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Abstract 

In small populations the random genetic drift is an important force in reducing genetic 
variation. As a result, small populations tend to accumulate deleterious mutations and face an 
elevated risk of inbreeding depression. Loss of genetic variation also increases the extinction 
risk by affecting the ability of populations to respond to future environmental changes. 
Populations on the margin of the species distribution generally harbour less genetic variation 
compared to more central populations. The Natterjack toad, Bufo calamita, reaches its 
northernmost distribution in the West coast of Sweden, confined to approximately 30 rock 
islands. Swedish populations have declined rapidly during the last years and harbour lower 
genetic diversity compared to southern populations. The isolated populations of Bohuslän are 
of varying sizes making them a useful model for the study of conservational genetics. In this 
study I examined genetic variation and differentiation at 144 polymorphic amplified fragment 
length polymorphisms (AFLP) loci in seven populations of Natterjack toad in the archipelago 
of Bohuslän, which differed in degree of isolation and population size. The results suggested a 
well defined population structure with restricted gene flow between populations. No isolation 
by distance was found, probably best explained by the sea being a too strong barrier for toad 
dispersal. Genetic variation between populations varied and was not correlated with 
population size. This result suggests differences in the history of the populations. An 
associated study found a negative correlation between genetic diversity and tadpole mortality, 
thus giving indications of inbreeding depression. It is therefore important to monitor 
populations with low genetic diversity in future as inbreeding depression can be more severe 
when populations are exposed to environmental stress. 
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Introduction 

Genetic diversity is of major concern in the conservation of species and natural populations as 
it provides the raw material for populations to adapt to future environmental changes 
(Frankham et al 2002). Looking over a long period of time almost all species experience 
environmental changes in global climate, new diseases, predators or competitors. When 
something unexpected occurs, populations having high genetic variation are better suited to 
cope with the change (Frankham 2005). Small and endangered populations are likely to 
harbour less genetic variation than larger populations and are therefore less able to cope with 
environmental changes (Whitlock 2000, Frankham et al. 2002).  

When populations go from being large in size to small they face a shift in evolutionary 
processes (Frankham et al 2002). In large populations genetic diversity is mainly lost by the 
fixation of favorable alleles or removal of deleterious alleles by natural selection (Frankham 
et al. 2002). Deleterious alleles are kept at low frequencies due to the balance between the 
natural selection and mutations. In small populations selection is weakened and instead the 
random loss of alleles by inter-generational sampling, genetic drift, is by far the most 
effective factor of reducing genetic diversity. Given that the strength of drift is negatively 
correlated with effective population size, small populations are expected to lose genetic 
variation faster than larger populations (Lande 1995).  

Another problem associated with small population size is inbreeding depression. Inbreeding 
depression has long been shown to reduce reproductive fitness and survival in a large number 
of naturally outbreeding species and is considered to be one of the most important agents of 
extinctions in small populations. (Frankham 2005)  Because selection is less effective in small 
populations, deleterious mutations with small selective disadvantage can eventually become 
fixed in the populations. As a consequence of the reduced level of heterozygosity, these 
deleterious mutations are more likely to be expressed in the increasing levels of homozygotes. 
(Frankham et al. 2002, Keller & Waller 2002, Hedrick 2001)). In larger populations most 
detrimental mutations are recessive and hide in the heterozygots. When populations decrease 
in size and remain small for a longer period a number of detrimental mutations will be fixed 
by genetic drift and contribute to an increasing genetic load of the population. This genetic 
load decreases the mean fitness of populations and as a result populations might decrease in 
size due to the lowered fitness. With decreasing population size harmful mutations of larger 
effect are more likely to become neutral and eventually fixed. (Lande 1996, Lynch et al. 1993, 
Hedrick 2001).  

Mutations and gene flow are the only forces for restoring lost genetic variation in a population.  
However, as mutation rates are very slow, mutations are not a great help for restoring genetic 
variation in endangered species with small populations sizes. (Whitlock 2002) In spite of this, 
it has been shown that beneficial mutations can save populations with low genetic variation if 
the effective population size is above a certain critical level (Elena et al. 1998). Gene flow, 
which is an effect of the dispersal ability of the organisms, can contribute to new variation in 
locally isolated populations (Frankham et al. 2002). It can be observed directly or estimated 
from the degree of differentiation calculated from FST values between populations. 

