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consequence of a global temperature increase is that biomes will move against the poles, which will force species to 

either adapt to an unsuitable habitat or follow their climatic range shift. A common way to assess the future 

geographical distribution of a species is to predict their future climatic range. However, this excludes factors that could 

interfere with the species ability to follow their range shift, such as dispersal ability. The importance of expansion-

related traits are often assumed rather than quantified. This study investigated if the specialist butterfly Pyrgus 

armoricanus, living at its northern range limit in south Sweden, will be able to expand north as the temperature 

increases. The study also explored the importance of six traits on a butterfly’s range shift ability; habitat specialization, 

growth rate, emigration probability, establishment probability, dispersal vagrancy and dispersal probability. The study 

found that the butterfly Pyrgus armoricanus will not be able to expand north in Sweden due to low dispersal ability 

and habitat availability. The most important traits for a butterfly’s ability to expand north in Sweden was growth rate, 

dispersal ability and habitat generalisation. Specialized butterflies dependent on well managed meadows will have 

limited success in following their northern range limit, and restoration is necessary to avoid future biodiversity 

degradation.  
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1. Introduction 

One of the greatest future threats against biodiversity is climate change. Climate change 

will induce both rapid environmental changes, such as floods and droughts, and slow 

changes such as temperature increase, sea level rise and range shifts of biomes (Omann, 

et al., 2009; Sala, et al., 2000). How climate change will affect biodiversity is a complex 

question, and a deep understanding of how species counter new climatic conditions are 

needed in order to mitigate the threats of a changing climate. One predicted 

consequence is that biomes will move against the poles, which has already been 

observed to affect ecosystems around the world (Parmesan & Yohe, 2003). The range 

shift velocity is expected to vary between 0 to almost 8 km yr-1 depending on biome, 

geographic location and topography (Loarie, et al., 2009), where flat areas are predicted 

to experience the highest velocity (Scholes, et al., 2014). A species chance of survival 

will depend on their ability to either keep pace with the range shift or adapt to an 

unsuitable habitat (Bennett, et al., 2015; Buckley, et al., 2012). One common method to 

assess future geographical distributions of species is to compare the current climatic 

condition of the species range with projected distribution of climatic conditions 

(Pacifici, et al., 2015; Settele, et al., 2008). However, these models exclude factors that 

could interfere with the species success to follow and colonize new areas, for example 

dispersal ability and its adaptability to unfavourable conditions. Suitable habitat will 

decrease as temperature increase and it will be vital for the species to colonize new area 

in order to survive. Hence, it is crucial to understand the mechanisms behind a species 

success or failure to follow its range shift in order to prevent future extinctions. 

A major concern for biodiversity conservation is therefore whether species will be able 

to reach and establish new populations in newly suitable habitat at their northern range 

limit (Pacifici, et al., 2015). The traits needed for a successful range shift is often 

assumed rather than quantified, even though a few studies have observed traits to affect 

species vulnerability of climate change. Traits proposed to be important is dispersal 

ability (Estrada, et al., 2015; Pöyry, et al., 2009; Santini, et al., 2016), number of 

generations (Melero, et al., 2016) as well as specialized habitat and food preferences 

(Dapparto & Dennis, 2013; Melero, et al., 2016; Pateman, et al., 2012; Pöyry, et al., 

2009). The importance of different traits varies between studies, but dispersal ability 

and ecological generalisation is commonly identified as highly significant (Estrada, et 

al., 2016). Habitat availability is a necessity for a species in order to move with its range 

shift (Oliver, et al., 2015; Tainio, et al., 2016), with the consequence that specialized 

species are likely to be more vulnerable than generalist species in industrialized and 

fragmented landscapes. Dispersal ability is generally considered to have a key role in a 

species ecology since it affects a range of important mechanisms, such as population 

dynamics, genetic exchange, adaption and geographical distribution. However, it is 

likely that other colonization related traits also have a significant role (Estrada, et al., 

2016). Traits have been suggested as a simple way to estimate species range shift 

ability. Further investigation of the relative importance of each trait is needed in order to 

use this tool to assess species vulnerability to climate change. 
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Butterflies and moths could be used as indicator organisms to detect ongoing range 

shifts since they have well studied distributions, short generations and are sensitive to 

environmental conditions. The ability for butterflies to keep track of their climate range 

seems to vary (Pearson, 2006; Urban, 2015), but it has been shown that many species 

has expanded their distribution range towards the poles during the last decades 

(Hickling, et al., 2006; Mair, et al., 2012; Mason, et al., 2015; Parmesan, et al., 1999; 

