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Introduction

The expansion and intensification of agricultural practices is one of the most 
predominant environmental changes of contemporary time. Post-war intensi-
fications of agriculture have led to a 6.9-fold increase in nitrogen fertiliza-
tion and a 3.5-fold increase in phosphorous fertilization usage (Tilman 
1999). The amount of cultivated land has increased with about 470 % over 
the past 300 years (Matson et al. 1997), and at the beginning of this millen-
nium, the four most common crops – rice, maize, barley and wheat - occu-
pied 5.9 million km2 (about 40 % of the global cropland, Tilman 1999), a 
surface 14 times larger than the area of Sweden.  

Agriculture related practices affect non-agricultural ecosystems mainly in 
two ways: 1) through the conversion (habitat destruction) of natural ecosys-
tems into agricultural land and 2) through the utilisation of agrochemicals - 
such as pesticides and fertilisers - and their subsequent spread and run-off 
that contaminates close by pristine habitats (Fig. 1). 

Figure 1. Conceptual framework of this thesis. 
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Habitat destruction 
According to many conservationists, destruction of native habitat is the main 
cause of the dramatic increase of species extinctions over the last half cen-
tury (e.g. Pimm and Raven 2000; Tilman et al. 1994). The modification in 
size, shape and distribution of native habitats following habitat destruction 
involves three main elements: 1) a reduced amount of the original habitat, 
which has a negative impact on the organisms inhabiting the area, 2) an in-
creased fragmentation of the remaining original habitat, referring to the for-
mation of more isolated, discrete remnant patches separated by a more or 
less inhospitable “matrix”, and 3) a reduction in habitat quality, obviously of 
the area (matrix) subjected to the land conversion, but also of the remnant 
patches.

Several factors are expected to affect individuals within local populations 
in a landscape with a large proportion of human induced or natural inhospi-
table habitat as compared to a landscape of higher proportion of suitable and 
continuous habitat (see review by Saunders et al. 1991). Apart from the im-
mediate reduction in population size in relation to the amount of lost habitat 
(Andrén 1994), we may expect: 1) reduced migration rates among suitable 
habitat patches due to higher degree of isolation (Dale 2001; Rukke 2000; 
Virgos 2001); 2) lower population density due to reduced patch sizes (carry-
ing capacity) (Verboom et al. 1991); 3) decreased demographic stability of 
local populations (Lacy and Lindenmayer 1995; Lindenmayer and Lacy 
1995), owing to fluctuations in number of births and deaths as well as num-
ber of immigrants and emigrants (Fahrig 2001; Fahrig 2002); and 4) in-
creased effects of disrupted physical and biotic microclimatic factors as the 
relative impact of habitat edge increases  (i.e. edge effect, Fagan et al. 1999), 
which may restrict animals to more pristine core areas (Saunders et al.
1991).

The persistence of small populations may be jeopardized due to an in-
creased influence of stochastic processes (demographic, environmental and 
genetic) (Gilpin and Soulé 1986; Lande 1988) further threatening the exis-
tence of the populations. Genetic threats may involve reduced individual 
fitness due to inbreeding depression as well as increased loss of genetic vari-
ability, which also may be important for evolutionary potential in the face of 
future environmental changes (Frankham 1996; Loeschcke et al. 1994; 
Young et al. 1996). The increased influence of stochasticity is not only due 
to the mere reduction in individual numbers, but to also the other effects 
listed above since they are all linked by the effective population size (Ne). 
Hence, populations inhabiting remnant habitat patches may be especially 
susceptible to genetic deterioration.  Ne is one of the most important popula-
tion characteristics when determining a population’s genetic fate (Frankham 
1995a; Young et al. 1996), and is defined as the size of an ideal population 
that would have the same level of genetic drift and inbreeding as the census 
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population (Wright 1931). Since natural populations usually are character-
ised by e.g. skewed sex ratios and overlapping generations, as well as by the 
effects mentioned above, the assumptions of an ideal population are rarely 
met. Thus, Ne is almost always smaller than the census size (Frankham 
1995b). 

A commonly observed phenomenon in widely distributed species is a de-
clining abundance from the core of the distribution towards its periphery 
(Kirkpatrick and Barton 1997; Lesica and Allendorf 1995). A corresponding 
cline in genetic diversity has been observed in many species (review in Hew-
itt 2000) including several Scandinavian species (Lammi et al. 1999; Merilä 
et al. 1996; Palo et al. 2004). A common explanation is that the genetic di-
versity has declined as result of serial bottlenecking during a recolonisation 
process, which in Eurasia often coincides with a latitudinal/climatic cline 
due to the glaciation history (Hewitt 1996; Merilä et al. 1996; Palo et al.
2004). However, as species live in a spatially varying environment, both due 
to natural and anthropogenic causes, the ecological conditions along the 
clines may be very disparate, especially if the geographic distribution range 
is large. Thus, due to the fact that the northward cline in population charac-
teristics (above) correlates with degrading habitat quality in many species 
(paper II, Lammi et al. 1999; Merilä et al. 1996; Palo et al. 2004), this 
should be considered in a context of effective population size. However, this 
should not be done disregarding, but preferably in combination with other 
hypotheses. Although patterns of genetic diversity and differentiation have 
been extensively studied in many taxa (e.g. Frankham 1995b; Loeschcke et
al. 1994; Young and Clarke 2000), few animal studies of population genetic 
structure have actually had access to both genetic and demographic data (i.e. 
population size estimates). In other words, while the observed geographic 
patterns of genetic variability and differentiation can be hypothesised to re-
flect geographic variation in species abundance and local population sizes, 
actual population size estimates are needed for conclusive inference. Such a 
data are indeed scarce, especially for animal populations (see reviews by 
Nunney and Elam 1994; Young et al. 1996).  

In small and isolated populations, a reduction in fitness may occur. As the 
impact of drift and selection will increase and decrease, respectively, adap-
tive genetic variation may be eroded due to drift, and deleterious mutations 
may accumulate as if they were selectively neutral (Lande 1994; Lynch et al.
1995; Lynch and Gabriel 1990). Fitness will degrade further and faster if 
these processes are accompanied by inbreeding, a likely scenario in small 
populations (Keller and Waller 2002). 