The census population size is often the only information available for endangered populations. 
Loss of genetic diversity depends on the effective population size rather than the census size, 
and therefore it is important to also investigate the effective population size of populations. 
The census population includes all individuals in the population, breeding and not breeding. 
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The effective population size is defined as “the number of individuals that would give rise to 
the calculated loss of heterozygosity, inbreeding or variance in allele frequencies if they 
behaved in the manner of an idealized population” (Frankham 2002 p. 240). In brief, the 
effective population size is the number of individuals in a population who contribute offspring 
and alleles to the next generation. Any characteristics of a population that deviates from an 
ideal population will cause the effective population size to differ from the census size. This is 
very likely to occur in natural populations. Most natural populations and families fluctuate in 
size over generations due to stochastic or deterministic events and these fluctuations have a 
great impact on the effective population size. (Frankham et al. 2002). An extreme reduction in 
population size is called a bottleneck. Population bottlenecks increase genetic drift, as the rate 
of drift is inversely proportional to the population size, resulting in greatly reduced genetic 
diversity. A different sort of genetic bottleneck, called a founder event, occurs when a small 
group colonize a new locality and becomes reproductively separated from the main 
population. (Frankham et al 2002). 

A reduction of genetic variation is generally found in populations on the margin of a species 
distribution compared to more central populations. When range margins are approached the 
density of individuals decreases and populations become more and more scattered. Lower 
levels of migration are expected in these patchily distributed populations compared to less 
isolated central populations, resulting in decreasing genetic variation when drift act on these 
isolated and small populations. (Hoffmann A and Blows M.1994).  

Island populations experience a much higher risk of extinction compared to mainland 
populations. It has been shown that since the 17th century, 75% of all extinctions of species 
have been island species, even though island species represent a minor fraction of all species. 
(Frankham 1998). The elevated extinction risks can be explained by the tendency of island 
populations to be smaller and more isolated than mainland populations. Without sufficient 
gene flow to other populations genetic diversity will be decreased by genetic drift (Frankham 
1998). In addition, island populations are of great risk of bottlenecks at foundation and they 
are thereby from the beginning exposed for a risk of inbreeding depression (Wayne et al. 
1991). With low gene flow between islands inbreeding depression depends on the effective 
population size of each island and will most likely be higher than in mainland populations 
(Nunney 1999). Human activities such as overexploitations, habitat destruction and 
introduction of new species have led to the extinction of many island populations (Frankham 
2002).  

The Natterjack toad, Bufo calamita, is common in most of its geographical range. Nonetheless, 
declines have been noted for many populations in its northern distribution (Beebee 1995). In 
Sweden the Natterjack toad has declined faster than any other amphibian species during the 
last decades. It is now categorized as Endangered according to the IUCN classification system 
(Gärdenfors, 2005). The main reasons for declines in mainland populations of Sweden are 
changes in land use causing habitat changes or loss of suitable habitats (Andrén & Nilson 
2000). Swedish populations have proven to harbour less genetic variation compared to central 
populations in middle Europe. A study made by Beebee and Rowe (2000) demonstrated 
significantly lower genetic variation in the Natterjack population of Sweden compared with 
populations more centrally situated in the distribution. Localities of Natterjack toad across its 
biogeographical range were sampled for genetic analyses with microsatellites. The most 
northern localities in the distribution area generally showed a lower genetic variability than 
the continental localities. Furthermore, small and isolated populations of Natterjack toads 
show signs of being affected by inbreeding depression. It has been demonstrated (Beebee & 
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Rowe 2003) that fitness attributes of tadpoles was reduced in small and isolated populations 
of Britain.  

The Natterjack toad has its most northern distribution in the archipelago of Bohuslän, in 
western Sweden. The relative small number of populations here is confined to approximately 
30 small rocky islands with strong influences from the north Atlantic sea. (Andrén & Nilsson 
1979) Their distribution pattern and high variation in population size make these populations 
a useful model for population structure and conservation genetics studies.  

The assessment of genetic population structure sometimes faces methodological problems 
when applied on small and endangered populations, due to the fact that endangered 
populations are likely to harbour less genetic variation. Commonly used methods such as 
microsatellite typing might not detect enough variation to produce reliable results when 
assessing population structure and variation in endangered populations. The use of amplified 
fragment length polymorphism (AFLP) is a useful method since it screens the entire genome 
for polymorphic sites. It can be used to discover genetic variation between very closely 
related individuals. (Bensch and Åkesson 2005) The AFLP method has been used extensively 
in population studies of plants, bacteria and fungi (Kang et al. 2005, Kolseth & Lönn 2005, 
Kreivi et al. 2005). For endangered animal species and populations relatively few studies has 
been conducted using AFLP (Bensch and Åkesson 2005).  

