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Abstract 
 
The widespread habitat fragmentation of the last centuries has lead to declining population sizes 
in many organisms. Small population size is thought to lower the adaptive potential of the 
population due to decreased genetic diversity. In this experimental study, the effect of low 
genetic diversity on adaptability was inferred from the extent of local adaptation in two disjunct 
distribution areas of the natterjack toad Bufo calamita in southern Sweden. The toads have large 
habitat differences, where those inhabiting the Swedish west coast (Bohuslän) are influenced by 
both salty seawater influx and desiccation risk of their breeding ponds. Both factors constitute 
selection pressures that are likely to be weaker in the natterjack populations in southern Sweden 
(Skåne).  Therefore, the west coast populations were expected to exhibit local adaptations to 
elevated salinity and evaporating ponds, such as increased salinity tolerance and higher 
developmental rate.  
Tadpoles from both areas were raised in the lab in a common garden experiment with three 
levels of salinity in each of two temperature treatments. The number of days until metamorphosis 
and the weight at metamorphosis were recorded, as well as the percentage surviving tadpoles. I 
found that low temperature and high salinity are most stressful to the tadpoles. The west coast 
populations were found to be locally adapted to desiccating ponds as predicted, but had higher 
mortality and were more severely impacted by elevated salinity than the southern ones. These 
apparent contradictory results are likely explained by the negative genetic correlation found 
between fast larval development and salinity tolerance. In the trade-off between short 
development time and salinity tolerance, the former presumably outweighs the latter, resulting in 
the Bohuslän survival pattern not matching with the expectation of local adaptation to elevated 
salinity.  
My second prediction was that, because of their higher adaptive potential, the most genetically 
diverse Bohuslän populations would have adapted better to the selection pressures. The results 
confirm this prediction: the larval development of the genetically impoverished Bohuslän 
populations took longer as compared to the genetically more diverse populations indicating that 
low genetic diversity limits the adaptation to desiccation risk. According to these results, low 
genetic diversity can be considered to hamper local adaptation due to decreased adaptive 
potential. 
The natterjack toad is endangered in Sweden and with the current change in climate conditions, 
the persistence of the genetically impoverished natterjack populations is doubtful. 
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1 Introduction 
 
During the last centuries, habitat fragmentation has occurred on increasing scale due to human 
activities, and has impacted many species (SCBD 2006). The biological consequences of this 
fragmentation for populations have been recognised and studied for many years. A major 
consequence of habitat fragmentation is the division of larger populations into several smaller 
populations. The resulting small population size has in turn considerable consequences for (i) the 
population’s persistence and (ii) its ability to adapt to local environments (i.e. adaptive or 
evolutionary potential) (Lynch & Lande 1993; Gomulkiewicz & Holt 1995; Lande & Shannon 
1996; Young & Clarke 2000; Morris & Doak 2002; Reed 2004; Pertoldi & Bach 2005; Willi et 
al. 2006; Johansson et al. 2007).  
 
The consequences of small population size on population persistence have been addressed by 
several authors (see inter alia Futuyma 1998; Gillespie 1998; Frankham et al. 2002; Morris & 
Doak 2002; Reed et al. 2002; Reed et al. 2003a; Frankham 2005) and will not be addressed in 
detail here. Briefly explained, we could state that: fragmented populations tend to be small and 
more vulnerable to extinction due to demographic and environmental stochasticity. Additionally, 
they tend to become inbred, and therefore possess lower genetic variability. This causes the 
populations to suffer from inbreeding depression, which again renders the populations more 
vulnerable to extinction. 

The effect of small population size on the 
evolutionary potential, has been studied far less 
(but see Willi et al. 2006; Johansson et al. 
2007), and is the subject of the present study. 
The study uses an experimental setup to infer a 
relationship between genetic diversity and 
evolutionary potential in small populations by 
looking at their degree of local adaptation (i.e. 
the extent to which they are adapted to local 
conditions). The research object is a subset of 
the natural population of the endangered natter-
jack toad Bufo calamita in southern Sweden 
(Figure 1). 

Figure 1: female natterjack toad Bufo calamita in 
Falsterbo, 2007 

 
1.1 Evolutionary potential, genetic variation and local adaptation 

In all biological populations, genes are the raw material for selection to act upon (Conner & 
Hartl 2004). Genetic variation enables species and populations to adapt to environmental 
changes and allows organisms to colonize new environments (Frankham et al. 1999; Sherwin & 
Moritz 2000; Reed et al. 2003a; 2003b). This is because the more diverse the genetic raw 
material is, the more chance the appropriate raw material for given environmental conditions is 
present. The selection pressures exerted by the environment on the population will then favour 
the individuals with the most appropriate raw material and those will produce the majority of the 
offspring. The offspring population will contain considerably more of the ‘appropriate’ raw 
material and will thus be better adapted to the changed environment (Wallace & Srb 1961). In 
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this way, the genetic variation in a population can be regarded as the basis for the evolutionary 
potential of that population. (Conner & Hartl 2004) 
Bearing such reasoning in mind, one can imagine that, if two conspecific populations become 
sufficiently isolated from each other in environments with different selection pressures, these 
populations might adapt to their respective environments in the above described manner; a 
process commonly referred to as ‘local adaptation’ (Lande & Shannon 1996; Pigliucci 2001; 
Sultan & Spencer 2002; Gomez-Mestre & Tejedo 2003; Conner & Hartl 2004). Empirical studies 
have found local adaptation in a range of organisms and environments, mainly by using 
reciprocal transplant or common garden experiments. Nagy & Rice (1997) found evidence for 
local adaptation to coastal conditions in the Californian annual plant Gilia capitata. The highly 
specialised parasitic hoverfly Microdon mutabilis uses one ant species for its survival and 
reproduction, but is locally adapted to those colonies that it has been exploiting during previous 
generations (Schönrogge et al. 2006). And also in amphibians, cases of local adaptation have 
been documented. Laugen et al. (2003b) found local adaptation in developmental rate of the 
common frog Rana temporaria to a latitudinal cline in breeding season length, and moor frogs 
Rana arvalis in heavily acidified areas in Sweden have evolved acidity tolerance (Räsänen et al. 
2003). Importantly, Gomez-Mestre & Tejedo (2003) reported local adaptation to osmotically 
stressful environments in the natterjack toad. 
 
