 2002; Merild et al.,
2004b) when populations from different parts of Sweden are com-
pared. Therefore it is likely that local adaptation will be found even
on a smaller scale. By investigating adaptation in populations sepa-
rated by only a few kilometres, it is possible to identity the selection
pressures behind any population differences in development time and
plasticity in development time, as there will be no confounding fac-
tors such as latitude, temperature or the length of season. Therefore,
I investigated plasticity and local adaptation in R. femporaria from
islands at the Baltic coast, which differed in pool drying regimes (Jo-
hansson et al., 2005).

Obijectives of the thesis

By characterisation of the island environments, common garden stud-

ies with different treatments and molecular analyses of population

subdivision and gene flow, my aim was to investigate the following
questions:

(1) Examine if the different selection pressures on the islands can
cause divergent selection in life history traits.

(2) Investigate the role of environmental heterogeneity and gene
flow for the evolution of phenotypic plasticity.

(3) Test if there is a minimum size, which individuals need to pass
before metamorphosis is possible, and if this threshold size can
evolve even over short time scales in natural populations con-
nected by gene flow.

(4) Investigate if the presence or absence of costs of plasticity can
be understood if using an approach with populations under dif-
ferent selection pressures.
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METHODOLOGY

Working on islands

Since Darwin’s pioneering work on the fauna of the Galapagos
Islands (Darwin, 1859), island systems have been of major import-
ance for experimental evolutionary biologists, and many of these
studies have increased our understanding of speciation (Carson, &
Kaneshiro, 1976; Grant, & Grant, 2002; Savolainen et al., 2000) as
well as contemporary evolution (Kruuk, & Hill, 2008).

Island systems are in general well suited to study the effect of local
adaptation, for many reasons (Emerson, 2002). Islands themselves are
well-defined units with clear boundaries, which in this case also is the
boundary of the populations. Identifying population boundaries is
therefore relatively straightforward, in contrast to the same procedure
a continuous landscape with no clearly visible boundaries. This makes
it possible to quantify the environmental conditions that the island
populations are subjected to in a much simpler way than it is to quan-
tify the environment for a population living in a continuous land-
scape.

Figure 2. Map of the island system in the archipelagos of Umed and
Skeppsvik along the Baltic coast of Visterbotten, northern Sweden.
The 15 study populations are marked in black colour. The isolated
population in the top-right corner was not used in the study of gene
flow.

The island system

The studies have been carried out in the archipelago of Holmsund
and Skeppsvik, south and east of the city of Umea, Sweden (Figure
2). Soon after the ice covering the pools had melted, during the first
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or second week of May, eggs were collected from the islands. We
sampled 40-50 eggs from up to ten (Paper I, III) or twelve (Paper 11,
IV) egg clumps per island, if that number was present. If the frogs
were breeding in multiple pools, eggs were collected from all pools.
By collecting egg clumps, we sample full-sibs (individuals sharing the
same mother) as the common frog only breeds once a year in this
area (Elmberg, 1991), and only lays one egg clump per season (Elm-
berg 2007, pers comm.). As no individuals from different egg clumps
had the same genotype (Lind, unpublished results), every egg clump
represents a unique family.

Rearing conditions
The collected eggs was transported to the laboratory, and kept cool
to prevent further development, until all eggs were collected.

In order to control for maternal effects expressed through egg size
(Laugen et al, 2002), 10 eggs from each female (Gosner stage 10,
Gosner, 1960) were placed into a petri-dish, covered with water and
photographed together with a scale. From these digital images, egg
size was measured using the image analysis software Image]

(http://rsbweb.nih.gov/ij/).

The experiments were carried out in thermo-constant laboratory
conditions. At hatching, at Gosner stage 23 (active swimming), a
number of tadpoles (the actual number depending upon the experi-
mental design) were randomly chosen and placed individually in plas-
tic experimental containers (9.5 x 9.5 cm, height 10 cm), filled with
750 mL of oxygenated tap water. The water was taken from an in-
door cattle-tank, oxygenated in the presence of dead deciduous
leaves, in order to get semi-natural water chemistry. The temperature
of the thermo-constant laboratories were set to 22°C, with a light :
dark cycle of 18 h : 6 h, which corresponds to the natural day : night
cycle in the area of egg collection.

In order to supply the tadpoles with oxygenated water, and to remove
detritus, the water of the experimental containers was replaced every
fourth day, just before feeding. The larvae were fed either a 1:1 (Pa-
per 11, IV) or a 1:2 (Paper I, III) mixture of fish food and rabbit
chow. The food mixture was grounded to a fine powder before feed-
ing. The difference in food composition between the experiments
was unintentional (typo in the lab protocol), but did not atfect the
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patterns found (the same pattern of local adaptation was, for exam-
ple, found in Paper I and II, which had different composition of the
food).

The experiment continued until the tadpoles reached Gosner stage 42
(Gosner, 1960). At this stage, the front legs are visible, and we de-
fined this as our estimate of metamorphosis. Time to reach this de-
velopmental stage was recorded as development time, and the wet
weight was correspondingly recorded as metamorphic weight. Admit-
tedly, the metamorphosis is not complete until the tail is complete
reabsorbed (at Gosner stage 40), but Gosner stage 42 is a well de-
fined stage (cither the front legs are present or they are not), while it
is difficult to exactly determine when the tail is completely reab-
sorbed. However, the two measures are correlated (Paper I), and the
metamorphic weight at Gosner stage 42 is also correlated to the
metamorphic weight as a tadpole at Gosner stage 37 (Johansson,
Lederer & Lind, manuscript).

Laboratory treatments

The tadpoles were subjected to different treatments in the lab, either
a water level treatment (Paper I, III, IV) or a food level treatment
(Paper 1I).