Pöyry, et al., 2009; Sgardeli, et al., 2016). This ongoing migration and extinction could 

be expected to increase with climate change, and as a result affect the butterfly 

community worldwide (Konvicka, et al., 2003; Kwon, et al., 2014; Martay, et al., 2016; 

Sgardeli, et al., 2016). Sweden has for example found 37 new butterfly and moth 

species in Scania during the last four decades, an immigration that probably is 

influenced by temperature increase (Pettersson & Franzén, 2009). The success of a 

butterfly’s northern expansion should depend on the species traits and habitat 

requirements, where butterflies connected to rare nature types will be more vulnerable 

than others. Many butterflies dependent on well managed meadows with high plant 

diversity could be expected to have limited success in range shifts in Europe, since this 

habitat is highly fragmented and are predicted to continuously decrease due to land-use 

and climate change (Lehsten, et al., 2015; Thuiller, et al., 2005).  

This study investigated the Pyrgus armoricanus (Oberthür, 1910) chance for a northern 

range expansion and which expansion related traits that have the greatest influence. P. 

armoricanus is a specialist butterfly with its northern range margin in the southeast part 

of Sweden, but occurs throughout south Europe. The butterfly’s specialization in dry 

and well grazed meadows makes them vulnerable in today’s highly industrialized 

landscape and a range shift could be troublesome due to the lack of suitable habitat. A 

model was built to resemble Pyrgus armoricanus population dynamics, habitat 

distribution and character in order to investigate the species chance of expansion in 

Sweden in a warmer climate. The study also explored and compared the influence of 

growth, probability of emigration, probability of establishment and dispersal ability on 

the range shift ability of a specialist, mid-specialist and generalist butterfly. 
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2. Method 

2.1 Study species 

Pyrgus armoricanus (Figure 2) has its northern range margin in the southeast part of 

Sweden, but occurs from northern Africa throughout Europe and into parts of Central 

Asia. The population trend varies in Europe, and stable populations can only be found 

in the Mediterranean countries. The closest population to the Swedish population is 

located in northwest of Zealand in Denmark and in east Germany (Eliasson, et al., 

2005). P. armoricanus is endangered in Sweden (ArtDatabanken, 2015), but its 

distribution has increased during the last decades. The butterfly was found at 15 

locations in 2006 (Öckinger, 2006), but are now found in 41 locations. Stable 

populations recorded in Sweden 2004 - 2014 covered 47 ha but the butterfly has been 

detected in a total area of 71 ha1. The local population density of a habitat patch is 

associated with its connectivity and area (Öckinger, 2006) together with the abundance 

of their host plant (Fourcade & Öckinger, 2017). Filipendula vulgaris and 

Helianthemum nummularium is the main host plants for the Swedish population for 

larvae, even though the latter is used more seldom (Eilers, et al., 2013). Potentilla 

reptans has been documented as host plant in Denmark and Europe (Eliasson, et al., 

2005), but it has not been observed in Sweden. Pyrgus armoricanus lives in unfertilized 

and grazed meadows with a high diversity of flowers. Intensive grazing is an important 

part of the species reproduction, since the female chose to lay eggs on patches with bare 

ground. Another important habitat requirement for the oviposition is a warm 

microclimate, preferably a south facing slope (Eilers, et al., 2013). Pyrgus armoricanus 

has two generations per year in Sweden (Eliasson, et al., 2005).  

 

 

 
 

 

 

 

 

 

 

 

 

Figure 1. Pyrgus armoricanus. Picture by Erik Öckinger 

                                                 
1 Data by Erik Öckinger. Institutionen för Ekologi, SLU. See Data collection. 
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2.2 Data collection 

2.2.1 Population dynamics 

The Swedish metapopulation of Pyrgus armoricanus was studied from the autumn of 

2004 until the autumn of 2015 by Erik Öckinger. Both generations were studied 

between 2005 and 2012, while only the second generation was studied the last years. 