The extent of local adaptation in a population depends on several factors: the environmental 
heterogeneity, the strength of selection, connectivity with other populations and the evolutionary 
potential (or genetic variation) in the population. Local adaptation is believed to be more 
pronounced in populations that (i) occur in more heterogenic environments, (ii) experience 
stronger selection pressure, (iii) have restricted gene flow and (iv) have sufficient genetic 
variation (Pigliucci 2001; Sultan & Spencer 2002; Gomez-Mestre & Tejedo 2003; Conner & 
Hartl 2004). 
 
1.2 Quantitative genetics and local adaptation 

The relationship between local adaptation and genetic variation is a positive one: the more 
genetic variation present in a population, the better that population is able to adapt to different 
environments. This principle was already essentially covered by Fisher (1930) in his 
fundamental theorem of natural selection: “The rate of increase in fitness of any organism at any 
time is equal to its genetic variance at that time”. The same principle can be clarified in more 
modern terms though, using quantitative genetic theory.  
Quantitative genetics explore the phenotypic variation observed in quantitative traits (i.e. traits 
that exhibit continuous variation under natural circumstances) in order to determine the 
proportion of this phenotypic variation for a certain trait (VP) that is due to the variation in genes 
(VG) and the variation in environment (VE). Or mathematically: 

EGP VVV += .      (eq. I) 
 

Although these parameters can give some clue about the genetic variation in a population, they 
do not suffice to distinguish between different genetic mechanisms that might impact phenotypic 
variation in different ways. Therefore, VG is divided into three components, resulting in the 
following extension of equation I: 

EIDAEGP VVVVVVV +++=+=     (eq. II) 
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where 
− VA is the additive genetic variance. It is that part of the genetic variance that represents 

the main cause for the resemblance between relatives, and it is therefore the chief 
determinant of the response of a population to selection (Falconer 1981). It is the only 
genetic component that is adaptive, in evolutionary terms. 

− VD is that part of the genetic variance that is explained by dominance interactions 
between alleles on the same locus. These dominance effects are not adaptive. Offspring 
inherits one allele from each parent, and each of the alleles can be dominant or recessive. 
The final dominance effect in the offspring thus depends on the combination of these 
parental alleles.  Being passed on to the offspring does not alter the alleles’ degree of 
dominance, so the dominance effect itself is not adaptive. 

− VI is that part of the genetic variance that is caused by interactions between alleles on 
different loci (epistasis).  In an analogous way to VD, epistasis effects are not adaptive. 

To reliably estimate these components, an extensive and complicated experimental design is 
needed. 
 
Most of the variation in life-history traits and other strongly fitness-related characters is thought 
to be governed by dominance (VD) and epistatic (VI) interactions, in comparison to traits that are 
only marginally related to fitness (such as some morphological and physiological traits), where 
VA is presumably the more important source of phenotypic variation (Van Buskirk & Willi 
2006).  
At small population sizes, genetic drift is generally thought to lower VA. However, in recently 
reduced populations genetic drift can cause dominance and epistatic variance for fitness traits to 
shift towards additive variance. This is because changing allele frequencies interrupt the effects 
of interactions between alleles. In such case, the effect of genetic drift is an indirect increase in 
VA instead of a decrease (Whitlock & Fowler 1999; Van Buskirk & Willi 2006; Willi et al. 
2006). This increase is thought to be temporary though, since the strong selection on fitness traits 
would quickly exhaust the ‘new’ additive genetic variation that is usually of suboptimal quality 
(Van Buskirk & Willi 2006). Still, this unpredictability of change in additive variation hinders 
straightforward predictions on the impact of low population size on evolutionary potential. 
 
The proportion of phenotypic variation that is due to genetic variation is termed heritability in 
the broad sense (Falconer 1981): 

P

G

EG

G

V
V

VV
Vh =
+

=2      (eq. III) 

 
A trait has high broad sense heritability when the genetic variation is responsible for most of the 
observed phenotypic variation. Conversely, an increased VE will cause a decline in heritability. 
 
A more specific type of heritability, aptly termed narrow sense heritability (Falconer 1981), is 
defined as the ratio that expresses the extent to which offspring phenotypes are determined by 
the genes transmitted from their parents. Since VA represents the main cause for resemblance 
between relatives, this variance component is used to determine the ratio: 
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The narrow sense heritability of a trait will be high when VA is high, and it will be low when VD, 
VI and/or VE are high. Empirical evidence suggests that populations with low genetic diversity 
experience higher environmental influence on phenotypic trait expression (increased VE) 
(Whitlock & Fowler 1999; Rogell et al. unpublished data). As a consequence, the denominator in 
equations III and IV tends to increase and the heritability decrease. In short, genetically 
compromised populations are expected to have lowered heritability, either due to lowered VA or 
increased VE. 
 
Heritability (in both senses) however, is a crucial determinant of the response of a population to 
selection: if there is low heritability for a trait, the population’s response to selection on that trait 
will be reduced, and the population will be less able to adapt to different environments. The 
breeders’ equation states this relationship mathematically as follows: 

ShR 2=      (eq. V) 
 

where S is the selection differential (or average superiority of the selected parents compared to 
the total parent population) and R is the response to selection (or the difference between the trait 
mean of the total offspring population and the trait mean of the offspring descended from the 
selected parents) (Falconer 1981). 
 
Now, considering small populations with low genetic variability, the breeders’ equation shows 
that the lowered heritability will decrease the response of the population to selection (Willi et al. 
2006), and thus disable the population to adapt to the selection pressures to which it is subject. In 
general, genetically compromised populations will therefore respond less to selection pressures 
and will be less locally adapted than large, outbred populations.  
 
