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AbstractGeographic variation in maternal investment in
offspring size can be adaptive if differences in investment
translate into improved offspring performance in the
given environments. We compared two moor frog, Rana
arvalis, populations in the laboratory to test the
hypothesis that investment in large eggs in populations
originating from stressful (acid) environments improves
offspring performance when reared in stressful (acid)
conditions. We found that large initial size (hatchling
mass) had moderate to strong, environment-dependent
positive effects on larval and metamorphic traits in the
acidic origin population, but only weak effects in the
neutral origin population. Our results suggest that
interactions between environmental conditions and ini-
tial size can be important determinants of individual
performance, and that investment in large eggs is
adaptive in acid environments. These findings emphasize
the role of maternal effects as adaptations to environ-
mental stress.
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Introduction

Maternal effects stemming from variation in propagule
size are often important determinants of offspring size
and performance (Bernardo 1996; Mousseau and Fox
1998), and initial size effects can carry over into later life
stages (e.g. Pechenik et al. 1998; Lindström 1999).
Maternal investment in egg size is subject to the egg size–
egg number trade-off (e.g. Smith and Frethwell 1974;
Roff 1992), theoretically resulting in different optimal
strategies under different environmental conditions.
Hence, in conditions where initial size has little effect on
offspring fitness, females are expected to produce a large
number of small eggs, whereas investment in a small
number of large eggs is expected when large hatching
size strongly improves future fitness of offspring (e.g.
Smith and Frethwell 1974; Hendry et al. 2001). How-
ever, although the effects of initial size on offspring
performance frequently vary between growth environ-
ments (e.g. Berven and Chadra 1988; Gliwicz and Gui-
sande 1992; Parichy and Kaplan 1992; Moran and Emlet
2001), little is known about how such variation in initial
size effects varies among populations.

Environmental stress can be a powerful evolutionary
force (e.g. Hoffmann and Parsons 1997). Stressful envi-
ronments also present typical conditions where selection
is expected to lead to investment in large eggs (e.g. Sibly
and Calow 1986; Hendrickx et al. 2003). Acid environ-
ments of natural and anthropogenic origin are stressful
and impose strong negative effects on survival, growth
and development in a diversity of organisms (e.g.
Schindler 1988; Bradford et al. 1998; Rusek and Mar-
shall 2000). Ecological and physiological effects of
acidification have been intensively studied, but the fact
that large spatial variation in acidity creates differential
selection pressures among populations, potentially
leading to local adaptation, has received less attention.
Further, although it has been shown that acidification
can cause strong selection for evolution of acid tolerance
(e.g. Rahel 1983; Fischer et al. 2001; Räsänen et al.
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2003a, b), its effects on life history evolution are gener-
ally not well understood (Räsänen 2002; Räsänen et al.
2003a, b).

Selection on egg size could affect later life histories if
differential survival of larger and smaller eggs results in
correlated life history changes or if initial size directly
affects later life (for instance, due to its effects on growth
rates, e.g. Roff 1992; Moran and Emlet 2001). In ani-
mals with complex life cycles, initial size can have strong
effects on important fitness components, such as larval
survival (e.g. Carrière and Roff 1995; Gimenez and
Anger 2003), stress tolerance (e.g. Gliwicz and Guisande
1992; Walker et al. 2003) and metamorphic performance
(Pechenik et al. 1998).

In amphibians, large metamorphic size improves
juvenile survival and adult fecundity (e.g. Berven 1990;
Scott 1994; Altwegg and Reyer 2003). Amphibians also
occur in a range of environments that drastically differ in
pH (reviewed in Rowe and Freda 2000), and hence
provide a potential system to study effects of variation in
acidity on life history evolution. Our previous studies on
the moor frog, Rana arvalis, suggest that females from
acid populations invest in larger eggs than females from
neutral populations (Räsänen et al. 2003a), but that egg
size has little influence on acid stress tolerance during the
embryonic stages (Räsänen et al. 2003a, b). Hence, it
seems unlikely that large egg size is an adaptation to
counteract the negative effects of acidity during these
early life stages. However, hatching size is strongly
influenced by maternal investment in egg size (reviewed
in Kaplan 1998). Consequently, if hatching size affects
later life performance, among-population variation in
egg size could reflect adaptive responses to acidity.