Patches with suitable habitat was identified and defined as discrete habitats if separated 

by at least 50 m with a different vegetation type. A total of 50 patches were identified 

during the 12 years of the study. Some of these were identified from the beginning, and 

therefor visited every year while others got discovered in the course of the study. Of 

these 50 patches, 39 were visited each year, four were visited from 2005, one patch 

from 2006 and six patches from 2007. Each habitat patch was visited once for each 

generation if a butterfly was detected, and twice if there was no detection the first time. 

The method used to estimate butterfly density was transect count. Each patch was first 

scanned for butterflies and the transect count started where the first butterfly was 

detected. The transects where separated with 10 m and each individual detected within 

2.5 m was recorded (Öckinger, 2006).  

2.2.2 Dispersal 

The dispersal behaviour of the P. armoricanus was investigated with a mark-recapture 

method conducted by Erik Öckinger. The study started the 1st of august 2005 and 

continued until the 24th of august. The field work was only carried out on days without 

rain, which resulted in 19 days of data collection. A total of 13 patches were included in 

an area about 7x14 km. Nine of these patches was visited every day of the survey while 

the other 4 was surveyed due to time. Each patch was systematically searched through 

and detected butterflies were netted and marked by the use of a thin-point permanent 

pen where the individual butterfly got a unique code using of a combination of pen 

colour, number, and letters. Date, patch, coordinates (using Garmin Geko 201), sex and 

identity were recorded for each catch and recapture. Euclidean distance was measured 

between the mark and recapture sites. A total of 598 individuals were marked and 585 

of these were recaptured with a total of 684 recaptures. This gave a recapture 

probability of 0.98. The number of individuals recaptured in another habitat patch than 

marked in was 185.  

2.3 Model 

The basic idea behind the range expansion model was that new habitats become 

inhabitable when the northern range margin moves north. The model was based on 

Årevalls (2016) range shift model but adapted to imitate the Swedish landscape and 

temperature change. The population dynamic in each habitat patch were built to explain 

and mimic the dynamics seen in P. armoricanus and the species dependability of the 

environment. Each butterfly population had a proportion of individuals who emigrated 

to either another population or to inhabit an empty patch. Their success to reach a 

habitat patch was dependent on their dispersal ability, which was described with a 

dispersal probability kernel. The dispersal probability kernel was described with 

Bayesian inference using a Metropolis-Hastings MCMC, which gave the possibility to 

account for uncertainty in parameter estimation. This combination created a new model 
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that explored the possibilities for the specialized butterfly P. armoricanus chance to 

expand northward in a warmer climate. The model was also used to investigate which 

traits that facilitate a northward shift. 

2.3.1 Landscape 

Suitable habitat patches in Götaland was identified by the use of Ängs- och 

betesmarksinventeringen (Persson, 2005), an inventory conducted in 2002-2004 of 

valuable semi-natural pastures and meadows by the Swedish Board of Agriculture. 

Ängs- och betesmarksinventeringen visited all fields of possible natural or cultural 

value above 0.1 ha, which resulted in 270 124 ha land registered as valuable pasture or 

meadow. They recorded qualities that indicate each fields’ natural and cultural value, 

for example its N2000 nature type, grazing management, indicator species, fauna, 

valuable structures, etc.  

Meadows from Ängs- och betesmarksinventeringen were selected based on habitat 

requirements of P. armoricanus recognised from previous studies. Three criteria’s 

needed to be met in order to be judged as a suitable habitat for the butterfly. The first 

criterion was the meadows grazing management, which were estimated in three scales 

(high, low or non) and only meadows with high grazing status was included as a 

possible habitat. 

The second criterion was that it should contain one or both or P. armoricanus host 

plants, as previous studies has shown that the density of host plant has an effect on the 

butterfly’s occupancy and abundance (Eilers, et al., 2013; Fourcade & Öckinger, 2016). 

Both Filipendula vulgaris and Helianthemum nummularium are indicator species for 

dry meadows and semi-natural grasslands (Natura 2000 nature type 6210 and 6270) and 

is therefore included in the inventory. The density in each meadow were subjectively 

measured by the surveyors and described as either low, medium or high. All fields that 

contained either of the plants where included as a possible habitat patch. 