1.3 The natterjack toad in southern Sweden 

The natterjack population in southern Sweden, the object of investigation in the current study, is 
an example of an organism living in fragmented populations. The natterjack toad is an anuran 
amphibian occurring over much of Europe, from Spain and Portugal all the way up to Sweden. 
The northern European natterjack populations are thought to originate from the populations in 
warm refugia on the Iberian peninsula that moved up north when ice sheets retreated (Hitchings 
& Beebee 1996; Beebee & Rowe 2000). The toad inhabits rather dry, open habitats with little 
vegetation, usually on sandy substrate. Up north, it breeds rather late in the year, between May 
and August, but it has the fastest development of all European anurans. It lays its eggs in 
temporary pools to reduce the risk of predation on the tadpoles and to avoid the problem of 
competition with other anurans. (Beebee 1983). The natterjack toad is at the northernmost edge 
of its distribution range in southern Sweden (Beebee 1983), where it occurs more scattered and 
in smaller populations than in the core distribution areas, due to the suboptimal conditions that 
usually prevail near range edges (Beebee & Rowe 2001). In addition, the Swedish populations 
have lower genetic variation than continental populations (Beebee & Rowe 2000). Although the 
toad is rather common in most of its range, it has considerably declined in numbers in Sweden 
over the last decades and is expected to decline at least a further 50% in the next 15 years 
(Gärdenfors 2005). For an extensive description of the species see: Andrén & Nilsson (1979) and 
Beebee (1983). 
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One of the northernmost natterjack populations inhabits the islands of Bohuslän's archipelago on 
the Swedish west coast (Figure 2). 
 

Skåne 
 Bohuslä

= Bohuslän research area 
 = Skåne research area 

 
 

Figure 2: The Skåne and Bohuslän natterjack toad research areas in southern Sweden.  
Detailed maps can be found in Chapter 2. 

 
 
 

The habitat on the islands of Bohuslän differs from the more traditional natterjack toad habitat 
(as in Skåne) in two aspects, which are absent in the mainland populations, but are likely to 
constitute selection pressures on the island populations.  
 
First, the islands of Bohuslän are exposed to influx of seawater, blown on to the islands by storm 
winds. As most amphibians, natterjack toads are not very efficient osmoregulators and factors 
such as water salinity can form an intense physiological stress (Gomez-Mestre & Tejedo 2003).  
The salt water influx on the islands is expected to increase the salt concentration in breeding 
ponds, hence creating potential for local adaptation towards higher salinity tolerance. Previous 
studies in Spain have shown that local adaptation to elevated salinity levels can occur in Bufo 
calamita, and that it does not imply loss of osmotic tolerance in freshwater environments 
(Gomez-Mestre & Tejedo 2003).  
 
Second, the temporary breeding ponds on a rocky substrate are much more prone to desiccation 
and urge the tadpoles to complete their development faster than mainland populations. Again in 
Spain, this selection pressure has been shown to elicit plasticity in the larval period of 
natterjacks, which indicates the potential for local adaptation (Reques & Tejedo 1997). 
 
Research by Thörngren (2006) on the Bohuslän populations revealed a well defined genetic 
population structure: some of the populations were found to exhibit low genetic variation and 
suffer inbreeding depression. Contrary to theory, the expected positive correlation between 
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population size and genetic diversity was not present in Bohuslän and neither did Thörngren find 
any isolation by distance, indicating a lack of gene flow between islands and/or mainland. As a 
consequence, the genetic structure of the Bohuslän populations is thought to be the result of 
different demographic histories, e.g. fluctuations in population size, and number and severity of 
bottlenecks. These events cause genetic drift to act stronger or weaker in different populations, 
reducing the genetic variability to different extents (Thörngren 2006).  
 
This genetic structure in the fragmented populations is likely to have consequences for local 
adaptation in Bohuslän. An indication for lowered adaptive potential was found during a 
previous quantitative study of the Bohuslän populations under review: Rogell et al. (unpublished 
data) found that environmental variance (VE) for weight at metamorphosis increased with 
decreasing neutral genetic variability. This increase in VE will theoretically decrease the narrow 
sense heritability of this trait (see Equations III and IV). Consequently, the low heritability will 
impede a pronounced local adaptation to high salinity and/or fast development for weight in 
those island populations that exhibit low genetic variation.  
 

 
Other Natterjack populations occurring in the Southern part 
of Sweden are scattered along the coastal areas of the 
mainland county Skåne (Figure 2). These mainland 
populations are supposedly less influenced by influx of 
seawater for two reasons. Firstly, most are located at least a 
few hundred meters inland and are thus thought not to be in 
direct contact with salt water. Secondly, the salinity level of 
the seawater shows a sharp decline from around 30‰ in the 
Skagerrak towards around 8‰ in the southern Baltic Sea 
(Figure 3). Further north in the Baltic Sea, on the Swedish 
east coast, the salinity level gradually drops to 4‰. Thus, 
the populations in Skåne experience a far less severe 
salinity influx than in Bohuslän. The absence of salt water 
influx means that the water salinity selection pressure is 
absent as well. Additionally, due to the different depth and 
substrate in the breeding ponds in Skåne (sand instead of 
rocks), the desiccation risk is much less than in Bohuslän. 
This implies that also this selection pressure is weaker. 
Consequently, we can expect these populations to be less 

adapted to desiccation risk and high salinity water conditions than the Bohuslän populations. 

Figure 3: Seawater salinity gradient 
on the Swedish west coast  
(Source: Fiskerieverket) 

 
Until now, the genetic structure of the Skåne populations remains unknown. From theory, the 
declining population sizes might be expected to coincide with lowered levels of genetic diversity 
(Frankham et al. 2002). Though, this is a much generalised tendency and the fact that this pattern 
was not detected in the Bohuslän populations emphasises the conditionality of this theoretical 
assumption.  
 
Now the circumstantial situation for the natterjack toad population under investigation has been 
explained, I round off by reviewing the factors that determine the extent of local adaptation (see 
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paragraph 1.1). Considering what these factors look like in the study population, one could 
validly argue that its situation is rather in favour of local adaptation: (i) the two environments are 
quite heterogenic; (ii) both the selection pressures of desiccation risk and increased salinity are 
expected to influence the survival of the tadpoles to considerable extent; and (iii) as is obvious 
from the distance between the two research areas, gene flow between them is highly improbable. 
However, one factor might be limiting the local adaptation: (iv) at least some of the Bohuslän 
populations have been found to exhibit low genetic variation. Local adaptation towards higher 
salinity and short development time are thus expected to be found in Bohuslän, albeit more 
explicitly so in the genetically diverse populations. 
 