The water level treatment was used to estimate the degree of pheno-
typic plasticity in development time as a response to simulated pool
drying. In order to induce a plastic acceleration of development time,
the initial water volume (750 mL) in the artificial drying treatment (D)
was lowered by 33% every fourth day, until 66 mL remained (see
Paper 1 for a detailed description of the artificial drying treatment).
This procedure is often used when studying adaptive plasticity to
pool desiccation (Merild et al., 2004b; Gervasi, & Foufopoulos, 2008),
and the environmental cue seems to be the decrease in water volume
per se (Denver et al., 1998). The degree of plasticity in development
time was then recorded as the mean development time of a family in
the constant water level treatment, minus the development time in
the artificial drying treatment.

The food level treatment was used in order to estimate the develop-
mental threshold of metamorphosis, following Plaistow et al. (2004).
We used three different food levels, to represent unlimited food and
two degrees of starvation. The high and medium food levels were the
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same food levels as have been used in a comparison of the size at
metamorphosis of different population of R. femporaria across Sweden
(Merila et al., 2004a). The low food level was chosen to be half of the
food used in the medium food level, to ensure that the tadpoles were
severely food limited and would metamorphose at the developmental
threshold. The exact amount of food given over time in the different
food levels is to be found in Paper 11.

Molecular genetic analyses

The markers used for studying neutral differentiation must measure
variation that is not thought to be subjected to selection, thus behav-
ing neutral. They can either be different electrophoretically distin-
guishable forms of a protein (allozymes) or DNA fragments
(microsatellites, RAPD, AFLP) (Stotfer, 1996), and sometimes
RFLPs from the mitochondrial genome (Lynch et al., 1999). During
the recent years, microsatellite markers have been the marker of
choice (REF).

To obtain estimates of population differentiation in neutral genetic
markers, allelic variation was assessed using six previously published
microsatellite loci: Rt2Ca2-22 (Lesbarréres et al., 2005), RRD590
(Vos et al, 2001), RtpH (Pidancier et al., 2002), RtU4 (Betlin et
al,, 2000), Rtempp4 and Rtempp7 (Rowe, & Beebee, 2001). RtU4 was
later excluded from all analyses due to strong deviations from Hardy-
Weinberg Equilibrium (due to a deficit in heterozygotes).

Statistical analyses

In contrast to many studies of phenotypic plasticity, which have only
studied plasticity within a single population (DeWitt, 1998; Van
Buskirk, & Relyea, 1998), we have consistently used a multi-
population approach. Therefore, when investigating the effect of the
natural selection pressures (Paper 1, 11, III), general island character-
istics (Paper I) and gene flow (Paper III), the population has been our
unit of replication. Therefore, the different families have mostly been
used to estimate the population mean. The exception have been
when we have been interested in the individual response, as when
estimating costs and limits of plasticity (Paper IV). In these analyses,
the population has been treated as a random factor.

In paper III, we compared the population differentiation in neutral
genetic markers with the differentiation in life history traits, in order
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to investigate if the differentiation was larger than expected based
only upon neutral genetic drift (i.e. if divergent selection has been
involved). Population differentiation in neutral markers (Fsr) was
compared to the population differentiation in development time,
plasticity in development time and metamorphic weight (Ost). Osr
was estimated using equation 4, and the within- and between popula-
tion variance components were estimated from a linear model with
the quantitative trait as response vatiable, family and population as
random effects and, when estimating development time and meta-
morphic weight, treatment as a fixed effect. However, when calculat-
ing Osr of plasticity, the individual variation in plasticity within a
family was needed. This posed a problem, as the same individual
cannot be subjected to the two water level treatments at the same
time. Therefore, we estimated the plasticity in development time in all
four possible pair-wise combinations of full-sibs, and then randomly
picked two plasticity measures from each family, making sure that no
individual had been used to estimate both plasticity measures. Qst
was estimated using a Bayesian approach (O'Hara, & Merild, 2005;
Hall et al., 2007). Recently, the practise of comparing Fsr and Qsr has
been criticised on several ground (Pujol et al., 2008; Whitlock, 2008).
Most importantly, individuals must be raised in a common garden in
order to estimate the genetic component of the phenotypic differ-
ences (Pyjol et al,, 2008) and maternal effects need also to be con-
trolled for (Whitlock, 2008). This was done in the analyses, by using a
common garden with two water level treatments and controlling for
maternal effects transferred through egg size.

As the condition, age and life history strategy of the mother in many
cases can influence the life history of the offspring through non-
genetic maternal effects (Mousseau, & Fox, 1998; Risinen, &
Kruuk, 2007; Matshall, & Uller, 2007), we had to investigate the role
of maternal effects in our analyses. This was done using a North
Carolina II crossbreed half-sib design (Lynch, & Walsh, 1998) in one
population, where we investigated the magnitude of maternal effects
in our system (Paper I). As maternal effects in R. zemporaria mainly are
transferred through the maternal investment in the size of the eggs
(Laugen et al., 2002), we investigated and controlled for the role of
egg size in all analyses.
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Estimating costs of plasticity

Costs of plasticity were not included in the models concerning the
evolution of phenotypic plasticity until the work of Van
Tienderen, (1991), who also was the first to outline an empirical ap-
proach to search for costs of plasticity in natural populations. The
underlying assumption was that, if costs of plasticity are present, the
plastic individual has a fitness cost when expressing the same trait
value as a nonplastic individual (DeWitt et al., 1998). However, it
took several more years until Scheiner, & Berrigan (1998) formulated
the following general model for testing if costs of plasticity were
present in a population, which then has been the basis for all later
empirical tests:

W= X+ X2+ plX + X x plX + X2 x plX

Where W is the fitness estimate, X is the trait value in the tested envi-
ronment and plX is the plasticity of the trait, measured between the
two environments. X and X? estimate the linear and nonlinear selec-
tion components (Scheiner, & Berrigan, 1998).
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Figure 3. Tllustration of a cost of plasticity. A cost of plasticity is a
negative relationship between the plasticity of a trait and fitness,
when controlling for the trait value (i.e. a regression between plas-
ticity and the fitness residuals).