The third and last criterion was that the fields should have a high solar radiation. This 

information was assessed by the use of ArcGIS® 10.4.1 and ArcMap™. The reason 

behind this criterion is that it symbolises the field’s microclimate, where a field with a 

south slope will have a higher solar radiation than if the field is flat or has a slope facing 

another direction. GSD-Elevation data (grid 50+ nh) with ground height values on a 50 

m grid from Lantmäteriet (Lantmäteriet, 2016) for the area of Götaland was used to 

estimate height and slope. The tool Area Solar radiation (Spatial Analyst) used the 

elevation data to compute the yearly solar radiation for each pixel in a 50 x 50 m raster 

grid. The solar radiation was first calculated for patches from the survey of P. 

armoricanus that held a stable population. This resulted in a maximum yearly solar 

radiation of between 804 758 and 863 144 WH/m2, which indicates a high solar 

radiation intake. The maximum solar radiation for one year was then calculated for all 

fields included from Ängs- och betesmarksinventeringen. The maximum solar radiation 

value for each patch was a rough estimate of the microclimate since the elevation data 

had a relatively low resolution. This study included all fields that had a maximum 

yearly solar radiation of above 800 000 WH/m2 as a possible habitat for the butterfly. 

This value is slightly lower than the maximum recorded for the populated stable patches 
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and the reason for this was to lower the risk of patches with warm microclimate to be 

excluded due to low resolution. 

The area for each field was measured by Ängs- och betesmarksinventeringen, a factor 

that has been shown to have an influence on both abundance and occupancy of P. 

armoricanus (Fourcade & Öckinger, 2016). Populated patches from the butterfly survey 

showed, when they overlapped with fields from Ängs- och betesmarksinventeringen, 

that the butterfly does not use the whole field. In fact, the habitats suitable for the 

butterfly had a mean coverage 44 % of the fields (mean proportion = 0.436, sd = 0.325). 

The model therefore assumes that only 44 % of the area in a patch from Ängs- och 

betesmarksinventeringen could be used as habitat. A few patches selected out of Ängs- 

och betesmarksinventeringen had a very large area (20 - 173 ha), which generated 

extremely large populations at favourable years. This size of populations has not been 

observed in the dynamics of P. armoricanus, who had habitat patches with the 

maximum size of 14.7 ha, and a maximum patch size was therefore set to 15 ha.   

The habitat patches included in the survey of the species showed that not all patches 

overlapped with the fields from Ängs- och betesmarksinventeringen, which implied that 

not all possible patches could be found in that data set. The reason behind this could be 

that the field is not used for grazing today (and therefore not included in Ängs- och 

betesmarksinventeringen), that the host plants where not discovered or that the patch 

was too small to be included in Ängs- och betesmarksinventeringen. The experience of 

Erik Öckinger2 judged that these patches are not able to sustain any population by their 

own, and only are temporarily inhabited by P. armoricanus if a source population is 

located nearby. These patches could possibly work as “stepping stones” and enable the 

species to move from one high quality patch to another. How many of these patches that 

exist in the landscape are difficult to assess. This model assumed that one small patch of 

0.1 ha with high quality existed for each habitat patch included in the model. Each patch 

was randomly located within 5 km from a habitat patch, since it is unlikely that it would 

be randomly distributed in the landscape. 

Habitat patches from the species survey were included in the simulation if they were 

judged sufficient to hold a population. Therefore, 30 of the 50 patches in the survey 

were excluded from the simulation, based on their low density of butterflies. Nine of the 

patches in the survey had no butterfly detection and 21 of them were inhabited 

maximum 9 of the 19 generations (mean 4.3 generations) and had a mean density of 2.6 

individuals / ha. In total 20 habitat patches from the survey were included in the 

simulation.  

2.3.2 Population dynamics 

The population growth was described with a modified Ricker equation (1). 