The main aims of this study were to investigate how
variation in hatching size influences performance during
larval and metamorphic stages under stressful (acid) and
benign (neutral) conditions, and how such initial size
effects differ between populations. We first measured egg
size in three acid- and three neutral-origin R. arvalis
populations to investigate whether large egg size is typ-
ical of acid environments. We then focused on one acid
population (AP) and one neutral population (NP) that
differed strongly in egg size and raised larvae from
hatching until metamorphosis in a low and neutral pH in
a common garden setting.

Materials and methods

Study species and populations

Rana arvalis is widely distributed in the western Pale-
arctic and occurs in a wide range of habitats and a broad
range of pH (Leuven et al. 1986; Räsänen 2002). Fe-
males lay one clutch of eggs (ca. 500–2,000 eggs; Räsä-
nen 2002) per year in water. The aquatic larvae develop
and metamorphose in 2–3 months, after which they
become largely terrestrial.

Egg size data were collected from three acid and three
neutral populations from central Sweden, resulting in
data for a total of 145 female R. arvalis (Table 1). Fe-
males were collected from the breeding ponds at the
onset of breeding in 1999, 2000 and 2002. In all popu-
lations, pond pH was measured at the onset of breeding
with a Ross Sure Flow electrode (8165BN) attached to
an Orion 210A pH meter.

The two experimental populations were Tottatjärn
(AP) and Häggedal (NP) (Table 1). These two popula-
tions differ strongly in acidification history. Tottatjärn is
in an area that has strongly been affected by anthropo-
genic acidification (Renberg et al. 1993) and Häggedal is
in an area that due to calcareous soil has been well
buffered against acidification (Brunberg and Blomqvist
2001). These populations differ strongly in embryonic
acid tolerance, consistent with local adaptation (Räsä-
nen et al. 2003a). From both populations, ten males and
ten females in amplexus were collected and artificially
mated in the laboratory to produce ten full-sib families
for both populations. Adults were kept at +2–4�C until
crosses, which were done within a few days of collection
of adults, could be conducted (see Räsänen et al. 2003a
for further details of crossing procedures). Laboratory
crossings ensured that the eggs were not pre-exposed to
different pHs.

Experimental procedures

Hatchlings were initially raised to study the embryonic
performance of these two populations (Räsänen et al.
2003a) until Gosner stage 25 (Gosner 1960, hereafter

Table 1 Description and egg size of three acid and three neutral Rana arvalis populations. n No. of females for which egg size was
measured, AP acid population, NP neutral population

Locality Latitude Altitude (m) pH n Egg size±SE
(diameter, mm)

Tottatjärn (AP)a 57�36¢ 131 3.8–4.3 32 1.821±0.020
Lilla Brödhållartjärn 59�37¢ 176 4.6–4.9 16 1.818±0.018
Andersboå 60�10¢ 53 4.8–5.5 28 1.732±0.014
Lindårgen 59�28¢ 84 6.3–7.4 10 1.724±0.014
Norenberg 59�34¢ 133 7.1–7.2 12 1.675±0.027
Häggedal (NP)a 59�51¢ 55 6.7–7.8 47 1.669±0.014