We were interested in estimating costs for plasticity in development
time, as this trait was likely to be under diversifying selection in the
island system (Paper I, III). Here we used metamorphic weight as a
fitness estimate. This is not a direct estimate of fitness, but as R. zem-
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poraria is a long-lived species with 2-3 years to reach sexual maturity
in this area (Miaud et al., 1999), this was our only option. Large size is
selected for under natural conditions (Altwegg, & Reyer, 2003), and
individuals with high metamorphic weight usually maintain or in-
crease this size advantage (Smith, 1987; Morey, & Reznick, 2001;
Altwegg, & Reyer, 2003). As metamorphic weight also is known to
increase survival during the first terrestrial year (Berven, 1990; Morey,
& Reznick, 2001; Altwegg, & Reyer, 2003), and is positively related to
physical performance such as jump length (Ficetola, & de Ber-
nardi, 2006; Richter-Boix et al., 2006b; Johansson, Lederer & Lind, in
prep), we believe that the use of metamorphic weight as a fitness
estimate is justified.

In order to investigate if the costs of plasticity in a population are
related to the degree of plasticity present, we analysed costs of plas-
ticity first for three populations with high plasticity in development
time, and then for three populations with low levels of plasticity.
Population was included as a random effect in the models. Plasticity
was measured in constant water and under an artificial drying treat-
ment (see section above for rearing conditions) and the analyses were
performed separately for the two treatments.

Limits of plasticity (investigating if the plastic individuals were not
able to express the extreme traits) were investigated by linear regres-
sions of family level plasticity in development time on the develop-
ment time for each treatment.
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RESULTS AND DISCUSSION

Identifying the selection pressures on the islands

In temperate regions, lenthic freshwater habitats are distributed along
a gradient from ephemeral pools to permanent water bodies, and the
community composition depends upon the interaction between phys-
ical and biotic factors (Wellborn et al., 1996). Along this gradient,
three major types of water bodies are identified: temporary habitats,
permanent fishless habitats with invertebrate top predators, and pet-
manent water bodies with fish as the top predator. Thus, there are
two major transitions; a permanence transition and a transition where
there is no oxygen stress during the winter, which enables fish to
survive (Wellborn et al., 1996). In our system, no ponds are large and
deep enough to enable fish presence, and fish presence has never
been recorded in any of the island pools. Therefore, the two major
selection pressures are pool permanence and predator regime. As life
history traits of tadpoles are affected both by pool drying (Johansson
et al., 2005) and by the local predation pressure (Skelly, & Wer-
ner, 1990; Relyea, 2002b), these two factors can be confounded when
studying local adaptation in nature. However, as will be discussed
below, in this island system, the only selection pressure that differs
between the island populations is the degree of pool drying,.

Pool drying

The mean degree of pool drying, estimated as the decrease in water
depth over the summer for all pools in which breeding had occurred,
differed between the islands, as did the coefficient of variation in
pool drying regimes (Paper I). The variation in pool drying regimes
reflects the spatial heterogeneity in selection pressures a population is
subjected to, ie. the environmental variation. The environment can
also vary on a temporal scale, so that some pools vary more than
other in water level between years. As temporary pools have a higher
between-year variation in the degree of drying than permanent pools
(Newman, 1992; Brooks, & Hayashi, 2002; Loman, & Claesson,
2003) the island differences in mean pool drying might also reflect
island differences in temporal environmental heterogeneity in drying
regimes. The degree of, and variation in pool drying regimes was not
correlated with the age or size of the islands, the distance to the near-
est population or to the mainland, or to the number of pools present
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(Paper I). Thus, the islands can be seen as randomly distributed repli-
cated of the different pool drying regimes.

Predators

As invertebrate predators often are more common in permanent
water bodies (Wellborn et al., 1996), we investigated the difference in
predator abundance between islands with permanent or temporary
pools. Predators were sampled on May 4 and May 6 in 2007 on three
islands with permanent pools (Giéshillan, Lillhaddingen and Storhad-
dingen) and three with temporary pools (Algrundet, Bredskir and
Sivar-Tarnogern). A plastic cylinder (diameter 25 cm and height 30
cm) was submerged into the bottom sediment and all invertebrates
inside the cylinder were collected with a small hand net (mesh size 0.5
mm) and preserved in ethanol for later identification in the labora-
tory. Six cylinder samples were taken in each pool and islands were
used as the replicate unit for the analysis. Dytiscidae (predaceous diving
beetles) were the only invertebrate predators that were found in the
samples and they occurred in very low numbers: about one individual
per sample. There was no difference in mean number of Dyfiscidae
between temporary (mean = 6.33, SE = 3.84) and permanent pools
(6.33, SE = 2.96; T-test unequal variance: p = 1.00 and Kruskall Wal-
lis test: p = 0.50). Therefore, predators are equally uncommon in
permanent and temporary pools, meaning that any local adaptation to
predator presence was not confounded by local adaptation to the
pool-drying regime. In addition, a recent meta-analysis has shown
that abiotic factors, such as pool permanence, are more important for
structuring amphibian communities than is biotic factors (Werner et
al., 2007).

Temperature

In addition to the degree of pool drying and predator abundance,
tadpoles can also be locally adapted to the water temperature (Stahl-
berg et al., 2001; Laugen et al., 2003). Given that temporary pools are
shallower than permanent pools, and do dry out faster, it might be
reasonable to believe that the temporary pools are warmer and that
the populations therefore can be adapted to different thermal optima.
Therefore, we recorded the water temperature in pools on five islands
from early May to late June 2007 (Weinreich, 2007). The pools
spanned the whole gradient from temporary to permanent pools, and
surprisingly the temporary pools were not warmer than the perma-
nent ones. In fact, the deep permanent pools had a higher daily mean
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temperature, mainly because of less cooling during the night. In addi-
tion, we found no local adaptation to temperature in a common gar-
den trial with two temperature treatments for any population (Wein-
reich, 2007).

Phenotypic plasticity and local adaptation
A model of the local adaptation in the island system

Colonization

The common frog colonized Scandinavia from two directions: mi-
crosatellite based inferences suggest that southern Scandinavia was
colonized from Denmark, while northern Scandinavia was colonized
from eastern Europe through Finland (Palo et al., 2004). Therefore,
the island system presented here belongs to the eastern clade. Since
the last glaciation, the coast of north Sweden is affected by an exten-
sive isostatic land uplift, which makes it possible to date the age of
the islands simply by measuring their height. Based on this relation-
ship, we know that the first frogs dispersed to the islands from the
mainland less than 300 generations ago (Johansson et al., 2005).

