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Abstract 

Small and isolated populations are facing a multitude of threats associated with inbreeding 
depression, which consequently might lead to their extinction. In several species, links have 
been made between inbreeding and elevated levels of sperm abnormalities. The Natterjack 
toad (Bufo calamita) reaches the northernmost margin of its distribution in the archipelago of 
Bohuslän, Sweden. These populations exhibit lower genetic variability compared to their 
more southern counterparts and partially extremely high inbreeding coefficients. In this thesis 
I tested whether sperm quality differs between populations from five locations varying in their 
degree of size and isolation. I have analysed concentration, viability and morphology of sperm. 
I have found population differences in sperm quality and quantity. Overall, sperm viability in 
all populations was strikingly low. This might be a hint that Swedish Natterjack toad 
populations suffer from the effects of inbreeding depression. 

Introduction 

Demographic and environmental stochasticity can decrease population sizes to such an extent 
that further factors related to low density (e.g. difficulty in finding mating partners, collapse 
of social systems) may make it difficult for a population to recover. Additionally, populations 
may loose genetic variation due to genetic drift (the random fixation of alleles) and since the 
strength of drift is negatively correlated with effective population size, small populations can 
be expected to loose genetic variability faster and to a larger extent than large ones (Lande 
1995). A consequence of the loss of genetic variability is, that genetic load, that is, recessive 
deleterious alleles which in large populations generally remain unexpressed, are likely to 
become expressed when homozygosity increases. The process is facilitated by the fact, that 
when drift increases, the relative strength of selection decreases, and thereby mildly 
disadvantageous alleles become selectively neutral (Bataillon and Kirkpatrick 2000). Small 
and isolated populations might thereby face a variety of threats associated with inbreeding 
depression and the population might consequently enter a downward spiral to extinction, 
termed the extinction vortex, a positive interaction between population reduction and reduced 
fitness (Tanaka 2000). Populations that lack genetic variability might also loose their capacity 
to adapt to future environmental changes (Lande 1996). 

The relative amount of genetic variability is highly dependent on the population history and 
even a large population can harbour low genetic variability, for example when the population 
has a history of fluctuating size, commonly referred to as bottlenecks. Variances in 
reproductive success can also increase genetic drift since it deflates the genetically effective 
population size (Ne) (Hedrick 2005). Ne is reflecting the evolutionary potential of a population, 
and is much more useful for analysing the viability of a population than either breeding 
numbers or census population size estimates (Nc). Lande (1995) suggested, that the effective 
population size should be about 5000 to maintain its adaptive potential.  

Small and isolated populations near the margin of the overall distribution of the species are of 
potentially high evolutionary significance because the probability of speciation may be greater 
than elsewhere within the distribution range (Gaston 1998). However, populations on the 
margins of overall distribution generally have lower degrees of genetic variability. Indeed, 
when range margins are approached, the density of individuals decreases and populations 
become more scattered which results in higher levels of genetic drift (Hoffmann and Blow 
1994). These small populations thereby have a relatively high risk of bottlenecking with the 
likely consequence of reduced genetic diversity and increased genetic load (Lynch et al. 
1995).Therefore, long-term prospects for these marginal populations vary between two 



extremes: evolution of new locally adapted forms or extinction (Frankham 1995, Hedrick and 
Kalinowski 2000, Keller and Waller 2002). The latter is far more likely to happen than the 
emergence of new variants. 

Inbreeding depression due to small population size is an important conservation issue and in a 
review of 46 studies reporting inbreeding in wild populations (Keller and Waller 2002), in 43 
evidence for significant inbreeding depression was found, with the usual compromise to 
reproduction. Hence, some taxa under inbreeding risk have evolved strategies to avoid 
breeding with close relatives (Charlesworth and Charlesworth 1987). In sexually reproducing 
organisms inbreeding is mainly a side-effect of small population size. Natural selection acts 
on wild populations with low fitness, and inbreeding, together with environmental and 
demographic stochasticity leading to genetic deterioration can even cause local extinctions 
(Crnokrak and Roff 1999, Saccheri et al. 1998, Westemeier et al. 1998). Saccheri et al. (1998) 
found that the probability of local extinction of populations of the butterfly Melitaea cinxia 
increases significantly with increasing levels of inbreeding. Eldridge et al. (1999) found very 
low levels of genetic variation in a small and for a long time isolated island population of the 
black-footed rock-wallaby, causing significant reduction in fitness through inbreeding. Inbred 
mice survived less well than outbred ones when released into their natural habitat (Jiménez et 
al. 1994). Disastrous effects of inbreeding depression in the wild will probably be discovered 
more often as natural populations become depleted and fragmented (Keller and Waller 2002). 
It might even become increasingly necessary to consider genetic management such as the 
introduction of outbred stock. 

