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ABSTRACT

Natural selection of organisms results in differences between populations in response to
environmental conditions — that is, local adaptation. Understanding heterogeneity at this level
requires identification of the different selection pressures that cause this differentiation.
Tadpoles of the common frog, Rana temporaria, from northern Sweden show superior growth
in warmer incubation conditions than tadpoles from the south, and vice versa in cooler con-
ditions. A plausible explanation for this is that the thermal optimum in the northern population
has been shifted by selection to correspond better with the relatively warmer developmental
conditions experienced in the north compared with the south (northern ponds are warmer
because they are shallower and tend to heat more quickly following the melting of snow). To
test this hypothesis, we performed an experiment in which frogs from both regions were allowed
to develop in water temperatures representative of those in their natural breeding ponds and in
those at the other climatic extreme. Tadpoles in the ‘warm’ (northern) part of the range had
markedly reduced survival at low temperatures compared with those from the cooler region in
the south, with a non-significant difference at relatively high temperatures. Thus, northern frogs
appear to have evolved towards becoming high-temperature ‘specialists’, with local adaptation
being upheld by hard selection on tadpole survival.
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INTRODUCTION

One of the central questions in evolutionary biology is to what extent natural populations
have diverged in response to local environmental conditions — that is, local adaptation. The
study of local adaptation is fundamental to modern biology for at least two reasons. First,
it depicts an outcome of adaptive evolution. Secondly, it helps to establish whether
populations are predominantly homogeneous and close to their evolutionary equilibria, or
are small and genetically heterogeneous and relatively far removed from their adaptive
optima. Consequently, local adaptation has received much interest from evolutionary
biologists, with studies covering a wide range of taxa (e.g. Ayres and Scriber, 1994; Reznick
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and Travis, 1996; Nagy and Rice, 1997; Bronikowski, 2000; Mousseau, 2000; Stahlberg
et al., 2001). A conventional way of demonstrating local adaptation is to perform a com-
mon garden experiment in which a trait correlated with fitness is measured in organisms
from different environments. Alternatively, reciprocal transplants of organisms between
environments can be monitored with respect to the target trait. Unfortunately, comparing
two populations (or two species) cannot unequivocally prove local adaptation, as
genetic drift could account for the differences between populations (Garland and Adolph,
1994). However, differences between populations cannot be predicted by evolutionary
inference from an adaptive perspective (although they may differ to some extent depending
on drift).

The common frog, Rana temporaria, is one of the most widely distributed amphibians in
the world (Gasc et al., 1997). It occurs in a broad range of habitats from sea level to alpine
altitudes and is, therefore, well suited for studies of local adaptation. We recently found that
tadpoles from the northern and southern parts of Sweden have diverged with respect to
optimal thermal conditions for growth, development and performance (Stahlberg et al.,
2001; Olsson and Uller, 2002). This suggests genetic differentiation on a local scale in
support of local adaptation to different climatic conditions. However, if these differences in
thermal optima from different parts of the range are due to adaptive genetic differentiation,
they could have evolved as a corollary to temperature-related survival of tadpoles in their
natural breeding ponds. We tested this proposition in a common garden experiment in
which tadpoles from both regions were kept at water temperatures paralleling those in the
wild. We then monitored how selection modified the relative frequencies of tadpoles from
different local environments in three temperature conditions.

MATERIALS AND METHODS

Ideally, we would have tested for differences in water temperature between the two sampling
areas throughout a prolonged period of ongoing selection. However, since this was not
logistically feasible, we used air temperatures (mean temperature per 24 h) collected by the
Swedish Meteorological and Hydrological Institute over a 10-year period less than 14 km
from each sampling site and at the corresponding altitudes. These data show large
differences in minimum, maximum and mean temperatures between sampling sites
during the relevant periods of larval development in natural populations (c. 22 March
and 7 weeks onward and 22 May and 7 weeks onward in the south and north, respectively;
see the legend to Fig. 1 for statistics). Although air temperature is not a perfect estimate
of water temperature in each region, it is a conservative measure of the differences
in thermal regime between populations because frogs at the northern localities breed in
relatively shallow ponds that show a steeper increase in water temperature than ponds
in the south (T. Uller, personal observation; J. ElImberg, personal communication; Stahlberg
etal., 2001).