aThe two experimental populations
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termed ‘‘hatchlings’’). At this stage larvae have absorbed
their external gills and are free swimming and feeding.
One day after reaching stage 25, a total of nine indi-
viduals from each family and treatment (acid=pH 4.25
and neutral=pH 7.5) were randomly chosen to be used
in the larval experiment. The pH treatments were chosen
to correspond to the pH experienced by these popula-
tions during the larval period in nature (Persson 2004)
hence reflecting their selective environments. During the
larval period, each tadpole was exposed to the same pH
treatment as during the embryonic period. The experi-
ment was carried out in a climate room (+16�C) under a
17-h light:7-h dark photoperiod. The replicates were
randomized over three blocks formed on the basis of a
known temperature gradient within the room. Tadpoles
were placed individually in plastic vials (0.9 l), contain-
ing 0.7 l treatment water (reconstituted soft water; see
Räsänen et al. 2003a for further details) and fed ad
libitum with finely chopped spinach. Water in the
experimental vials was changed completely and food
renewed every second day. When the tadpoles ap-
proached metamorphosis (emergence of at least one
forelimb; stage 42, Gosner 1960), the vials were checked
daily. The experiment was terminated when all tadpoles
had metamorphosed.

Experimental design

The experiment was performed as a 2·2·3 randomized
block design, with two treatments (acid and neutral),
two populations (AP and NP), and three blocks. Ten
families were used for AP, but due to mortality during
the embryonic stage in the acid treatment in two fami-
lies, only eight families could be used for NP. Each
family–treatment combination was replicated 9 times

(three replicates/block), resulting in 324 experimental
units.

Response variables

Egg size was measured from photographic images (20–
40 eggs per female, covered with water and illuminated
from below) shortly after fertilization. A black-and-
white negative image was then scanned with Agfa
DuoScan (1,000 dpi) and saved for analyses using the
public domain NIH Image program (developed at
the U.S. National Institute of Health and available on
the Internet at http://rsb.info.nih.gov/nih-image/). Egg
size was measured as minimum and maximum diameter
for each egg to the nearest 0.05 mm, and averaged to
obtain egg diameter. Female means of average egg
diameter were used in the final analyses of egg size. To
control for female size effects on egg size (see statistical
analyses), snout-vent length was measured from the tip
of the nose to the cloacal opening for each female to the
nearest 0.01 mm.

To estimate size and growth, wet mass was deter-
mined for each larva at the initiation of the experiment
(day 0), at 21 and 42 days old, as well as at meta-
morphosis. Individuals were briefly placed on a paper
towel to remove excess water and then measured to the
nearest 0.1 mg with an electronic balance. Body length
of each metamorph was measured with digital callipers
(to the nearest 0.01 mm), and age at metamorphosis
was estimated as the number of days elapsed from the
initiation of the experiment to metamorphosis. Aver-
age daily growth rate was estimated as mass/age at
metamorphosis. In total, 21 out of 324 tadpoles died
during the experiment, but mortality was independent
of population of origin (generalized linear mixed

Fig. 1 Mean metamorphic mass (a) and age (b) in two Rana arvalis populations (squares acid population, circles neutral population) and
two treatments before (solid lines) and after (dashed lines) controlling for hatchling mass. Plotted values are least square means (±SE) for
non-transformed values
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model, F1,16=0.22) and treatment (F1,16=2.27; both
P>0.15).

Statistical analyses

Analyses of egg size were run with mixed model ANO-
VAs in PROC MIXED in SAS (Littell et al. 1996),
where population (nested within origin, i.e. AP or NP)
was defined as a random effect and origin as a fixed
effect. Absolute egg size determines offspring perfor-
mance, but among-population variation in egg size
could be partially explained by differences in female size
(Roff 1992). Hence, egg size analyses were also run with
an analysis of covariance (ANCOVA) where egg size
was standardized to a common female size by incorpo-
rating snout-vent length of each female into the model as
a covariate. To investigate the relationship between
hatchling mass and later larval and metamorphic traits
within populations at the phenotypic level, phenotypic
correlations were calculated within populations and
treatments as Pearson correlations (rP).