Aim of the study 
The aim of this study was to assess population structure and genetic variation in seven 
localities of Natterjack toads in the archipelago of Bohuslän by using AFLP markers. The 
seven localities differed in their degree of isolation and population size. I assumed that small 
and more isolated populations would harbour less genetic variation and diverge more to the 
other populations in this study. These populations were expected to have less gene flow 
compared to larger populations situated closer to other toad-inhabited islands.  

A previous study of population structure of Natterjack toads in Bohuslän and on the mainland 
measured with microsatellite typing did not reveal enough variation to give reliable results 
(Rogell, unpublished 2005). In my study I wanted to examine the use of AFLP in endangered 
populations to see if this method revealed more variation and gave stronger statistical power 
to the results. 
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Study species 

Distribution and habitat 
The Natterjack toad, Bufo calamita, is found in southern, western and northern Europe 
(Beebee 1995). In Sweden the species has its most northern distribution (see Figure 1) and is 
confined to a few specific habitat types, particularly coastal areas in the south and south-
western parts (Andrén & Nilson 2000). 

Figure 1. Distribution of Natterjack toads. 
Bohuslän populations are on the 
northernmost range margins. 
Source: www.globalamphibians.org. 

Figure 2. Temperate pool and breeding site of 
Natterjack toads on the island of Oxskär in the 
archipelago of Bohuslän.  In Bohuslän, 
populations inhabit bare, rocky islands. 

Inland populations of Swedish Natterjack toads inhabit first succession land, such as managed 
costal meadows and sand grovels or pits. They breed in shallow vegetative- rich ponds, bays 
and along coastal beaches. The west coast populations live in a different environment. In the 
archipelago of Bohuslän populations inhabit offshore islands, breeding in vegetated temperate 
pools (Figure 2). (Andrén & Nilsson 2000).  

Biology 
The Natterjack is the smallest toad species in Sweden. It has a short nose and short hind legs 
with reduced webbing between toes. The dorsal skin is greyish-olive in colour with scattered 
dark blotches. It has a yellow mid dorsal line running down its back and a light belly with 
black spots. (Gärdenfors 2005, Beebee 1995). Natterjack toads on the Swedish west coast 
differ in appearance from individuals of all other populations in its distribution. Here 
Natterjack toads are smaller, have a somewhat rounder nose and more shades of red (Beebee 
1995, Andrén & Nilsson 2002). Although frequently found in coastal areas Natterjack adults 
and tadpoles are not particularly adapted to cope with seawater (Beebee 1995). 

The Natterjack toad has a prolonged breeding period reaching from May to August. Larvae 
are small and develop faster than larvae from any other amphibian species in Europe. (Andrén 
& Nilson 1979) Breeding in temporary pools with brackish water reduces the risk of predation 
of tadpoles is reduced and it also helps to reduce the problem of competition with other 
anurans. (Beebee 1995) 
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It has been found that females differ in reproductive strategy. Some females lay all their eggs 
in the beginning of the breeding season, whereas other females lay their eggs late in season. A 
number of females lay a portion of their eggs in the beginning of the breeding season and the 
rest of the eggs later into the season. Females can also spread the risk of reproductive failure 
by placing a quantity of eggs in shallow pools and some eggs in deeper pools. Deeper ponds 
are more stable over time but larvae face a higher risk of being predated and out-competed by 
other anurans. Despite the fact that shallow ponds are more prone to dry out than deeper 
ponds they are warmer and larvae develop faster. In addition, there are less competition and 
less predation of eggs and larva in shallow pools (Andrén & Nilson 1979). This means that 
the reproductive output will vary for females in localities where climate varies from year to 
year and in the end the effective population size will be reduced in these populations. (Andrén 
& Nilson 1979, Frankham et al. 2002) 
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Materials and methods 

Sampling sites 
Natterjack toads were collected from seven localities in the Bohuslän archipelago on the west 
coast of Sweden. These localities are the islands of Altarholmen, Buskär, Måseskär, Hyppeln, 
Fågelskär, Oxskär and Pater Noster (Figure 3). All seven islands were shore rock islands, 
scarcely vegetated with grasses, herbs and low dwelling bushes. Temperate rock ponds with 
brackish water, suitable for breeding, were present in large numbers on all islands. The island 
of Hyppeln was the only island inhabited by humans, with a large number of houses and also 
some roads. Islands in the archipelago of Bohuslän are more or less exposed to a harsh 
climate, with strong winds and saltwater sprays. 
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igure 3. Sampling sites of Natterjack toads in the archipelago of Bohuslän. Seven localities were sampled 
 May 2006; these were the island of Buskär, Oxskär, Fågelskär, Måseskär, Altarholmen, Pater Noster 
d Hyppeln. 

