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Abstract 
Gaining ecological knowledge on movement patterns and habitat selection of the red-listed 
pool frog (Pelophylax lessonae) in Sweden is of importance for adapting forestry within its 
habitats. Forestry is one of the major threats to persistence of pool frogs in northern Uppland. 
Drainage ditching and timber harvesting in core habitats degrade breeding, dispersal and 
hibernation habitats. Studies on pool frog movements may provide ecological knowledge on 
terrestrial habitat use and movement behaviour that is fundamental for forestry management 
within pool frog habitats. The aim of this thesis was mainly to investigate how habitat 
selection within forested and wetland habitats affect movement and habitat choice of adult 
pool frogs and its implication for forest management. To investigate this, I followed 43 pool 
frogs using radio-telemetry between June and October in 2017 and implemented recorded 
data into a habitat selection study using generalized linear mixed modelling. The observed 
movement patterns and habitat choices suggested a fast target-oriented movement over 
terrestrial habitats. My results showed that habitat use during dispersal and migration was 
dependent on wetland habitats with low landscape resistance. In addition, models on habitat 
use indicated that proximity to estimated stream networks and Norway spruce dominated 
habitats also were important for terrestrial habitat use. However, most individuals displayed a 
stationary behaviour within permanent waters and hence my results should be interpreted 
carefully due to the limited observations that were made within terrestrial habitats. My results 
may prove useful for forest management within the geographical range, although more data 
on terrestrial habitat use of pool frogs in Sweden is needed to increase the ecological 
knowledge for pool frog conservation and maintaining a sustainable forestry in northern 
Uppland. 
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1 Introduction 
Animal dispersal is essential for the persistence of species and maintaining population 
dynamics in landscapes. In an anthropogenic influenced landscape, degradation and 
fragmentation of habitat reduces the area available to the animals’ disposal and reduce the 
overall biodiversity (Fahrig 2003). Anthropogenic or naturally caused habitat fragmentation 
of the landscape increase isolation between subpopulations in a metapopulation (Hanski 
1998). In metapopulation dynamics, individuals migrate between discrete subpopulations 
which provide gene flow, minimize inbreeding and increase or maintain genetic variation, 
consequently decreasing or maintaining the extinction risk of populations. Migration among 
discrete populations in a metapopulation framework is influenced by the degree of isolation 
and connectivity between patches. Highly isolated local populations have a high risk of 
extinction because of demographic and environmental stochasticity and decreased 
immigration from neighbouring patches. Understanding important pathways between local 
subpopulations is therefore of importance for conservation and landscape management of 
species.  
 
The degree to which the landscape facilitates or impedes animal movement among resource 
patches is called landscape connectivity (Taylor et al. 1993). The term incorporates three 
types of connectivity estimates: structural (spatial arrangement of habitat patches in the 
landscape), potential (spatial arrangement and dispersal capacity of focal species) and 
functional connectivity (focal species’ movement pathways between patches are observed) 
(Calabrese & Fagan 2004). High landscape connectivity among distant resource patches may 
facilitate migration or dispersal to a greater extent than close patches with low connectivity 
(Taylor et al. 1993); in part due to less landscape resistance and movement costs. Landscape 
structures therefore control and influence the degree of landscape connectivity. However, 
energetic and mechanical constraints act on animals, limiting their migration capacity (Hein et 
al. 2012). Populations of small animals, e.g. amphibians, may therefore be more affected by 
landscape alterations than larger animals. Hence, altering the landscape structure may affect 
amphibian populations (Harper et al. 2008, Todd et al. 2009, Rittenhouse et al. 2009, 
Semlitsch et al. 2009, Veysey Powell & Babbitt 2015) and amphibian landscape connectivity. 
High connectivity is required for maintaining gene flow and reducing a population’s 
extinction risk. The cost for amphibians to move through certain habitats may influence their 
movement and ability to find or relocate suitable habitats (Mazerolle & Desrochers 2005), 
hence affecting amphibian connectivity (Popescu & Hunter 2011). Studying individual 
movement patterns of amphibians can portray landscape structures and habitats that influence 
dispersal and migration. 
 
In this thesis, I study spatial movement patterns and habitat selection of the pool frog 
(Pelophylax lessonae) metapopulation in Sweden, using radio-telemetry data recorded during 
2017. High resolution patterns of pool frog movements are relatively unstudied (but see 
Sjögren-Gulve 1998a). Increasing the ecological knowledge of movement patterns and habitat 
use, mainly in terrestrial habitats, is of importance for adapting forestry within pool frog 
habitats. Forestry management practices, e.g. forest drainage ditching and timber harvesting, 
are considered major threats to the Swedish pool frog population due to degradation of 
breeding ponds and upland terrestrial habitat (Sjögren-Gulve & Ray 1996, Lindgren et al. 
2014). The present study is the first of its kind using radio-telemetry data on pool frogs in 
Sweden. Studies on movement patterns and habitat selection may therefore provide valuable 
information which can aid forest management and pool frog conservation.  
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1.1 Amphibian movements 
Differentiating between amphibian migration and dispersal processes is important for the 
understanding of movements. Migration is an intrapopulational process that involves 
continuous movement between breeding areas and terrestrial habitats important for survival to 
the next breeding season (Semlitsch 2008). In comparison, dispersal is an interpopulational 
process distinguished by movement from natal sites to non-natal breeding sites. Juveniles are 
commonly thought to account for a majority of the amphibian dispersal due to the larger 
proportion of juveniles than adults (Smith & Green 2006, Semlitsch 2008, Sinsch 2014). 
However, dispersal capacity may not differ between juveniles and adults (Sinsch 2014) but 
due to the small size of juveniles telemetry studies are commonly limited to adult individuals. 
Individuals (juveniles and adults) may make extensive movements, mainly to nearby breeding 
sites (Dole 1971, Gamble et al. 2007). Both individuals that remain at their natal site 
(philopatric individuals) and individuals that disperse, tend to show high degrees of site 
fidelity (Holenweg 2001, Gamble et al. 2007), i.e. the first breeding site of amphibians is 
generally used throughout its life. A study by Holenweg (2001) found differences in dispersal 
rates between males and females of the closely related water frogs (i.e. pool frogs, marsh frog 
(Pelophylax ridibundus) and edible frog (Pelophylax esculentus)). Dispersal rates were higher 
for smaller and younger females whereas it was higher for larger and older males. Sjögren-
Gulve (1994) also observed that male pool frogs were found at localities with no 
reproduction. Hence, male pool frogs may disperse to a greater extent than females. However, 
even though only a small percentage of individuals disperse (Gamble et al. 2007), these 
individuals (adults or juveniles) are important for gene flow, genetic variation, colonization of 
unoccupied patches and maintaining regional metapopulation dynamics.  
 
A functional connectivity network between patches is thus vital to maintain metapopulation 
dynamics. In pool frogs, the distance between permanent ponds with successful reproduction 
is crucial for regional persistence. Distances between ponds that exceed 1 km have low 
probabilities of successful dispersal and are more likely to be unoccupied (Sjögren-Gulve 
1994). Hence, dispersal rates decrease with increasing distance between ponds and increasing 
pond isolation (Sjögren 1991a, Holenweg 2001). Local extinctions and colonization of 
unoccupied patches is a continuous process within metapopulations. Isolation between the 
reproductive pool frog ponds increase the extinction risk due to decreased migration between 
subpopulations (Sjögren 1991a, Sjögren-Gulve 1994, Sjögren-Gulve & Ray 1996). Sjögren-
Gulve (1994) stated that population proximity of pool frogs is a key factor for preventing 
extinction. Hence, reproducing ponds with close proximity will enhance local and regional 
persistence of pool frogs. Less than 300-400 m between suitable pool frog habitats, occupied 
or unoccupied, facilitates migration and dispersal and also increase the chances of pool frogs 
to locate populated patches or colonize empty patches. Therefore, 300-400 m have been 
suggested to be the average dispersal distance per generation for pool frogs (Sjögren 1988, 
Sjögren 1991a, Sjögren-Gulve 1994). Consequently, colonization of unoccupied patches may 
only be within a few hundred meters from the breeding pond, which have also been shown in 
other amphibian species (Gamble et al. 2007). Facilitating pool frog movement among 
patches therefore require close proximity to occupied patches and high connectivity. 
 
1.1.1 Movement patterns and abiotic factors  
Amphibian migration and dispersal are also hypothesized to be defined in movement phases 
(Pittman et al. 2014) and may cover several hundred meters over short periods of time (Dole 
1971). Previous studies of pool frogs in Sweden have shown that movement is highly 
directional towards or away from neighbouring ponds (Sjögren-Gulve 1998a). To mitigate 
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negative effects of terrestrial movements within degraded or pristine habitats, movement rate 
or timing may be dependent on abiotic factors, e.g. temperature, precipitation, humidity or 
barometric pressure. Movement of amphibians is more likely to occur on warm and rainy 
nights (Dole 1971, Todd & Winne 2006). Pool frog immigration and especially emigration 
have been shown to peak during similar weather conditions (Sjögren-Gulve 1998b). Other 
abiotic factors that might influence pool frog movement behaviour have not been shown. 
Hence, temperature and precipitation is most likely affecting when pool frogs disperse. 
Favourable weather conditions for movement may therefore cause synchronized migration 
and dispersal in pool frogs.  
 
1.2 Habitat selection 
To date there are only a few studies on pool frog habitat selection and movement patterns in 
Europe (Sjögren et al. 1988, Sjögren-Gulve 1998a, Sjögren-Gulve 1998b, Holenweg & Reyer 
2000, Holenweg 2001). Current knowledge of terrestrial habitat use during dispersal suggest 
that adult and juvenile pool frogs seem to differ in their choices (Sjögren-Gulve 1998a). 
Sjögren-Gulve (1998a) observed that adult pool frogs were more often caught in dry 
coniferous forests whereas juveniles were more directional towards adjacent marsh lands. 
Gaining ecological knowledge on the terrestrial requirements of pool frogs is vital for 
adapting forestry within pool frog habitats. The physiological properties of amphibians 
(Toledo & Jared 1993) tend to limit anuran movements to moister and shaded habitats, e.g. 
ephemeral wetlands, marsh and stream habitats (Pitt et al. 2017). Landscape structures, e.g. 
coarse woody debris, that provide shade and a moister microclimate within habitats that are 
unsuitable for anuran movements, could be essential for survival and mitigate the negative 
effects of unsuitable terrestrial habitats (Patrick et al. 2006, Earl & Semlitsch 2015). Hence, 
vegetation and microhabitats that provide shade and retain moisture may therefore be vital 
features in facilitating movement. Dry open-canopy habitats, e.g. clear cuts, grasslands or 
agricultural fields, are generally avoided by many amphibian species (Rothermel & Semlitsch 
2002, Ray et al. 2002, Johansson et al. 2005, Rittenhouse & Semlitsch 2006, Todd et al. 
2009, Rittenhouse et al. 2009, Semlitsch et al. 2009, Popescu & Hunter 2011). Terrestrial 
habitat selection of the Swedish pool frog metapopulation is relatively unstudied and there is 
limited knowledge of terrestrial properties that facilitate pool frog dispersal and migration. 
Studies on habitat selection in the Swedish pool frog metapopulation may add vital ecological 
knowledge and insight of the terrestrial habitats that are crucial to preserve in order to 
facilitate dispersal and maintaining high connectivity among populations. Overall, gaining 
ecological knowledge of pool frog movement patterns and terrestrial habitat use is essential to 
meet current pool frog conservation goals and to adapt forest management within core 
habitats. 
 