Metamorphic traits (mass, body length and age at
metamorphosis) as well as growth were analysed with
mixed model ANOVAs and ANCOVAs in PROC
MIXED. Population, treatment, and block were con-
sidered as fixed factors and family (nested within pop-
ulation) as a random effect in the analyses. In analyses of
the effects of initial size on metamorphic traits, indi-
vidual hatchling mass was used as a covariate. Because
individual differences in mass may reflect different
amounts of water or fat in the body, we ran the analyses
also for body length. However, body length and meta-
morphic mass were strongly positively correlated in both
populations and treatments (r>0.55, P<0.001 in all
cases) and the results for body length were qualitatively

similar to those of metamorphic mass and are not pre-
sented here. Since residuals were initially not normally
distributed for all traits, log-transformed values were
used in the final analyses, but least square means on
non-transformed values are presented for egg size and in
Fig. 1 for ease of interpretation. All analyses were run
with SAS V8 (SAS Institute 1999).

Results

Egg size variation

In the six populations, acid-origin females had signifi-
cantly larger eggs (LS means±SE, 1.789±0.024 mm)
than neutral-origin females (1.687±0.025 mm;
F1,4.13=8.84; P=0.040). Female size had a highly sig-
nificant effect on egg size (F1,139=28.41, P<0.001), and
when standardized to a common female size, the differ-
ence among acid- and neutral-origin females in egg size
was stronger (acid origin 1.809±0.0208 mm, neutral
origin 1.659±0.030 mm; F1,4.88=13.13, P=0.016). AP
and NP differed significantly in mean egg size (t77=6.34,
P<0.001) and had the largest and smallest eggs, re-
spectively, of the six populations (Table 1).

Hatchling mass and phenotypic correlations

AP hatchlings were nearly twice as large as NP hatch-
lings (Table 2, F1,15.9=80.51; P<0.001). In both popu-
lations, hatchlings that were reared in acid water as
embryos were smaller than hatchlings reared in neutral
water as embryos (Table 2, F1,15.9=17.64, P<0.001),
but there was no significant treatment·population in-
teraction at this stage (P=0.654). There was a significant

Table 2 Mean±SE (minimum–maximum) for hatchling and tad-
pole mass (g), as well as average daily growth rates (g/day), in two
R. arvalis populations and two treatments. n for hatching stage of

NP is 70 and 64, for the neutral and acid treatments, respectively,
and of AP is 87 in both treatments. For later stage sample size see
Table 3. For abbreviations, see Table 1

Population Treatment Hatching Day 21 Day 42 Growth

NP Neutral 0.020±0.000 (0.015–0.027) 0.273±0.009 (0.127–0.443) 0.674±0.013 (0.491–0.890) 0.010±0.000 (0.008–0.013)
Acid 0.018±0.000 (0.014–0.022) 0.140±0.003 (0.086–0.203) 0.437±0.011 (0.290–0.678) 0.007±0.000 (0.005–0.009)

AP Neutral 0.032±0.000 (0.023–0.050) 0.403±0.012 (0.143–0.639) 0.810±0.015 (0.496–1.112) 0.012±0.000 (0.009–0.015)
Acid 0.029±0.000 (0.022–0.038) 0.234±0.008 (0.066–0.445) 0.577±0.016 (0.231–0.935) 0.009±0.000 (0.006–0.012)

Table 3 Phenotypic correlations (Pearson correlations; rP) between hatchling mass and larval mass (day 21 and 42), average growth rates
(g/day) as well as metamorphic traits in two R. arvalis populations and two pH treatments; n in parentheses. For abbreviations, see
Table 1

Population Treatment Mass at
day 21

Mass at
day 42

Growth Mass at
metamorphosis

Age at
metamorphosis

NP Neutral 0.00 (70) �0.13 (69) �0.06 (68) 0.00 (68) 0.09 (68)
Acid �0.06 (64) �0.28 (64)* �0.19 (64) �0.22 (64) �0.09 (64)

AP Neutral 0.46 (87)*** 0.38 (84)*** 0.46 (82)*** 0.38 (82)*** 0.01 (82)
Acid 0.38 (87)*** 0.26 (85)* 0.24 (85)* 0.03 (85) �0.34 (85)**

*P<0.05, **P<0.01, ***P<0.001
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family main effect on hatchling mass (Z=2.27,
P=0.012). Incorporating mean egg size of female in the
model, revealed a highly significant egg size effect
(F1,15.1=15.36, P=0.001), and somewhat weaker, but
significant family effect (Z =1.70, P=0.045) on hatch-
ling size. In other respects, the results remained quali-
tatively unchanged.