ampling method 
 total of 202 toads were collected during night in the beginning of May 2006 (see Table 1). 
ales were mostly caught in temperate rock pools, where they aggregate during the 
productive season to call for females. Females were more often found crawling on the bare 
iffs, probably going in the direction of calling males. Collected toads were brought back to 
e research station Klubban in Fiskebäckskil the following day, where skin biopsy sampling 
ok place. A small piece of skin from the webbing between the toes on the back limb was 
mpled with a Miltex dermal biopsy punch. Approximately 3x2 mm of skin was sampled 
d stored in 70% of EtOH for later analyses. After tissue sampling the toads were brought 
ck to their native locality where they were released. 
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Table 1. Sample size, estimated population size and grade of isolation of all sampled populations of 
Natterjack toad in Bohuslän.  

Sampling  
sites  Populations 

Sample 
size 

Estimated population 
size: small-medium-
large 

Estimated grade of isolation: 
1(not isolated) - 5(very isolated) 

Altarholmen  Al 28 large 1 
Oxskär  Ox 28 small - medium 1 
Buskär  Bu 29 large 2 
Fågelskär  Få 30 medium - large 3 
Patar Noster  Pa 28 small 5 
Hyppeln Hy 29 medium - large 2 
Måseskär Må 30 medium - large 4 
Total  202   

DNA extraction 
DNA extraction was performed by high-salt purification and Ethanol precipitation. The whole 
piece of skin biopsy was washed in 70% EtOH and mixed with 350 µl of SET-buffer (0.15 M 
NaCl, 0.05 M Tris, I mM EDTA ph 8.0) in an Eppendorph tube together with 19.4 µl of SDS 
(20 %) and 13 µl of proteinase K (10 mg/ml). The sample was incubated for 1-2 hours at 60ºC 
until the tissue was totally dissolved.  

1. After incubation 300 µl of NaCl (saturated, 6 M, not older than a month) was added to 
the sample and vortexed strongly for 10-20 seconds. The sample was then centrifuged 
for 10 minutes at 13000 rpm and finally after centrifugation 600 µl of the supernatant 
was transferred to a new Eppendorph tube and the old tube with the pellet was 
discarded. 

2. 600 µl of Tris was added to the new tube with the supernatant and it was mixed by 
inverting the tube a few times. Thereafter one volume, 750 µl, of 90% EtOH was 
added. After vortexing for some seconds the sample was put in -20ºC over night to let 
DNA precipitate. 

3. The next day the sample was centrifuged 15 minutes at 10700 rpm and the supernatant 
was discarded. The pellet was washed with 70% EtOH and centrifuged again for 10 
min at 10700. The supernatant was again discarded and the pellet was dried over night. 
Finally the pellet was dissolved in 60 µl of TE buffer (pH 8.0), vortexed and stored in 
-20ºC. 

Amplified Fragment Length Polymorphism  
AFLP primers are not species specific. Hence, there is no need to have previous knowledge 
about the target genome to construct specific primers. Adaptors of known sequences are 
ligated to the restriction sites and the PCR primers used in AFLP are specific for these adaptor 
sequences. (Mueller and Wolfenbarger 1999). AFLP produces DNA fragments that are 
separated according to length difference using polyacrylamide gel electrophoresis. A band of 
certain length represents an allele and is scored as present in individuals having the band and 
as non present in individuals missing the band. (Bensch & Åkesson 2005). One disadvantage 
of AFLP is that AFLP data has to be treated as dominant markers, because you cannot tell if 
the individual is a heterozygote or homozygote. Only the absence of the marker tells you that 
the individual is homozygous for a marker. (Mueller & Wolfenbarger 1999)  
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In this study, AFLP was performed by the protocol of Bensch et al. (2002), modified from 
Vos et al. (1995) with some further modifications. I randomized the samples to obtain non-
biased results from the different runs. 

1. 10 µl of the extracted DNA was cut by a mix of 6.9 µl of ddH20, 2 µl of TA buffer 
10X (100mM Tris –Ac pH 7.9, 100mM MgAc, 500 mM Kac, 10mM DTT), 1 µl of 
BSA (1 µg/µl), 0.05 µl of EcoR1 (50u/µl) and 0.05 of µl Tru1 (50u/ µl) for one hour 
in 37ºC.        