Amphibians are likely to be severely affected by alterations of the native 
habitat, as they are small and relatively immobile, and therefore, have rela-
tively poor migration and dispersal ability (Sinsch 1990). Also the fact that 
many amphibian species migrate between the aquatic breeding and the ter-
restrial foraging habitats makes them especially susceptible to changes 
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caused by land conversion (Pope et al. 2000). Hence, a thorough understand-
ing of how amphibians respond to varying landscape constitution and ar-
rangement may be important for future conservation. 

Agrochemicals
Toxic products released into the natural environments create novel environ-
mental stresses, which can have large detrimental effects on organisms 
(Baird et al. 1996). Due to their permeable skin and biphasic lifecycle, am-
phibians may be especially susceptible to chemical pollution both in aquatic 
and terrestrial ecosystems. Hence, much of the current interest on amphibian 
declines is focused on the role of chemical contaminants such as pesticides 
(Hayes et al. 2002; Relyea 2003; Sparling et al. 2001) and fertilising com-
pounds (Blaustein and Wake 1995; Drost and Fellers 1996). 

Recent studies have shown that pesticide exposure at field concentrations 
can cause femininisation of male frogs (Hayes et al. 2002) and that pesticide 
exposed amphibians in the field express increased endocrine activity that 
likely explains declining ranid populations in parts of North America 
(Sparling et al. 2001). Hence, these studies have highlighted the importance 
of more studies about the effects of exposure to novel stressors like pesti-
cides on amphibians at levels as low as those found in the field. As the pesti-
cide concentrations detected in the field usually does not cause mortality, 
such studies should focus on sub-lethal responses. Exposure to pesticides 
could for example reduce the size at metamorphosis and hence, reduce sur-
vival until maturity (Altwegg and Reyer 2003; Berven 1990; Morey and 
Reznick 2001). Moreover, much of the current aquatic toxicology literature 
of frequently used pesticides in Sweden is focused on the acute effects on 
fish. Hence, more knowledge about the effects on amphibians, preferably at 
ecologically relevant concentrations, is needed to evaluate the role of pesti-
cides on amphibian populations in Scandinavia. 

Nitrates have been suggested to be one potential agent contributing to the 
global decline of amphibian populations (e.g. Blaustein and Wake 1990; 
Blaustein and Wake 1995; Drost and Fellers 1996; Wake 1991; Wake 1998). 
Geographic variation in levels of toxic products may result in spatial varia-
tion in selection pressures on populations to overcome the toxic effects, but 
relatively little is known about the adaptability of organisms to environ-
mental pollution (Forbes 1997; Holloway et al. 1990). Although theoretical 
treatments suggest that the pace of the environmental changes may often be 
too fast to allow adaptation to novel stressors (Bürger 1997), there are many 
examples of evolution of resistance to toxic compounds (e.g. Posthuma and 
Vanstraalen 1993; Roush and McKenzie 1987). As nitrate concentrations in 
Swedish water bodies decline from south to north (Wilander 1997), both due 
to a simultaneous gradient in soil richness (SLU 1999) and a decreasing sup-
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plementation of nitrates from anthropogenic activities towards the north, one 
might expect that organisms are genetically adapted to the local levels of 
nitrate, and hence respond differently to further anthropogenic contamination 
of nitrate. 

Stress synergism 
Several studies employing stress profiles with more than one stressor show 
synergistic responses, i.e. the combined response of multiple stressors is 
larger than predicted from each stress response alone, both on the ecosystem 
(Schindler et al. 1996; Yan et al. 1996) and species level, e.g. amphibians 
(Boone and James 2003; Kiesecker; Relyea and Mills 2001; Zaga et al.
1998), suggesting a need for a reassessment of pesticide potency. Such stud-
ies are ecologically more relevant as they are closer to a representation of the 
stress situation in natural populations. As both genetic and environmental 
stress affect populations negatively, it is important to investigate if possible 
interactions would reduce population fitness further. However, current 
knowledge is not free from controversy about the effects of environmental 
stress in genetically depauperate populations. Several experimental studies 
have shown that environmental stress has stronger negative effects in inbred 
lines of as compared to outbred lines (Bijlsma et al. 2000;  and in plants 
Hauser and Loeschcke 1996; in Drosophila spp. Reed et al. 2002). This is in 
contrast to currently prospering but formerly severely bottlenecked popula-
tions in the wild, e.g. the Swedish beaver (Ellegren et al. 1993) and the Mau-
ritius kestrel (Groombridge et al. 2000). As indicated in papers II and III, an 
agricultural framework is suitable for further investigation of the interaction 
between genetic and environmental stress, since both the agents may be in-
corporated: small, isolated, possibly genetically depauperate populations 
subjected to environmental stress by agrochemicals. Data from natural popu-
lations are scanty (but see e.g. Coltman et al. 1999; Keller et al. 1994; Slate 
2000) and further increases the significance of such studies. 
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Objectives

The aims of this thesis were to evaluate the effects of agriculture on a com-
mon vertebrate species in terms of i) population genetic consequences of 
agriculture-induced spatial changes of the landscape and ii) local adaptation 
and tolerance to frequently used agrochemicals. The study is performed us-
ing the common frog, Rana temporaria, as a model organism, but many of 
the findings are relevant to other organisms with similar ecological charac-
teristics.

In particular the following questions were addressed: 

1. What are the characteristics of occurrence, abundance, genetic variation, 
genetic structure and gene flow of R. temporaria at different spatial 
scales within and among regions along a latitudinal gradient (I)?

2. How are occurrence, abundance, genetic variation, genetic structure and 
gene flow affected by intensity of agricultural practices in three geo-
graphically disparate regions  (II)?

3. How does exposure of frequently used pesticides at field relevant con-
centrations affect R. temporaria larval life-history traits (III)?

4. How does nitrate exposure affect R. temporaria larval life-history traits, 
and is there any evidence for genetic adaptation to differing levels of ni-
trate in different R. temporaria populations (IV)?