The haploid spermatozoa might be more prone to reveal inbreeding depression than other, 
diploid traits. The production of the probably most specialized of cells demands precise 
genetic control and flaws can easier be detected than in cells embedded in tissue. A study by 
Gage and Cook (1994) suggests only a minor impact of environment on sperm morphology. 
Despite drastic reductions in body and testis size, as well as sperm number of protein starved 
developing meal moths, no influence was found on sperm quality. On the other hand, Gage et 
al. (2006) found a significant negative relationship between heterozygosity and the production 
of morphologically normal sperm in wild rabbits. The endangered and highly inbred Florida 
panther shows very low heterozygosity and most of the sperm produced (80%–90%) are 
abnormal (Barone et al. 1994). Suggestions of links between inbreeding and increased sperm 
abnormalities have previously also been made in other rare felids such as cheetahs (Wildt et al. 
1983) and lions (Wildt et al. 1987, Munson et al. 1996). 

In this study I test if the sperm quality differs between populations of Natterjack toads, chosen 
on a priori assumptions on their genetic variability. I will examine concentration, viability and 
morphology of sperm of Natterjack toads from five different locations which differ in their 
degree of isolation and population size. I assume that the samples from populations with 
smaller size and higher level of isolation will harbour less viable sperm, exhibiting more 
morphological aberrations and lower overall concentrations than the samples from larger and 
less isolated sites. These data might help to assess a population’s potential for reproductive 
success (Obringer et al. 2000). 

The Species 

- Biology 

The Natterjack toad (Bufo calamita) seems to have low dispersal abilities and to be very 
plastic concerning their ability to live in a range of water chemistry, e.g. it shows a high 



tolerance for salinity (Beebee 1983). The generation length is at least five years (Gärdenfors 
2000), the maximum age recorded for a Natterjack toad in the wild is 15 years (Beebee 1996). 

The Natterjack toad is a prolonged breeder (Beebee 1996). In the archipelago of Bohuslän it 
can be found breeding from May to August (Andrén and Nilson 1979). Furthermore, rapid 
larval growth is essential to assure metamorphosis before desiccation of the ephemeral 
breeding pools (Rowe and Beebee 2003). 

- Distribution 

This species is endemic to Europe with a distribution ranging from the Iberian Peninsula to 
Eastern Europe around 26° E. The Swedish populations are on the northernmost range 
margins. The toad is not found south of the barriers of the Alps and the Carpathians (Günther 
1996). 

In Sweden, it is almost entirely restricted to coastal areas in the counties of Scania (about 30 
populations), Halland (around 5 smaller populations), Blekinge (less than 10 populations) and 
Bohuslän, where, since 1975, the species has been found on 41 out of 150 potential Natterjack 
islands in the archipelago offshore. This west coast population is estimated to consist of about 
5000 individuals (Andrén and Nilson 2000) and is very different from the stocks in Scania 
(Gärdenfors 2000). It is not known, how the toads got onto the islands in the archipelago of 
Bohuslän. Either they are relict populations or the result of more recent dispersal events, e.g. 
the toads might have floated across the sea, arrived in sand taken as ballast or, as eggs or 
tadpoles, stuck to the feet of sea birds. 

- Habitat 

The Natterjack toad is a pioneer species in areas with loose and sandy soil. It needs open, 
unshaded areas and a multitude of small temporary pools free from vegetation as spawning 
grounds. Shallow zones at the banks are needed as calling places for the males. Typical are 
sand dunes, heath lands and salt marshes, habitats which increasingly become fragmented by 
man. However, the species is also able to switch into anthropogenous secondary biotopes, e.g. 
gravel pits, railway grounds and fallows (Günther 1996).  