In AP, hatchling mass was significantly correlated
with later larval and metamorphic traits (Table 3). The
correlations were initially positive between hatchling
mass and tadpole mass, but in the acid treatment became
progressively weaker and non-significant with time.
Hatchling mass in AP was significantly negatively cor-
related with metamorphic age in the acid treatment
(Table 3). In NP, phenotypic correlations between
hatchling mass and later larval and metamorphic traits
were generally weak (Table 3). However, hatchling mass
was negatively correlated with larval mass at day 42 in
the acid treatment (Table 3), indicating that in NP large
hatchling size had a negative effect on growth under acid
conditions. Hatchling mass was not significantly corre-
lated with average daily growth rates in NP, but it was
significantly and positively correlated in AP in both
treatments (Table 3).

Larval growth

Average daily growth rates until metamorphosis were
significantly lower in the acid treatment (F1,15.9=536.75,
P<0.001) and, irrespective of the treatment (treat-
ment·population interaction: F1,15.96=0.50, P=0.491),
significantly higher in AP than in NP (F1,16=36.93,
P<0.001). Despite the positive correlation between
hatchling mass and growth in AP, hatchling mass had
no significant influence on growth rates when it was
incorporated as a covariate (P>0.1). Other effects in the
model remained qualitatively unchanged (data not pre-
sented).

Metamorphic traits

AP tadpoles were larger at, but developed more slowly
to, metamorphosis than NP tadpoles, as shown by sig-
nificant population main effects (Fig. 1; mass,
F1,15.7=80.29, P<0.001; age, F1,16=6.41, P=0.022).
Acid conditions reduced metamorphic size and increased
age at metamorphosis (mass, F1,15.6=233.15, P<0.001;
age, F1,16=82.62, P<0.001). There were no significant
treatment·population interactions in either of the traits
(P>0.266), suggesting similar physiological acid toler-
ance in these two populations (Fig. 1). A significant
family main effect on age (Z=1.83, P=0.033), and a
marginally significant effect on mass (Z=1.55,
P=0.061), indicated genetic and/or maternal effects in
metamorphic traits. A significant block effect
(F2,260=18.48, P<0.001) indicated that the meta-
morphic traits were influenced also by temperature.

To account for variation in metamorphic perfor-
mance that was caused by variation in hatchling size,
we ran a second set of analyses where hatchling mass
was used as a covariate. Hatchling mass had no sig-
nificant main effect on metamorphic mass or age
(Table 4). However, there was a significant treat-
ment·hatchling mass interaction in both metamorphic
traits. Hatchling mass had a positive effect on meta-
morphic mass (b=2.34±1.0, t110=2.35, P=0.021) in
the neutral treatment, but no significant effect in the
acid treatment (b=�1.50±1.23, t214=�1.22, P=0.22).
Hatchling mass did not have a significant relationship
with metamorphic age in the neutral treatment
(b=1.88±1.59, t115=1.19, P=0.24), but did have a
negative relationship in the acid treatment
(b=�5.06±1.94, t222=�2.61, P=0.01).

Including hatchling mass in the model as a covariate
revealed a significant treatment·population interaction
in metamorphic mass and a marginally significant
treatment·population interaction in metamorphic age
(Table 4). The negative effect of acidity on metamorphic

Table 4 Mixed model analysis of covariance (controlling for hatching mass effects) for metamorphic log(mass) and log(age) in two
R. arvalis populations

Random effects Mass Age

Variance
component±SE

Z Variance
component±SE

Z

Family (Population) 0.02±0.01 1.14 0.05±0.04 1.31
Treatment·Family (Population) 0.02±0.01 1.47 0.05±0.04 1.48
Residual 0.14±0.01 11.36*** 0.33±0.03 11.34***