1.4 Aims and research question 

The first aim of this study is to compare the extent of local adaptation in the Bohuslän 
populations with that in other Swedish populations in Skåne, which are not exposed to the 
mentioned selection pressures and have unknown genetic variability. A second aim is to verify 
the earlier mentioned prediction: are the least genetic diverse Bohuslän populations least locally 
adapted?  
 
The research question thus comes in twofold as well: (1) how do the observed patterns in 
Bohuslän relate to other Swedish populations in terms of local adaptation and (2) what is the 
effect of low genetic variation on the extent of local adaptation in the Bohuslän populations? For 
(1) I hypothesize that the mainland populations will be less adapted to evaporating ponds or 
increased salinity, regardless of genetic status, due to the assumed absence of the selection 
pressures, and for (2) I hypothesize that the populations with lower genetic variation will be less 
locally adapted. 
 
1.5 Conservation value 

As the abundance of many species is declining, and in the light of the ongoing climate change 
the concerns about a possible impairment of the evolutionary process in small populations are 
increasing (Gomulkiewicz & Holt 1995; Etterson & Shaw 2001; Pertoldi & Bach 2005; Willi et 
al. 2006; Johansson et al. 2007), the matter of evolutionary potential in small populations is of 
increasing importance in conservation biology. Two reasons prompt the need for further practical 
research to confirm or invalidate the theoretical link between small population size and reduced 
evolutionary potential: first, the link is not supported by extensive empirical evidence (but see 
review by Willi et al. 2006), and second, the correlation is clouded by the unpredictability of the 
direction of change in the additive genetic variation at small population size (Whitlock & Fowler 
1999; Van Buskirk & Willi 2006; Willi et al. 2006). Although the use of natural populations 
usually restricts the statistical power of experiments, it includes the numerous natural factors that 
are absent in laboratory populations and is therefore suitable for empirical ecological studies on 
small populations. The populations of natterjack toad in Bohuslän form an excellent study object 
for the issue of evolutionary potential in small populations. 
 
On a more applied level, the status of the natterjack toad is worrying to say the least. It is 
precipitously declining in numbers in Sweden and this trend is not expected to reverse in the 
coming decennia (Gärdenfors 2005). Today, the toad is listed as Endangered on the Red List of 
Swedish Species (SSIC 2005). From these two facts it is rather obvious that the species’ future 
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does not look very bright. Efficient management measures will have to be taken to ensure the 
survival of the fragmented, small and genetically impoverished populations. Besides a range of 
possible ecological measures to create future and enhance current habitat for the natterjack toad, 
a tempting genetic measure might be to pool different small populations together in order to 
increase genetic variation and counteract the effects of inbreeding depression. However, if local 
adaptation to high salinity or short development time has occurred in the Bohuslän populations 
despite their small population size, there is a considerable risk that this adaptation might be 
compromised by the sudden change in allele frequencies in the hybridised offspring population 
(i.e. outbreeding depression). This would set back these populations a big step in time and 
require local adaptation to start over again, including the loss of numerous individuals in the 
process. In other words, this could lead to local extinction, rather than survival. To avoid such 
developments, research on the extent of local adaptation is needed and should shed some light on 
the genetic situation and its implications for conservation measures. 
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2 Methods 
 
2.1 Bohuslän populations 

The five sampled populations from the west coast occur on the following islands in Bohuslän’s 
archipelago (each island harbouring one population, Figure 4): Buskär, Oxskär, Fågelskär, 
Måseskär and Altarholmen. All islands are situated a maximum of about 5 km from the mainland 
and are separated from each other by at least 1 km (but up to about 30 km) of sea in between. 
The islands are of variable size and the toads are presumably not capable of migrating between 
islands on their own (Andrén & Nilsson 1979; Thörngren 2006). 

Bohuslän’s archipelago constitutes a 
rather atypical habitat for the 
natterjack toad. Due to heavy winds 
and regular saltwater sprays, the 
conditions are harsh. The surface is 
mainly bare rock with very sparse 
vegetation, consisting primarily of 
grasses and sedges. Crevices in 
rocks provide hiding places for the 
toads, which otherwise would bury 
in the sandy soil. Stagnant water in 
rocky hollows provides breeding 
ponds, in which the salinity level 
varies temporally. For example, 
after a westerly storm, when salty 
sea water is blown on the islands, 
the pond salinity would be rather 
high. After heavy rains, the water 
salinity can decrease to freshwater 
levels. Even so, in periods of 
drought, the water evaporates more 
quickly rendering the pond water 
more and more saline over time. In 
periods of prolonged drought, many 
breeding ponds desiccate comple-
tely. (Andrén & Nilsson 1979; 
Beebee 1983). 

Figure 4: natterjack toad populations of Bohuslän, investigated in 
2007.  1= Buskär, 2=Oxskär, 3=Fågelskär, 4=Måseskär and 
5=Altarholmen  
The genetic structure found by Thörngren (2006) indicated that all populations have significantly 
diverged from each other (mean FST = 0.13; P = 0.001), with the exception of the Altarholmen 
and Oxskär populations. The genetic variability was measured by the percentage of polymorphic 
loci in the population and is presented in Table 1 (Thörngren 2006), where the grade of isolation 
of each island populations is scaled from 1 (low isolation) to 5 (extreme isolation).  
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Table 1 - Genetic variability in the Bohuslän natterjak toad populations.  (Al=Altarholmen, Ox=Oxskär, 
Bu=Buskär, Fa=Fågelskär, Pa=Pater Noster, Hy=Hyppeln, Ma=Måseskär) (Thörngren 2006) 

 
 
From the table, two clusters are discernable. Altarholmen, Oxskär and Buskär form the higher 
genetic variability cluster, the others the lower variability cluster. In the present study, the 
populations of Pater Noster and Hyppeln islands were not sampled. The other islands were 
sampled on several occasions throughout May and early June 2007. 
 
 
2.2 Skåne populations 

The investigated popu-
lations on the mainland of 
southern Sweden are loca-
ted in Järavallen, Ravlun-
da, Åhus, Vårhallarna and 
Falsterbo. These localities 
are scattered along the 
entire coastline of Skåne 
(Figure 5) and are more 
representative for the 
preferred habitat of the 
natterjack toad: dry, sandy 
soils, typical for dunes or 
primary succession habitat, 
with somewhat more vege-
tated breeding ponds that 
are deeper and less prone 
to desiccation. The popu-
lations were sampled du-
ring two sampling sessions 
in late April 2007.  
 