The colonization of the islands could in principle follow two routes
(Paper III). According to an isolation model, the islands were colo-
nized from the mainland when they emerged out of the sea, but have
then been isolated since the colonization event. The other model
emphasis that migration did not stop when the islands were colo-
nized, but that there have been continuous migration since then.
These two models give very different predictions regarding the ge-
netic relatedness among the populations. According to the isolation
model, the populations should be more genetically isolated if they
have experienced a longer time of independent evolution and drift.
This is in complete contrast to the predictions from the migration
model, where the age of the populations are not thought to influence
the genetic structure of the population, but rather its geographical
location and its proximity to other islands and the mainland. As the
archipelago is situated on a land uplift coast, the age of an island can
be determined by its height above the current sea level, and therefore
we could test these models.
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We tested the isolation model by calculating all pairwise isolation
times between all island pairs, by summing their height over the cur-
rent sea level and investigated if this was correlated to the pairwise
differences in Fst. These factors were not correlated, and we could
therefore falsify the isolation model as an explanation of the popula-
tion differentiation among the islands (Paper III). Moreover, as
within population allelic richness and gene diversity were perfectly
correlated, there seems not to have been any bottleneck events (as
would have been identified by a drop in allelic richness) (Comps et
al,, 2001; Widmer, & Lexer, 2001). Instead, we found support for a
model with continuous migration from the mainland, as the islands
were more genetically distinct from inland populations the longer
distance of seawater that isolated them from the mainland (Paper I1I).
With random dispersal, we also expected that the populations would
be more genetically isolated with increasing distances (Wright, 1943).
However, we found no isolation by distance among the island popu-
lations, which might be surprising as isolation by distance is com-
monly found among R. Zemporaria populations in Sweden (Palo et
al,, 2003), (Johansson et al., 2006). This could be explained by very
high or very low gene flow, or by other factor than distance affecting
gene flow among islands (Keyghobadi et al., 2005; Bergek, & Bjork-
lund, 2009). As we find no evidence of unlimited gene flow (we
found significant population structure) or any evidence of complete
isolation (isolation model not supported), we can rule out these two
models as explanations to the lack of isolation by distance. However,
as the islands are distributed along a line, following the coast, and the
major gene flow seems to come from the mainland, the islands are
located perpendicular to the direction of the gene flow, and therefore
no isolation by distance among islands is likely to be found. Instead,
distance from mainland, measured in distance seawater, seems to
determine the genetic structure. Another evidence for restricted dis-
persal is the observation that the population on the island Grisslogern
went extinct during 2006 (by unknown reason, the breeding pool was
scattered with dead adults) and the island was not recolonised during
the following two years.

Interestingly, the individuals dispetsing to the islands are not a ran-
dom sample of the individuals present on the mainland. Instead, we
found that the individuals on the islands had other proportions of
behavioural types than in the mainland populations. The individuals
that had migrated to the islands were of a bolder personality type
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(Lind, Brodin, Wiberg, and Johansson, in prep). This pattern is con-
sistent with experiments where individuals with known personalities
have been released (Fraser et al. 2001). However, personalities of
dispersers in natural populations has only been investigated once
before (Dingemanse et al. 2003), and our study is the first to find that
bold individuals are not only most likely to disperse, but also to colo-
nize new environments.

Adaptation

We know that phenotypic plasticity in development time, comparable
in magnitude to what we can see in the island populations, is present
in mainland populations (Almfelt, 2005). Therefore, it is likely that
the individuals that migrate to the islands have some degree of plas-
ticity in development time present.

To understand the local adaptation and phenotypic plasticity in de-
velopment time, it is useful to see them as two interacting traits that
are allowed to evolve separately. Recently, such a model has been
developed by Leimar et al. (2000). They suggested a framework in
which development is idealized as a switching device, with genetic
(specialisation) and environmental (plasticity) cues as inputs. As an
illustrative example is the regulation of development time among
species of Spadefoot toads and Parsley frogs, where the mean devel-
opment time is determined by the tissue sensitivity to thyroid hot-
mone, while the plasticity in development time is governed by ad-
justments of the concentration of thyroid hormone in the blood
(Gomez-Mestre, & Buchholz, 2000).

The independence of the trait mean and the plasticity of the trait have
been debated, as some have suggested that they should be connected
(Via, 1993) while others have argued for their independence as sepa-
rate traits (Scheiner, 1993; Schlichting, & Pigliucci, 1993). In our sys-
tem, as well as in the model of Leimar et al (2006), they are not con-
nected, as we find no correlation between the development time and
the plasticity in development time among the island populations (Pa-
per I). As genes for plasticity have been found (Pigliucci, &
Schmitt, 1999), I think it is useful to see them as separate traits that
can respond independently to different selection pressures, as will be
shown below.
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We found local adaptation both in development time (Paper I, 11, III)
and in phenotypic plasticity of development time (Paper I, III). The
populations were more differentiated in development time than they
were expected to be, based upon their differentiation in neutral ge-
netic markers (Paper III), which is a strong indication of divergent
natural selection (Spitze, 1993; Whitlock, 1999; Merild, & Crnok-
rak, 2001; McKay, & Latta, 2002; Leinonen et al., 2008). The selec-
tion pressure responsible for this diversifying selection is the mean
degree of pool drying, as we found that the mean development time
of tadpoles from an island was explained by the degree of pool drying
present on that island (Paper I, 11, III). Local adaptation in develop-
ment time in amphibians is known both at the population level (Mer-
ild et al., 2000b; Laugen et al., 2003; Palo et al., 2003) and at the spe-
cies level (Morey, & Reznick, 2000, 2004; Richter-Boix et al., 2006a).
However, here we have shown that the local selection pressures can
lead to divergent selection even over small geographic scales with
relatively high levels of gene flow.