5. Do populations with low genetic variability at neutral markers suffer 
more at an elevated level of environmental stress, and what are the rela-
tive roles of genetic drift and selection in small isolated populations of R.
temporaria (V)?
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Materials and methods 

Study species and populations 
The common frog, Rana temporaria, is the most widespread anuran species 
in Europe, inhabiting various kinds of landscapes from northern Spain to 
subarctic Fennoscandia, and to the Ural mountains in the east (Gasc et al.
1997). It breeds in early spring in the shallow water of the littoral zone of 
lakes and smaller water bodies. R. temporaria is an explosive breeder and 
the spawn is aggregated from a few up to several thousands of clutches, each 
consisting of 700-3000 eggs each (Fog et al. 1997). Larval development 
from hatching until metamorphosis takes 30–80 days depending on popula-
tion origin, water temperature, and competition (Fog et al. 1997; Laugen et
al. 2003). 

The broad niche of R. temporaria makes it a suitable species for a random 
sampling scheme in most types of Swedish landscapes including those of 
high human impact, e.g. the farmland in southernmost Sweden. Hence, it is 
an excellent model organism for studies in impact of agriculture on amphibi-
ans. Due to its abundance, R. temporaria is an important species in European 
ecological communities, which together with the amphibian characteristics 
mentioned above makes it a good candidate for a bioindicator of chemical 
pollution (Wake 1991). 

The study sites utilized in paper II are located within three widely separated 
regions each containing two types of landscapes subjected to high and low 
agricultural impact (hereafter high and low, respectively). The southernmost 
region is in the province of Scania (hereafter S) at 56° N containing 52 sites 
(27 high and 25 low); the central region is in the Göta provinces (hereafter 
C) at 59° N containing 54 sites (27 high and 27 low) and the northernmost 
region is in Västerbotten (hereafter N) around the cities Umeå and Skellefteå 
at 64° N containing 33 sites (18 high and 15 low) (Fig. 2). In order to verify 
our a priori partitioning into landscapes of high and low agricultural inten-
sity, Geographic Information System (GIS) approach was employed. 

The study sites in paper I represent those from landscape “low” in paper 
II, except in the region N, in which the sites originates from N:low1. 
N:high1 and N:high2 (Fig. 2). 
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Figure 2. Map over Sweden showing the three levels of sampling structure used in 
papers I and II , including regional and subregional levels. The inserted southern 
region (S) with subregions S1-3, high and low, illustrates the sampling scheme at 
subregional and population level. Black squares represent sampling sites/populations 
(not to scale). Light areas represent agricultural land, dark grey represent forested 
landscape and black areas represent wetland. The dashed square in the enlargement 
of subregion 6 represents the first screened square (1) and the adjacent black square 
(2) represent the second screened square in which frogs were found. 

The frogs forming the parental generation for the experiments in paper IV
were collected from four different Swedish populations in spring 1999. The 
two southern sites, Tvedöra (55°42’N, 13°27’E) and Svartesjöhus (55°31’N, 
13°25’E) are situated in an agricultural landscape in the county of Scania, 
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whereas the two northern sites are desolate and human activity levels are 
low. One of the sites is a bog 30 km east of Kiruna (67°50’N, 21°03’E), and 
the other site is situated 3 km south of the village of Ammarnäs (65°58’N, 
16°20’E). The nitrate content of lakes in the spring of 1998 varied from ca. 
100 to 2000 µg l-1 NO3-N (average of ca. 750 µg l-1; SLU 1999) in the 
southern region and app. between 7 and 70 µg l-1 NO3-N (average of ca 30 
µg l-1; SLU 1999) in the northern region. 

In paper III, frogs forming the parental generation for the experiments 
were collected from ponds in Tvädöra (55°42’N, 13°27’E), southern Sweden 
(acute test), and Gullsmyra (60°07’N, 16°56’E), central Sweden (chronic 
test) in April 2001. 

Sampling design (I, II, V) 
The sampling of genetic material in the form of eggs was conducted in a 
hierarchical manner including regions (southern, central- and northern Swe-
den), two quasi-regions within region representing the two landscape types 
(II), subregions within regions, and sampling sites within subregions. Each 
region was separated by 208 to 885 km, and contained three (S and C) or 
two (N) subregions serving as replicates per landscape type. Each subregion 
(shaped as 12x16 km squares) was separated by 17 to 128 km in which nine 
evenly distributed sampling sites were situated 6-20 km apart (Fig. 2; due to 
logistic reasons only seven or eight sites were sampled in some subregions). 
Each 1 km2 square site was screened for spawn, and if nothing was found, 
another adjacent square was screened. If no spawn was found after the third 
screened square, the search was terminated. When spawn was found, up to 
24 individuals (eggs) were collected from different egg clutches (i.e. one egg 
per clutch) and conserved in 95% ethanol. The number of spawn clumps was 
recorded per km2, i.e. if three squares were screened, the number of spawn 
clumps was divided by three to get an estimate of population density (num-
ber of breeding females per square kilometer) which will be referred to as 
population size hereafter. 

Experimental design and rearing conditions of embryos 
and larvae (III, IV, V) 
The adult frogs in III and IV were artificially crossed following the proce-
dures (with some modifications) outlined in Berger et al. (1994). Artificial 
crossings were used to ensure that all eggs from a given clutch were full-
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sibs, and that they were not exposed to varying concentrations of the chemi-
cal stressor of interest before the experiments were started. In paper V, lar-
vae from ten full-sib families (in some cases the population census size was 
less then ten breeding pairs) were sampled from freshly laid egg clumps. All 
tests were performed in laboratory with indoor lighting of 12:12 hours 
dark:light cycle and an ad libitum food regime, using Reconstituted Soft 
Water (RSW; APHA 1985) and the respective test compound as rearing 
medium. 

Paper III 
To evaluate the acute potency of the pesticides and achieve guidance for the 
design of the subsequent chronic tests, tadpoles were exposed to six different 
pesticides at three relatively high concentrations for 72 hrs. The concentra-
tion ranges for the different pesticides were: azoxystrobin (0.03, 0.13, 0.5 
ppm), cyanazine (0.75, 3, 12 ppm), esfenvalerate (0.0003, 0.0013, 0.005 
ppm), MCPA (0.75, 3, 12 ppm), permethrin (0.002, 0.008, 0.032 ppm) and 
pirimicarb (1, 4, 16 ppm). 