1.2.1 The impact of forestry 
Adequate management of forests surrounding pool frog breeding areas is vital for 
conservation of the species and its habitats in Sweden. The main threats to the Swedish pool 
frog metapopulation have been shown to be large-scale forestry via drainage ditching and 
clear cutting of forest in terrestrial pool frog habitats (Sjögren 1989, Sjögren-Gulve & Ray 
1996). The effects of forestry around amphibian breeding ponds affect behavioural traits, e.g. 
movement and migration (Todd et al. 2009), life stages (Semlitsch et al. 2009) and may 
decrease amphibian biomass and body size (Veysey Powell & Babbitt 2015). Decreased 
biomass and body size may affect female reproductive traits (Berven 1988) and negatively 
affect amphibian population sizes (Harper et al. 2015), Although, effects of the female pool 
frog reproductive traits on population sizes has not been studied in Sweden. However, 
increasing isolation caused by forestry may affect gene flow, genetic variation and overall, 
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increase the extinction risk of amphibian populations, including Swedish pool frog 
populations (Sjögren 1991a, Sjögren-Gulve & Ray 1996, Harper et al. 2008). In other species, 
clear cuts have been shown to negatively affect migration, survival rates and the overall 
abundance of amphibians communities (deMaynadier & Hunter 1999, Rothermel & Semlitsch 
2002, Todd & Rothermel 2006, Todd et al. 2009, Semlitsch et al. 2009, Todd et al. 2014). 
Additionally, increasing nitrogen deposition and consequent eutrophication of breeding ponds 
may also cause overgrowth and the degradation pool frog ponds (Lindgren et al. 2014). 
However, forest and landscape management in and around pool frog habitats may also have 
beneficial effects. Pool frogs require high water temperatures for spawning (Sjögren et al. 
1988). Encroachment of forest around ponds may limit light irradiance on ponds and hence 
lower water temperatures. Thus, partial timber harvesting in selected areas may positively 
affect juvenile survival (Semlitsch et al. 2009). In addition, Semlitsch et al. (2009) found that 
partial timber harvesting may benefit migration in comparison to leaving forests unmanaged. 
Increasing light levels were thought to increase the herbaceous-shrub layer and create a 
favourable microclimate. Increased awareness and knowledge on the effects of large-scale 
forestry on amphibian species, including pool frogs, and their habitats have resulted in 
improved and proactive efforts to combine a productive and sustainable forestry with efficient 
amphibian conservation.  
 
1.3 National guidelines and legislation 
Finally, to meet the environmental goals by 2020 (which were decided by the Swedish 
parliament) companies, county administrative boards and municipalities should work in unity 
towards a sustainable environment. The goals are not legally binding and thus only acts as 
guidelines. A few of these goals aim to have forests with sustainable production while species 
and their habitats are preserved and safeguarded. Conflicting interests of parties might make it 
difficult to meet these goals. Consultation between interested parties is required when actions 
may alter the natural environment considerably. Such actions may be timber harvesting and/or 
forest drainage ditching in important pool frog habitats, which degrade breeding and 
overwintering habitats (Sjögren-Gulve & Ray 1996, Lindgren et al. 2014). In the current 
Swedish action plan, it is suggested that consultation, e.g. between the county, forest owners 
and other interested parties, should be implemented to a greater extent according to the 
Swedish Environmental Code (12 kap 6§ Miljöbalken) in the geographical range of pool frogs 
(Lindgren et al. 2014) to meet current conservation goals. 
 
To help consultation processes within the pool frog geographical range and important 
breeding areas better information on pool frog dispersal, migration and hibernation behaviour 
is needed. The County Administrative Board of Uppsala, the Swedish Forest Agency, the 
major forest owner Bergvik Skog and their forest manager BillerudKorsnäs together initiated 
a cooperation project to create a better knowledge foundation to meet pool frog conservation 
goals. Knowledge of dispersal between ponds were insufficient and therefore a theoretical 
movement cost map that estimate landscape resistance to pool frog movements through 
different habitats and theoretical models of dispersal networks between suitable pool frog 
breeding ponds were created by Greensway AB (Hammarström et al. 2016). Consequently, 
the applied objective of the theoretical movement cost and the dispersal network and this 
study is to gain ecological knowledge which can aid consultation processes and to adapt 
forestry management within the geographical range of pool frogs in Sweden. 
 
1.4 Aim and hypotheses 
The aim of this thesis is to investigate how abiotic factors and habitat selection within forested 
and wetland habitats influence movements and habitat choice of the pool frog and its 
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implication for forest management. To investigate this, I focused on the three main questions: 
i) Which traits of forested and wetland habitats affect habitat use? ii) Is movement affected by 
abiotic factors? iii) Is the previous theoretical connectivity analysis by Hammarström et al. 
(2016) reflecting actual dispersal pathways? Additionally, what is the distance between 
breeding ponds and hibernation locations? The latter question will only be discussed briefly 
but may provide important knowledge for pool frog conservation. Information on habitat use 
and important dispersal pathways is essential for adapting forestry practices and wetland 
restorations towards pool frog conservation goals while maintaining sustainable and profitable 
forestry.  
 
1.4.1 Movement and home range  
The hypothesized movement phases and modes of amphibians (Pittman et al. 2014) suggest 
that movement through lesser habitats should be swift and directional. Directionality between 
pool frog breeding ponds has been shown (Sjögren-Gulve 1998a) but if movement distance of 
pool frogs increase through low quality habitats has not been studied. Movement distance 
may therefore be higher in less suitable habitats and mainly during warm and rainy weather. 
Furthermore, if male pool frogs have a tendency to locate non-occupied breeding ponds where 
they unsuccessfully reproduce (Sjögren-Gulve 1994) they may be more active to increase 
fitness. Consequently, males may be more mobile than females and therefore may have larger 
home ranges. Body size have been shown to affect migration and dispersal capacity of 
animals (Hein et al. 2012). Hypothetically, larger individuals should therefore move greater 
distances. Based on these assumptions, I hypothesize 1) that movement distances should be 
dependent on temperature, increase with increased daily precipitation and relative humidity 
levels and at lower barometric pressure, 2) that male movement distances exceed those of 
females and 3) that male home ranges are larger than female. These hypotheses will be tested 
against the null hypotheses that movement distance is not affected by abiotic variables or sex 
and that home range size is not affected by sex.  
 
1.4.2 Habitat selection 
Sjögren-Gulve (1998) stated that pool frogs had a directional bias towards or from adjacent 
ponds and that movements were not random. If movement is not random, movement patterns 
should indicate that they use specific habitats when dispersing/migrating among habitat 
patches or breeding ponds. Amphibian species tend to avoid open and potentially arid areas, 
e.g. clear cuts, which may inhibit migration (Todd et al. 2009) or decrease survival (Semlitsch 
et al. 2009). I therefore expect pool frogs to also avoid open and arid areas. If the assumption 
that pool frogs disperse and migrate within moist and wet habitats holds, the selected habitats 
should therefore mainly be water bodies and open wetland, but moister forested habitats (e.g. 
dominated by Norway spruce (Picea abies) vegetation), might be selected and favoured for 
the terrestrial movements. For example, Norway spruce are more sensitive to drought than 
Scots pine (Lagergren & Lindroth 2002) and grows on wetter soils, which should also be 
more suitable for terrestrial pool frog movements. Basal area per hectare (a proxy for tree 
cover) may either indicate a preference for movement in areas devoid of canopy cover or in 
areas with high canopy cover, i.e. highly shaded areas, depending on habitat use. Furthermore, 
if ditches and streams are important for dispersal, the Euclidean distance to these landscape 
features should be low and use should be higher at shorter distances from ditches and streams. 
In addition, distance to permanent waters should also be expected to be low (Rittenhouse & 
Semlitsch 2007) since pool frogs are highly water dependent. Overall, habitat use should be 
more preferred within wet or moist habitats that reduce dehydration, especially during 
terrestrial movements, and should facilitate movement and the likelihood of functional 
connectivity between localities. Therefore, I hypothesize that habitat use should have 1) a 
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positive correlation with increasing wetness and 2) a negative trend with the theoretical 
movement cost and distance to theoretical dispersal networks, 3) that habitat use should be 
higher with increasing Norway spruce presence and basal area per hectare and, 4) that 
increasing habitat use should be more prevalent closer to ditches and streams. Finally, 
movement during the hibernation period should be toward forest habitats (Sjögren-Gulve 
1998a, Lindgren et al. 2014) and distances between resident ponds and hibernation sites 
should be within 200 m (Sjögren-Gulve & Ray 1996, Sjögren-Gulve 1998a, Holenweg & 
Reyer 2000). However, this will not be tested but only presented. Potential hibernation sites 
are thought to be ground cavities (Sjögren 1988), in soil, under moss or fallen leaves 
(Holenweg & Reyer 2000). A separate thesis will study hibernation site attributes (D. Jonsved 
in prep.)  
 

2 Method 

2.1 Study species 
Pool frogs (Pelophylax lessonae) are small, aquatic and sun-loving water frogs with a snout-
vent length up to 8 cm (Fog et al. 2001, Speybroeck et al. 2016). In Sweden, they vary in 
colours from light green in males to dark green and brown in females. A spotted pattern on 
the ventral side is in general absent but in some individuals (mainly females) a vague pattern 
is present. Present in both sexes is however a dorsal green stripe. The male vocal sac is white 
to pinkish in colour (Fog et al. 2001, Speybroeck et al. 2016). The range of the pool frog 
cover much of Europe, parts of Russia and has a northern limit in Norway and at the Baltic 
coastline of south-central Sweden (Kuzmin et al. 2008). In Sweden pool frogs are classified 
as vulnerable (Westling et al. 2015) but globally as least concern (Kuzmin et al. 2008).  
 
The peripheral Swedish pool frog metapopulation was first discovered in the 1940s (Forselius 
1962) and its origin is hypothesized to constitute of Central European pool frogs that were 
introduced by humans in the 18th century (Walldén 1955). Contrary to this hypothesis, it has 
also been hypothesized to be a relict population from 7000-5500 BC when average 
temperatures were 2-2.5°C higher (Forselius 1962). Genetic studies have shown that the 
peripheral Swedish metapopulation is more related to Latvian and Russian pool frog 
populations than Central European populations (Tegelström & Sjögren-Gulve 2004), 
supporting the relict hypothesis. In addition, the Swedish metapopulation has a genetic 
variation and is divided into three subpopulations: Gårdskär, Hållnäs and Gräsö-Örskär 
(Sjögren 1991b, Tegelström & Sjögren-Gulve 2004). The genetically differentiated and 
hypothesized relict Swedish metapopulation is adapted to a colder climate (Orizaola et al. 
2010). Together with an extinct British population (but now reintroduced; see Buckley & 
Foster 2005), the Scandinavian population form a distinct, genetically depauperate northern 
clade (Zeisset & Beebee 2001, Snell et al. 2005). In 2013, pool frogs were discovered in 
southwestern Finland (Hoogesteger et al. 2013). The population in Finland share the external 
characteristics to that of the northern clade, however its genetic origin is currently unknown. 
 