Moreover, we also found local adaptation in phenotypic plasticity in
development time, so that tadpoles from islands with high spatial
variation in pool drying regimes (i.c. islands with both temporary and
permanent pools) had a higher plasticity in development time than
tadpoles from islands with only one pool-drying regime present (tem-
porary or permanent) (Paper I, III). This relationship is predicted by
theory (Moran, 1992; Sultan, & Spencer, 2002; Ernande, & Dieck-
mann, 2004) and is supported by between species comparisons (Rich-
ter-Boix et al., 2006a; Hollander, 2008) but has not, in spite of several
attempts (eg. Loman, & Claesson, 2003; Huber et al., 2004), previ-
ously been found within species. Our studies, however, can demon-
strate this relationship due to the fact that we are using an island sys-
tem and are working on a small geographical scale. Thus, we can
easily determine the boundaries of a population (Paper III) and
control for other environmental variables that potentially could con-
found any relationship (Paper I). In contrast to predictions (Sultan, &
Spencer, 2002; Hollander, 2008), we found no positive effect of gene
flow between the islands on the level of plasticity (Paper I11).

We note that our analysis of Osr cannot rule out that the population
divergence seen is a result of neutral processes and not by divergent
selection, however, the Osr analysis for plasticity has a low power (see
Paper I11) and the overall picture based upon matching with the local

30



selection pressures (Paper I, III) and no positive effect of gene flow
on plasticity (Paper 11I) strongly suggests that there is adaptive popu-
lation divergence in phenotypic plasticity between the populations,
and that the driver is the variation in pool drying regimes present on
the islands.

As we found that, within all populations, the high-plastic individuals
are always able to express similar or more extreme phenotypes than
the less plastic individuals (with a more canalized development) (Pa-
per 1V), it is likely that the presence of plasticity enabled colonization
even of the most temporary pools, where the optimal strategy is fast
development (Paper I). If plasticity enables survival in these extreme
environments (Price et al., 2003; Lande, 2009), standing genetic vari-
ation in development time may then accumulate so that evolution
could continue in the adaptive direction, i.e. through a change in the
mean development time via the Baldwin effect (Baldwin, 1896; West-
Eberhard, 2005; Crispo, 2007). Such scenario is not unlikely, but has
been observed among species of spadefoot toads and parsley frogs.
The ancestral state in this lineage has been long development time
and plasticity in development time, which has allowed species to ad-
apt to the more ephemeral conditions in North America (Gomez-
Mestre, & Buchholz, 2000).

The lack of environmental variation on the islands with only tempo-
rary pools would suggest that canalisation and not plasticity is the
optimal developmental path (Via, & Lande, 1985; Van Tiende-
ren, 1991; Moran, 1994; Sultan, & Spencer, 2002; Leimar et al., 2000)
and that plasticity should be reduced due to genetic assimilation
(Lande, 2009). However, phenotypic plasticity is still present in these
populations (Paper 1V), despite the fact that they have a genetically
shorter mean development time than tadpoles from islands with
permanent pools (Paper I, 11, I1I). As temporary pools are considered
not only to be a time stressed environment, but also an environment
with high year-to-year variation in drying regimes (Newman, 1992;
Brooks, & Hayashi, 2002; Loman, & Claesson, 2003), it is reasonable
to think that this temporal variation could select for plasticity in de-
velopment time. However, we found no relationship between the
degree of plasticity in development time and the mean pool drying on
the islands (Paper I). That does not mean that selection due to tem-
poral variation in drying regimes is not there, only that it does not
vary with pool drying regimes, as predicted (Loman, & Claes-
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son, 2003). Moreover, we found that, even in individuals from the
most temporary pools, it is the individuals with high plasticity in de-
velopment time that can express the fastest development times (Pa-
per 1V). This may also be a reason why plasticity is retained in the
populations from islands with temporary pools, in spite of the fact
that they in general have a small difference in development time
among families, compared to families from islands with permanent
pools (Paper II). Additionally, because the costs of plasticity are lower
in the low-plasticity populations (Paper 1V), some plasticity may have
been retained, as it is not strongly selected against.

Growth, growth rates and developmental thresholds

Growth and metamorphic weight

During development, the tadpoles are not only developing morpho-
logically and physiologically, they are also increasing in weight. How-
ever, the weight and the development of the tadpoles are not inde-
pendent. By speeding up development via phenotypic plasticity in the
artificial drying treatment, the tadpoles are smaller at metamorphosis
than the tadpoles from the constant water level treatment, where they
remain tadpoles for a longer period of time (Paper I). Thus, there is a
trade-off between metamorphic weight and development time, at
least on the individual level (Laurila, & Kujasalo, 1999; Laurila et
al., 2002; Richter-Boix et al., 2006b).

Together with the local adaptation in development time, we also
found evidence of divergent selection in metamorphic weight (Paper
III). This might be surprising given the mixed evidence for any rela-
tionship between pool drying regime and metamorphic weight (Jo-
hansson et al., 2005; Paper 1, II). However, given the trade-off be-
tween development time and metamorphic weight (Laurila, & Ku-
jasalo, 1999), which implies that organisms that speed up their devel-
opment pays the price of metamorphosing at a smaller size, I inter-
pret the indication of divergent selection on metamorphic weight as a
correlated response to selective pressures on development time. This
interpretation is further supported by the wider Osr confidence inter-
val of metamorphic weight, compared to the confidence interval for
development time (Paper III). As metamorphic weight is closely con-
nected to general fitness (Smith, 1987; Berven, 1990; Morey, & Rez-
nick, 2001; Altwegg, & Reyer, 2003) and froglet performance
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(Ficetola, & de Bernardi, 2006; Richter-Boix et al., 2006b; Johansson,
Lederer & Lind, manuscript), it is likely that it also is affected by
other factors, independent of development time.

An intriguing result is that, although individuals under the artificial
drying treatment sped up their development rate (Paper I, II), they
had a lower growth rate (increase in mass over time) (Paper I). This
result seems to indicate an underlying trade-off between development
rate and growth rate when an individual is under time-constrains, but
as far as I know, the nature of this trade-off has never been investi-
gated.