On the islands in the archipelago of Bohuslän, the species is living on bare and rocky windy 
islands with strong influence from the sea (Andrén and Nilson 2000). This is not only leading 
to considerable salt concentrations, but also high fluctuations of these concentrations (Günther 
1996). 

- Conservation status 

In the northern parts of its range, the Natterjack toad is confined to few distinct and often 
vulnerable habitat types, also because it is competitively inferior to the common toad (Bufo 
bufo) (Beebee 1996). These habitat types are threatened because conversion by man, either by 
direct degradation or indirectly through eutrophication, biocide uses, drainage or acidification 
(Beebee 1996). The species has declined rapidly over the last decades mainly due to the 
degradation of old cultivated land (Beebee 1983). 

In Sweden, the Natterjack toad is red listed as Endangered (EN; Andrén and Nilson 2000) and 
protected since 1985 (Gärdenfors 2000). The species has experienced an estimated decrease 
of more than 50% within 15 years. Total population size in Sweden is now estimated to be 



around 10.000 mature individuals, with a total number of localities of less than 100 
(Gärdenfors 2000). 

- Genetics 

The populations of the Natterjack toad found in the archipelago of Bohuslän on the west coast 
of Sweden are in general highly isolated. Compared with those from Middle-Europe, the 
marginal Swedish populations are genetically depauperate (Beebee and Rowe 2000). Data by 
Rogell (2005) and Thörngren (unpublished) suggests that the populations differ in their 
amount of genetic variability and that there is a distinct population structure. Rowe and 
Beebee (2004) found that Ne/Nc ratios for British Natterjack toads lie around 0.02-0.19 and 
the population sizes are small enough for drift to become the most important evolutionary 
force. 

Natterjack toads are known to be affected by inbreeding depression, a study by Rowe and 
Beebee (2003) indicates that inbreeding could have significant consequences for population 
viability in English Natterjack toads. They found that larvae from isolated and small 
populations exhibited low genetic diversity, and were performing significantly worse than 
larvae from larger and less isolated populations concerning key fitness attributes as growth 
(fast larval growth decreases the risks from predation and pond desiccation prior to 
metamorphosis) and survival. 

Their distribution pattern and the relatively small number of populations with a high variation 
in their size and degree of isolation, make the Natterjack toad in Sweden a useful model for 
conservation genetic studies. 

Material and Methods 

- Sampling area 

Five localities were sampled from May 1st to May 6th 2006 in the Bohuslän archipelago in 
western Sweden, namely the islands of Pater Noster (N 57º 53' 44 E 11º 28' 1), Hyppeln (N 
57º 45' 42 E 11º 36' 42), Buskär (N 58º 21' 25 E 11º 11' 46), Altarholmen (N 58º 0' 58 E 11º 
27' 1) and Oxskär (N 58º 7' 7 E 11º 22' 26). All islands had rock pools typical for the 
Natterjack toad and were looking more or less alike, with a windswept, barren and jagged 
appearance. The five populations differ in size and degree of isolation. Pater Noster is a small 
and isolated population, Buskär is rather large, still isolated, and the populations of 
Altarholmen and Hyppeln are large and relatively unisolated. Oxskär, finally, exhibits a small 
population, but is surrounded by other Natterjack toad islands 



 
 
Fig. 1. The five localities in the archipelago of Bohuslän sampled in May 2006. From north to south are displayed: Buskär, 
Oxskär, Altarholmen, Pater Noster and Hyppeln. 

- Sampling method 

The toads were caught by hand after nightfall and put in a plastic enclosure, which was 
equipped with bits of soil and plants, guaranteeing an adequate level of humidity. The boxes 
were brought in a laboratory where a cool and moist climate prevailed. A Compact Disc with 
Natterjack toad croaking was played most of the time. 

All males were treated with 20 μl of luteinizing hormone-releasing hormone (LHRH, 
100ug/ml). The hormone was administered on the lower abdomen where the skin is highly 
permeable (Obringer et al. 2000). Subsequently, the animals were put in plastic boxes, which 
were equipped with moistened moss to make the animals absorb water and thus to urinate. 
The enclosures were constantly surveyed in order to get the sperms right after their release.  