Pool frogs hibernate on land in loose soils (Holenweg & Reyer 2000) or ground cavities 
which they leave in the beginning of May (Sjögren et al. 1988) Breeding and spawning in 
Sweden occur from the middle/end of May to the middle of June in shallow, oligotrophic, fish 
free and permanent ponds within 4 km from the Baltic coast line (Sjögren-Gulve 1994, Fog et 
al. 2001). Chorus activity start around the middle of May when males aggregate at breeding 
sites but the onset of oviposition commence first when females arrive to the ponds and water 
temperatures reach or exceed 16°C (Sjögren et al. 1988). Pool frogs are highly aquatic 
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anurans (Fog et al. 2001, Speybroeck et al. 2016), and prey mainly on invertebrates and have 
grass snakes (Natrix natrix), grey herons (Ardea cinerea), American mink (Neovision vision) 
and badgers (Meles meles) (Sjögren 1989, Fog et al. 2001) as natural enemies. 
 
2.2 Study area 
Data sampling was performed at 
four breeding ponds on the 
Hållnäs peninsula: Stormaren, 
Gäddalen, Gidebodammen and 
Slåtaren (60.5˚N; 18˚E; Figure 
1) during the summer and 
autumn of 2017. Gäddalen 
(Figure A1) and Gidebodammen 
were visited throughout the 
study period, i.e. June 7th to 
October 6th. Stormaren (Figure 
A2) was visited from June 6th to 
July 28th. Slåtaren (Figure A3) 
was visited from August 31st to 
October 6th. Stormaren was 
substituted by Slåtaren as the 
former area experienced high 
predation from the grass snake 
(Natrix natrix) and had an 
estimated low population size. 
The size of the ponds varied 
between 0.29 ha-0.056 ha.  
 
Gäddalen consists of two small 
and shallow and permanent 
oligotrophic ponds, hereafter 
called the east and west pond. 
The ponds are enclosed by rich 
fen on all sides. On the fen 
grows orchids (e.g. Dactylorhiza 
sp.), smaller shrubs, e.g. bog 
myrtle (Myrica gale) and 
labrador-tea (Rhododendron tomentosum), and a few small Scots pine (Pinus sylvestris) trees. 
All sides of the ponds have common reed  (Phragmites australis) growing to various extent. 
A few meters into the water grows white water lilies (Nymphaea alba), mainly in the east 
pond. In the eastern pond, there is a small island with bog myrtle. In the middle of the eastern 
pond is also a small patch, approximately 5 m2, of common reed. The surrounding area is 
natural forest of primary succession after land upheaval. To the north and south of the pond 
grows mainly Norway spruce forest. To the east and west grows mixed coniferous forest.  
 
Gidebodammen is a larger but still shallow and oligotrophic pond. Common reed grows 
around the entire pond. To the north, east and south of the pond grows mixed coniferous 
forest. To the west is also mixed coniferous forest although more dominated by Norway 
spruce. Approximately 100 m to the north of the pond is a small ephemeral wetland and a 

Figure 1. The locations of the four study sites and pool frog 
breeding ponds (Slåtaren, Stormaren, Gäddalen, 
Gidebodammen) on the Hållnäs peninsula. Prefix before 
study site on the map state the name of the closest village. 
Background map: Movement cost map ©Greensway AB 
(2016). Scale 1:35000 
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larger lake (Lake Dalarna) is located approximately 400 m from Gidebodammen. The Baltic 
sea is located approximately 200 m south of the pond.  
 
Stormaren is a pond located 1.5-2 km from the sea. The pond is enclosed on all sites of 
Sphagnum mire. Less than 100 metres to the east is a smaller pond situated. The vegetation 
between the ponds is mire and a large patch of common reed. In the western part of Stormaren 
is a smaller patch of common reed growing on the more stable mire. White water lilies grow 
across the entire pond and pond edges are homogenous in their vegetative properties. 
Approximately 500 m west of the pond, a recently clear cut forested area is a prominent 
feature of the landscape. Slåtaren constitutes of two ponds of different size situated 
approximately 300 m from the Baltic sea. The dominating vegetation surrounding the ponds is 
old growth Norway spruce forest. The ground vegetation in the surrounding forest is mainly 
moss and low shrubs e.g. bilberry (Vaccinium myrtillus). Scots pine grows in a few patches 
where there are exposed rock and drier conditions overall.  
 
2.3 Movement cost raster and dispersal networks 
In 2016, Greensway AB mapped theoretical dispersal networks between local pool frog 
populations (Hammarström et al. 2016). Hammarström et al. (2016) created a raster map for 
theoretical movement costs using Lantmäteriet’s terrain maps, Hammarström et al.’s (2016) 
classified stream networks and the Swedish Forest Agency’s map over clear cut areas. The 
input variables were classified as either present or absent. The layers were weighed and 
classified into a raster layer on a continuous scale from zero to ten. A digital topographic 
wetness (DTW) map was also created by Hammarström et al. (2016) according to Murphy’s 
et al. (2007) methodology which estimates the distance to subsoil water using a digital 
elevation model, DEM. Hammarström et al. (2016) merged the former raster layer with the 
DTW which created a movement cost raster (scale zero to ten). Thus, the cost raster is an 
estimate of landscape resistance, where zero indicated low physiological cost for movement 
through habitats whereas ten indicated high cost. Consequently, these raster layers were used 
to create a theoretical dispersal network for pool frogs, hereafter connectivity analysis. The 
connectivity analysis by Hammarström et al. (2016) was based on a combination of a 
maximum dispersal distance of 1500 m or 1000 m and a per generation dispersal distance of 
400 m or 300 m to unoccupied pool frog ponds. The linear theoretical dispersal networks 
from the latter combination, i.e. 1000 m and 300 m, were used in this thesis. See 
Hammarström et al. (2016) for further details.  
 
2.4 Field work 
Radio telemetry data of adult pool frogs was recorded during the post-breeding migration 
between June 7th 2017 and October 6th 2017, during the dispersal (summer) and the departure 
period (autumn) (Sjögren-Gulve 1998a). Tracking amphibian movements in the field using 
radio-telemetry is a tested and applied method (Miaud et al. 2000, Sinsch et al. 2012, 
Pasukonis et al. 2014, Groff et al. 2017) with no observed effect on movement behaviour 
(Rowley & Alford 2007). No individuals were followed between July 29th and August 20th. 
Individuals followed during dispersal were captured using hand nets and drift fenced fish trap 
cages (Figure A4 and A5) between June 7th and June 16th. New individuals were sporadically 
captured during that period as six frogs lost the waistband transmitter over time and 
additionally 14 frogs were lost to predation, desiccation or other unknown causes. Individuals 
during emigration were captured between August 21st and August 31st. During the capture 
process, frogs were kept in 3L plastic bags filled with a little bit of water to keep the frogs 
hydrated. Frogs were then transferred to individual containers with meshed lids. Damp nitrile 
gloves were used to handle the frogs to minimize potential disease transmission and damage 
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to the skin. One pair of gloves were used per frog. Weight and snout vent length (SVL) were 
measured for all individuals. Sex was determined and a photo was taken of the dorsal side for 
subsequent identification (Buckley & Foster 2005) to avoid using the same individual during 
the autumn period. Individuals were also swabbed for chythrid fungal disease (Skerratt et al. 
2007, Fisher et al. 2009) for future analysis (Kärvemo et al. in prep.). In total 60 individuals 
were caught. 
 
Forty-three individuals were given PIP3 single cell tag A392 radio transmitters 
(www.biotrack.co.uk) using the method suggested by Groff et al. (2015) which uses 
waistbands of custom-fitted 1mm elastic bead cord (Stretch Magic™, Pepperell Braiding 
Company, Pepperell, MA). The elastic bead cord was tied to form a loop using a square knot. 
The knot was secured with a drop of ethylcyanoacrylate (LocTite superglue). A 0.5-1 cm 
shrink tube (1.2 mm inner diameter) piece was slipped over the knot to further secure it. The 
shrink tube was carefully heated with a lighter to form a tight seal around the knot. The 
finished waistband (Figure A6) was then slipped over the frogs’ legs and onto the waist. The 
total weight of the waistband transmitter was approximately 1.5 grams. The weight of the 
waistband transmitter was not allowed to surpass the threshold of 7% of the body mass 
weight. Individuals were relocated in the field using a manual SIKA Radio Tracking Receiver 
combined with a flexible Yagi antenna (www.biotrack.co.uk). The built-in ID-unique 
frequency allowed for rough estimation of the proximity to the frogs and at closer proximity 
of the frogs, the sensitivity was changed such that they were within 1-2 m2 to minimize 
localization errors. At each relocation GPS coordinates were recorded using a Garmin eTrex 
HCx Legend GPS device. During the summer, frogs were relocated irregularly, approximately 
every 24-98 hours. Autumn pool frog relocations were also sampled irregularly, 
approximately every 48 hours with a maximum of seven days in between successive 
relocations. At each relocation five variables were recorded: date, time, macrohabitat, 
microhabitat and temperature (°C). Temperature was measured using a Testo 922 
thermometer (Testo AG Germany). Macrohabitat was defined based on the dominant canopy 
cover (e.g. Scots pine forest) and the overall properties of the surrounding terrain. If pool 
frogs were located in ponds (open water < 1ha) or lakes (open water > 1ha); pond or lake was 
given as macro habitat. Microhabitat was based on the frogs’ location and the surrounding 
dominant vegetation.  
 
2.4.1 Reduce disease transmission between ponds 
As individuals from several local populations were followed, cautionary steps were taken to 
reduce the risk of disease transmission (especially of chythridiomycosis) between ponds. 
Wading boots, nets and containers were sprayed with an antifungal water solution (Virkon™ 
S) before leaving each pond. Plastic bags and nitrile gloves were thrown away after a single 
use.  
 
2.4.2 Translocation 
Frogs followed during the dispersal period (summer) did not move away from the pond and 
were therefore recaptured and translocated approximately 500 meters from each ponds centre 
coordinate. The release point for the translocation were pre-selected from satellite maps such 
that they had low classification value in the connectivity analysis thus indicating good habitat 
and was able to directly choose between different habitats. During autumn, approximately 
half of the individuals captured were translocated immediately. Individuals that were 
translocated once (includes individuals during summer and autumn) is hereafter referred to as 
first translocation. At one pond, individuals were translocated a second time though this time 
to an area of higher classification, i.e. lesser habitat quality areas where movement cost for the 
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frogs may be higher according to the analyses by Hammarström et al. (2016). This was done 
due to the stationary behaviour of the translocated frogs and to study the response to lesser 
habitats, i.e. if frogs moved toward wetter and potentially more suitable habitats. These 
individuals that were translocated a second time is hereafter called second translocation. 
These individuals were also later transferred back to their pond of origin. The last day of field 
tracking during dispersal (summer) was the 28th of July and for departure (autumn) the 6th of 
October.  
 