Fixed effects df (numerator) df (denominator) F df (denominator) F

Population 1 41.4 34.78*** 41.2 7.44**
Treatment 1 76.5 0.02 75.6 17.75***
Treatment·Population 1 38.1 5.93* 36 2.93a

Block 2 260 19.52*** 259 37.51***
Hatchling mass 1 165 0.26 186 1.47
Treatment·Hatchling mass 2 86.5 6.44* 86.3 8.43**

*P<0.05, **P<0.01, ***P<0.001
aP<0.1
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size was now relatively stronger in NP than in AP
(Fig. 1). Controlling for hatchling mass effects increased
relative metamorphic age in the acid treatment in AP
and decreased it in NP. This suggests that, for a given
size, NP tadpoles developed relatively faster and AP
tadpoles relatively slower in the acid treatment than
when initial size was not controlled for (Fig. 1).

Discussion

Our results are consistent with the view that initial size
can influence later life performance and that this effect
can vary between environments (e.g. Pechenik et al.
1998; Lindström 1999). Eggs and hatchling size were
larger in AP than in NP and this size difference persisted
until metamorphosis. AP tadpoles grew at a higher rate
and developed more slowly than NP tadpoles. However,
in the acid treatment, AP tadpoles that were initially
larger reached metamorphosis faster, and at a similar
size, than initially smaller tadpoles (Table 3). This sug-
gests that within this population, large hatching size
compensates for the negative effects of acidity by
increasing developmental rate whilst still allowing
attainment of large metamorphic size. This maternal
effect is, however, environment-dependent as indicated
by the fact that in the neutral treatment, instead of
developing faster, initially larger hatchlings became lar-
ger metamorphs.

Interestingly, despite the theoretical predictions and
empirical observations of a tight relationship between
growth, size and age at metamorphosis (e.g. Wilbur and
Collins 1973; Day and Rowe 2002; Merilä et al. 2004),
and the positive relationship between initial size and
growth rate in AP, we found no significant effects of
initial size on growth rates once other factors were sta-
tistically controlled for. This suggests that the effects of
initial size on metamorphic size and age are not medi-
ated through effects on growth rate.

The slopes of the reaction norms for both metamor-
phic size and age were quite similar in the two popula-
tions, indicating equal physiological acid tolerance in
these populations. However, statistically controlling for
variation in hatchling mass altered the reaction norms,
suggesting that initial size differences may have con-
tributed to the apparent similarity in response. Although
the ultimate reason(s) for the difference in egg, tadpole
and metamorphic size between these two populations
are currently unclear, several lines of reasoning suggest
that large size can confer benefits in acid environments.
Benefits of maternal investment in large eggs in acid
environments may arise if a large amount of yolk per
offspring compensates for increased energetic demands
caused by stressful conditions (e.g. Giron and Casas
2003), or if large larval size confers greater acid stress
tolerance due to a smaller surface-to-volume ratio (e.g.
Verma and Pierce 1994; Shuter and Ihssen 1991). Also,
the positive effects of large metamorphic size on future
fecundity (Berven 1990; Scott 1994; Roff 2000; Altwegg

and Reyer 2003) could be important in populations
where investment in large eggs is correlated with a
reduction in egg number (Räsänen 2002). Other poten-
tial ecological benefits of large size include smaller pre-
dation risk under size-dependent predation (e.g. Travis
et al. 1985; Jung and Jagoe 1995), because fish disappear
from acidified lakes and acid-tolerant insect predators
become abundant (e.g. Henrikson 1989).