To mimic possible exposure at natural conditions to a higher degree, tad-
poles were exposed to two lower concentrations (possibly found in nature) 
from hatching until metamorphosis. The larvae were exposed to pesticides 
azoxystrobin (0, 1, 10 ppb), cyanazine (0, 10, 100 ppb) and permethrin (0, 
0.1, 1 ppb). 

Tadpoles were reared in one-litre glass jars containing 0.7 l test solution 
at 15°C, and at termination of the experiment, tadpoles were killed with 
anesthetise MS-222 and preserved in ethanol for later measurements. 

Paper IV 
In the chronic test, larvae were exposed to five concentrations of nitrate (0, 
100, 1000, 2500 and 5000 µg NO3-N l-1) from hatching until metamorphosis 
at an average temperature of 17.4°C. 60 larvae (30 from each region) from 
both populations within a region were transferred to plastic containers con-
taining 80 l of constantly aerated test solution. All used concentrations can 
be found in lakes in both or at least in the southern region, although concen-
trations above 4000 µg l-1 are rare in Sweden. 

To investigate whether sodium (NaNO3) and ammonium nitrate 
(NH4NO3) solutions differed in their toxicity, another experiment was per-
formed where newly hatched tadpoles were exposed to different nitrate con-
centrations for 72 hours in two NO3-N dilution series of the two salts. Tad-
poles were exposed to five different NO3-N concentrations: 0, 50, 100, 500 
and 1000 mg l-1.
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Paper V 
Eight out of the 52 populations from the southern region (S) that were moni-
tored for genetic diversity (II) were re-sampled in 2003 for a quantitative 
genetic study. The four populations with the highest genetic diversity were 
situated in the more continuous forested landscape, and the four with the 
lowest genetic diversity originated from fragmented agricultural landscape. 
If possible, larvae from ten full-sib families (in some cases the population 
census size was less than ten breeding pairs) were sampled from freshly laid 
egg clumps. Larvae were exposed to an acute concentration of cyanazine 
(the pesticide cyanazine has shown larvae toxicity in a previously, III) for 72 
hours in full-sib “common-garden” experiment. 

Response variables (III, IV, V) 
To estimate differences between the treatments in the chronic exposure (III
and IV), six effect parameters were measured at metamorphosis: total length 
(from snout to tail tip), body length (from snout tip to base of hind limbs), 
wet weight, mortality, growth rate (mg d-1; defined as the body weight at 
metamorphosis divided by days elapsed between hatching and metamorpho-
sis), and age at metamorphosis (days). Mortality rates were estimated every 
two weeks during water changes by counting the number of surviving larvae 
(IV) or continually (III).

Since all three size measures (including acute test in III) were highly in-
ter-correlated (r = 0.68 – 0.92), they were collapsed to a composite size 
measure as described by the scores for the first principal component from a 
principal component analysis (PCA) of pooled data. All size traits loaded 
positively and equally on the first PC-axis, and the first eigenvector ac-
counted for between 85 and 87 % of the variation in size variables in the 
different experiments. 

In the acute test in paper III, four effect parameters were measured after 
96 hours: dry weight, body length, total length and survival. In paper IV,
survival was estimated after 24, 48 and 72 hours and in paper V, survival 
and dry weight were measured after 72 hours. 

Genetic and statistical analyses (I, II, V) 
A microsatellite is a strip of (typically) nuclear DNA composed of one to six 
nucleotides that are tandemly repeated up to about 60 times (Goldstein and 
Pollock 1997). The high potency of microsatellites as a genetic marker in 
ecological and evolutionary studies lies in their high mutation rate compared 
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to other regions within the same genome. Thus, providing high variability 
over relatively short evolutionary time compared to other types of molecular 
markers (Queller et al. 1993). In papers I, II and V, microsatellite markers 
were applied in various contexts to assess population genetic structure and to 
quantify the amount of neutral genetic variation within populations, as well 
as gene flow among populations. 

Genetic variation in a population can be quantified in several ways. To 
study genetic diversity differences among landscapes (II), latitudinal varia-
tion in genetic diversity (I) and correlation between genetic diversity and 
fitness related traits (V), I used Nei’s gene diversity (Nei 1987), observed 
heterozygosity and allelic richness (ElMousadik and Petit 1996). Gene di-
versity refers basically to the expected heterozygosity in a sample weighted 
by sample size (Nei 1987). Observed heterozygosity refers to the observed 
proportion of heterozygous individuals, i.e. observed proportion of individu-
als that have distinguishable alleles at the observed loci. Allelic richness is 
defined as the observed number of alleles in a sample, but because this de-
pends on sample size, this estimate is weighted by the size of the smallest 
sample, to be able to compare for example populations from which samples 
of different size has been collected (ElMousadik and Petit 1996). 

However, as the different genetic variation estimators were highly inter-
correlated (r = 0.81-0.95) they were collapsed to a composite genetic diver-
sity measure in paper I and II, using the scores of the first principal compo-
nent from a principal component analysis (PCA). All genetic diversity esti-
mates loaded positively and equally on the first PC-axis and the first eigen-
vector accounted for 91% (I) 93% (II) of the variation in the genetic vari-
ability estimates. 

F-statistics Wright (1921); employing analysis of variance (e.g. Weir and 
Cockerham 1984) under the Infinite Alleles Model (IAM, Wright 1931), 
were used to study the genetic structure among and within the population 
component of interest, i.e. deviations from random mating due to partition-
ing of the total population (I, II and V). The most common is FST, which 
estimates the degree of genetic variation among subpopulations relative to 
the total variation in the population, i.e. departure from random mating due 
subdivision of the total population. In paper V, population differentiation at 
phenotypic traits were studied using QST (Spitze 1993), which is an analogue 
to FST utilising within and among population variance at the phenotypic trait 
in question. Comparisons between FST and QST are used to study the role of 
selection relative drift as evolutionary force in populations (Merilä and 
Crnokrak 2001). 