Figure 5: natterjack toad populations in Skåne, investigated in 2007. 
1=Järavallen, 2=Falsterbo, 3=Vårhallarna, 4=Ravlunda and 5=Åhus 
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2.3 Experimental setup 

From each population, a small number of eggs (± 40) from each of maximum 10 different egg 
strings (or ‘families’) were taken and brought into the laboratory. The eggs were kept in boxes 
containing pond water from their pond of origin until they hatched. As soon as the hatched 
tadpoles were mobile (stage 25, Gosner 1960), they were placed individually in a plastic beer 
cup filled with 0.4 l water, according to the applied salinity treatment: 

- High salinity (HS) treatment: 7‰ salinity 
- Low salinity (LS) treatment: 4‰ salinity 
- Freshwater (FW) treatment: Reconstituted Soft Water (RSW) (NaHCO3, 48 mg l-1; 

CaSO4.2H2O, 30 mg l-1; MgSO4.7H2O, 61.37 mg l-1; and KCl, 2 mg l-1;(APHA 1985)) 
 
The salt water was prepared using RSW as a baseline, adding 7 and 4 g l-1 Tropic Marin® Sea 
Salt (Dr. Biener GmbH, Germany) to get the 7 and 4‰ salinities respectively. These salinities 
were adjusted from Gomez-Mestre & Tejedo (2003) for the sea water salinity in our research 
area.  
 
The experiment was conducted in two temperature treatments: a cold temperature treatment 
(19°C) and a warm temperature treatment (27°C). As a standard, three replicas of each family 
were prepared for all populations in each temperature treatment, yielding:  

 
3 salinities * 3 replicates per family * 10 families per population * 10 population * 2 temperatures  

= 1800 tadpoles 
 
However, not all required 10 families of a given population were always available. Even though 
the number of replicates per available family had been increased in order to keep the overall 
number of tadpoles per population roughly standard in all populations, the actual total number of 
tadpoles (n = 1735) deviated slightly from the calculated number. 
In both temperature treatments, the cups were placed in a randomized spatial block design to 
account for temperature differences within the laboratory. The warm temperature treatment lab 
was divided in 12 blocks, the cold temperature treatment lab in six. The tadpoles were fed 
spinach ad libitum and the water in the cups was renewed every 4th day. In the warm treatment, 
the cups were topped up every day to replenish the evaporated water and keep salt concentration 
constant.  
 
2.4 Response variables 

Death dates were recorded in case of fatalities and the surviving tadpoles were removed from the 
experiment as soon as they metamorphosed. Metamorphosis was defined as the emergence of the 
first forelimb: developmental stage 42, in Gosner (1960). In the warm temperature treatment, the 
tadpoles were checked for metamorphosis twice a day due to increased developmental rates at 
high temperatures. In the cold temperature treatment they were checked once a day. The larval 
period (i.e. the number of days to metamorphosis, adding half a day for the metamorphs 
discovered at the second check of the day) and the weight were recorded, and the ratio of weight 
gained per day was used as a measure of growth rate. A picture was taken on a millimetre sheet 
for possible later size analyses.  
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2.5 Statistical analyses 

The survival analysis was done in SAS/STAT® software (SAS institute Inc.), using a general 
linear mixed model with a binary distribution.  
In this model, the fixed factors were: 

- Temperature (19 or 27°C) 
- Area (Bohuslän or Skåne) 
- Salinity (high, low or no salinity) 
- Temperature*Area 
- Temperature*Salinity 
- Area*Salinity 
- Temperature*Area*Salinity 

The random factors were: 
- Population, nested within Area 
- Block, nested in Temperature, since there was a different number of blocks in the 

different temperature treatments. 
 
The reaction norms for the three traits (larval period, weight at metamorphosis and growth rate) 
and their significances were calculated using a linear mixed model in SPSS 13.0 (SPSS Inc.). 
The fixed and random factors were exactly the same as described for the general linear mixed 
model. 
 
Genetic correlations were calculated with R statistical software (RDevelopmentCoreTeam 2005).  
A regression of the trait values of each family (i.e. its three replicas) against the salinity gradient 
(from freshwater to high salinity) was calculated for each of the investigated traits. This yielded 
an average regression coefficient (= the slope of the linear regression line) for each family in all 
three traits, indicating how each trait was affected by salinity in each family. Subsequently, the 
regression coefficients were correlated to the trait values in freshwater conditions, to explore the 
relationship between the mean trait value of a family and its reaction (or plastic response) to 
salinity.  
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3 Results 
 
The reaction norms for the response variables are presented below. In all graphs, FW stands for 
freshwater, LS for low salinity and HS for high salinity. 
 
3.1 Survival 

In general, the toads survived better in warm temperatures (p < 0.001) and in freshwater 
environments (p < 0.001). Survival was not significantly different between areas (p = 0.292), but 
there was a significant (p = 0.043) area*salinity interaction where the Skåne toads had a higher 
survival in saline environments. The salinity*temperature interaction (p = 0.004) shows that 
survival in high salinity was lowest at low temperatures. The area*temperature interaction 
indicates that Bohuslän’s survival declined more in cold temperature than Skåne’s (p = 0.007).  
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Figure 6: natterjack tadpole survival under different temperatures and salinities.  

FW=Fresh water, LS=Low Salinity, HS=High salinity 
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3.2 Reaction norms 

 
 

La
rv

al
 p

er
io

d 
(d

ay
s)

FW LS HS

24
25

26
27

28
29

30
31 Bohuslän

Skåne

W
ei

gh
t a

t m
et

am
or

ph
os

is
 (g

)

FW LS HS

0.
11

5
0.

12
0

0.
12

5
0.