The toads which did not deliver any sperm were treated again with the same doses some hours 
later. The animals which did not respond to the moistening of the mosses, that is did not 
urinate, were injected with a syringe an additional 1 to 3 ml of water into the cloaca. This 
method is invasive and was only used with animals not delivering any urine after two runs. 
Therefore, the volume of delivered urine differed a lot among animals.  

The sample was roughly checked under the binocular immediately after deliverance for the 
presence of sperm and, if it was considered as containing enough cells to be able to evaluate a 
hundred of them, 0,3 ml was removed and mixed in an aliquot with an equal volume of 8% 
Formaldehyde, yielding 0,6 ml of a 4% solution. Formaldehyde was used as a fixative to 
preserve the cell specimen instead of Glutaraldehyde, as described by Obringer et al. (2000), 
this because of its property of emitting less interference light. The aliquots were stored at 4 º 
C. After sperm collection, the toads were brought back to their home island. 



- Analysis of sperm quantity, viability and morphology 

The sperm were sampled in a non-invasive and thus stress-reducing way and analysed 
according to the protocol by Obringer et al. (2000).Contrary to recommendations in this 
protocol we were not able to assess sperm viability within 72 h. However, in a study by de 
Leeuw et al. (1991), using similar methods, the evaluation of bull semen after Glutaraldehyde 
fixation was not affected by time. 

A stock solution of 1000 μg ml-¹ of the fluorescent DNA-binding stain Hoechst 33258 
(Calbiochem) was diluted in PBS to yield a 10 μg ml-¹ working solution. This dye is only able 
to enter the cell when the cell membranes are damaged. This means, that the cell has to be 
dead in the moment of exposition to the fixing medium. In order to compact the sperm, the 
sample was centrifuged for 3 minutes at a relative centrifugal force (RCF) of 1780. To wash 
away the potentially carcinogen Formaldehyde, the sample supernatant was removed and 
subsequently washed with isotonic phosphate buffered saline (PBS). 30 μl from the resulting 
sperm containing pellet was taken and mixed with 30 μl of the working solution of Hoechst 
33258 to consequently assess sperm viability. The solution was mixed and incubated for one 
minute. A wet mount was prepared by using 10 μl of the sperm containing solution. The 
sample was examined by fluorescent microscopy at a magnification of x400 and an excitation 
wavelength of 340-380 nm and an emission wavelength of 420 nm. The spermatozoa 
exhibiting bright blue fluorescence were considered non-viable. 100 sperms each were 
examined on their state of brightness as well as on their morphology. Subsequently, the 
samples have subjectively been classified according to the quantity of sperms appearing in the 
range of vision under the microscope. 

Here, a sample which was exhibiting on average zero to one cell in the range of vision, was 
given the minimal number 1, for a vast amount of distinctly more than 200 sperms the sample 
was assigned the number 12 as the maximum value. According to the brightness of their 
staining, the sperms were assigned into one of the following classes: Bright, Strongly stained, 
Weakly stained and Not at all stained. Three classes of sperm were differentiated when 
referring to their morphology, namely Normal, Bent heads and Different. The last class 
contained mostly cells with coiled tails and abnormal, that is, too short heads. Contrary to 
Obringer et al. (2000), I have not been able to detect and assign to classes sperm with 
accessory structures as well as with no tails.  

- Statistical analysis 

The data was checked for normality using qq (quantile vs quantile) plots. All data was 
normally distributed, with the exception of quantity, which is a categorical variable. However; 
residual plots showed that the deviations from normal distribution of errors are not big, and 
normality might be a valid approximation.  
 
A multivariate analysis of variance (MANOVA) was done to check whether there are any 
differences in between populations. The MANOVA was followed by an univariate analysis of 
variance (ANOVA) to detect the relevance of different response variables. 

All statistical analysis was done with the software R, version 2.3.1 (R Development Core 
Team, 2006).  

 



Results 

Unfortunately, not all males responded to the hormonal treatment, that is, secreted sperm into 
their urine, so the intended 20 samples per location were not reached. Due to initial problems 
in detecting morphological aberrations, five early evaluated samples (PA 1, HY 2, AL 2) 
exhibiting an excessive value of abnormal sperm had to be omitted in sperm morphology 
assessment (Table 1). 
 