The geographic patterns of the genetic variation are often at focus in con-
servational and evolutionary studies. Levels of gene flow and dispersal can 
be inferred with several different methods. In paper I, neighbourhood size – 
a gene flow estimate – was derived from an application of genetic isolation 
by geographic distance to evaluate regional differences in gene flow. Pair-
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wise FSTs were regressed against the corresponding inter-population geo-
graphic distances, as the genetic similarity between populations is expected 
to decline linearly with increasing geographic distance. Neighbourhood size 
was estimated as the inverse of the correlation coefficient of this regression. 

To evaluate the amount of variation that is attributable to different levels 
of the hierarchical sampling structure in paper I, an Analysis of Molecular 
Variance (AMOVA) was used (Cockerham 1969; Cockerham 1973). 

Spatial autocorrelation analysis was used in paper II to evaluate the effect 
of landscape-type (low vs. high agricultural intensity) on dispersal and gene 
flow. This analysis applies a similar approach as the isolation by distance 
method employed in paper I. However, in spatial autocorrelation analysis, 
the pairwise inter-individual genotypic correlation are regressed against the 
corresponding inter-individual geographic distances, within a predefined 
distance group. In paper II, the geographic distances were grouped accord-
ing to the sampling scheme: within population; one group for short and one 
for long distances within subregion; and one to three groups among subre-
gions depending on the sampling structure. 
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Results and discussion 

(I) A hierarchical analysis of genetic population 
structure of the common frog (Rana temporaria) at 
three different spatial scales 
The main aims of this study were to investigate patterns of genetic diversity 
and population structure of Swedish R. temporaria at three hierarchical geo-
graphic levels, and examine the possible ecological and/or demographical 
factors that could explain the observed patterns. In particular, we addressed 
the following questions: 1) Does the occurrence and population size decrease 
towards the periphery of the distribution range in R. temporaria? 2) If so, is 
this also reflected in geographic variation in genetic variability within popu-
lations, i.e. is genetic variability a decreasing function of population size 
and/or distance from the distribution centre? 3) What are the relative roles of 
gene flow and genetic drift at different spatial scales, and are there any evi-
dence for differential effects of drift in different regions differing in their 
population sizes. 

The regional mean population size was 165 ± 302, 54 ± 54 and 17 ± 25 
breeding females/km2 (mean ± s.d.) in S, C and N, respectively. 13% of the 
investigated localities were unoccupied by the species, and like population 
size (Fig. 3a) also site occupancy decreased with increasing latitude. Re-
gional site occupancy was 96% in S, 93% in C and 73% in N. Both popula-
tion size and occurrence of common frogs decreased towards the north i.e. 
towards the periphery of the distribution range (Fog et al. 1997; Gasc et al.
1997). Such patterns are considered to result from spatial variation in habitat 
quality (Curnutt et al. 1996), suggesting that the observed lower population 
size and occurrence in the north could be explained by harsher environ-
mental conditions as compared to south. Curnutt’s findings are verified fur-
ther by our results in paper II, in which landscape data show that preferred 
common frog habitat becomes scarcer towards the north.  

As expected, there was a positive correlation between population size and 
genetic diversity of local populations, and hence, genetic diversity declined 
significantly with increasing latitude (Fig. 3a). Although decline of genetic 
diversity across latitudinal gradients has been observed in several earlier 
studies (reviewed in Hewitt 2000), including several Scandinavian species 
(Lammi et al. 1999; Merilä et al. 1996; Palo et al. 2004), our results suggest 
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an alternative to the conventional explanation of decreased genetic variabil-
ity towards the north as a result of a recolonisation process. In other words, 
the explanation put forth in earlier studies where latitudinal gradient in ge-
netic diversity has been observed is that genetic diversity has declined as 
result of serial bottlenecking during the recolonisation process. While this 
may well be so, our results suggest a simpler explanation: natural ecological 
and demographic conditions (see previous section) deteriorate towards the 
north reducing the effective population size. 

a)                     b) 

Figure 3 a) Population size (log population density i.e. breeding females per km2) as 
a function of latitude (meters from the equator). b) Genetic diversity within local 
populations as a function of latitude. Response variable (PC1) is the first principal 
component from a principal component analysis (PCA) representing the collapsed 
genetic diversity measures gene diversity (HS), observed heterozygosity (HO) and 
allelic richness (R), and the regressor is the distance from the equator in metres. 

As compared to other studies of this species (Palo et al. 2003; 2004), dif-
ferentiation was generally relatively low with a global FST of  0.10. The 
analysis of population structure at the regional level revealed a non-
significant trend of increasing differentiation towards the north with FST = 
0.037, 0.059, 0.087 in S, C and N respectively. However, the Isolation By 
Distance (IBD) analysis and subsequent comparison of interaction between 
region and IBD, showed an increasing population structure (decreased gene 
flow) towards the north (Fig. 4). This pattern is supported by the observa-
tions of an increased average distance among populations and decreasing 
population sizes towards the north. 
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Figure 4 Isolation by distance graph over the three main regions showing the pair-
wise genetic distance on the y-axis and the natural logarithm of corresponding pair-
wise spatial distance (y-axis). Scania (S) is symbolised by filled dots and a solid 
regression line; the Göta provinces (C) are symbolised by open quadrants and a 
dashed/dotted regression line and Västerbotten (N) is symbolised by crosses and a 
dashed line. 

(II) The influence of landscape structure on occurrence, 
abundance and genetic diversity in the common frog, R.
temporaria
The main objectives in this paper were 1) to investigate the effects of land-
scapes with high agricultural impact on occurrence, abundance and genetic 
diversity in the common frog, R. temporaria; 2) to elucidate which landscape 
components that had the greatest influence on these parameters; and 3) to 
study the potential differences in response to an agricultural landscape in 
disparate ecological (regional) conditions. 