Frog spawn from 47 females from the southern site (‘cool’ site, Angered, 58°45'N,
12°05'E) and from 47 females from the northern site (‘warm’ site, Ammarnds, 65°55'N,
16°15'E) was collected in early April and late May, respectively. Three breeding ponds were
sampled at the ‘cool’ site and two were sampled at the ‘warm’ site. Eggs had been in their
natural ponds for 0-3 days before collection, with a mean temperature at collection of 8.8°C
in the southern populations and 13.3°C in the northern populations. The spawn was kept
at 4°C for 3 days, including transport at both sampling sites. A pool system was arranged
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Fig. 1. Mean, mean maximum and mean minimum temperatures (£ standard error) for the relevant
periods (see Materials and Methods). All differences were highly significant (mean: ¢=12.4,
P < 0.0001; mean maximum: ¢=11.8, P < 0.0001; mean minimum: ¢ = 8.6, P < 0.0001; n,,, =510,
Ngoun = 464). B, north; O, south.

with two replicate pools (A and B; 152 X 122 x 25 cm) for each of three water temperature
treatments (10, 15 and 20°C). The temperatures were selected to cover an overlap in
temperature regime experienced in natural populations, but with relatively colder temper-
atures being more common in the southern population and vice versa (Stdhlberg et al,
2001; T. Uller, personal observation; J. Elmberg, personal communication; Fig. 1).

Ninety-four one-litre plastic containers with wire mesh bottoms (to ensure water cir-
culation) were hung from crossbars in all six pools. Each container received 15 frog eggs
sampled haphazardly from the original spawn sample; that is, 90 eggs per female were
separated into six samples, allocated to two replicates (A and B) for each temperature con-
dition. Water was aerated for a minimum of 4 days before the start of the experiment and
Aqutan water conditioner (Sera, Heinsberg, Germany) was added to complex bind
any heavy metals and to avoid their potentially detrimental effects. The water was cooled
using a custom-made cooling system and heated to the pre-selected temperatures using
commercially available, submersible, 300 W aquarium heaters. The water temperatures
fluctuated no more than £ 1°C throughout the experiment and water levels were kept
constant using a custom-made tap system, fine-tuned to equilibrium flow levels before the
onset of the experiment. The room was set to a 14:10 light:dark photoperiod. The tadpoles
were fed commercially available fish food (Sera San, manufactured by Sera, Heinsberg,
Germany) ad libitum with waste food and tadpole excrement being removed continuously
by a high-capacity Eheim filter.

Fifteen days after hatching, we counted the number of surviving tadpoles in each of a
female’s two containers per thermal treatment and used the average of the two containers as
her temperature-specific mortality score expressed as the mean absolute number of tadpoles
that died in the interval. Because of time constraints, we could not continue the experiment
in full beyond this point but kept the 10°C treatment going for another 15 days, when
another count of surviving tadpoles was made. Because the number of dead tadpoles per
treatment was not normally distributed, we used Pitman’s permutation test (Pitman,
1937a,b) to establish differences in treatment-specific survival between the warm and cool
regions.
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RESULTS

The results of our mortality analysis revealed that tadpoles from the north had the
highest mortality in the 10°C condition, whereas southern tadpoles had a somewhat
higher mortality in the 15°C condition (Fig. 2). Cool and warm region tadpoles differed
significantly on three of four mortality scores (Table 1). After 15 days of development,
nearly three times as many warm (north) as cool (south) tadpoles had died in the 10°C
treatment (Fig. 2a). This difference was reinforced 15 days later when 10 and 2 tadpoles
from the warm and cool regions, respectively, had died on average (Fig. 2b). A similar
pattern was apparent at 15°C (Fig. 2c), whereas at 20°C the difference was not statistically
significant (Fig. 2d).
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Fig. 2. Mortality (% standard error) expressed as the absolute number of dead tadpoles at a given
temperature for each sampling region. (a) 10°C after 15 days; (b) 10°C after 30 days; (¢) 15°C after
15 days; (d) 20°C after 15 days. North = ‘warm’; south = ‘cold’.