How small can you be?

Given that short development time is an advantage in time stressed
environments, one might wonder how fast it is possible to develop.
Due to the trade-off between age and size at metamorphosis (Laurila,
& Kujasalo, 1999), the question could also be reformulated; how
small can one be to successfully complete metamorphosis? A naive
answer, and an answer that is surprisingly common in evolutionary
studies, is that, as long as there is genetic variation associated with
size at metamorphosis, we would see evolution of this minimum size
at metamorphosis. However, many traits are not free to evolve, even
with genetic variation, if they are subjected to constraints, and life
history transitions are commonly found to be constrained (Leips, &
Travis, 1994; Day, & Rowe, 2002; Plaistow et al., 2004). For example,
the most well known constrain is probably the minimum birth weight
in humans, where children under a certain weight have low survival
without the aid of modern healthcare (Whitmore, & Su, 2007). Thus,
there is a developmental threshold that the individual has to grow
beyond for a successful life history transition to be possible (Wilbur,
& Collins, 1973; Day, & Rowe, 2002). As the threshold is determined
by strong physiological constrains and not simple life history strat-
egies (Day, & Rowe, 2002), differences in thresholds between lineages
must be very uncommon. Therefore, it is surprising that Morey &
Reznick (2000, 2004) found substantial variation in the develop-
mental threshold of metamorphosis among three closely related spe-
cies of Spadefoot toads in North America. The variation was not
random, but could be explained by the adaptation of the species to
pools of different duration, where the species living in the most eph-
emeral pools had the fastest development time as well as the lowest
developmental threshold (Morey, & Reznick, 2000, 2004). In one
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way, this is what would be expected since ephemeral pools are time-
constrained environments and a physiologically lower developmental
threshold is reached more quickly. However, if the threshold repre-
sents a physiological constraint in development, as assumed (Wilbur,
& Collins, 1973; Day, & Rowe, 2002) then the finding that threshold
size can indeed evolve challenges this assumption. If developmental
thresholds can evolve, it is unclear as to what keeps the develop-
mental threshold high in populations from permanent environments,
or why thresholds are present at all. Inspired by the findings of
Morey & Reznick (2004), we investigated the potential evolution of
developmental thresholds in the island system. This system is well
suited to study this, as we have the same selection pressures as in the
study of Morey & Reznick (2004), but instead of species we have
populations, locally adapted to the degtee of pool drying (Paper I, 11,
III). Thus, we were able to investigate if the developmental threshold
is as flexible as development time to divergent selection, or if there
indeed is a deep physiological constrain which will not readily evolve
in relatively young populations connected by gene flow (Paper I1I).

As there is phenotypic plasticity present in development time (New-
man, 1992), (Lautila et al., 2002), just recording the size of an organ-
ism when a life history transition occur (as in Wesselingh et al., 1997)
is not a valid approach to investigate thresholds, as individuals are
free to make the life history transitions at different times after they
have passed the threshold, depending upon their life history strategy
(Plaistow et al., 2004). The key therefore is to investigate the devel-
opmental threshold under conditions where there is only one life
history strategy that is possible, and that is achieved by using very low
food availability (Day, & Rowe, 2002; Plaistow et al., 2004). When the
food level is so low that almost no growth is possible, delaying me-
tamorphosis after the threshold is reached is not an adaptive strategy,
as there will be no increase in size at metamorphosis by delaying it.
Therefore, the organisms will go through the life history transition at
the developmental threshold (Plaistow et al., 2004). Using this meth-
odology, we investigated if there had been evolution of the develop-
mental threshold in our island system, by comparing the threshold in
two populations from islands with temporary pools with two islands
where the pools are permanent. Unless the threshold is a strong con-
strain (as suggested by Day, & Rowe, 2002), we predicted that the
threshold should have evolved to lower size in populations from
islands with temporary pools, following the among-species results of
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(Morey, & Reznick, 2004). However, if the threshold is tightly linked
to physiological constraints in the developmental process, we pre-
dicted no such relationship.

In accordance with the findings of Morey & Reznick (2004), as well
as carlier studies in the island system (Johansson et al., 2005), we
found that tadpoles from islands with temporary pools had a geneti-
cally shorter development time than tadpoles from islands with pet-
manent pools (Paper II), as a result of divergent natural selection
(Paper III). However, we found no difference in the developmental
threshold of metamorphosis (Paper II), which contrasts the adaptive
evolution of the developmental threshold found among species of
Spadefoot toads (Morey, & Reznick, 2004). This finding could actu-
ally be interpreted in two ways. Either, there is a benefit of being able
to metamorphose at a size below the developmental threshold, but
the threshold is such a constraint that an evolutionary change of the
threshold is not possible. Alternatively, there is no selection on the
threshold as all individuals are easily larger than the threshold size
because of higher food availability in nature than in the low-food
experimental treatment. When sufficient food is available under la-
boratory conditions, tadpoles from even the most temporary pools
metamorphose at a far higher weight than the threshold weight (Pa-
per L, II, III), suggesting that they are not genetically programmed to
metamorphose as soon as it is physiologically possible, even under
the artificial pool drying treatment (Paper I, III). Interestingly, in
another system I have found population differentiation in the devel-
opmental threshold of maturation. In isolated long-term lab popula-
tions of soil mites Sancassania berlesei, living in environments with
different variation in food availability, I found a lower developmental
threshold in a population that often experienced episodes of starva-
tion (Lind, 2005). Thus, it seems that the developmental threshold
can indeed evolve among populations, but that strong selection under
many generations, and an absence of gene flow is needed.
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Costs and limits of plasticity