2. To ligate adaptors, 5µl of a mix of 4.15 µl of ddH2O, 0.5µl of Ligation buffer 10X, 
0.025 µl of E-adaptor (100µM), 0.25 µl of M-adaptor (100µM) and 0.1µl of T4 ligase 
(5U/µl) was added to the cut DNA and incubated for additional 3 hours in 37 ºC. 
Before adding the ligation adaptors to the mix, they were denatured in 94 ºC for 3 
minutes and then cooled down in room temperature. This step could improve the 
ligation capability of the adaptors. After ligation was completed all samples were 
diluted ten times (10µl of ligated DNA with 90µl of ddH2O). 

3. 10µl of the diluted, cut and ligated DNA was amplified in a non-selective PCR 
reaction with the mix of 1.0µl of ddH2O, 2.0µl of MgCl2 (25mM), 2.0µl of Fermentas 
Taq buffer (10X), 4.0µl of dNTP (1mM), 0.06µl of E-primer *(100µM), 0.06µl of M-
primer* (100µM), 0.08µl of Fermentas Taq polymerase and 0.8µl of BSA (1µg/ µl). 
The reactions were incubated with the following temperature profile: [94 ºC 2 min] + 
94 ºC-30s, 56 ºC-30s, 72 ºC-60s] x 20 cycles + [72 ºC-10 min]. After completed PCR 
reactions the products were diluted 10 times (10µl of PCR product + 90µl of ddH2O) 
and stored at -20 ºC. 
* The base at the 3’end of the primers “N” was arbitrarily selected. 

4. 7.5µl of the diluted product from the non-selective PCR-reaction was mixed with 2.9 
µl of ddH2O, 1.0µl of MgCl2 (25mM), 1.0µl of Fermentas Taq buffer (10X), 2.0µl of 
dNTP (1mM), 0.06µl of E-primer**(100µM), 0.06µl of M-primer*** (100µM), 
0.08µl of Fermentas Taq polymerase and 0.4µl of BSA (1µg/ µl). The mix was run in 
a selective touchdown PCR-reaction with the following temperature profile: [94 ºC 2 
min] + [94 ºC-30s, (65 ºC-0.7 ºC/cycle) -30s, 72 ºC-60s] x 12 cycles + [94 ºC-30s, 56 
ºC-30s, 72 ºC-60s] x 23 cycles + [72 ºC-10 min]. 
** The E-primer was labelled with 3 different fluoresin. The three bases at the 3’end of the E-primer, 
“NNN”, were arbitrarily selected. The selected primer and responding fluoresin dye can be viewed in 
table 1. 
 *** The three bases at the 3’end of the M- primer, “NNN”, were arbitrarily selected (see Table 2). 

5. Finally 1.0 µl of the PCR product was mixed with 9.75 µl ddH2O and 0.25 µl of 
Megabace ET400-R size standard. The mix was run in MegaBACE 1000 which 
separated and scored all fragments automatically on agarose gel.   
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Table 2. The eleven different primer combinations used in the selective amplification step of AFLP and 
the fluoresin dye corresponding with each E-primer. 

Primer  
combination 

Msel primer 
(NNN-3’) 

EcoRI primer 
 (NNN-3’) 

E – primer 
 fluoresin dye 

1 -CAG -TCT Hex 
2 -CAG -TAG Fam 
3 -CAG -TGC Ned 
4 -CTA -TAG Fam 
5 -CTA -TGC Ned 
6 -CGT -TCT Hex 
7 -CGT -TAG Fam 
8 -CGT -TGC Ned 
9 -CAC -TCT Hex 
10 -CAC -TAG Fam 
11 -CAC -TGC Ned 

Analysis of AFLP fragments 
The runs were analysed with Megabace Fragment Profiler, version 1.2. All individuals were 
scored manually for the presence = 1 or absence = 0 of fragments for every primer 
combination in the range between 50 and 250 base pairs. A binary marker matrix was created 
containing scoring data for all individuals in MS Excel, for further statistical analyses. 

Statistical analyses 
The amount of differentiation between every population pair and the genetic variation within 
and between populations were quantified using GenAlEx version 6 (Peakall & Smouse 2005). 
The levels of differentiation between populations were analyzed with Amova using Ф 
statistics, an analogue to Wright’s F-statistics. AFLP markers have to be treated as dominant 
markers and therefore an analogue to FST is needed (Mueller & Wolfenbarger 1999). 
Probability values are based on 999 permutations. I also calculated the percentage of 
polymorphic loci and global ФPT over all populations in GenAlEx vers.6. 