2.5 Landscape variables  
To estimate the topographic wetness index (TWI) and stream networks a digital elevation 
model, DEM (GSD-Höjddata grid 2m+; ©Lantmäteriet 2017a), was downloaded and sinks 
(low topographic relief areas) in the DEM were filled (to accurately determine the flow 
direction in subsequent analyses using DEM-data) using the Fill sinks (wang & liu) SAGA 
tool in QGIS (ver. 2.18.2). Slope (radians and degrees) were calculated using triangular single 
direction computation (Tarboton 1997) from the filled DEM. Catchment area was calculated 
using the triangular multiple flow direction (Seibert & McGlynn 2007) using the SAGA tool 
Topographic Wetness Index implemented in QGIS. Topographic wetness index was estimated 
from slope (radians) and catchment area. Stream networks  (i.e. ditches and streams) were 
calculated by estimating the Strahler order (Gleyzer et al. 2004, Hughes et al. 2011). From the 
Strahler order analysis, the 5 highest orders (i.e. six to ten) were used to define streams and 
ditches in the area. The stream network was rasterized and the closest Euclidean distance to 
the streams for each cell were calculated using Proximity (raster distance). Distance to 
theoretical dispersal networks was also estimated using the same method. Distance to 
permanent waters and forest were also calculated similarly via rasterization of the respective 
vector layers from GSD-Fastighetskartan (©Lantmäteriet 2017).  
 
To estimate the available habitat, the base map for creating the habitat map was the GSD-
Fastighetskarta. The GSD-Fastighetskartan contains areas of e.g. marsh land, mires, forest, 
water surfaces, and open areas in vector format. The GSD-forest layer only represents mixed 
coniferous forest and do not indicate species composition of the forest. To compensate for this 
SLU’s k-Nearest Neighbours (kNN) forest map from 2010 
(ftp://salix.slu.se/download/skogskarta/2010/Data/Raster/Sweref99TM/, downloaded 2017-
10-17) was used. The kNN-forest map contains information about volume standing wood of 
Norway spruce, Scots pine, Silver birch (Betula pendula), other deciduous trees and tree age. 
It is produced by remote sensing and field surveys. Values are represented on a 25x25 meter 
raster grid. The kNN-forest map was clipped within the extent of the GSD-forest layer. For 
areas with no tree cover in the GSD (e.g. water surfaces), values in the kNN-forest map data 
was given zero values. Data on tree basal area (m2/ha) and tree age was downloaded from the 
Swedish Forest Agency (© Swedish Forest Agency, 
http://skogsdataportalen.skogsstyrelsen.se/Skogsdataportalen/, downloaded 2017-10-10). 
Information about tree basal area per hectare indicate a forest stands “closedness”, i.e high 
values might indicate dense forests. Values were supplied on a 12.5 x 12.5 raster grid.  
 
All raster layers were resampled to 10x10 grid using bilinear interpolation and nearest 
neighbour. Raster layers that had to be up-sampled, i.e. from a higher to lower resolution (e.g. 
from 2x2 m to 10x10 m grids), were the TWI, raster distance maps and Hammarström et al. 
(2016) movement cost raster map. The up-sampling method used was bilinear interpolation 
which calculates a new output cell value from the weighted average of four neighbouring 
input cells and their relative weighted distance to the center of the output cell. Resampling 
using bilinear interpolation is preferred for surfaces with continuous data, e.g. the TWI. Raster 
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layers that had to be down-sampled (e.g. from 25x25 m to 10x10 m grids) using nearest 
neighbour were the kNN-forest map, tree height and basal area per hectare. Rasters were 
stacked into a single TIF-file in QGIS and imported into R.  
 
2.5.1 Abiotic variables 
Abiotic variables were recorded on the station Örskär A (N60.5262˚; E18.3766˚) and 
downloaded from the Swedish Meteorological and Hydrological Institute (SMHI) Open Data 
Meteorological Observations database (http://opendata-download-metobs.smhi.se/explore/). 
The collected variables were relative humidity (hourly measurements), barometric pressure 
(hourly measurements), precipitation (daily average) and temperature (hourly measurements). 
If temperature measurements were not recorded in the field and thus missing, temperature 
data from SMHI were used as a substitute.  
 
2.5.2 Movement and home range estimation 
Coordinates of the relocation points were imported from the GPS into a Microsoft Excel using 
DNR Garmin and imported into QGIS 2.18.2 where the coordinates were transformed from 
WGS84 to SWEREF99 TM to fit the used covariates’ coordinate reference system. Varying 
signal strength of the GPS resulted in displacement of a few coordinates. Displacement also 
occurred when the exact location could not be visited. Hence, displaced coordinates were 
manually adjusted in QGIS according to notes on macrohabitat. Movement distances between 
each relocation point per individual (sorted by date and time) was estimated using the main 
function as.ltraj implemented in the R package adehabitatLT (Calenge 2015a). Cumulative 
movement distances were calculated and mainly portray movements within capture ponds, 
other permanent waters after translocation but also initial terrestrial movements after 
translocation and to potential hibernation sites. Because individuals were translocated, 
different data sets were used: non-translocated, first translocation and second translocation. 
Since the distribution of movement distances were skewed towards zero, movement distances 
were log-transformed into normally distributed data. 
 
The individual home ranges were based on the utilization distributions (UDs) which were 
calculated using a ‘movement-based kernel estimation’ (MBKE) (Benhamou 2011). The 
estimation of the UD using a MBKE takes place in the framework of a biased random walk 
(Benhamou 2011, Calenge 2015b). The benefit of this approach is that it takes into account a 
drift component in between successive relocations (Calenge 2015b) and does not assume a 
purely diffusive movement (in contrast to a Brownian bridge which assumes only diffusion). 
In between relocations, the model interpolates steps in the trajectory of the known locations 
based on an approximated diffusion coefficient D. The method is applicable under the 
hypothesis that animals move according to a biased random walk, and that the drift 
component can change in strength and direction but is constant during each step (Calenge 
2015b). The MBKE approach is therefore more realistic for estimation of home ranges in 
animal movement studies. It is implemented in the R-package adehabitatHR (Calenge 2015b)  
 
Using the function BRB.likD, I estimated the diffusion coefficient D (for each individual) by 
setting the upper time threshold Tmax allowed for a step to 8 days. Steps longer than this 
threshold is not used in the estimation of the UD. The minimum step length, Lmin, for which I 
considered the animals were not moving was set to 5 m. The values of D are given as m2 s-1. 
The estimated diffusion coefficient D was implemented in the function BRB which estimates 
the individual home ranges. The same Tmax and Lmin (8 d and 5 m, respectively) was used. 
The smoothing parameter hmin was set to 10 m. Hmin should at least equal the standard 
deviation of the localization errors and be large enough that it covers potential locations in the 
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same habitat as the recorded location (Benhamou & Cornélis 2010). Steps less than Lmin 
were assumed to correspond to resting periods and filtered out in the UD estimation. The 50% 
and 95% isopleths were extracted to represent the core area and the extended home range 
respectively. In addition, 99% isopleths were extracted for habitat selection analysis. Home 
range estimation was only executed for relocations that did not correspond to the translocated 
individuals. The same procedure was performed for translocated individuals to estimate the 
available area for habitat selection analyses. 
 
2.6 Statistical analyses 
43 individuals were fitted with radio transmitters waistbands. Individuals with fewer than 5 
relocations, points that were known to correspond with predation or lost transmitters were 
excluded in the analyses. Consequently, 31 individuals were used in the statistical analyses. 
The average number of relocation points per individual were 20.4 ± 7.0 (min = 7, max = 30). 
The average number of days individuals had waistband transmitters were 33.6 ± 11.6 (min =9, 
max=49) days. Body size differences (weight and SVL) between male and females were 
tested using Student’s t-test. Weight was log-transformed to fit a normal distribution. SVL 
were deemed to fit the normal distribution and hence was not transformed. Euclidean 
distances between breeding ponds and hibernation sites were measured in QGIS. The total 
number of relocations used for statistical analysis for non-translocated, first translocated and 
second translocated individuals were 392, 180 and 21, respectively. To fit normal 
distributions of the residuals the response variable (movement distance) was log transformed 
(log(x+1)). Prediction figures were designed by using the effects package implemented in R 
(Fox 2003). Statistical analyses were performed in R version 3.4.1. 
 
2.6.1 Movement and home range  
To test if sampled abiotic variables had any effect on movement distance, linear mixed effects 
models (LMM) with the log-transformed distance as the response was modelled against 
temperature, barometric pressure, daily average precipitation and relative air humidity and 
individual (hereafter identity) as the random factor. Data sets for non-translocated and 
translocated individuals were merged to test if movement distance differed between males or 
females and larger individuals. Linear mixed models were used with movement distance as 
the response modelled against gender and body weight as the explanatory variables and 
identity as the random factor. Mann-Whitney U-test, was used to test for differences of the 
mean between male and female home range areas (50% and 95% isopleths).  
 
2.6.2 Habitat selection  
Habitat/resource selection/use analyses was performed with the basis of a design III study 
where the available habitat is estimated for each individual based on its 99% isopleth and the 
use is extracted for each relocation point (Thomas & Taylor 2006). I extracted the available 
values of the variables from the stacked raster map in R. The available values correspond to 
the pixels falling inside the 99% isopleths. Hereafter, use is measured as the number of 
relocations falling inside a pixel and converted into a binary response variable, 0 or 1, where 1 
indicate used pixels and 0 available pixels (e.g. Singh et al. 2016) such that pixels with one 
relocation is given the same weight as pixels with several relocations falling within it. The 
response variable (use) was incorporated into binomial generalized linear mixed models 
(GLMMs), with Gauss-Hermite quadrature approximation for the fixed effect parameter 
estimation, modelled against the explanatory variables (Table 1) and identity as a random 
factor (Pan & Thompson 2003, Bolker et al. 2009). The GLMMs allowed for the analysis of 
non-normal data of count or proportional responses (Bolker et al. 2009), which were the case 
in this study regarding use. Due to non-convergence when all variables were implemented in a 
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single model, two models for non-translocated and translocated individuals were performed. 
The fixed input variables for each model are listed in table 1. GLMMs for second translocated 
individuals were reduced via excluding the fixed variables distance to forest for model one 
and wood volume deciduous for model two. 
 

Table 1. The fixed variables that were used in the GLMM models. For model 1, cost is the cost 
raster, TWI is the topographic wetness index, distFP_1000 is the distance to the theoretical dispersal 
networks with a maximum dispersal distance of 1000 m, distWater, distChannels and distForest are 
distance to the respective landscape structures, i.e. permanent water, ditches and streams and forest 
habitat. For model 2, spruce, pine, birch and deciduous are standing wood volume (m3/ha). Basal 
area (m2/ha) is the average tree diameter at breast height per hectare and age is the tree age. 