Costs of plasticity imply that plastic genotypes pay a fitness cost
(DeWitt et al., 1998; Callahan et al., 2008), and are major determinant
of whether plasticity or local specialisation will evolve in theoretic
models (e.g. Moran, 1992). However, plasticity costs are often not
found (Van Buskirk, & Steiner, 2009), but theories of why they are
hard to find have never been tested empirically. We found costs of
plasticity in populations with high mean plasticity, while populations
with low mean plasticity had a cost of canalization (Paper 1V), ie. a
cost of being a specialist. This indicates that costs of plasticity in-
crease with the magnitude of plasticity present (as suggested by Van
Tienderen, 1991), and may be the reason for why costs of plasticity
have been so hard to find in natural populations (e.g. Scheiner, &
Berrigan, 1998; Donohue et al., 2000; Weijschedé et al., 2006; Steiner,
& Van Buskirk, 2008). This interpretation is also supported by a
study where populations of R. #emporaria from south and north Swe-
den were compared, and it was found that the more plastic southern
population also had a cost of plasticity, which was not found in the
less plastic northern population (Merild et al., 2004b), which gives no
supportt for the hypothesis that selection removes all costly genotypes
in all populations (as suggested by DeWitt et al, 1998; Sultan, &
Spencer, 2002; Callahan et al., 2005; Weinig et al., 2000). Instead, our
finding suggests that costs of plasticity are not likely to be found in all
populations and traits, only in the populations and traits where in-
creased plasticity is selected for.

We also found that the fitness cost of plasticity was treatment de-
pendent, and only expressed in the stressful artificial drying treatment
(Paper 1V). This is not surprising, given that individuals under stress
are possibly unable to allocate enough resources both to development
and maintenance (Van Tienderen, 1991). Recently, a meta-analysis
suggested that this pattern is common in most animal studies (Van
Buskirk, & Steiner, 2009).

Recently, it has been suggested (Crispo, 2008) that the existence of
plasticity costs is a result of gene flow. According to this hypothesis,
finding costs of plasticity in some populations would indicate that
specialisation and not plasticity would be the optimal strategy in these
populations, but that gene flow is working against local specialisation.
However, in the few systems where costs of plasticity have been
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compared among populations, we (Paper IV) and other (Merild et
al., 2004b) have found that costs of plasticity are more commonly
present in populations experiencing a high degree of phenotypic plas-
ticity. As we have shown that phenotypic plasticity is locally adaptive
in this island system, and that local selection for plasticity overrides
the effect of gene flow, I do not find support for the idea that high
costs of plasticity indicates that local specialisation is the optimal
outcome. Instead, our data confirms with the models of Van
Tienderen (1991), in which costs of plasticity are increasing with in-
creased levels of plasticity (Paper IV).

In contrast to the concept of plasticity costs, where the plastic geno-
type can express all phenotypes but has a cost of being plastic, limits
of plasticity implies that the plastic genotype is not able to express the
extreme traits that a specialist genotype is able to, i.e. a developmental
range limit (DeWitt et al., 1998). Although limits of plasticity are not as
well studied as costs of plasticity, none of the published works have
found any evidence for the hypothesis that plastic individuals cannot
express the most extreme traits (DeWitt, 1998; Relyea, 2002a).

However, costs of plasticity were not the only cost present in our
system, as we also found a significant cost of canalization (i.e. a cost
of not being plastic) in the low plasticity populations (Paper IV). This
is not an uncommon finding, canalization costs have been found in a
number of systems (Dorn et al., 2000; Relyea, 2002a; Weijschedé et
al,, 2006; Weinig et al., 2006; Avramov et al., 2007; Steiner, & Van
Buskirk 2008), and are found in almost the same number of studies
and traits as plasticity costs (Van Buskirk, & Steiner, 2009). As will be
discussed below, this can have major implications for our under-
standing of the evolution of phenotypic plasticity and specialisation.

Integrating plasticity and canalization costs

I argue that costs of canalization must be included in models of the
evolution of phenotypic plasticity. These costs are likely to have ma-
jor implications for the evolution of phenotypic plasticity: whether
plasticity as opposed to a canalized development is to evolve depends
not only on the cost of plasticity but also on the opposing cost of
canalization.

First, including a cost of canalization makes plasticity a more likely
outcome under a larger range of parameter values in models of the
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evolution of phenotypic plasticity (Figure 4), and second, this might
be the reason that we often not find costs of plasticity in natural
populations: if the cost of plasticity and the cost of canalization are
equal, we will not find any significant cost of plasticity, since we are
measuring the cost of plasticity relative to the cost of canalization.
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Figure 3. Combinations of a (the accuracy of the environmental
matching) and r (the frequency of environment 1) for which plas-
ticity or canalization is favoured under spatial environmental
heterogeneity with two different environments. The bold lines
represent the parameter space above which plasticity is favoured and
below which canalization is favoured under different cost of
plasticity / cost of canalization (Cp/Cc) ratios, in an extension of the
optimality model of Moran (1992) (Lind, unpublished).

If the evolution of phenotypic plasticity is influenced not only by
costs of plasticity (e.g. Moran, 1992) but also by the costs of main-
taining a canalized phenotype over a range of environmental condi-
tions (Poulton, & Winn, 2002), this has major implications for how
we are measuring costs of plasticity in natural populations. The tradi-
tional multiple regression of fitness as a function of the trait mean
and plasticity (DeWitt et al., 1998) was developed assuming that plas-
tic individuals could only perform worse than non plastic ones, the
opposite pattern was never considered. Thus, the regression was
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designed to estimate if cost of plasticity were present, assuming that
no other balancing costs were paid by the non-plastic genotypes.
However, if the more plastic individuals pays a cost of being plastic
and the more canalized individuals pays a cost of canalization, a non
significant regression coefficient of the plasticity term should not be
interpreted as a failure to find plasticity costs (as in DeWitt et
al., 1998). Instead, a non-significant coefficient of the plasticity term
means that the costs of plasticity and the costs of homeostasis were
of similar size in the trait and environment combination. Moreover,
the analysis gives no hint of the magnitude of these costs, they could
ether be small or of substantial magnitude, all we know is that they
are not significantly unbalanced.