13
0

Bohuslän
Skåne

G
ro

w
th

 ra
te

 (m
g/

da
y)

FW LS HS

4.
4

4.
6

4.
8

5.
0

5.
2 Bohuslän

Skåne

 
 

La
rv

al
 p

er
io

d 
(d

ay
s)

FW LS HS

34
36

38
40

42

Bohuslän
Skåne

W
ei

gh
t a

t m
et

am
or

ph
os

is
 (g

)

FW LS HS

0.
14

0.
15

0.
16

0.
17

0.
18 Bohuslän

Skåne

G
ro

w
th

 ra
te

 (m
g/

da
y)

FW LS HS

3.
4

3.
6

3.
8

4.
0

4.
2 Bohuslän

Skåne

 

19°C 

 
Figure continued on next page 

Results  17 



La
rv

al
 p

er
io

d 
(d

ay
s)

FW LS HS

15
16

17
18

19

Bohuslän
Skåne

W
ei

gh
t a

t m
et

am
or

ph
os

is
 (g

)

FW LS HS

0.
08

0
0.

08
5

0.
09

0
0.

09
5

0.
10

0

Bohuslän
Skåne

G
ro

w
th

 ra
te

 (m
g/

da
y)

FW LS HS

5.
0

5.
5

6.
0

Bohuslän
Skåne

 

27°C 

Figure 7: Reaction norms of three quantitative traits in natterjack toad larvae under different temperatures 
and salinities.  FW=Fresh water, LS=Low Salinity, HS=High salinity 

 
In general, the larval period of the Bohuslän populations was shorter than in Skåne (p = 0.007), 
and Bohuslän populations tended to be more affected by salinity, as indicated by the nearly 
significant area*salinity interaction (p = 0.067). At 19°C, the area*salinity interaction was 
significant (p = 0.003): Skåne decreased its larval period with increasing salinity, whereas 
Bohuslän slightly increased its larval period. In 27°C, populations in both areas increased their 
larval period in the high salinity treatment, although the increase was slightly steeper in Skåne, 
resulting in a significant area*salinity interaction (p = 0.03). 
 
Bohuslän and Skåne did not differ significantly in weight at metamorphosis (p = 0.302), but the 
area*salinity interaction (p = 0,014) indicates that Skåne tended to increase more in weight with 
increased salinity levels. In the cold treatment, Skåne was heavier than Bohuslän, although not 
significantly so (p=0.233). But, the significant area*salinity interaction (p = 0,005) reveals that 
Skåne populations increased in weight with increasing salinity, whereas Bohuslän’s slightly 
decreased. In the warm treatment, a more confusing pattern is visible, but still results in a 
significant area*salinity interaction (p = 0.005). When comparing FW and HS trait means, a 
moderately comparable pattern as in the 19°C treatment is visible: Skåne increased in weight and 
Bohuslän slightly decreased in weight. There was however a drop in weight in both areas in the 
LS treatment. 
 
The mean growth rate of the toads in Bohuslän was generally higher than in Skåne (p = 0.035), 
but the significant area*salinity interaction points out that Bohuslän declined more severely with 
increasing salinity (p = 0.022). In cold temperature, Bohuslän’s growth rate declined and Skåne’s 
increased with increasing salinity, a significant area*salinity interaction (p = 0.001). At 27°C, the 
insignificant area*salinity interaction informs us that the populations in both areas decreased 
their growth rate with increasing salinity to roughly the same extent (p = 0.137) 
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3.3 Genetic correlations 

For all three investigated traits goes that, in both temperature treatments, significant negative 
correlations between the freshwater trait means and salinity tolerance was found. In Figure 8, the 
β-values are the estimated slopes of the regression line resulting from the linear regression of 
trait means against increasing salinity. They indicate the sensitivity of a particular family to 
salinity (in other words, the magnitude of its plastic response). 
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Figure 8: genetic correlations at 27°C between family trait means (x-axis) and sensitivity to salinity expressed 
as the regression slope (β) of larval period regressed against increasing salinity (y-axis). Each dot represents 

the mean of one family of natterjack toad tadpoles. 
 
In the warm treatment (Figure 8), all correlations had highly significant p-values lower than 
0.001, except for the (still significant) correlation of the larval period in Bohuslän, in which p= 
0.022. In the cold treatment, all correlations were highly significant (p<0.001). These 
correlations show that a family having a short larval period, high weight and/or high growth rate 
will be more sensitive to salinity.  
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4 Discussion 
 
The results show that the natterjack toad populations of Bohuslän’s archipelago tend to have a 
shorter larval period, (insignificantly) lower weight and a higher growth rate than Skåne. They 
suffer higher mortality in the saline environment and are more affected by increased salinity, 
meaning that they are less tolerant to salt. Additionally, in both areas significant negative genetic 
correlations were found between salt tolerance and the three above mentioned traits. 
 
Osmotic stress likely constitutes a selective pressure, as illustrated by the increased mortality of 
tadpoles in increased salinity in both research areas. Based on their survival data, Gomez-Mestre 
& Tejedo (2003) came to the same conclusion in Spain. The lower survival in the 19°C 
temperature treatment indicates that cold temperatures are more stressful than warm 
temperatures, and the fact that reaction norms tend to conform between areas in warm 
temperatures supports this observation. The natterjack toad is known to prefer breeding ponds 
where temperature usually exceeds 20°C (Beebee 1983; Denton et al. 1997), which can 
presumable be traced back to their southern origin (Hitchings & Beebee 1996; Beebee & Rowe 
2000). Due to climate conditions in Sweden though, I assume 19°C to be the more ecologically 
relevant temperature in this study, as compared to 27°C. Pond temperature in northern England 
however, has been reported to reach 26-28°C  during the day (Beebee 1983) and also in northern 
Uppland (Sweden) pond temperatures of over 25°C have been recorded (Orizaola & Laurila In 
prep.),  indicating that daytime pond temperatures in the current study are presumably over 19°C 
as well. But since natterjacks lay their eggs in shallow ponds or in shallow edges, the water body 
will heat up and cool down relatively fast, leading to higher fluctuations in day and night pond 
temperatures. The cold night temperatures will lower the average pond temperature considerably: 
average pond temperatures by Orizaola & Laurila (In prep.) were around 19 to 20°C. No 
temperature measurements were conducted during this study, but in the light of the temperature 
range found and used in other studies on Swedish amphibians (Laurila et al. 2002; Räsänen et al. 
2003; Laugen et al. 2003a; Lindgren & Laurila 2004), I consider 19°C an acceptable assumption. 
 