Model 1 Model 2 
Cost Spruce 
TWI Pine 

distFP_1000 Birch 
distWater Deciduous 

distChannels Basal area (m2/ha) 
distForest Age 

 

3 Results 

Female pool frogs were larger than males. Weight (Welch two sample T-test: p < 0.001) and 
SVL (Welch two sample T-test: p=0.027) differed significantly between female and male 
pool frogs (Figure 2). Maximum cumulative movement distance for non-translocated frogs 
during the summer was 648.6 m (Figure A7) for individual V07. V07 displayed terrestrial 
movement and migrated 188 m between the capture pond and a Baltic sea meadow between 
June 19th and 20th and migrated back to the capture pond between July 5th and 6th (Figure 
A15). However, most frogs during the summer displayed stationary behaviour and stayed 
within the ponds. During the autumn, the maximum cumulative movement distance for non-
translocated frogs was 330.6 m (Figure A8). For translocated frogs, maximum cumulative 
movement distances were 510.3 m during the summer and 280.8 m during the autumn. Plots 
of cumulative movement distances for translocated frogs during summer and autumn are 
presented in figure A9 and A10. Approximated Euclidean movement distances, for eight 
individuals, from the closest pond edge to potential hibernation sites were in the range 24 – 
220 m and are presented in Table 2. Distance from pond centre is also presented in Table 2. 
Maps over potential hibernation sites are presented in the appendix (Figure A20-A22). 
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Table 2. Approximated Euclidean movement distances (m) from pond centre and pond edge to where 
individuals (ID) were found to potentially hibernate at the different localities.  

Locality ID Distance from pond centre Distance from pond edge 
Gidebodammen V18 85 48 
Gidebodammen V19 280 220 
Gidebodammen V20 119 88 

Gäddalen G22 66 32 
Gäddalen G25 80 57 
Slåtaren S01 38 24 

Slåtaren a  S02 80 56 
Slåtaren S05 74 66 

a) The transmitter (but not the frog) was found buried in soil at a potential hibernation site. 
 

Figure 2. a) Female pool frogs weighed significantly more than males (p<0.001).  b) Female snout 
vent lengths were also longer than males (p=0.020). 
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3.1 Movement and home ranges 
For non-translocated individuals, linear mixed models showed that movement distances 
increased with increasing temperature (Linear mixed model: Figure 3; t-value= 2.4, p=0.016). 
A negative trend for decreased movement distance was indicated by higher barometric 
pressure (Linear mixed model: Figure 3; t-value= -1.55, p=0.12). All other variables (relative 
humidity and daily average precipitation) did not show any effect on movement distance.  

 
In linear mixed models for first translocated individuals, the explanatory variables humidity (t 
= -4.99, p < 0.001) and precipitation (t = 3.81, p < 0.001) had a negative and positive effect on 
movement distance, respectively (Figure 4). The abiotic variables for the “second 

Figure 4. Selected effect plots of the linear mixed model with temperature, precipitation, air 
humidity and barometric pressure against the response movement distance for first 
translocation individuals. Only relative humidity (p<0.001) and precipitation (p<0.001) 
influenced the distance moved significantly. 
 

Figure 3. Selected effect plots of the linear mixed model with temperature, 
precipitation, air humidity and barometric pressure against the response movement 
distance for non-translocated individuals. Only temperature was significant (p=0.016) 
but increasing barometric pressure indicated a tendency of decreased movement 
distances. 
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translocated” individuals all showed significant effects on movement distance, but due to high 
correlation of the fixed effects and the small sample size, these results are not presented.  
 
Linear mixed models for merged movement distance data (i.e. non-translocated, first and 
second translocation) showed no significant difference for either sex (p = 0.561) or weight (P 
= 0.44) dependent movement distance. Sex-dependent differences in home range size were 
not significant neither for core area (Mann-Whitney U-test: p=0.486) nor the extended home 
range (Mann-Whitney U-test: p=0.456).  
 
3.2 Habitat selection 
 
3.2.1 Summer and autumn habitat selection 
GLMMs on habitat use for non-translocated individuals showed that model 1 fixed variables 
(Table 1) were significant for increased TWI (Table 3, Figure 5: z = 2.854, p = 0.004) and 
distance to forest (Table 3, Figure 5: z = 5.337, p < 0.001) with regards to use whereas a 
negative trend was observed for distance to dispersal networks (Table 3, z = -1.516, p = 
0.130) and stream networks (Table 3, z = -1.643, p=0.100). This indicate that pool frogs 
during summer selected for wetter habitats and avoided forested areas. GLMMs on habitat use 
with model two fixed variables (Table 1), showed significant decreased habitat use with 
increasing wood volume pine (Table 4, Figure 6: z = -2.128, p=0.033) and basal area (Table 
4, Figure 6: z = -2.780, p = 0.005). All effect plots of the GLMMs for non-translocated 
individuals are supplied in the appendix (Fig. A12 and A13) 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Table 3. GLMM model for non-translocated pool frogs with use/available 
as a binary response modelled against Cost, TWI, distance to theoretical 
dispersal pathway (1000 m scale), distance to permanent water, distance 
to overland flow channels and distance to forest. Identity of the frogs 
were used as the random factor.  
Variables Estimates Std.error z-value Pr(>|z|) 
Intercept -2.868 0.142 -20.187 < 0.001 
Cost -0.006 0.129 -0.046 0.963 
TWI  0.259 0.090  2.854 0.004 
distFP_1000 -0.185 0.122 -1.516 0.130 
distWater -0.0947 0.151 -0.627 0.530 
distChannels -0.180 0.110 -1.643 0.100 
distForest  0.483 0.091  5.337 < 0.001 

Table 4. GLMM model for non-translocated pool frogs with use/available as a 
binary response modelled against wood volume (m3/ha) spruce, pine, birch, 
deciduous, basal area(m2/ha) and tree age. Identity of the frogs were used as the 
random factor  
Variables Estimates Std.error z-value Pr(>|z|) 
Intercept -2.723 0.142 -19.125 < 0.001 
Spruce -0.209 0.200 -1.044 0.297 
Pine -0.602 0.283 -2.128 0.033 
Birch -0.023 0.201 -0.116 0.908 
Deciduous -0.010 0.190 -0.052 0.958 
Basal area (m2/ha) -0.465 0.167 -2.780 0.005 
Age  0.445 0.325  1.368 0.171 
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3.2.2 Habitat selection after translocation  
GLMMs on habitat use for first translocated individuals showed that only cost were 
significant for habitat use (Table 5, Figure 7: z = -3.459, p < 0.001) of the model one fixed 
variables (Table 1). TWI (Table 5, Figure 7: z = 1.860, p = 0.063) had a positive trend. 
GLMMs with model two fixed variables showed a significant negative effect on habitat use 
with increasing basal area per hectare (Table 6, Figure 8; z = -3.640, p < 0.001). A positive 

Figure 5. Effect plots of generalized linear mixed models for non-translocated individuals. The 
binomial response use is modelled against the fixed variables cost, topographic wetness index, 
distance to dispersal paths, permanent waters, channels (i.e. ditches and creeks) and forests. 
Increasing topographic wetness index (p=0.004) and distance to forest (p<0.001) had a 
significant positive effect on use within 99% home ranges. 

Figure 6. Effect plots of generalized linear mixed models for non-translocated individuals. 
The binomial response use is modelled against the fixed variables wood volume (m3/ha) 
spruce, pine, birch and deciduous and the basal area (m2/ha) and tree age. Increasing 
wood volume Scots pine (p=0.033) and increasing basal area (p=0.005) had a significant 
negative effect on habitat use within 99% home ranges. 
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trend for increased habitat use with increased wood volume (m3/ha) Norway spruce (Table 6, 
Figure 8; z = 1.679, p = 0.093) is indicated. Increasing wood volume Scots pine indicated 
decreased pool frog habitat use (Table 6, Figure 8: z = -1.692, p = 0.091). See appendix for all 
effect plots of the generalized linear mixed models on habitat use for first translocation 
individuals (Figure A14 and A15). Results from GLMMs of second translocation individuals 
showed no significant effect for any of the explanatory variables on increased habitat use 
(Table 7 and 8). Individual cumulative movement distances for the second translocation 
individuals are presented in figure A11. 
 
 
 

Table 5. GLMM model for first translocated pool frogs with use/available as a 
binary response modelled against theoretical movement cost, topographic wetness 
index (TWI), distance to dispersal paths (1000 m scale), distance to water, distance 
to streams (distChannels) and distance to forest. Identity of the frogs were used as 
the random factor.  
Variables Estimates Std.error z-value Pr(>|z|) 
Intercept -3.359 0.206 -16.337 < 0.001 
Cost -0.966 0.279 -3.459 < 0.001 
TWI  0.240 0.129  1.860 0.063   
distFP_1000  0.027 0.147  0.181 0.856 
distWater  0.174 0.213  0.818 0.413 
distChannels -0.201 0.156 -1.290 0.197 
distForest 0.0592 0.144 0.411 0.681 

 
Table 6. GLMM model for translocated pool frogs with use/available as a binary 
response modelled against wood volume (m3/ha) spruce, pine, birch, deciduous, 
basal area (m2/ha) and tree age. Identity of the frogs were used as the random factor  
Variables Estimates Std.error z-value Pr(>|z|) 
Intercept -3.270 0.178 -18.399 < 0.001 
Spruce  0.678 0.404  1.679 0.093 
Pine -0.752 0.445 -1.692 0.091 
Birch  0.0578 0.214  0.270 0.787 
Deciduous -0.0285 0.244 -0.117 0.907 
Basal area (m2/ha) -1.144 0.314 -3.640 < 0.001 
Age  0.386 0.636  0.607 0.544 
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Figure 7. Effect plots of generalized linear mixed models on habitat use for first translocation 
individuals. The binomial response use is modelled against theoretical movement cost, 
topographic wetness index, distance to theoretical dispersal paths, permanent waters, streams and 
forests. Increasing movement cost significantly decrease pool frog habitat use (p<0.001). 
Increasing topographic wetness index had an almost significant positive effect on habitat use 
(p=0.063). 

Figure 8. Effect plots of generalized linear mixed models on habitat use for first translocation individuals. 
The binomial response use is modelled against wood volumes Norway spruce, Scots pine, Silver birch, 
deciduous and against tree age. Increasing basal area significantly decrease pool frog habitat use 
(p<0.001). Increasing wood volume Norway spruce had positive trend for increased habitat use (p=0.09). 
Increasing wood volume Scots pine had a negative trend for habitat use (p=0.09) 
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4 Discussion 

In this thesis I have studied post-breeding movements and habitat selection of adult pool 
frogs. Adult pool frogs selected for wetter areas and forest composition seemed to affect 
habitat selection, both during summer movements and hibernation movements although 
terrestrial movements, mainly during the summer, were limited. Movement activity was 
increased when temperatures were high and during precipitation. The observed pool frog 
movements in this thesis and the implementation of the theoretical movement cost and 
connectivity analysis by Greensway AB (Hammarström et al. 2016) in my results may have 
highlighted areas that are important for dispersal, migration and hibernation. Overall, my 
results could be implemented to adapt forestry management within pool frog habitats. 
 