Thus, the standard analysis for estimating costs of plasticity (DeWitt
et al., 1998) has a low power of detecting costs, since many costs of
plasticity will be hidden under the opposing costs of canalization.
Moreover, the analysis cannot be used to determine the magnitude of
the costs of phenotypic plasticity, since the regression coefficient of
the plasticity term only estimates how much one type of cost is influ-
encing fitness relative to the influence of the other type of cost. There-
fore, 1 argue that the standard methodology for detecting plasticity
costs is of limited use when studying natural populations.

Environmental cues

In addition to plasticity costs and limits, another factor that heavily
influences whether plasticity will evolve or not is the accuracy of the
environmental cues (Moran, 1992; Sultan, & Spencer, 2002). If the
cues that the organism uses for identifying which environment it is
located in is uninformative, a specialist or generalist genotype is selec-
ted for.

Moreover, I would argue that being able to match the phenotype to
the environment also means that there is scope for making mistakes,
which has nothing to do with the accuracy of the cues. Those mis-
takes are only present in plastic genotypes, as specialists, by having a
canalized development, are not free to make mistakes. In a constant
environment, individuals with canalized developmental paths will
always hit the optimum phenotype, while the plastic genotypes will
now and then miss it, simply due to erogenous interpretation of the
cues.
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To my knowledge, no one has yet studied the accuracy of the plastic
response experimentally, and I realise that this might not be a simple
task. As the response variable is not the within family mean, but the
within family variation in the trait as a function of the plasticity of the
trait, care must be taken to eliminate all causes of within family vari-
ation. Ideally, a crossbreeding design would be the ultimate
experimental setup. However, despite the complex experiments
needed, the accuracy of the plastic response is identified as a
potentially very important factor influencing the evolution of
phenotypic plasticity (Moran, 1992; Sultan, & Spencer, 2002) and
experimental studies are needed in order to examine its role for
shaping the variation in plasticity we observe in nature.

Rapid local adaptation — implications for conservation

The finding that populations often are more different in quantitative
traits than in neutral markers (Leinonen et al., 2008; Paper III) has
important implications for conservation biology. Populations that
have separate evolutionary histories have a high conservation value
because of their distinctiveness and are known as Evolutionary Sig-
nificant Units (ESUs) (Crandall et al., 2000). With the development of
new molecular methods and their incorporation in conservation ge-
netics, molecular methods have become the most used method for
assessing ESUs (DeSalle, & Amato, 2004), as well as in conservation
genetics in general (Haig, 1998).

The incorporation of molecular methods in the toolbox of conserva-
tion biologists has in many ways revolutionised the field. Molecular
methods are now widely used tools in assessing population structures
and finding ESUs, because it, in comparison to quantitative genetic
methods, is fast (DeSalle, & Amato, 2004) and does not need exten-
sive sampling (Storfer, 1996). This is often very important, since con-
servation biology is a “crisis discipline” (DeSalle, & Amato, 2004),
where decisions have to be rapid and often based upon currently
available data

Thus, especially since DNA material now can be analysed from very
small amounts of tissue, even from feathers and faeces, an experi-
mental procedure based upon adaptive differences between popula-
tions seems unnecessary complicated if molecular methods can an-
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swer the proposed questions in an equally good manner. However,
there are uprising doubts that molecular methods give the best an-
swer to the questions conservation biologists want to answer.

Because neutral molecular matkers, by definition, are selectively neu-
tral, they have no intrinsic value, which calls into question if it can be
used to assess whether the differences among populations contribute
to increased persistence of the network of populations that the spe-
cies distribution range consists of (Pearman, 2001). One important
question is whether differentiation in neutral markers can serve as a
shortcut that indicates population subdivision in morphological and
life history traits under selection (Storfer, 1996; Pearman, 2001; Bek-
essy et al., 2003), in other words, if Fsr can be used to predict Osr.

As discussed above, the value of Osr often exceeds the value of Fsr in
natural populations, and even though there is a positive relationship
between the two measurements (Leinonen et al., 2008) the relation-
ship has low predictive power. Especially for low Fsr values, Ost can
obtain almost any value (Leinonen et al.,, 2008). Moreover, Osr can
even differ among traits within a single species (e.g. Edmands, &
Harrison, 2003). Sometimes, neutral genetic markers might not just
fail to detect a pattern, but can also give a complete opposite popula-
tion structuring compared to when quantitative genetic differentiation
is assessed. When surveying populations of the vulnerable monkey
puzzle tree Araucaria arancana across its entire distribution range in
South America (Bekessy et al., 2003), neutral genetic markers failed to
detect the quantitative genetic divergence in drought tolerance across
the Andean mountain range. Using neutral markers as tools to aid
reforestation projects would then not be optimal, since the plants
clustered together would differ in their response to drought.

Crandall et al. (2000) suggested not basing the ESUs on monophyly
but on exchangeability - both ecological and genetic. For two popula-
tions to be ecologically exchangeable, individuals can be moved be-
tween the populations and still occupy the same niche or selective
regime. Crandall argues that it is only rejection of the null hypothesis
of ecological exchangeability that merits a population conservation
status. In other words, ESUs shall be based upon adaptive differences
in phenotypic traits, not upon genetic distinctiveness.
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Concluding words

I found local adaptation in development time and plasticity in de-
velopment time in island populations of R. #emporaria. The selection
pressures driving this adaptation were found to be the degree and
variation in pool drying regimes of the pools in which the frogs were
breeding. Given the young age of the populations (less than 300 gen-
erations), and the fact that they are connected by gene flow, the speed
of this local adaptation is quite remarkable. Moreover, I have also
shown that fitness costs of phenotypic plasticity are only found in
populations with genotypes expressing high levels of phenotypic
plasticity, while in populations with low-plastic genotypes, 1 find costs
of canalisation. This suggests that costs of plasticity increase with
increased level of plasticity in the population, and that might be a
reason why costs of plasticity are hard to detect.

My studies show the uniqueness of the island populations, both in
terms of genetic distinctness and especially in their different adapta-
tions to the prevailing environmental conditions. This is important
for conservation, as population differentiation in the traits under
selection can be many times larger than the differentiation inferred
from genetic markers.
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