𝑁𝑖,𝑡+1 =  𝑁𝑖,𝑡 ∗ 𝑒
𝑟𝑖,𝑡(1−(

𝑁𝑖,𝑡

𝐾𝑖,𝑡
)

𝑐

    (1) 

                                                 
2 Pers. comm. Erik Öckinger. Institutionen för Ekologi, SLU. 
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Ni,t stands for population size, r maximum growth rate and K stands for the carrying 

capacity for patch i at time t. The maximum growth rate was based on the 10 stable 

populations, defined as the population in a patch inhabited a minimum 17 of the 19 

generations surveyed. The mean growth rate for all stable patches was used as 

maximum growth rate since the patches are closely located and a high rate of exchange 

could be expected. The maximum growth rate was 13.5. Demographic stochasticity was 

applied to the growth rate by the addition of white noise produced from a normal 

distribution with a mean of 13.5 and a standard deviation of 0.5, which produced a 

variance between both years and habitat patches. The parameter c was added to the 

Rickers equation in order to mitigate extreme oscillation in population growth as a 

response to highly fluctuating carrying capacity and high growth rate. The value of c 

was set to 0.075. 

The carrying capacity of a habitat patch was dependent on environmental stochasticity, 

habitat quality and patch area. Each patch was generated a carrying capacity for each 

time step, dependent on its area, quality and environmental stochasticity. Environmental 

stochasticity was incorporated into the model by letting carrying capacity variate 

according to an autocorrelation. The autocorrelation represented the natural fluctuations 

in population density between early and late summer. 

A Pearson correlation matrix (using Hmisc package (Harrell & Dupont, 2016) in R 

script) was used to investigate correlation between the population density of the stable 

populations and mean temperature for the flying period for both the early and late 

generation (May – June and July – August, respectively). The temperature was 

measured in Tomelilla (2 m above the ground) by SMHI (Luftwebb, 2016). The 

correlation matrix showed a significant correlation for between 7 of the 10 populations 

and temperature (n = 18, p < 0.05) when all 18 generations in the survey was used. The 

correlation varied from 0.35 to 0.65 for all populations. Accordingly, the model 

assumes that the population density varies in response to temperature, interpreted as 

environmental stochasticity. 

Historical measurements of mean temperature in early and late summer at the location 

Tomelilla between 1961 – 2014 was used to calculate the gamma of the autocorrelation. 

The temperature measurements were conducted by SMHI (Luftwebb, 2016). This was 

done by the use of a discrete fast Fourier transform in MATLAB (R2015b). The gamma 

was calculated to 0.452, representing a pink noise. The population density for each 

stable population for each generation was normalized to 1 and the variance was 

calculated. Levene´s test showed that the variance in population density was equal 

between all patches (F(10) = 0.48, P = 0.88). The normalized mean density and variance 

were 1 and 1.39 respectively. The autocorrelation was produced with a synchrony 

between patches of 0.56. The synchrony was based on that all populations showed a 

significant correlation (Pearson correlation matrix, n = 18, p = < 0.05) to at least 1 other 

population but up to 8 other populations, with a mean value of 5.6. This information 

was used to assume a synchrony of 0.56 in environmental stochasticity between the 

patches. The lowest value was set to 0.005, which gave a small chance of individual 

survival under bad circumstances if the habitat patch was of high quality and size.  
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The carrying capacity of a patch was also dependent on its quality as habitat, which was 

defined by the density of host plant. Previous studies have shown that density of the 

host plants of P. armoricanus has a strong effect on the butterfly (Eilers, et al., 2013; 

Fourcade & Öckinger, 2016). Ängs- och betesmarksinventeringen documented indicator 

species in all the meadows in the inventory. Both Filipendula vulgaris and 

Helianthemum nummularium are indicator species for dry meadows and semi-natural 

grasslands (Natura 2000 nature type 6210 and 6270) and was therefore included. The 

density of a plant species in a meadow were subjectively measured by the surveyors and 

described as either low, medium or high density (Persson, 2005). This model will 

assume that the three density measurements in Ängs- och hagmarksinventering has a 

high effect on the carrying capacity of a patch, since previous studies supports the 

importance of host plant on both occupancy, abundance (Fourcade & Öckinger, 2016) 

and oviposition (Eilers, et al., 2013). Eilers (2013) showed that F. vulgaris was the host 

plant most frequently chosen for oviposition, but his study also showed that the 

frequency of oviposition on H. nummularium was not lower relative to its abundance. 

Öckinger (2006) found that all patches with a population of P. armoricanus had F. 

vulgaris whereas H. nummularium only could be found in some patches. He also 

concluded that there where a tendency of a higher population density if both plant 

species where found in the same habitat patch (Öckinger, 2006). A low host plant 

density was estimated to have 25 % the carrying capacity, medium density could have 

50 % while a high density could have 100 % of the carrying capacity for the habitat 

patch. If both Filipendula vulgaris and H. nummularium was recorded present in the 

same patch, then the host plant with the highest density set the quality of the patch. 