In slow growth environments with seasonal time
constraints, selection for faster growing and develop-
ing genotypes is expected (Conover and Schultz 1995).
Hence, tadpoles from acid environments could be ex-
pected to grow and develop faster than tadpoles from
neutral environments. However, although AP tadpoles
did grow faster than NP tadpoles, they developed at a
slower rate. There are several factors that could have
contributed to this counterintuitive result. First, if
metamorphic size has strong fitness effects in acid
environments, selection may favour an increase in
both growth rates and development time due to their
positive effect on metamorphic size (Roff 2000). Sec-
ond, slower genetic developmental rates may have
arisen as a result of costs related to adaptation of acid
stress tolerance and the observed pattern may reflect a
trade-off between growth and development rates
(Arendt 1997). Such costs could arise, if counteracting
negative effects of acid stress requires more efficient
mechanisms for maintaining a Ca (Steingraeber and
Gingerich 1991; Stiffler 1993) and/or Na balance
(Freda and Dunson 1984). Third, because these two
populations are situated ca. 500 km apart, a latitudi-
nal cline in genetic growth and development rates (e.g.
Conover and Schultz 1995; Arendt 1997) could explain
some of the pattern. However, breeding in AP is ini-
tiated much later than in the nearby surrounding
populations at lower altitudes (personal observation),
and roughly at the same time as in NP, suggesting
that differences between these two populations in time
available for growth and development are much
smaller than the geographic distance suggests. Also,
growth rate was faster in the more southern popula-
tion (AP), which opposes the predictions as northern
populations are generally expected to grow faster.

One potential explanation for among-population
variation in size and age at life history transitions are
among-population differences in growth rates. Follow-
ing the Wilbur–Collins model (Wilbur and Collins 1973;
Day and Rowe 2002) one could hypothesize that slower
development in AP would be a result of the tight linkage
of growth with age and size at metamorphosis. Under
this scenario, if rapid growth is highly beneficial in acid
conditions (i.e. due to its positive effect on metamorphic
size) and development rate is negatively correlated with
growth rate, late metamorphosis at large size is expected.
However, this prediction deviates from the general pat-
tern found among Scandinavian frog populations in
which fast growth is coupled with fast development
(Rana temporaria: Palo et al. 2003; Merilä et al. 2004;
R. arvalis: A. Laurila et al. submitted manuscript).
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Clearly, further comparative studies on larval growth
strategies in acid and neutral populations would be
rewarding.

Because the effects of egg size on offspring perfor-
mance are often profound, selection on offspring traits
can play a major role in the evolution of maternal traits
(e.g. Smith and Frethwell 1974; Sinervo 1990; Einum and
Fleming 2000;Hendry et al. 2001). Accordingly, we found
that R. arvalis females from acid populations invested
in larger eggs than females from the neutral populations,
which is likely to improve performance of their offspring.
R. arvalis females from neutral populations also invest
in number rather than size of offspring (Räsänen
2002), potentially because of more beneficial growth
conditions for their larvae (e.g. Smith and Frethwell 1974;
Parichy and Kaplan 1992; Einum and Fleming 2000) or
other size-independent selection, such as heavy size-
independent predation (e.g. McGinley 1989).

In conclusion, our results demonstrate that initial size
has environment-dependent effects on offspring perfor-
mance in R. arvalis and that female investment in large
eggs in amphibian populations from acid areas is con-
sistent with local adaptation to acidity. These findings
emphasize the importance of maternal effects as adap-
tations to environmental stress.
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and Jobs-Karl Larsson for help with collecting the adults, and
Niclas Kolm and two anonymous referees for valuable comments
on the manuscript. The experiments were conducted with the per-
mission of the Ethical Committee of Uppsala University and the
Swedish Environmental Protection Agency. The study was finan-
cially supported by the Academy of Finland (A. L., J. M.), the
Swedish Forestry and Agricultural Research Council, the Swedish
Research Council (A. L., J. M.), the Zoological Foundation of
Uppsala University and the Swedish Royal Academy of Science
(K. R.).