The most striking finding was the strong region x landscape interaction 
for all three response variables, population density (D), occurrence (O) and 
genetic diversity (Fig. 5). These results suggest that human disturbance is not 
necessarily disadvantageous, and that this effect may depend on the ecologi-
cal context. One possible interpretation of this pattern is that it orignates 
from the reversed distribution of landscape diversity between S and N, with 
C as showing an intermediate distribution. In other words: in S:high mo-
notonous crop field patches dominate whereas in S:low coniferous and 
mixed forests dominate a more diverse landscape interspersed with crop 
fields (which still compose a large proportion) and a larger proportion of 
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deciduous forest and swamps. In the two landscape types in N, though not 
significantly so (likely due to low statistical power), the situation is quite the 
opposite. Although coniferous- and mixed forest dominates in both land-
scapes in N, N:high, is interspersed to a close to significant higher propor-
tion of crop fields, swamps and meadows. These observations are verified by 
a regression of principal components of landscape variables, which show a 
positive and significant effect of landscape diversity on D and O in S, and 
number of coniferous- and mixed forest patches on O in N.

a)             b) 

c)

Figure 5 Regional differences in (a) population size (population density i.e. breed-
ing females per km2; D ±SE) and (b) occurrence (O) and (c) genetic diversity of 
Rana temporaria. Grey bars represent the landscape with high and open bars repre-
sent the landscape with low agricultural activity. Genetic diversity is the collapsed 
measure (PC1, ±SE) of gene diversity (HS), observed heterozygosity (HO) and allelic 
richness (R; rarefied to 5 diploid individuals) from a PCA. Grey dots represent the 
landscape with high agricultural activity and the circles represent the landscape with 
low agricultural activity. 

The spatial autocorrelation of genetic variability revealed that R. temporaria
populations are dramatically isolated in agricultural landscapes in southern 
and central Sweden. Population isolation is higher in S:low than in C:low, 
and the differences between landscapes is greater in C than in S (Fig. 6). In 
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combination with the data on O, D and genetic diversity (Fig 3), populations 
are more negatively affected by agricultural practices in S than in C.  
a)

b)

Figure 6 Spatial autocorrelation of genetic variability for (a) southern and (b) cen-
tral regions. The dashed (long) line represents the landscape with low and the full 
line the landscape with high agricultural activity. The two finer dashed lines bound 
the upper and lower 95 % confidence limits about the null-hypothesis of no spatial 
structure for the combined data set, estimated from 1000 permutations. The error 
bars bound upper and lower 95% confidence interval about each distance class’ 
genotypic correlation, estimated by 1000 bootstrap resamplings. 

(III) Low and unexpected response to chronic pesticide 
exposure in Rana temporaria tadpoles 
In this paper, the potential effects of pesticides with documented toxicity to 
aquatic organisms, that are frequently used and detected in Swedish waters 
were assessed on R. temporaria tadpoles. The effects were assessed at con-
centrations relevant to field conditions (chronic exposure), and also at 
shorter exposure time with higher concentrations (acute response). The acute 
concentrations were chosen at the same level as LC50 in fish. The initial 
acute toxicity experiment prior to the chronic would, besides to its biological 
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relevance as a measure to allow comparisons with other similar studies, sup-
ply valuable information about how to outline the chronic toxicity test. 

Permethrin was the only pesticide that showed any effects in chronic ex-
posure at concentrations relevant those found in the wild. However, the re-
sponse was relatively weak and counterintuitive since the size of the meta-
morphs increased gradually with concentration (Fig. 7). The response to an 
increasing concentration of a chemical stressor is expected to be the opposite 
(e.g. Bridges 2000), under the reasonable assumption that there is a fitness 
benefit of large size at metamorphosis. Permethrin belongs to the pyrethroid 
chemical group showing indications of endocrine disrupting effects (Garey 
and Wolff 1998). This suggests that there is a possibility that the presence of 
permethrin artificially could have increased the growth in the tadpoles. 

Figure 7 Pesticide concentration response curves of size to exposure at field rele-
vant concentrations of permethrin (0, 0.1, 1 ppb) from hatching to metamorphosis. 
The values in are least square means (± S.E.) of the first principal component axis 
scores. 

Some of the acute toxicity treatments showed strong and negative effects 
on growth and survival in the highest pesticide concentration. Cyanazine had 
the strongest effect on size in the acute test: tadpole size decreased more or 
less linearly with increasing concentration (Fig. 8), which is classified as low 
to moderate acute toxicity and comparable with the toxicity to fish 
(LC50(96h) = 4 ppm, Davies et al. 1994). 
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Figure 8 Response in terms of body size to different cyanazine concentrations (0, 
0.75, 3, 12 ppm) in acute exposure of during 72 hours. The values in are least square 
means (± S.E.) of the first principal component axis scores. 

The analysis of survival at acute exposure revealed that the highest con-
centration accounted for most of the effect on tadpole survival in azox-
ystrobin and permethrin (Fig. 9). The most likely explanation to this pattern 
is either a poorly aimed (in this case too low) or to sparse concentration 
range: the concentration increase is logarithmic (base four). Nevertheless, 
such results give a valuable hint about the “no effect concentration” (NOEC) 
level.
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Figure 9 Proportion surviving tadpoles as a response to exposure at acute pesticide 
concentrations of (a) azoxystrobin (0, 0.03, 0.13, 0.5 ppm), (b) cyanazine (0, 0.75, 3, 
12 ppm), (c) esfenvalerate (0, 0.0003, 0.0013-0.005 ppm), (d) MCPA (0, 0.75, 3, 12 
ppm), (e) permethrin (0, 0.002, 0.008, 0.032 ppm) and (f) pirimicarb (0, 1, 416 ppm) 
during 72 hours. 

(IV) Comparison of nitrate tolerance between different 
populations of the common frog
Paper IV investigates the toxicity of nitrate to R. temporaria larvae, and 
whether there was any evidence for genetic adaptation to differing levels of 
nitrate in different R. temporaria populations. 

A significant region  concentration interaction on size revealed that ani-
mals from the two regions differed in their response to nitrate treatments 
(Fig. 10 a), apparently because the highest nitrate concentration inhibited 
growth of the northern larvae (Fig. 10 b). 
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Figure 10 Effects of nitrate treatments on (a) growth rate until metamorphosis in R.
temporaria larvae originating from southern and northern Sweden and (b) size at 
metamorphosis and as least square means (± S.E.) of the first principal component 
axis scores. 