Habitat patches included from the population survey were given a habitat quality based 

on their population dynamics. Patches with stable populations were given a high quality 

while patches inhabited 15 of 19 got a medium quality and patches inhabited less 

generations were assigned as low quality.  

The environmental stochasticity, habitat quality and area were multiplied with the mean 

population density to assess the carrying capacity of a habitat patch. The mean density 

of the stable patches in the survey of P. armoricanus was 22 individuals ha-1, when an 

extreme outlier with a mean density of 145 individuals ha-1 was removed. Previous 

studies suggest that the butterfly prefer habitats with south facing slopes and warm 

microclimates for oviposition (Eilers, et al., 2013; Fourcade & Öckinger, 2016), which 

implies that the species is sensitive to temperature. Since the population in Scania is its 

most northern outpost, one could suspect that the species would benefit from a warmer 

climate. In general, butterflies at northern latitudes tend to react to higher temperatures 

with an increased growth and reproduction (Bale, et al., 2002). The model therefore 

assumes that the mean population density of a patch will increase with 1 individual for 

each 0.2 ˚C local temperature increase. The result of this assumption is that the carrying 

capacity is modelled as a curve, and as the range boundary of the species moves 

northward, so will the curve. The maximum mean density will reach 29 individuals ha-1 

after 50 years assuming a climate change in accordance to RCP4.5. The speed at which 

the mean density increase is dependent on the climate scenario, where RCP4.5 will have 

a slower effect on the mean density than RCP8.5. 
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2.3.4 Dispersal 

The dispersal behaviour of P. armoricanus was described with a dispersal probability 

kernel based on mark and recapture data collected by Öckinger. The dispersal kernel 

demonstrates the probability of dispersal with distance and was described with a 

generalized normal distribution (Equation 2). The generalized normal distribution is 

defined by its shape and width, where the width determines the probability of long 

distance dispersal and the shape defines the form of the kernel (Lindström, et al., 2009). 

This probability distribution is suitable to describe dispersal probability since it has a 

flexible shape, which includes both a Gaussian and a Laplace distribution (Nadarajah, 

2005). In this model, it also assumes its highest probability at zero, which is appropriate 

for dispersal kernels that exhibit a continuous decrease in probability of dispersal with 

distance. The generalized normal distribution in accordance to Nadarajah (2005) 

assumes that the data, in this case the distance of dispersal, are random samples from 

the distribution. However, the habitat patches of P. armoricanus are fixed points in the 

landscape and could not be assumed to be randomly distributed. The dispersal 

distribution is therefore normalized by the sum of all potential destinations (Lindström, 

et al., 2009). The result of this approach is that the dispersal probability is independent 

of an aggregated landscape and solely based on distance. 

𝑝𝑖𝑗(𝑎, 𝑏) =  
𝑒

−(
𝑑𝑖𝑗

𝑎
)𝑏

𝑆
     (2) 

The probability of individual movements, pij, from habitat patch i to patch j is described 

by the kernels shape (a) and width (b). dij stands for the distance between the patches i 

and j. S is the normalizing constant, which is given in equation 3.  

𝑆 =  ∑ 𝑒
−(

𝐷𝑖𝑗

𝑎
)

𝑏

𝑛−1
𝑗=1      𝑖 ≠ 𝑗    (3) 

Dij is the distance to any possible destination from patch i except the same patch, and n 

is the number of habitat patches. 

The width and shape of the dispersal kernel were estimated with Bayesian interference 

by using a Metropolis-Hastings Markov Chain Monte Carlo (MCMC) technique. 

Bayasian methods are useful to describe dispersal since it allows parametrization of 

nonlinear models and because one could use prior information to improve the model. 

The main advantage of a Bayesian approach to describe dispersal in this study is that the 

posterior incorporates parameter uncertainty for the joint distribution. This enables 

identification of parameters that that only can be recognised conditional to another 

parameter. Information about the dispersal data that would have been lost in a more 

traditional approach are thereby captured in the posterior distribution. This approach 

captures variability and uncertainty in the dispersal data and integrates it into the model. 