Table 1. Sample size and mean values of the different staining classes per location.  
1: Quantity has been classified subjectively into classes from 0 (the least number of sperm) to 12 (the highest number). 
Location Sample Size Quantity1±SD Bright±SD Strongly±SD Weakly±SD Not at all ±SD 
 Individuals  in % in % in % in % 
PA 17 9,29 ±2.97 22,88 ±0.25 17,59 ±0.11 29,88 ±0.14 29,65 ±0.17 
HY 18 5,89 ±2.97 34,83 ±0.22 20,72 ±0.15 24,33 ±0.13 20,11 ±0.22 
BU 15 6,13 ±2.26 37,53 ±0.30 13,4 ±0.06 27,4 ±0.16 21,67 ±0.17 
AL 12 7,83 ±2.82 24 ±0.16 19 ±0.15 30,58 ±0.12 26,42 ±0.21 
OX 9 5,22 ±1.30 39,33 ±0.25 21,11 ±0.12 23,78 ±0.13 15,78 ±0.16 

 
Table 2. Mean values of the different morphological classes per location.  
Location Normal Morphology±SD Bent Heads±SD Different±SD 
 in % in % in % 
PA 94 ±0.04 2,81 ±0.02 3,19 ±0.03 
HY 93,88 ±0.04 1,81 ±0.01 4,31 ±0.04 
BU 90,27 ±0.06 6 ±0.05 3,73 ±0.02 
AL 94,1 ±0.04 3,4 ±0.03 2,5 ±0.02 
OX 90,33 ±0.06 4 ±0.03 5,67 ±0.04 

 
Consequently, in order to eliminate the intermediate classes, bright and strongly stained sperm 
as well as weakly and not at all stained sperm have been lumped together. The two new 
classes have been called bad and good quality respectively. Thereby, I assumed that weakly 
stained sperm has actually to be considered as viable. Other constellations, including the 
former one, have also been tested, however, no significance has always been the outcome. 
 
I found significant population differences, the Wilks-Lambda value was 0.46418 and the F-
value in this case 0.00495, which represents significance. 
 
Consequently, ANOVA was used to test for significant differences in means between quality 
classes. 
 
Table 3. Degrees of freedom (DF), F- and P-values of the different quality classes. 
Quality DF F-value P-value 
Quantity 4 5.68 0.0006 ***
Good 4 1.59 0.188
Bad 4 1.32 0.274
Normal 4 1.94 0.115
Bent Heads 4 3.81 0.0079 **
Different 4 1.65 0.173

 
The p-values in Tab. 3. show that in two quality classes, namely in quantity and bent heads, 
differences in between populations were significant (*). Box plots from the two quality 
classes with significant results are shown in Fig. 2 and Fig. 3 respectively.  
 



 
Fig. 2. Box plot per location for quantity. The boxes are defined by the lower and upper quartile, the median is represented 
by the solid line. The smallest and the largest observation are depicted by dashed lines. 
 

 
 
Fig. 3. Box plot per location for bent heads. The boxes are defined by the lower and upper quartile, the median is 
represented by the solid line. The smallest and the largest observation are depicted by dashed lines. An outliner is displayed 
by a small circle. 
 
 
 
 



Discussion 

I have found population differences in sperm quality and quantity. However, the results did 
not clearly match with the a priori assumptions, made in the respect of the degree of the 
population size and isolation of the different locations. 

It might be possible that population size is a more important determinant of sperm quality 
than the level of the isolation in the case of the Natterjack toads. Amphibians are known to 
have low dispersal abilities. Yet, the small population of Oxskär seemed not to have benefited 
from its central location, being surrounded by other islands inhabited by Natterjack toads. Its 
means do not deviate from the ones from other islands. 

Pater Noster as the smallest and most isolated population was thought to harbor the greatest 
risk of inbreeding, and thus probably the worst sperm quality. But, on the contrary, this 
population exhibited the highest sperm concentration and does not deviate from the means of 
the remaining islands in respect to the other qualities. 