Table 1. Results of Pitman’s permutation tests

Treatment Minimum Maximum Mean std Observed P
10°C* 0 164.9 82.4 11.33 54.3 0.0119
10°C” 0 463.4 231.7 33.93 28.1 <0.00001
15°C 0 127.3 63.7 10.31 88.5 0.0124
20°C 0 21.0 10.4 4.09 7.0 0.29

b

Note: Bonferroni-corrected P-values were obtained by multiplying by four. “ After 15 days; ~ after 30 days.

std = standard error.
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DISCUSSION

Previous work on the Swedish common frog, Rana temporaria, has shown that populations
have diverged with respect to temperature optima for growth and performance. Frogs from
southern populations have tadpoles that grow faster, and with less variation in growth rate,
at relatively lower temperatures, whereas warm-selected frogs show corresponding superior
growth at higher temperatures (Stahlberg et al., 2001; Olsson and Uller, 2002; Uller et al.,
2002).

Although local adaptation may appear a well-established phenomenon, evidence in its
favour is most often restricted to demonstrating physiological outcomes of a history of
selection, such as environment-dependent growth rate (e.g. Bronikowski, 2000; Kjartansson
et al., 2001; Stahlberg et al., 2001). However, authorities in this field have recently stressed
that much might be gained from studying the selection process per se to determine which
selection pressures result in the observed variation in phenotypic traits (Badyaev et al.,
2000; Hoffmann et al., 2001). Unfortunately, such work is exceedingly rare, in particular on
vertebrates. Our previous work, for example, suggests that in R. temporaria, temperature-
dependent selection acts primarily via growth and its correlated fitness effects later in life
(such as increased fecundity from a larger body size). However, in the present study, we also
demonstrated that tadpoles are likely to be under hard selection (sensu Haldane, 1957) from
temperature-dependent survival, and hence physiological processes such as growth rate may
not necessarily be the direct target of selection.

All physiological processes are temperature-dependent, with development best proceed-
ing at a species- and/or population-specific optimum, with the organism being progressively
constrained from optimal development with increasing deviation from this optimal tem-
perature (e.g. Somero, 1978; Huey and Kingsolver, 1989). Thus, if the shape of the reaction
norm is constrained, when selection pushes a thermal developmental optimum to a higher
temperature, the corresponding effect is an elevation of the minimum temperature at which
normal development proceeds. Although there is evidence of trade-offs between perform-
ance at different temperatures, the results are ambiguous. For example, lineages of
Escherichia coli cultured at different temperatures showed improved fitness at their own
temperature after 2000 generations, but only some lineages showed a reduction in fitness at
other temperatures (Bennett er al., 1992; Bennett and Lenski, 1993). Furthermore, the
association between trade-offs at other temperatures was asymmetrical with respect to the
temperature of adaptation, with lineages cultured at relatively low temperatures showing
more pronounced fitness loss at higher temperatures than vice versa (Bennett and Lenski,
1993; Mongold et al., 1996).

In accordance with evolutionary predictions, northern (warm-region) tadpoles had
significantly higher mortality than populations from the relatively colder (southern) region
(Table 1, Fig. 2). Although the corresponding difference at relatively high temperatures was
non-significant, two lines of evidence suggest that warm-selected frogs not only have a lower
ability to develop in cool conditions compared with cold-selected tadpoles, but perhaps also
have an increased ability to develop under warmer conditions. First, the ratios in mortality
between the regions in the 10, 15 and 20°C treatments at 15 days were 1:2.9, 1:1.6 and 1.9:1,
respectively — that is, almost a complete reversal of the relative mortality rates with
increasing temperature. Second, prolonged exposure to 10°C strongly exaggerated the
difference in mortality between warm- and cold-selected frogs at 10°C, suggesting that
prolonged exposure to 20°C is likely to have highlighted a significant difference in heat
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tolerance, with warm-region tadpoles demonstrating not only inferior cold tolerance, but
also improved heat tolerance.

In conclusion, our results show that R. temporaria tadpoles from different parts of the
distribution range show patterns in mortality rate that covary with their thermal selection
history. Thus, local adaptation may be achieved in part by selection on survival.
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