4.1 Temporary breeding ponds 

In Chapter 1, the island populations of Bohuslän were suggested to be more adapted to 
temporary ponds than Skåne. This local adaptation is visible in the salinity reaction norms. If one 
disregards the salinity gradient in Figure 7 and focuses on the freshwater conditions in 19°C, the 
Bohuslän populations show higher growth rate and a shorter larval period. This suggests, in line 
with my first hypothesis (see Paragraph 1.4), that the higher risk for pond desiccation in the 
archipelago has selected for short development time, and has led to local adaptation. 
 
Local adaptation to short development time has been found before in the common frog Rana 
temporaria in Sweden, but was attributed to the cline in length of growth season between 
northern and southern populations (Laugen et al. 2003b). Since my research areas are located at 
different latitudes (± 3° difference), this cline might be responsible for the observed shortened 
larval period here as well. However, the most extreme differences Laugen et al. found amounted 
to roughly 1.7% change in larval period per degree of latitude (25% change over 15°), whereas 
larval period in our study changed by over 6.6% per latitudinal degree (20% change over 3°). I 
further believe that the latitudinal cline, documented in inland amphibian populations, is not as 
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important in the present study system, because both research areas are influenced by a milder 
maritime climate, which reduces the more extreme seasonal differences known in continental 
climates. This is reflected in Swedish vegetation zones (RST 2007) and climate maps (SMHI 
2007). So I conclude that the local adaptation to short development time is rather due to the 
evaporating ponds than the difference in growth season length. Despite this fact however, it 
cannot be firmly excluded that an unknown (but presumably small) portion of the change in 
larval period detected in my study is due to this latitudinal cline. 
 
The toads can achieve a shorter larval period in two ways: increasing their growth rate and/or 
metamorphosing at lower body weight. However, note that the difference in weight at 
metamorphosis between Bohuslän and Skåne is not as pronounced as in growth rate, as shown by 
the insignificant area effect in weight at metamorphosis (p=0.233, Paragraph 3.2). Thus, under 
the selection pressure of evaporating ponds, the toads are selected to establish a shorter larval 
period by increasing their growth rate rather than by lowering their weight at metamorphosis. 
This is not unexpected, since previous studies have shown that weight at metamorphosis is the 
most important factor determining juvenile survival in an array of amphibians, including the 
natterjack toad (Berven & Gill 1983; Pough & Kamel 1984; Goater 1994; Newman & Dunham 
1994; Reques & Tejedo 1997; Merilä et al. 2004), causing counteracting selection to increase 
weight at metamorphosis.  
 
On the other hand, if the Bohuslän populations have the genetic capacity to increase their growth 
rate, the same genetic capability could be expected in Skåne. Why then haven’t they developed 
faster growth rates? Surely this would be beneficial, since an increased weight at metamorphosis 
means increased juvenile survival. The reason might be found in an ecological factor, namely 
predation. Increasing growth rate implies that the rate of food intake should increase, which 
would lead tadpoles to venture out more frequently to forage. However, leaving the protective 
vegetation cover for foraging exposes them to increased predation risk. The risk of being 
predated thus sets a limit to the foraging capacity and eventually growth rate of tadpoles. One 
might argue that this is true for Bohuslän as well as for Skåne, but a number of factors indicate 
that predator presence in Bohuslän breeding ponds is lower than in Skåne, meaning that the 
counteracting selection for slower growth is less stringent in Bohuslän.  
Natterjack tadpoles are mostly predated by invertebrate larvae, such as dragonflies (Odonata), 
water beetles (Dytiscus ssp., Colymbetes ssp.), water boatmen (Notonecta) and water scorpions 
(Nepa cinerea). Newly hatched (immobile) natterjack larvae can also be predated heavily by 
more fully grown tadpoles of the same or other anuran species. Predation by newts, fish, birds 
and other vertebrates is thought to be minimal (Beebee 1983). The more ephemeral nature of 
ponds on Bohuslän is expected to limit the establishment of permanent abundant invertebrate and 
vertebrate aquatic predator populations all together. And the high desiccation risk might cause 
larvae of all relevant species to fail the completion of their larval stages, as sometimes happens 
in the natterjack toad as well. Additionally, for invertebrate predators, the harsh wind on 
Bohuslän impairs manoeuvrability in the air for colonizing new ponds and/or islands, further 
thwarting their establishment. As for amphibian predators: possibly due to the combination of 
limited amphibian dispersal ability and the isolation of the Bohuslän islands, they only occur on 
some of the islands under review (Rana arvalis has been observed on three islands).  
In Skåne, the more permanent ponds and milder environment provide more suitable conditions 
for invertebrate and amphibian predators. In fact, all Swedish anuran species occur in Skåne and 
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in all investigated populations one or more species coexist with the natterjacks (Björn Rogell, 
pers. comm.). All these factors indicate higher predation risk of natterjack larvae by both 
invertebrate larvae and tadpoles in Skåne, and could thus account for a weaker counteracting 
selection for slow growth rate in Bohuslän.  
 
4.2 High salinity levels 

Contrary to my first hypothesis, Bohuslän’s populations do not show local adaptation towards 
high salinity: they are often more affected by salinity than Skåne (e.g. the decline in growth rate 
at high salinity in 19°C) and show a steeper decline in survival along the salinity gradient. I 
believe that the apparent contradictory results are likely explained by the negative genetic 
correlation between the mean trait values and their plastic response to salinity. More specifically, 
the negative genetic correlation implies that evolving a faster larval development will be 
accompanied by decreased salt tolerance. As described above, the populations in Bohuslän were 
found to have undergone directional selection towards a faster larval development, and will 
therefore have in general lower salt tolerance. In the trade-off between short development time 
and osmotic stress tolerance, I presume the selection pressure for fast development outweighs the 
osmotolerance selection pressure, resulting in the Bohuslän survival pattern not matching with 
the expectation of local adaptation to elevated salinity.  
 