References

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

Arendt JD (1997) Adaptive intrinsic growth rates: an integration
across taxa. Q Rev Biol 72:149–177

Bernardo J (1996) The particular maternal effect of propagule size,
especially egg size: patterns, models, quality of evidence and
interpretations. Am Zool 36:216–236

Berven KA (1990) Factors affecting population fluctuations in
larval and adult stages of the wood frog (Rana sylvatica).
Ecology 71:1599–1608

Berven KA, Chadra BG (1988) The relationship among egg size,
density and food level on larval development in the wood frog,
Rana sylvatica. Oecologia 75:67–72

Bradford DF, Cooper SD, Jenkins TM, Kratz K, Sarnelle O,
Brown AD (1998) Influences of natural acidity and introduced
fish on faunal assemblages in California alpine lakes. Can J Fish
Aquat Sci 55:2478–2491

Brunberg A-K, Blomqvist P (2001) Quantification of anthropo-
genic threats to lakes in a lowland county in Central Sweden.
Ambio 30:127–134

Carrière Y, Roff DA (1995) The evolution of offspring size and
number—a test of the Smith Fretwell model in three species of
crickets. Oecologia 102:389–396

Conover DO, Schultz ET (1995) Phenotypic similarity and the
evolutionary significance of countergradient variation. Trends
Ecol Evol 10:248–252

Day T, Rowe L (2002) Developmental thresholds and the evolution
of reaction norms for age and size at life history transitions. Am
Nat 159:338–350

Einum S, Fleming IA (2000) Highly fecund mothers sacrifice off-
spring survival to maximize fitness. Nature 405:565–567

Fischer JM, Klug JL, Ives AR, Frost TM (2001) Ecological history
affects zooplankton community responses to acidification.
Ecology 82:2984–3000

Freda J, Dunson WA (1984) Sodium balance of amphibian larvae
exposed to low environmental pH. Physiol Zool 4:435–443

Gimenez L, Anger K (2003) Larval performance in an estuarine
crab Chasmagnathus granulata, is a consequence of both larval
and embryonic experience. Mar Ecol Prog Ser 249:251–264

Giron D, Casas J (2003) Mothers reduce egg provisioning with age.
Ecol Lett 6:273–277

Gliwicz ZM, Guisande C (1992) Family-planning in Daph-
nia—resistance to starvation in offspring born to mothers
grown at different food levels. Oecologia 91:463–467

Gosner KL (1960) A simplified table for staging anuran embryos
and larvae with notes on identification. Herpetologica 16:183–
190

Hendrickx F, Maelfait J-P, Speelmans M, Van Straalen NM (2003)
Adaptive reproductive variation along a pollution gradient in a
wolf spider. Oecologia 134:189–194

Hendry AP, Day T, Cooper AB (2001) Optimal size and number of
propagules: allowance for discrete stages and effects of maternal
size on reproductive output and offspring fitness. Am Nat
157:387–407

Henrikson B-I (1989) Predation on amphibian eggs and tadpoles by
common predators in acidified lakes. Holarct Ecol 13:201–206

Hoffmann AA, Parsons PA (1997) Extreme environmental change
and evolution. Cambridge University Press, Cambridge

Jung RE, Jagoe CH (1995) Effects of low pH and aluminum on
body size, swimming performance and susceptibility to preda-
tion of green tree frog (Hyla cinerea) tadpoles. Can J Zool
73:2171–2183

Kaplan R (1998) Maternal effects, developmental plasticity, and
life history variation—an amphibian model. In: Mousseau TA,
Fox CW (eds) Maternal effects as adaptations. Oxford Uni-
versity Press, New York, pp 244–260

Leuven RSEW, den Hartog C, Christiaans MMC, Heijligers WHC
(1986) Effects of water acidification on the distribution pattern
and the reproductive success of amphibians. Experientia
42:495–503

Lindström J (1999) Early development and fitness in birds and
mammals. Trends Ecol Evol 14:343–348

Littell RC, Milliken GA, Stroup WW, Wolfinger RD (1996) SAS
system for mixed models. SAS Institute, Cary, N.C.

McGinley MA (1989) The influence of a positive correlation
between clutch size and offspring fitness on the optima offspring
size. Evol Ecol 3:150–156
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