High but still ecologically relevant concentrations of nitrate reduced 
growth rates and size at metamorphosis of larvae originating from northern 
Sweden, whereas larvae of southern Swedish origin were largely unaffected 
by our nitrate treatments. This suggests that there is a genetic difference in 
nitrate tolerance between the regions, such that northern frogs are more sen-
sitive to high nitrate concentrations than southern frogs. Many studies have 
demonstrated an increased resistance in aquatic populations occupying 
chemically polluted habitats, very few have been able to distinguish between 
genetic adaptation and physiological acclimation (Forbes 1997; Klerks 
1987). Our results cannot be understood in terms of physiological acclima-
tion, and hence, are suggestive for local adaptation to varying background 
levels of nitrates in nature. 
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(V) Reduced fitness in small isolated R. temporaria
populations in an agricultural landscape 
This study assessed effects of an elevated environmental stress level (pesti-
cide exposure) in genetically depauperate populations originating from an 
area of intensely cultivated land, and additionally, evaluates the usefulness 
of microsatellite markers as a proxy of genetic status (fitness) at the pheno-
typic level. 

a)                   b) 

c)                   d) 

Figure 11 Larvae life-history characteristics as response variables to genetic varia-
tion estimates. Filled dots represent continuous populations (512, 521, 522, 613) and 
open dots represent fragmented populations (111, 123, 132, 312). a-b) body size 
(dry mass) and c-d) survival rate (least square mean ± S.E.) against gene diversity 
and allelic richness estimates, respectively. Allelic richness is rarefied to the smallest 
sample size of six individuals. 

There was a positive correlation between most genetic variability meas-
urements and dry weight (Fig. 11).However, there was no pesticide x land-
scape type interaction on dry weight and survival, indicating no synergism 
between genetic and environmental stress in this case. 
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The comparison between differentiation at molecular markers (FST) and 
quantitative traits (QST) revealed that the null hypothesis of neutral evolution 
in size was close to be rejected among the populations from the continuous 
landscape, but not for those from the fragmented (Fig. 12). 

Figure 12 Among population differentiation based on genetic variances of body size 
(dry mass, QST [SE]) and seven microsatellite markers (FST [SE]). White bars repre-
sent differentiation of populations from agricultural origin, and grey bars popula-
tions from a more continuous landscape. 

These results indicate that the impact of random genetic drift may have 
increased relative to natural selection in these small isolated populations, 
which possibly have caused fixation of large amounts of genetic load and a 
subsequent fitness drop. Moreover, these populations may loose heritable 
genetic variation to such an extent that an adaptive response to local envi-
ronmental conditions is hindered. 
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Conclusions

1. Swedish R. temporaria populations decreased in size and occurrence 
towards the north i.e. the margin of the species’ distribution range. This 
decline in local population size is followed by a decline in genetic vari-
ability and an increased degree of population structuring towards the 
north, which is in agreement with theory given the connection between 
effective population size and the amount of genetic variability that a 
given population can maintain.  Our findings suggest that the population 
genetic cline towards the northern limit of this species distribution range 
is caused by a reduced effective population size due to deteriorating eco-
logical conditions. 

2. Considering all three response variables, population density (D), occur-
rence (O) and genetic diversity, the main conclusion is that the southern 
and the northern region show opposite patterns for landscapes of high 
and low agricultural activity, and that the central region shows a some-
what intermediate pattern. The common frog in southern Sweden is 
negatively affected by agricultural activity considering D and O as well 
as genetic diversity, whereas frogs in the north are to some degree posi-
tively affected of human landscape disturbance. 

3. Exposure of the several pesticides at concentrations that are likely to be 
relevant in respect to levels found in nature revealed small or no effect 
on the response variables used in this study. However, several of the 
used pesticides have effects on R. temporaria tadpoles at acute exposure, 
similar to those giving responses in fish. 

4. Southern Swedish common frogs, which are exposed to higher levels of 
nitrates in nature, can better tolerate high nitrate levels than their north-
ern Swedish conspecifics naturally exposed to lower nitrate levels. Con-
sequently, increased anthropogenic supplementation of nitrate could im-
pact more the northern than the southern Swedish common frog popula-
tions.

5. The populations with the lowest microsatellite variation had considera-
bly lower fitness in terms of tadpole survival and growth. The results 
also indicate an absence of population differentiation among the popula-
tions of low neutral genetic variability, which may suggest a situation 
with drift dominating selection among these populations. 
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Svensk sammanfattning 

Effekter av jordbruk på förekomst, genetisk variation och överlevnad 
hos den vanliga grodan, Rana temporaria.
Expansionen och intensifieringen inom jordbruket är en av de största miljö-
förändringarna i modern tid. Andelen jordbruksmark har ökat med 470 % 
under de senaste 300 åren och i spåren av efterkrigstidens ”gröna revolution” 
ligger en nästan sjufaldig ökning av kväveutsläppen och en ökning av fos-
forutsläppen med tre och en halv gånger. Världsarealen för odling av de fyra 
vanligaste grödorna – majs, vete, ris och korn – upptog vid millennieskiftet 
en yta 14 ggr större än Sveriges. 

Jordbruksrelaterade aktiviteter påverkar den ursprungliga miljön på i hu-
vudsak två sätt: 1) genom omvandling av organismernas naturliga livsrum 
till jordbruksmark, och 2) genom att jordbrukskemikalier kan kontaminera 
till den orörda miljön runt omkring jordbruksmarken. 