4.1 Amphibian movements 
Previous studies on amphibian movements, including pool frogs, have shown that movement 
activity is increased on warm and rainy nights (Dole 1971, Todd & Winne 2006). The results 
in this thesis suggest that pool frog movement behaviour and activity is dependent on similar 
conditions, which is consistent with previous observations of pool frogs (Sjögren-Gulve 
1998b). In this study, temperature and daily average precipitation had a positive effect on 
movement distance. Although, due to the sampling methods used, i.e. individual censuses at 
each relocation for temperature, my results should be interpreted as inconclusive. To show a 
more prominent effect of temperature, continuous data of water and land temperatures 
throughout the season should have been recorded. In addition, averaging temperature 
measurements between relocations (from continuous measurements) would have been a more 
accurate method to indicate periods of increased movement activity. Even though continuous 
measurements of abiotic variables, e.g. temperature and precipitation, can be extracted from 
SMHI’s open database of meteorological observations, data from the station on Örskär may 

Table 7. Results of GLMMs for second translocated pool frogs with use/available as a 
binary response modelled against theoretical movement cost, topographic wetness index 
(TWI), distance to dispersal pathways (distFP_1000), distance to water (distWater) and 
distance to streams (distChannels). Identity of the frogs were used as the random factor. 
Variables Estimates Std.error z-value Pr(>|z|) 
Intercept -2.376 0.290 -8.184 <0.001 
Cost -0.441 0.544 -0.810 0.418 
TWI  0.387 0.272  1.424 0.154 
distFP_1000  0.289 0.503  0.575 0.565 
distWater  0.118 0.630  0.187 0.852 
distChannels  0.506 0.384  1.318 0.188 

Table 8. Results of GLMMs for translocated pool frogs with use/available as a binary 
response modelled against wood volume (m3/ha) spruce, pine, birch, basal area(m2/ha) 
and tree age. Identity of the frogs were used as the random factor  
Variables Estimates Std.error z-value Pr(>|z|) 
Intercept -2.371 0.290 -8.190 <0.001 
Spruce -0.402 0.385 -1.043 0.297 
Pine -0.720 0.724 -0.995 0.320 
Birch -0.376 0.453 -0.829 0.407 
Basal area (m2/ha)  0.382 0.372  1.026 0.305 
Age  0.198 0.713  0.278 0.781 
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differ from local conditions at the study sites. In addition, the negative relationship of 
increased humidity levels and movement distance is probably a combined effect of sampling 
and differences in local conditions between the study sites and Örskär. However, my results 
indicate that increased movement activity is dependent to some degree on abiotic conditions, 
most likely temperature or precipitation.  
 
Furthermore, movements to potential hibernation sites seemed to occur simultaneously for 
several individuals (e.g. for V15 and V20), which can be seen in the cumulative movement 
distance plots. My results suggest that movement is triggered when favourable climatic 
conditions are met, which is consistent with Todd & Winne’s (2006) and Sjögren-Gulve’s 
(1998b) results. Pool frogs also seemed to move fast and directional when they had to move 
across terrestrial habitats, whether it was to potential hibernation sites or moving between 
permanent waters. This would be consistent with the proposed movement modes and phases 
(Pittman et al. 2014) and also to some degree with previous results on spatial movement 
patterns of pool frogs in Sweden (Sjögren-Gulve 1998a). Sjögren-Gulve (1998a) indicated 
that spatial movement patterns were highly directional towards neighbouring localities and 
adjacent marshland. These directional movements most likely occur after sunset on days with 
favourable conditions. Even though efforts to locate frogs after sunset were made, no change 
in movement behaviour could be observed. However, the number of times frogs were located 
after sunset were limited and may not provide an accurate representation of movements 
during the night due to the small sample size. Although no increased movement could be 
observed during the nightly surveys, it is most likely that pool frogs avoid movement across 
terrestrial habitats during daylight, which make them more vulnerable to diurnal predators and 
water loss. In conclusion, terrestrial movements are probably dependent on favourable 
conditions which imply after sunset on days with rainfall and high average daily temperatures. 
 
4.1.1 Observed movement of individuals  
Firstly, of the 20 translocated individuals, most pool frogs quickly moved from the release site 
to nearby permanent waters. Hence, terrestrial movements were rarely observed during 
daylight. However, of the 20 pool frogs, mainly three individuals (G02, G04, G13) during 
summer were located and confirmed to have moved within interior forest habitats after release 
(Figure A15). The most interesting observations were made for G02 and G13. The first 
relocation of G02 after translocation was made in an ephemeral wetland (which likely was 
used by several translocated pool frogs in their movements to a nearby pond). The following 
locations of G02 were observed and recorded in old-growth Norway spruce forest and in a 
different ephemeral wetland between the release site and the capture pond. Both these 
observations support the results from the habitat use GLMMs of first translocation 
individuals. After G02 had been located in the ephemeral wetland, it stayed there for four 
days before it was relocated back at the pond. Movement distances from the release site to the 
latter ephemeral wetland and from this patch to the capture pond were approximately 300 m 
and 150 m respectively. The other individual, G13, initially moved away from the release site 
approximately 120 m and settled under coarse woody debris for a week before it moved back 
in the direction of the pond where most translocated pool frogs in Gäddalen were relocated. 
Its initial movement indicates the importance of retaining coarse woody debris within the 
forested environment to provide refugia and suitable microclimates in terrestrial 
environments. Removing coarse woody debris increase the mortality associated with 
terrestrial movements for amphibians (Rittenhouse et al. 2008, Earl & Semlitsch 2015). 
Furthermore, G04’s initial movements were similar to G02’s but the former was eventually 
found dead within Norway spruce forest, even though it had seemed to find a suitable 
microhabitat (at a root base of a tree). Habitats that can be assumed to facilitate movement, 
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e.g. Norway spruce, therefore do not completely mitigate the risk associated with terrestrial 
movements. Hence, it further proves the importance of refugia and a suitable microclimate of 
the forest floor during unfavourable abiotic conditions and also, the importance of retaining 
heterogeneous environments within terrestrial habitats.  
 
Secondly, individual G03 did also relocate its pond. However, G03 first located the pond 
close to the release site in Gäddalen but its movement between the ponds clearly indicate that 
it moved over terrestrial habitat. Between its confirmed locations on July 21st and 24th, G03 
moved the Euclidean distance of 352 m back to its capture pond. The lack of relocations for 
July 22nd and 23rd make it difficult to conclude whether G03’s movements were fast and 
directional and more importantly – how G03 navigated through the terrestrial habitat. The 
likelihood that G03 used a similar pathway as G02 is high, although I can only assume that 
similar or the same terrestrial habitats were used. Furthermore, one individual from 
Gidebodammen, V09, managed to successfully navigate back to its breeding pond (Fig. A16). 
However, similar to G03, terrestrial movements (excluding a few observations in the small 
ephemeral wetland north of the capture pond) were not observed during two days, i.e. on July 
15th and 16th. Hence, I can only assume that movements were directional over terrestrial 
habitats. However, settlement in suitable habitats, both for G02 and V09, were reflected by 
low movement rate and distances, similar to the suggested movement phases (Pittman et al. 
2014). The fact that individuals were rarely observed in the terrestrial habitats, e.g. forested 
upland, during the summer suggests and indicates that movement rates and habitat responses 
were high respectively low through the lesser habitats.  
 
Thirdly, terrestrial movements of non-translocated pool frogs within forest habitats were first 
observed towards the onset of hibernation in late August, early September. However, one 
female, V07, from Gidebodammen deviated from this behaviour during the summer and 
moved away from the pond between June 19th and 20th. The female individual was relocated 
mid-day on June 20th on a Baltic sea shore meadow 188 m south of its last relocation. What 
path, habitat or landscape structure she used through the terrestrial habitats are unknown but 
the time between relocations suggest that her movement was directional and fast, as is 
expected for terrestrial movements (Pittman et al. 2014). In addition, V07 probably moved 
during the night between June 19th and 20th. The female stayed at the Baltic sea shoreline for 
15 days. Hence, V07 was last relocated at the shoreline on July 5th. On July 6th it was again 
relocated back at the pond, whereof she probably again moved across land during the night in-
between these relocations. Speculations of V07’s movement path and timing of movement 
can therefore only be made. Additionally, V07’s movement behaviour also differed from 
other pool frogs after translocation. It was translocated on July 16th and remained close to the 
release site in the permanent waters of Lake Dalarna, similar to other translocated pool frogs 
from Gidebodammen until July 21st. However, V07 was located in a pond 460 m west from 
its last location on July 27th. Therefore, movement and habitat choice between July 22nd and 
26th are not recorded. Overall, V07 was the individual that exhibited the most active 
movement behaviour and may suggest that females may be more active in their movements 
even though I could not find any differences in movement distance between males and 
females. 
 
Lastly, the number of observations in Stormaren after translocation were less than five per 
individual and were therefore not included in the habitat use analyses of translocated frogs. 
Four individuals (R02, R07, R08 and R09) out of seven were translocated but only R02 and 
R07 had confirmed movements. A few hours after translocation, R02 was located in a clear 
cut (although not observed) whereas R07 was located under coarse woody debris in an area 
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that was mainly dominated by Carex-vegetation (i.e. a wet and low topographic relief area). 
R02 was later found dead at the same location within the clear cut whereof it either was dead 
at the first relocation or it died in-between the first and second relocation. The cause of death 
of R02 was most likely desiccation. Its movement into the less favourable clear cut habitat 
after translocation may indicate that clear cuts may not completely inhibit movement but 
rather impede movement and overall, decrease survival. In contrast, predation of R07 was 
concluded on the third relocation. The third relocation was also made in the clear cut but due 
to how the signal quickly changed strength suggest grass snake predation. Predation of grass 
snake in Stormaren contributed largely to why there are very few observations of individuals 
at this study site. In addition to R07, the other translocated pool frogs: R02, R08 and R09, 
were all predated by grass snake. The latter, R09, was even located while it was being eaten 
by a grass snake. In addition, of the first four individuals fitted with transmitters, two of them 
(R04 and R05) suffered predation by grass snakes already after the first relocation. Overall, 
the consensus was that pool frogs in Stormaren experienced high predation rates. Therefore, 
this locale is probably in the process of local extinction, in part due to predation but also due 
to its geographical location and subsequent isolation from other reproductive ponds. This 
seemingly small population will become smaller and hence are in the extinction vortex, unless 
emigrations from source populations rescue the Stormaren population.  
 