The isolation by distance was tested using a Mantel test (Mantel, 1967) with the GENEPOP 
software version (Raymond and Rousset 1995) to discover if there was an association 
between linearised pair wise ФPT values i.e. ФPT/(1- ФPT) and geographical distances (Ln 
meters) between the seven populations.  

In addition, the genetic data was analysed as bootstrapped percentage of polymorphic loci in 
all populations with 2000 replicates. The genetic analysis was preformed using the “boot” 
package implemented in R. This action was conducted to see if the generated confidence 
intervals were significantly different for the populations. 
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Results 

The 11 primer combinations used in this study revealed a total of 144 informative 
polymorphic loci (markers present in 1.5-98.5% of all individuals). The primer pairs used in 
AFLP analyses and the number of polymorphic fragments are given in Table 3. Population-
specific loci were not observed in any of the populations. 

Table 3. Summary of the results of the examined 11 AFLP primer combinations. 202 individuals were 
screened for polymorphic fragments in the size range between 45-350 bp and a total of 144 polymorphic 
loci were detected. 

Primer  
combination 

Msel primer 
(NNN – 3’) 

EcoRI primer 
 (NNN-3’) 

Number of  
polymorphic fragments 

1 -CAG -TCT 13 
2 -CAG -TAG 12 
3 -CAG -TGC 11 
4 -CTA -TAG 12 
5 -CTA -TGC 12 
6 -CGT -TCT 14 
7 -CGT -TAG 10 
8 -CGT -TGC 17 
9 -CAC -TCT 12 
10 -CAC -TAG 18 
11 -CAC -TGC 13 
Total:   144 
  

Polymorphic bands and genetic variation 
The percentage of polymorphic bands in the different subpopulations varied between 47.2% 
and 91.0% (Table 4). The Al-, Ox- and Bu-population have a very large genetic variation in 
relation to the Fa-, Pa-, Hy- and Ma-populations. 

Table 4. The percentage of polymorphic bands for all studied populations of Natterjack toads from the 
total of polymorphic loci discovered by AFLP. Assumed population size and grade of isolation are also 
described. 

Population % Polymorphic 
loci 

Population size, priori 
 assumptions:  
small-medium-large 

Grade of isolation, 
priori assumptions. 
 1-5 

Al 91.0% large 1 
Ox 75.0% small - medium 1 
Bu 70.1% large 2 
Fa 56.9% medium - large 3 
Pa 56.3% small 5 
Hy 50.0% medium - large 2 
Ma 47.2% medium - large 4 
Mean 63.79%   

Genetic differentiation, estimate of Fst  
Pair-wise ФPT-values, analogues to FST, between the populations varied from 0.019 to 0.257 
(Table 5). All values are significantly different from zero, with the exception of the 
populations at Altarholmen and Oxskär. Significant FST estimates suggest that the tested 
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populations do not form a single panmictic unit and that there are significant genetic 
differences between populations. A summary of Amova analyses are presented in Table 6. 
Most of the variation (87%) is found within populations. The variation between populations 
explained only 13% of the total variation (even though the genetic difference among them 
was significant). 

The mean estimate of FST was 0.130 (P=0.001). 

Table 5. Pairwise ФPT values and the probability values for each estimate based on 999 permutations. All 
values were significant with the exception of the Al-Ox comparison; this value is shown in bold. 

Pop 1 Pop 2 ФPT P 

Fa Pa 0.257 0.001 
Ma Bu 0.253 0.001 
Ma Pa 0.222 0.001 
Fa Bu 0.221 0.001 
Ma Ox 0.213 0.001 
Fa Hy 0.212 0.001 
Ma Hy 0.205 0.001 
Ma Al 0.191 0.001 
Fa Ox 0.188 0.001 
Fa Al 0.177 0.001 
Pa Bu 0.103 0.001 
Pa Ox 0.061 0.004 
Pa Al 0.059 0.002 
Pa Hy 0.050 0.007 
Fa Ma 0.045 0.015 
Bu Hy 0.043 0.021 
Bu Ox 0.040 0.020 
Hy Ox 0.032 0.029 
Al Hy 0.029 0.028 
Al Bu 0.028 0.047 
Al Ox 0.019 0.088 

 

Table 6. Summary of the Amova molecular variance analysis of seven populations of B. calamita. The 
13% of the variation was found among populations and 87% of the variation was found within 
populations. The global over all populations was 0.130. 