Whether the specific mechanism(s) behind the correlation are purely genetic (e.g. linkage) and/or 
rather due to physiological or ecological constraints is not discernable from my data. The fact is 
that, rather than being adapted to high salinity, the Bohuslän populations are locally adapted to 
desiccating ponds. And this very fact prohibits them to be more osmotolerant than the Skåne 
populations. This kind of antagonistic genetic correlations have also been found to negatively 
affect adaptability of certain traits in various other organisms (see listing by Lynch & Walsh 
1998; and  Etterson & Shaw 2001; Caruso et al. 2005), but has to my knowledge never been 
found in other natterjack toad populations. Indeed, Gomez-Mestre & Tejedo (2003) found 
pronounced local adaptation to high salinity in the Spanish natterjack populations occurring in 
brackish environments and found no evidence for genetic constraints. They even reported higher 
salt tolerance in Spanish freshwater environments than reported for British coastal populations 
(Beebee 1985). But, noteworthy, Beebee did not find local adaptation in Britain: there was no 
significant difference in salinity tolerance between the inland and coastal populations. A 
suggested reason for the difference between Spanish and British populations is that the 
continuous metapopulation on the Iberian peninsula is thought to be the source population of all 
northern natterjack populations and thus harbours more genetic diversity (Hitchings & Beebee 
1996; Gomez-Mestre & Tejedo 2003). Moreover, the British populations became isolated soon 
after they colonized the area, because rising sea levels closed the land bridge between Britain and 
mainland Europe. Ever since, they have been persisting in small habitat patches, where 
environmental conditions met their rather specific habitat requirements. This patchy distribution 
has led to low genetic diversity (Hitchings & Beebee 1996) and thus presumably lower adaptive 
potential, which in turn might explain the lack of local adaptation. In Sweden, the situation 
conforms to neither of both situations. In contrast to the Spanish populations, local adaptation to 
elevated salinity is affected by genetic constraints, and in contrast to both studies, populations 
from saline environments suffer more when under osmotic stress. Thus the Swedish populations 
widen the spectrum of possible variation in osmotic tolerance, as identified previously by 
Gomez-Mestre & Tejedo (2003), on a continent-wide geographical scale. 
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4.3 Genetic variability and local adaptation 

I have concluded that the Bohuslän populations have locally adapted as a consequence of the 
different selection pressures in the atypical habitat of Bohuslän. This suggests, given that genetic 
variability affects adaptability, that the most genetically variable Bohuslän populations will be 
least similar to their counterparts living in the more traditional habitats in Skåne. Conversely, the 
populations with lower genetic diversity would be expected to be more similar to the Skåne 
populations, and thus have a lower growth rate, longer larval period and be heavier than the 
former. In terms of correlations, this implies that the growth rate will be positively correlated 
with genetic variation, and both larval period and weight at metamorphosis should be negatively 
correlated. For the larval period and weight at metamorphosis, this exact tendency was shown by 
previous research done by Rogell et al. (unpublished data) on a number of Bohuslän populations, 
including the ones under review here. They found that larval period (in an outdoor temperature 
treatment) and weight at metamorphosis were significantly negatively correlated with neutral 
genetic variation (Figure 9). So for these traits, one could say that, as expected, the local 
adaptation of the genetically compromised populations in Bohuslän is less pronounced than in 
the genetically more diverse populations. However, for the growth rate of the larvae, the 
expected positive correlation was not found. I could not distil a specific reason for this from the 
data, but I argue that genetic architecture (i.e. the relative proportions of VA, VD, VI and VE) may 
cause different traits to respond in different ways to selection pressures (Van Buskirk & Willi 
2006). Since genetic structure is unaccounted for in neutral genetic variation analyses, it is 
possible that the correlation between certain traits and neutral genetic variation becomes blurred. 
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Figure 9: correlations between neutral genetic variability and trait means in Bohuslän. The upper three 
graphs represent mean larval period in 27, 20°C and outdoor temperature (from left to right). The lower 

graphs represent the analogous graphs for weight at metamorphosis.  * = Significant correlation.  
(Rogell et al. unpublished data) 
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So at least for some traits, this indicates that, besides proximate consequences such as inbreeding 
depression, low genetic diversity has ultimate consequences for populations as well, namely a 
reduced adaptive potential.  
 
In conclusion, this study has shown that local adaptation towards fast larval development has 
occurred in the natterjack toad populations of Bohuslän. Even so, it has detected a negative 
genetic correlation between fast development and salt tolerance in the entire investigated subset 
of the Swedish populations. In this trade-off, the relative importance of the selection pressures is 
thought to be such that selection for shorter development time prohibits local adaptation to 
elevated salinity levels. Furthermore, it was shown that low genetic diversity negatively impacts 
the evolutionary potential of some larval development traits. 
 
4.4 Conservation implications 

The current shift in world-wide climate conditions is expected to give rise to more (severe) 
winter storms in Sweden with winds blowing west to east (SMHI 2007), potentially increasing 
the saline water influx on the Bohuslän archipelago. Also, climate scenarios predict increasing 
precipitation all through the year on the Swedish west coast (SMHI 2007). Even though the 
increased precipitation might ameliorate the effect of increased salt influx due to storms, the 
combination of these effects can be expected to disrupt the current selection regime present in 
Bohuslän. The desiccation pressure might be relaxed, while the salinity levels may stay more or 
less the same due to the counterbalancing effect of increased salt and freshwater input. The 
replacing selection regime could thus shift the relative importance of the selection pressures, 
rendering the high salinity levels the more acute pressure instead of evaporating ponds. This 
would obviously put a great stress on the populations, considering the weak salt tolerance found 
on Bohuslän. To be able to respond to this changing selection regime would require sufficient 
genetic diversity, as indicated by the results of this study, even when taking into account the 
relaxed desiccation pressure. The low genetic variation in some of the Bohuslän populations 
should therefore be considered a realistic threat to their persistence, possibly at a relatively short 
time scale. 
 
There are a number options for keeping population sizes high enough – an estimated 500 to 5000 
individuals (Frankham et al. 2002) – to ensure sufficient genetic diversity. 
The more sound conservation actions would be habitat restoration and creation, along with 
protective measures for currently occupied areas. The option of interbreeding populations to 
increase genetic diversity is still doubtful. The fact that Bohuslän is locally adapted excludes the 
mixing of Skåne with Bohuslän populations, since the effects of outbreeding depression under 
current environmental conditions may be detrimental. Regarding the compelling conservation 
situation though, exchanging genes between Bohuslän populations might be a more realistic 
option to obtain increased genetic diversity, but can not be implemented before its effects on 
hybrid fitness are assessed.  
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