Omvandlingen av organismernas naturliga miljö till jordbruksmark är gi-
vetvis direkt negativt för de som lever där, men denna process påverkar även 
de områden som bevarats relativt intakta. I extremfallet, finns bara en liten 
isolerad ”ö” ursprungsmiljö kvar omgiven av ett ”hav” jordbruksmark. För 
det första innebär detta att det antal individer som lever där (populationen*)
är begränsat på grund av den begränsade resurs som den lilla ”ön” utgör. 
Detta innebär i sin tur att variationen mellan individer inom populationen 
minskar till följd av att slumpfaktorer får en större inverkan. Till exempel 
ökar sannolikheten till parning mellan släktingar (inavel). Eftersom släkting-
ar är genetiskt mer lika varandra än obesläktade individer blir den genetiska 
variationen inom en sådan population lägre, förutsatt att det inte sker inflytt-
ning av individer med en annan genetisk bakgrund. Det för oss till en andra 
negativ effekt, nämligen problemet för en individ att flytta mellan ”öarna” 
och på så sätt träffa och para sig med en obesläktad artfrände. För organis-
mer som fåglar som kan flyga är detta av mindre betydelse, men för små och 
icke flygande arter som grodor innebär det i vissa fall total isolering. En 
bibehållen hög genetisk variation är bra för en högre chans att överleva, men 
också för att populationen skall ha möjlighet att anpassa sig till den gradvisa 
och ständigt pågående förändringen av livsmiljön. 

* En population definieras som en grupp organismer inom ett geografiskt område, 
som med högre sannolikhet parar sig med individer inom gruppen än utom.
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Många konstgjorda ämnen som släpps ut i miljön skadar de organismer 
som lever där. Studier på effekter av främmande ämnen på grodor kan ge 
värdefull information, eftersom grodor är viktiga både som bytesdjur och 
rovdjur, lever både på land (som vuxen) och i vatten (som yngel) samt är 
känsliga för kemikalier. En sådan studie påvisar eventuellt negativa effekter 
vid låga halter av ett ämne på en ekologiskt viktig organism både i vatten 
och på land, förhoppningsvis innan andra organismer påverkats. 

Den vanliga grodan är den vanligaste och mest spridda av de europeiska 
s.k. brungrodorna och finns i de allra flesta typer av landskap inklusive det 
med hög andel jordbruksmark. Tidigt på våren samlas grodorna till lek, i 
dammar och sjöar, på upp till flera tusen djur. Vid dessa tillfällen passar det 
bra att undersöka hur många som finns inom ett område relativt ett annat 
samt att ta vävnadsprover som kan användas till t.ex. genetisk kartläggning 
av den population som samlats till leken. I denna studie användes ägg till 
vävnadsprov, vilket innebär ett relativt litet ingrepp i den naturliga ordning-
en. Varje hona kan lägga mer än 3000 ägg av vilka de allra flesta ändå dör av 
naturliga orsaker. 

I de två första artiklarna undersökte vi den geografiska variationen hos 
vanlig groda (I) samt hur jordbruk påverkar grodorna (II) genom att mäta 
antalet grodor, genetisk variation och graden av isolering mellan populatio-
ner. Vi visade att antalet grodor och den genetiska variationen minskar och 
att graden isolering ökar från söder till norr. Detta antyder att grodor Sydsve-
rige är bättre anpassade till lokala miljöförhållanden än grodor i norra Sveri-
ge (I). Vi kom också fram till den ganska förvånande slutsatsen att mänsklig 
påverkan i form av jordbruk påverkar grodorna på motsatt sätt i södra jäm-
fört med norra Sverige. I Skåne hade områden med intensivt jordbruk färre 
grodor, lägre genetisk variation och lägre spridning mellan populationer 
jämfört med områden med mindre andel jordbruksmark. Förhållandena var 
motsatta för alla parametrar i Västerbotten. I Götalandskapen sågs ingen 
effekt förutom att spridning av grodor var lägre i områden med mycket jord-
bruk. Resultaten tyder på att landskapsvariationen spelar roll: ett variations-
fattigt landskap oavsett om det är naturligt (barrskog i norr) eller format av 
mänsklig aktivitet (åkermark i söder) påverkar välbefinnandet hos grodpopu-
lationer.

I artikel III studerades effekterna av vanliga bekämpningsmedel på grod-
yngel vid så väl vid höga som låga vattenkoncentrationer vid kort respektive 
lång exponeringstid. Med låg koncentration menas halter som uppmätts i 
svenska vatten. Liten eller ingen giftighet kunde påvisas vid koncentrationer 
som uppmätts i naturen. Däremot fann vi lägre överlevnad och tillväxt hos 
ynglen vid omkring 10 – 100 gånger högre halter. Detta antyder potentiell 
giftighet hos dessa bekämpningsmedel, men att de vid dagens bruksnivå har 
liten påverkan på grodpopulationer. 

I artikel IV studerade vi giftigheten hos nitrat på grodyngel. Vid gödsling 
av åkrar kan intilliggande vatten få förhöjda halter av nitrat. Jordarna i Sve-
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rige innehåller nitrat naturligt men i varierande mängd, med högst halter i 
söder och gradvis avtagande mot norr. Därför kan det vara intressant att se 
om grodor från södra Sverige är bättre anpassade till att utstå höga halter 
nitrat än vad grodor från norra Sverige är. Yngel från populationer i norra 
respektive södra Sverige utsattes för naturligt förekommande vattenkoncent-
rationer av nitrat. Tillväxten var lägre i de högsta koncentrationerna för alla 
populationer, men för grodynglen från norra Sverige avtog den mer än för 
dem från söder. 

I den sista artikeln (V) ville vi se vilka effekter en låg genetisk variation 
har på tillväxt och överlevnad hos grodyngel. Denna studie gjordes på åtta 
populationer från Skåne. De fyra populationerna med lägst genetisk variation 
kom alla från intensiv jordbruksbyggd, och de fyra med högst variation kom 
från områden med låg andel jordbruksmark. Grodyngel från populationer 
med låg genetisk variation hade en lägre överlevnad och tillväxt än yngel 
från populationer med hög genetisk variation. Dessutom kunde vi påvisa 
tendenser till en högre tolerans mot bekämpningsmedel hos yngel från popu-
lationer med hög genetisk variation. En annan iakttagelse vi gjorde var att 
ynglen från populationerna med hög variation, verkade ha en högre grad av 
anpassning till den lokala miljön de härstammar ifrån. 

Sammanfattningsvis skulle man kunna säga att den vanliga grodan påver-
kas negativt av jordbruk i de flesta sammanhang. Även om denna art inte 
hotas, kan kanske resultaten användas vid bevarande av andra och hotade 
arter med liknande levnadssätt. 
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