The finding that Pater Noster toads exhibited sperm with the highest quantity of all five 
locations, could be tried to explain with the controversial hypothesis, that increased 
homozygosity resulting from inbreeding will expose deleterious alleles to natural selection, 
thereby purging a population of these detrimental alleles. Isolated animal populations with 
limited dispersal (as it is the case with Natterjack toads from Pater Noster) appear most likely 
to satisfy the conditions for purging (Keller and Waller 2002). However, selection in small 
inbred populations is more likely to act on recessive lethal or semi-lethal alleles and alleles 
with smaller deleterious effects, making up much of the genetic load, might remain invisible 
to selection and thus often drift to fixation (Keller and Waller 2002). It is now widely 
accepted that purging effects have been overestimated. For example, in a review of 25 captive 
mammal populations, Ballou (1997) only found evidence for purging in one single species. 

A significantly higher amount of bent heads was found in the population of Buskär. It is 
difficult to name any possible reasons for this outcome, as it is for the somewhat surprising 
results of the Pater Noster population. Yet, Rogell (2005) has shown, that the Natterjack toad 
populations within the archipelago of Bohuslän have a well defined population structure, and 
it might be possible, that these findings are simply due to that quite different set of alleles 
were fixed in different populations.  

In any case, compared with data from Obringer et al. (2000), who examined sperm from two 
other Bufo-species, it its striking how many sperm cells from the Swedish Natterjack toads 
were considered as non-viable. Obringer et al. (2000) found, that in both of their samples 
more than 95% of sperm were viable; the highest amount of not stained sperm in my 
investigation was just under 30% (Pater Noster; under 60% when including the class of 
weakly stained sperm). This could be an additional sound hint that the metapopulation is 
suffering from the effects of severe inbreeding. Rogell (2005) already found partially 
extremely high inbreeding coefficients (FST-values) when analyzing microsatellite variation in 
seven island populations in the archipelago of Bohuslän.  

This pattern of considerably lower quality in Swedish Natterjack toads cannot be found 
concerning sperm morphology. In the study by Obringer et al. (2000) a by far bigger amount 
was considered to be structurally abnormal, namely 11.1% and 36% respectively, whereas I 
only considered between 6% and 9.7% of sperm not to be normal. These differences may 



however stem from a lack of skill for my part or from differences between species and 
therefore the comparison in this respect may not be valid. 

There are several sources of error in my experimental setup, which have to be considered 
when analyzing the results. First of all, the quality classes I set up were very subjective and 
hence not replicable, an example being the measure of sperm quantity. Even if my method 
should be robust enough to draw comparisons between the populations I examined, an 
absolute measure of quantity would make it possible to compare my results with those from 
others, probably less inbred populations. On the other hand, a fair level of objectivity could 
have been achieved due to the fact that only one person classified the sperm. In addition, the 
very significant result of sperm quantity, is giving another hint, that one might be confident in 
the results. Farther, the allocation of sperm in artificial classes which I called “strongly” or 
“weakly” stained is posing problems of a blunt border. Tests were showing that different 
incubation times were hardly changing the intensity of staining. However, the problem of an 
accurate allocation remains. Furthermore, a multitude of sperm was only exhibiting a partial 
bright staining. It might be possible that the cells were damaged during a processing step, 
most likely centrifugation. On the other hand, Obringer et al. (2000) did not mention this 
problem, and it is not likely that sperm of Natterjack toads should be more sensitive to 
processing than other Bufo-species. 

It would be very interesting to compare my results concerning sperm quality with samples 
from non-inbred and more southerly populations. Further assessment of the fitness in the 
Natterjack toad populations of the Bohuslän archipelago might also comprise a comparison of 
my results with FST- values of the five locations. Wright’s FST is a useful indicator of 
inbreeding susceptibility (Keller and Waller 2002). It would also be worth the effort to assess 
the acrosomal status of toad sperm (Obringer et al. 2000) with FITC-PNA (Sigma). Since 
different test runs were not giving any useful results, this promising method had to be omitted 
in my thesis. No reasons for this failure could be detected. 

The overall finding that such a high amount of sperm has to be considered as non-viable is 
alarming in respect to the conservation of Swedish Natterjack toad populations. Further 
investigation regarding their genetic structure and impacts on fecundity as well as constant 
monitoring might be meaningful to estimate the populations’ risks to go extinct. It might even 
be necessary to debate genetic management to ensure long-term survival. 
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