4.2 Habitat selection 
Post-breeding habitat selection of non-translocated pool frogs were most prevalent within 
wetland habitats with a significant positive effect of increased topographic wetness index and 
increased distance to forest on habitat use. The latter result indicate that pool frogs seemingly 
avoided forest habitats and stayed within the aquatic environment of the ponds throughout 
large parts of the season. In addition, the importance of topographic wetness index indicate 
that habitat use is preferred within low topographic relief areas, both for movements during 
the summer and more importantly, for terrestrial hibernation movements and hibernation sites. 
This would be consistent with Pitt et al. (2017) whose results showed that wood frogs 
(Lithobates sylvaticus), southern leopard frogs (L. sphenocephalus) and green frogs (L. 
clamitans) all selected ephemeral wetlands, marsh, stream habitats and swamps to various 
extent for terrestrial movements. In addition, the significant effect of the theoretical 
movement cost on habitat use for translocated pool frogs but not for non-translocated frogs 
may at first suggest that low cost areas, i.e. wetland or moister habitats, may be more 
important for dispersal than for migration between breeding ponds and hibernation sites. 
Although, no effect of movement cost for habitat use during summer and autumn for non-
translocated frogs were shown, the theoretical cost analysis by Hammarström et al. (2016) 
should be a useful tool for predicting potential pool frog dispersal and hibernation habitats. 
The significant effect of the movement cost for translocated frogs suggest that habitats with a 
score of 1-4, are potentially important habitats for dispersal and possibly migration, which 
include terrestrial habitats where pool frogs potentially forage and hibernate. Hence, scores 
between 5-10 are unlikely used for dispersal, migration or hibernation sites.  
 
In addition, distance to dispersal networks and stream networks both indicated a tendency to 
affect habitat use for non-translocated frogs. Stream networks and surrounding habitats may 
therefore have been more frequently used as important dispersal and migration paths both 
during the summer and autumn even though it was not found significant. Selection of wet or 
moist habitats minimize the dehydration risk associated with terrestrial movement for 
amphibian species, especially in open canopy habitats (Mazerolle & Desrochers 2005). Dry 
open-canopy habitats are generally avoided by amphibians (Rothermel & Semlitsch 2002, 
Ray et al. 2002, Johansson et al. 2005, Todd et al. 2009, Rittenhouse et al. 2009, Semlitsch et 
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al. 2009, Popescu & Hunter 2011, Harper et al. 2015), as should also be the case for pool 
frogs. Furthermore, the dispersal networks models suggest that terrestrial hibernation 
movement may be more prominent close to theoretical pathways. However, dispersal 
movements and subsequent habitat use may be better explained by the distance to dispersal 
networks rather than for approximating hibernation habitat use. Consequently, stream 
networks may be a better approximate for terrestrial hibernation and habitat use. Close 
proximity to stream networks may contain and provide microhabitats and microclimates that 
are fundamental for hibernation. In addition, close proximity to stream networks may allow 
pool frogs to quickly orient themselves to breeding ponds early in spring.  
 
Finally, hibernation sites were located up to 220 m from the closest pond edge and were 
exclusively within forest habitats. The majority of the hibernation sites were however located 
within 100 m from ponds. The terrestrial preference for hibernation sites is consistent with 
previous studies (Forselius 1962, Holenweg & Reyer 2000) and provide some evidence of the 
importance of maintaining a heterogeneous terrestrial environment around breeding ponds. 
Nonetheless, further studies on pool frog hibernation behaviour and habitat selection (D. 
Jonsved in prep.) are needed and may highlight other landscape structures that may be of 
importance for hibernation. 
 
4.2.1 Habitat use is affected by forest composition  
The positive trend for increased Norway spruce volume on habitat use (but not for Scots pine) 
suggest that terrestrial habitat use may be dependent on habitats that are spruce dominated. 
Consequently, pool frog habitat selection of Scots pine habitats are likely avoided (if 
possible). Ergo, the inflicted landscape resistance within Norway spruce habitats should be 
lower than within Scots pine habitats. Hence, pool frog movements should be more prominent 
in the overall wetter environment of Norway Spruce forests. Compared with Scots pine, 
Norway spruce generally grow on wetter and more nutrient rich soils (Arnborg 1990, 
Lagergren & Lindroth 2002). Within the scores of 1-4 on the cost map, habitats may have an 
increased Norway spruce presence since the cost map is weighted more for the input variables 
of the DTW map (Hammarström et al. 2016). Furthermore, the forest floor within Norway 
spruce forests are also to large parts heavily shaded and should maintain a high relative 
humidity and an overall moist environment that is suitable for pool frog terrestrial 
movements. Although, very dense forests are probably avoided, indicated by the observed 
negative trend of basal area on habitat use, both for non-translocated and translocated frogs. 
Too dense forests shade the forest floor to the extent that growth of ground vegetation could 
become limited and thus suitable microhabitats may be absent. Additionally, the positive 
trend for habitat use within high wood volumes of Norway spruce also indicate a preference 
for pool frog movements through mature forests, similar to what has been shown for other 
amphibian species (Todd et al. 2009). The available microhabitats and microclimates within 
mature and not too dense spruce forests should therefore be more suitable for terrestrial pool 
frog movements and amphibians alike. For example, wood frogs have been shown to use 
moist, humid and shaded forest floors during terrestrial movements (Baldwin et al. 2006). 
Mature Norway spruce forests that has developed from succession or forests that have been 
managed and adapted towards conservation goals in terrestrial core habitats of pool frogs, 
may therefore provide essential microhabitats and microclimates for movement and 
hibernation. 
 
4.2.2 The impact of forestry and management  
Overall, my results indicate that pool frog habitat use during dispersal, migration and 
hibernation may be more prevalent for scores of 1 - 4 in the theoretical movement cost map, 
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closer to stream networks and theoretical dispersal networks and in habitats with high Norway 
spruce presence. The cost map can therefore be implemented as planning tool for timber 
harvesting. Extrapolating the results across the geographical range of pool frogs in northern 
Uppland may therefore be a first step towards identifying important dispersal habitats. 
However, I cannot exclude the possibility that adult pool frogs may move over unsuitable 
habitats, e.g. clear cuts, during dispersal and migration as individuals were observed to move 
fast and highly directional over terrestrial habitats. Pool frogs may therefore temporarily use 
habitats with scores of five to ten. Consequently, large-scale forestry in pool frog habitats may 
not completely inhibit pool frog migration and dispersal. R02’s movements suggest that 
individuals may select the shorter but less safe route across clear cuts or dry forest habitats. In 
contrast, R07’s movements suggest that there might be some indication that pool frogs also 
select the longer and safer route around dry areas (e.g. clear cuts). Even though very few 
individuals were found dead, excluding predation, terrestrial movements through dry habitats 
seem to affect adult survival and overall, impede movement. The shorter distance across 
unsuitable habitat may be faster but increase the risk of dehydration and subsequent survival. 
Although limited observation were made within areas affected by large-scale forestry, clear 
cuts may affect vital rates in pool frogs. The effects of timber harvesting around breeding 
ponds, e.g. via clear cutting, have been shown to negatively affect migratory behaviour and 
the vital rates of several amphibian species (Todd et al. 2009, Rittenhouse et al. 2009, 
Semlitsch et al. 2009, Todd et al. 2014). With large-scale forestry present around amphibian 
breeding ponds, including pool frogs, the combined effects of decreased reproductive success, 
migration and vital rates, increase the extinction risk (Sjögren-Gulve & Ray 1996, Harper et 
al. 2008). From a metapopulation dynamics perspective, large-scale forestry within pool 
habitats increase the extinction risk because of increased patch isolation, decreased dispersal 
between subpopulations and a decreased colonization of unoccupied patches.  
 
To mitigate the negative effects of timber harvesting in amphibian core habitats, creating or 
leaving buffer zones around wetlands is a common strategy (Semlitsch & Bodie 2003). The 
buffer zones’ extent and width are important – leaving too narrow protective zones affect 
reproductive traits (Veysey Powell & Babbitt 2015), decrease population sizes (Harper et al. 
2015) and increase extinction probabilities (Harper et al. 2008). Hence, protective buffer 
zones around breeding ponds and potential dispersal corridors are important for reproductive 
success, preserving hibernation sites, migratory and dispersal habitats and overall, long-term 
population persistence. Since 220 m were the furthest distance for which frogs were found to 
hibernate, 300 m should be a sufficient buffer width to protect potential hibernation sites. To 
some extent, partial timber harvesting around amphibian core habitats may benefit terrestrial 
movements due to an improved microclimate of the forest floor (Semlitsch et al. 2009). To 
maintain functional connectivity and dispersal, stream networks that interconnects 
neighbouring ponds and have high presence of Norway spruce, may act as pool frog dispersal 
corridors. To provide sufficient width of dispersal corridors are important to facilitate 
movement. For stream networks and theoretical dispersal networks that facilitate movement, a 
minimum width of 50 m for these corridors should be sufficient to facilitate movement and 
maintain functional connectivity. Since pool frogs have been shown (Sjögren-Gulve 1998a) 
and were observed to be highly directional toward pool frog localities, lateral movements are 
likely less than 50 m. For example, in a study of wood frogs, 95 % of lateral movements were 
shown to be approximately 50 m (Coster et al. 2014). However, other studies suggest that 
only protecting zones around stream and hydrological networks may prove insufficient to 
facilitate the expected functional connectivity needed for metapopulation persistence (Pilliod 
et al. 2002, Westgate et al. 2012). In addition of protecting hydrological networks via 
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protective zones, identifying and protecting complimentary resources which may be important 
for pool frogs along the theoretical dispersal networks and streams are needed.  
 
Lastly, since my thesis have not aimed to study hibernation site attributes, increasing 
ecological knowledge on the habitat qualities of hibernation sites is needed. My field 
observations suggest that pool frogs bury themselves a few centimetres in leaf litter or soil, 
which is similar to Holenweg & Reyer’s (2001) results of pool frog hibernation behaviour in 
Switzerland. Thus, if pool frog hibernates buried a few centimetres down in soil, forestry 
management and timber harvesting may be complicated within pool frog habitats. Timber 
harvesting during the winter may degrade the top soil structure and destroy hibernation sites. 
The current forestry management suggestions by Hammarström et al. (2016), which include 
leaving a minimum buffer width of 30 m around ponds and avoid deforestation of limited 
areas with ground cavities (e.g. areas with boulders, larger stones and coarse woody debris) 
within 300 m may be insufficient to preserve and protect the hibernation sites – assuming pool 
frogs hibernate in the upper soil layers in terrestrial habitats. Hence, current management 
suggestions may be overviewed based on my results and results from the thesis on pool frog 
hibernation (D. Jonsved in prep). 
 