Source of variation df Sum of squares Percentage of variation Value P 

Among popuations 6 537.043 13%   
Within populations 195 3297.190 87%   
Total 201 3834.233    
Global ФPT     0.130 0.001 

I have found a significant differentiation between the 7 populations of Natterjack toads in the 
Bohuslän archipelago. Figure 4 illustrates the genetic variation and the isolation (based on the 
mean ФPT for the population) of all populations. 3 clusters can be seen that differ significantly 
in genetic variation: the Må-, Få-, Pa- and Hy-populations, the Bu- and Ox-populations and, 
finally, the Al-population. 
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Figure 4. Populations mean ФPT to all the other populations with standard error bars in relation to the 
genetic variability with 95 % confidence intervals. The Hy-population deviates from the negative linear 
pattern. 

Isolation by distance 
The Scatter Plot (Figure 5) and the Mantel correlation test revealed no isolation by distance 
pattern for the 7 localities tested. The slope of regression of ФPT / (1-ФPT) and the natural 
logarithm of the distance was -0.01296 (P = 0.69).  
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Figure 5. Scatter Plot of the pairwise genetic (ФPT / 1- ФPT) and geographical (ln m) distances between the 
7 populations. There was no isolation by distance (Mantel test, P= 0.69). 
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Discussion 

Population structure 
The results from this study indicated a well defined population structure for the Natterjack 
toad populations in Bohuslän. The significant differentiation between all populations except 
for the Al-and Ox-population suggests that gene flow between islands are constrained, 
meaning that these populations do not form a panmictic unit with free dispersal. Instead they 
form discrete populations. This result was expected since amphibians generally experience 
site fidelity and low mobility (Beebee 1996). Some of the studied population pairs did not 
show as strong genetic differentiation as other pairs (see Table 5) even though gene flow 
between these populations must be heavily constrained when looking at their geographical 
positions (see Figure 3). An explanation for the low genetic divergence of these populations 
could be that there has not been enough time for genetic differences to emerge as a result of 
the genetic drift (Seppä & Laurila 1999). The loss and fixation of different alleles by genetic 
drift is also a slower process in large populations compared with smaller populations (Lande 
1996). Hence, populations with a history of large population size will diverge less from each 
other than smaller populations. 

Isolation by distance 
No isolation by distance was found in this study. Had there been an isolation by distance 
pattern for these populations a relationship between genetic and geographical distances would 
be expected; the closer the populations are the more genetically similar they would be 
(Frankham et al. 2002). The lack of isolations by distance might be explained by the fact that 
the sea acts as a permanent barrier to toad dispersal, making no difference between short or 
long dispersal movements. Permanent sea barriers can create conditions for irreversible 
differentiation (Beebee & Rowe 2000) making populations more and more differentiated, 
which appears to be true for the populations in Bohuslän. Although the Natterjack toad is 
known to have a high tolerance for salinity it has been demonstrated that Natterjack toads and 
other anurans cannot survive long in saltwater (Beebee 1996). There could also be other 
explanations to why isolation by distance could not be found. Gene flow between populations 
can be mediated by dispersal vectors such as seabirds, humans, ship ballast water and 
underwater currents that affect the direction of dispersal resulting in a non isolation by 
distance pattern.  

Genetic diversity 
I have found that the genetic variation in the populations varied. Studied populations were 
divided into three major groups of genetic variation; the Al-population had by far the highest 
amount of genetic variation with 91 % polymorphic loci. The Ox- and Bu-populations had 
75% and 70.1%, respectively. The populations with the least variation compared with the 
other populations in this study, were Pa-, Hy-, Må- and Få-populations. They all clustered 
together, with percentage polymorphic loci around 50 %. The genetic variation in these 
populations cannot be explained by population size or the estimated isolation (priori 
assumption) (see table 4). The variation in genetic variation between populations is more 
likely to the outcome of a combination of strong population structure with restricted gene 
flow and differences in demographic history. Fluctuations in population size and bottlenecks 
are associated with lower effective population size, increased genetic drift, resulting in less 
genetic variation (Frankham 1998). Populations with lower genetic variation may have 
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experienced additional bottlenecks compared to populations with larger variation. Similar 
results were also found in other rare and endangered populations (Schmidt & Jensen 2000, 
Tero et al. 2003, Kang et al. 2005). The reproductive success between years is likely to differ 
between populations. Populations that experience bad reproductive success in many years, 
due to stochastic events, will probably have less genetic variation because of a lower effective 
populations size and stronger drift. (Andrén & Nilsson 1979).    