4.3 Landscape connectivity 
Persistence of pond-breeding amphibians, e.g. the Swedish pool frog, is dependent on 
movement of individuals between local populations to maintain regional dynamics and 
metapopulation persistence. A genetically depauperate pool frog population (Sjögren 1991b) 
is sensitive to changes in the landscape which may impede movement across terrestrial 
habitats. Anthropogenic induced habitat fragmentation and habitat loss is the major cause of 
amphibian population declines (Fahrig 2003, Stuart et al. 2004). Large-scale forestry around 
breeding ponds increase the extinction risk the entire pool frog metapopulation (Sjögren-
Gulve & Ray 1996) although, other factors, e.g. natural succession of ponds, may also 
influence the local extinction risk of pool frog subpopulations. Fragmentation and habitat loss 
of pool frog habitats, either anthropogenic or natural, affect landscape connectivity between 
ponds. The probability of unoccupied patches to become colonized through emigration from 
populated patches consequently decrease if connectivity is decreased. Low quality patches 
that have small populations are dependent on continuous immigration from high quality 
patches to avoid going extinct. As previously mentioned, Stormaren is a low quality patch 
with a probably small population size. Hence, for this population to persist, emigration from 
source populations is essential. However, due to its location, isolation and the absence of 
reproducing ponds within 1000 m suggest that it will eventually go extinct. Although large-
scale forestry can be implemented in the surrounding area of Stormaren, it will have little 
effect on the eventual outcome of this population. The closest permanent pond, Lissmaren, is 
approximately 700 m south-east of Stormaren. However, this pond had observations of pool 
frogs but did not have any reproduction when the latest inventory of pool frog ponds was 
made in 2009. In addition, this pond was visited as a potential study site. No pool frog 
choruses were heard nor were there any observation of any pool frogs. Hence, it is very 
unlikely that immigration to Stormaren may occur in the nearby future, even with high 
connectivity between the ponds. Maintaining connectivity and dispersal pathways may 
however be suitable to allow future colonization of these patches. The limited dispersal 
capacity for pond-breeding anurans require a well-developed and highly functional 
connectivity network between patches to maintain the population (Smith & Green 2005).  
 
The degree of landscape connectivity between distinct populations and resource patches can 
therefore either impede or facilitate the movement of pool frogs. In other amphibian species, 
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ephemeral wetlands, stream habitats and forested wetlands most likely provide the 
microhabitats and microclimate that facilitate migration and dispersal (Baldwin et al. 2006, 
Pitt et al. 2017) via lower landscape resistance. This seems to also be the case for the Swedish 
pool frogs. Consequently, large patches of unsuitable habitats, e.g. clear cuts, may inhibit 
movements of all adult pool frogs and their ability to successfully orient towards breeding 
ponds through unsuitable habitat. For example, Mazerolle & Desrochers (2005) showed that 
translocation of adult northern green frogs (Lithobates clamitans melanota) and northern 
leopard frogs (L. pipiens) to anthropogenic disturbed peatlands (e.g. bogs and fens), the frogs 
were able to orient correctly towards capture ponds, independent of habitat type. However, 
most frogs selected the longer and safer route through the pristine peatland habitats. 
Successful homing of adult northern green frogs and northern leopard frogs was also more 
likely within pristine peatland than within disturbed. Similarly, specific landscape structures 
may prove useful in pool frogs’ ability to orient towards and from breeding ponds. For 
example, the edible frog (Pelophylax esculentus) have been shown to use hedgerows in 
agricultural landscapes to orient towards ponds (Mazerolle & Vos 2006). This is likely not the 
case for pool frogs within my study sites due to the absence of agricultural fields surrounding 
occupied ponds, at least in the study area. Rather, small streams and overall moister macro 
habitats, e.g. spruce forests, between ponds are more likely important migratory and dispersal 
habitats for pool frogs and provide connectivity between ponds. 
 
The significant effect of the theoretical movement cost (for translocated pool frogs), 
topographic wetness index and the positive trend of increased wood volume Norway spruce 
on habitat use theoretically support this statement. Also, it is unlikely that terrestrial 
movements are exclusively excluded to wet or moist habitats, at least for adult individuals. 
The possibility that pool frogs move over unfavourable habitats do however still exist. For 
example, individual R02 that was found dead in a clear cut at Stormaren indicate that the 
possibility of movement through high resistance surfaces (e.g. clear cuts) should not be 
excluded. Small patches of disturbed surfaces, e.g. clear cuts, may therefore increase 
landscape resistance but may not affect connectivity severely (at least for adult pool frogs) if 
created with appropriate planning based of ecological knowledge on pool frog terrestrial 
movement behaviour. However, in amphibians, juveniles are commonly thought as the main 
dispersers (Sinsch 2014); even though only a small proportion of the juveniles may disperse 
(Gamble et al. 2007). Therefore, juvenile pool frog dispersal is an important source for gene 
flow, genetic variation and for maintaining sustainable metapopulation dynamics. Altering the 
landscape within pool frog habitats may have a greater effect on juveniles than on adults. The 
small size of juveniles make them more prone to dehydration than large adults (Tracy et al. 
2010). Hence, juvenile amphibian movements are greater within forest habitats than in open 
canopy habitats due to lower risk of dehydration associated with movements through forest 
(Rothermel & Semlitsch 2002). In previous studies of pool frog movement patterns in Sweden 
(Sjögren-Gulve 1998a), the author noted that adults were more often caught in dry coniferous 
forest vegetation than juveniles. Dry coniferous forest habitats, e.g. Scots pine forest, may 
therefore offer greater landscape resistance and decreased connectivity to juvenile movements 
than for adults, although Scots pine dominated habitats may also increase resistance to adult 
movements. It also highlights a preference for juveniles to use wetter habitats as migratory 
and dispersal routes. Improving or maintaining connectivity along theoretical dispersal 
networks and streams networks may therefore be of greater importance for juveniles than for 
adult pool frogs.   
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4.4 Conclusion 
Limited observations of terrestrial movements make it difficult to interpret which landscape 
features that might facilitate pool frog movement and provide connectivity among 
populations. However, based from my results and personal observations, terrestrial movement 
seem to be preferred in moister habitats that limit resistance to terrestrial movements, for 
example, stream habitats and areas of low topographic relief. Terrestrial movements were to 
large parts directional either towards ponds during the summer or towards hibernation sites 
during the autumn. Pool frog movements were therefore fast and goal-oriented. Small areas of 
unsuitable habitats may therefore not impede terrestrial movements of adult pool frogs. In 
contrast, juvenile pool frog movements that are important for migration between populations 
and colonization of patches may become limited from an increased or inadequate forest 
management within core habitats. The cost map and the theoretical dispersal models by 
Greensway AB may therefore be useful tools for forestry management within pool frog 
habitats and may be accurate representations for habitats used for dispersal, migration and 
hibernation. Hence, extrapolating areas that might facilitate dispersal may be the first step 
towards gaining ecological knowledge on pool frog habitat use in terrestrial environments. 
Finally, the theoretical dispersal model might be a sufficient approximation of actual pool 
frog dispersal networks, i.e. how pool frogs move among ponds. However, gaining ecological 
knowledge and insight of terrestrial habitat use of pool frogs is further needed to improve and 
adapt forestry management for sustainable and profitable forestry while preserving a red-
listed anuran in northern Uppland.  
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 Figure A2. Stormaren.© Gustav Wikström 

Figure A1. Gäddalen.© Gustav Wikström 
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Figure A4. Fish cage trap.© Gustav Wikström 

Figure A3. Slåtaren. © Gustav Wikström 
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Figure A5. One of the fish cage trap setups with drift fences that were used to capture pool frogs. © Gustav 
Wikström 

Figure A6. The transmitter fitted to a pool frog using the method by Groff et al. (2015). Photo: © Lina 
Widenfalk 
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Figure A7. Individual cumulative movement distances over time for pond and terrestrial movements during 
the summer. The maximum cumulative movement distance reached by an individual was 648.6 m.   

Figure A8. Individual cumulative movement distances over for pond and hibernation movements during the 
autumn. Sharp inclines for cumulative movement distance are initial terrestrial movements from capture 
ponds to potential hibernation sites. Potential hibernation sites were found for all individuals excluding G18 
and V15. 
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Figure A9. Individual cumulative movement distances over time for translocated frogs during summer. G02, 
G03, G13, V07 and V09 had confirmed terrestrial movements. Maximum individual cumulative movement 
distance was 510.3 m.  

Figure A10. Individual cumulative movement distances over time for translocated frogs during autumn. 
Frogs located a permanent water shortly after translocation, hence movements are exclusively within ponds 
and do not indicate the linear distance moved after translocation.  
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Figure A11. Individual cumulative movement distances over time for second translocation frogs 
during autumn.  
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 Figure A12. Effect plots of generalized linear mixed models for non-translocated individuals. The 

binomial response use is modelled against the fixed variables cost, topographic wetness index, 
distance to dispersal paths, permanent waters, streams and forests.  
 



 41 

 
 
 
 
 
 

Figure A13. Effect plots of generalized linear mixed models for non-translocated individuals. The 
binomial response use is modelled against the fixed variables wood volume (m3/ha) spruce, pine, 
birch and deciduous and the basal area (m2/ha) and tree age.  
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Figure A14. Effect plots of generalized linear mixed models on habitat use for first translocation 
individuals. The binomial response use is modelled against theoretical movement cost, topographic 
wetness index, distance to theoretical dispersal paths, permanent waters, streams and forests.  
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Figure A15. Effect plots of generalized linear mixed models on habitat use for first translocation 
individuals. The binomial response use is modelled against wood volumes Norway spruce, Scots pine, 
Silver birch, deciduous and against tree age.  
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Figure A16. The movement between the pool frog V07’s relocations (purple dots) during the summer 
before it was translocated. Black lines display theoretical dispersal paths extracted from the 
connectivity analysis by Greensway AB. Background map the movement cost raster by Greensway 
AB. 
 
 

Figure A17. The movement of four translocated pool frogs: G02, G03, G04 and G14 extracted from 
relocations of the frogs. Black lines display theoretical dispersal paths extracted from the connectivity 
analysis by Greensway AB. Background map the movement cost raster by Greensway AB. 
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Figure A18. The movement of two translocated pool frogs: V07 and V09, extracted from relocations 
of the frogs. Black lines display theoretical dispersal paths extracted from the connectivity analysis by 
Greensway AB. Background map the movement cost raster by Greensway AB. 
  
 

Figure A19. The movement of one translocated pool frog S05, extracted from relocations of the frogs. 
Black lines display theoretical dispersal paths extracted from the connectivity analysis by Greensway 
AB. Background map the movement cost raster by Greensway AB. 
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Figure A20. The movement for two pool frogs, G22 and G25, to potential hibernation sites extracted 
from relocations of the frogs. Black lines display theoretical dispersal paths extracted from the 
connectivity analysis by Greensway AB. Background map the movement cost raster by Greensway 
AB. 
  
 

Figure A21. The movement for four pool frogs:V15, V18, V19 and V20, to potential hibernation sites 
extracted from relocations of the frogs. Black lines display theoretical dispersal paths extracted from 
the connectivity analysis by Greensway AB. Background map the movement cost raster by Greensway 
AB. 
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Figure A22. The movement for three pool frogs:S01, S02 and S05 to potential hibernation sites 
extracted from relocations of the frogs. Black lines display theoretical dispersal paths extracted from 
the connectivity analysis by Greensway AB. Background map the movement cost raster by Greensway 
AB. 
  
 