A surprising discovery in this study was the population of the island of Hyppeln. The Hy- 
population did not fit into the Fst- genetic variation pattern as well as the rest of the 
populations (see figure 4). The island of Hyppeln is the only human inhabited island in the 
study. And the associate Overexploitation by buildings, roads and a ferry line is a reasonable 
cause explaining the deviation of the pattern shown in the other populations. An additional 
cause could be competition and hybridization with other anurans. On the island of Hyppeln 
there were many individuals of the Common toad (Bufo bufo) present and they were 
sometimes found in the same breeding pools as Natterjack toads. I observed a Common toad 
male and a Natterjack female forming an amplexus pair. Even though hybrids between these 
species are not viable (Beebee 1983) the reproductive output of hybridizing females is 
reduced as gametes are being wasted.  

An interesting point to mention is that genetic variation was coupled to mortality rate of 
tadpoles in an unpublished study by Rogell (2006) of the same populations of Natterjack 
toads used in this study. This result strongly suggests that genetic variation in these 
populations is associated with inbreeding depression.  

The Pa-population, with the smallest population size and priori assumption of being highly 
isolated, was expected to harbour less genetic variation than the other populations and a 
higher risk of inbreeding depression. Interestingly, this population did not harbour less genetic 
variation or diverge more to the other populations. An associated study (unpublished, 
Freiburghaus 2006) revealed population differences in sperm quality and quantity in five 
populations of Natterjack toads in Bohuslän. On the contrary to prior assumptions the Pa- 
population was found to exhibit the highest sperm quantity and did not deviate from the 
means of the other populations in respect to the other qualities measured. These results could 
be explained by that there has not been enough time for the small and isolated Pa population 
to diverge more genetically from the other populations. The purging of detrimental alleles 
could also explain the good sperm qualities found in this population (Keller & Waller 2002).   

Future research 
It would be interesting to expand this study to include inland localities of Natterjack toad in 
Sweden, to see if there is a difference in variation between mainland populations and island 
populations. The study carried out by Beebee and Rowe (2000) demonstrated how the most 
northern localities in the distribution area of the Natterjack toad generally showed a lower 
genetic variability than the more centrally located populations. Several studies have found 
similar results in other species (Aldridge & Brigham 2001, Sjögren 1991). It would be very 
interesting to see if the same pattern of genetic variation would be achieved if genetic 
variation was analysed with the same AFLP primer combinations as were used in my study.  
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Conservational implications  
In order to prevent inbreeding depression and save endangered populations genetic variation 
has to be increased. In addition, the increased genetic variation also restores the ability of 
populations to respond to future environmental changes. Inbreeding depression has been 
coupled to genetic diversity in the populations of Natterjack toad in Bohuslän and the effects 
of inbreeding depression was found in some of them. Therefore it is important to monitor 
populations with low genetic diversity in future, as inbreeding depression can be more severe 
under conditions of environmental stress (Miller P S 1994). This means that even though 
populations with low diversity does not show any signs of inbreeding depression at the 
moment, these populations might suffer the effects of inbreeding depression when the 
environment are changed. 

Natterjack toad populations showing signs of inbreeding depression today may benefit from 
the introduction of individuals from related populations in order to increase genetic variation 
in these populations. However, local adaptations of populations leading to out breeding 
depression could be a problem. For that reason it is of major concern to investigate local 
adaptations in the populations of interest. If population differences are caused by genetic drift 
alone, translocations will improve gene flow between populations and counteract the negative 
effects of inbreeding depression (Hafford & Mazer 2003). 

Conclusion  

I have found a clear population structure of Natterjack toad in Bohuslän with restricted gene 
flow between populations. Variations between populations in genetic diversity suggest that 
populations have different genetic histories, which has resulted in stronger drift in some of the 
populations. Genetic diversity was not correlated with census population size or degree of 
isolation. 

The AFLP method proved to be a valuable tool for investigating genetic structure in the 
studied populations and gave strong statistical power to the results. It provided a good 
estimate of overall genomic variation as many markers over the whole genome were screened, 
in comparison to other commonly used methods such as microsatellites which produce more 
detailed information on one or a few loci (Mueller & Wolfenbarger 1999). In addition, only 
small amount of genomic DNA was required, reducing the handling time and stress imposed 
on the animal of study when sampling for DNA. 
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