The accepted posterior distribution for shape and width was used in the range shift 

simulation, where one accepted set of estimated parameters for each time step. Values 

used were logarithmized. The likelihood function for the width and shape given each 

dispersal event was given by equation 4, where d = (dt, …dT).  
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𝐿(𝑑|𝑎, 𝑏) = ∏ (𝑑𝑡|𝑎, 𝑏)𝑇
𝑡=1     (4) 

The prior distribution, represented as prior(a,b), was non-informative for both width and 

shape. A non-informative prior was selected given our large amount of data for 

dispersal. The prior parameter estimation were set to 1 in an uniform distribution with 

U(1,10) for both shape and width. The posterior distribution of the Bayesian inference 

was calculated in accordance to: 

𝑓(𝑑|𝑎, 𝑏) = 𝐿(𝑑|𝑎, 𝑏) + prior(𝑎, 𝑏)   (5) 

A Metropolis-Hastings Markov Chain Monte Carlo (MCMC) was used to estimate the 

joint posterior distribution for shape and width parameters of the dispersal kernel. 

Metropolis-Hastings MCMC is a sampling technique that simulates samples from a 

probability distribution by the use of joint posterior distribution and independent 

proposal distributions. Both parameters in the proposal function were assumed to follow 

a Gaussian distribution. A preliminary simulation of 10 000 chain events with a 

Gaussian random-walk Metropolis-Hastings was done before the main Metropolis-

Hastings MCMC, which gave information about the covariance between the parameters. 

The standard deviation of each parameters distribution and the acceptance rate was 

thereafter tuned by using the covariance matrix. 100 000 Metropolis-Hastings MCMC 

steps was simulated and the first 20 000 were removed to decrease the influence from 

the starting parameters. The acceptance rate of this simulation was 0.243.  

 

 
 

 

 

Figure 2. Dispersal probability kernel of Pyrgus armoricanus. Black line represents the mean 
dispersal kernel with the shape (0.51) and width (310) while grey lines represents 50 randomly 
picked dispersal kernels from Metropolis-Hastings MCMC. 

The dispersal data from the mark- and recapture survey of P. armoricanus gave 

information about the proportion of individuals in a population that dispersed in one 

generation. The proportion of all individuals in the survey that dispersed from one patch 

to another reached 0.27, where 11 % of these dispersed more than once. The model 

therefore includes that 27 % of each population disperse once and that 11 % of these 

disperse yet another time during the same generation. The proportion of butterflies that 
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dispersed was described with a normal distribution with the proportion as mean and a 

standard deviation of 0.05, in order to add variation to the model. The proportion of 

individuals that dispersed was drawn randomly from this distribution for each patch and 

time step. The dispersal from one population at a given time step is given by equation 6, 

which is the proportion of dispersing butterflies multiplied with the dispersal 

probabilities. This calculated the number of emigrants and immigrants for each 

population. 

𝐷𝑖𝑗 =  𝑝𝑖𝑗(𝑎, 𝑏) × 𝜎     (6) 

The model assumes that the probability of emigration is independent of area, since no 

significant linear correlation could be found in the data (F(1,11) = 0.2, R2 = 0.016, P = 

0.66). Neither was the probability of immigration to a patch was dependent on area 

(F(1,11) = 0.21, R2 = 0.002; P = 0.88), and the model therefor assumes that the probability 

of immigration is independent of habitat size. 

The establishment of a population in an empty patch is uncertain, even though it could 

become inhabited through dispersal. The ability of a species to establish a new 

population in a habitat patch depends on several factors, for example their ability to find 

a partner for reproduction, weather and food availability. The observation of P. 

armoricanus meta-population dynamics showed that attempts to establish a new 

population in an empty patch could be both successful and unsuccessful. A successful 

establishment was defined as an empty patch that became inhabited for more than two 

generations in a row after an immigration. The patches monitored in the survey showed 

an establishment probability of 0.56. White noise was added by a random draw from a 

normal distribution with the mean of 0.56 and a standard deviation of 0.05. The 

establishment probability will decide whether an individual can settle in the new habitat 

or not. For each individual that arrived to a patch, either 1 or 0 was drawn from a 

binomial distribution with the probability of drawing 1 being equal to the establishment 

probability, ɛ. The number of successful establishment was then summed, which 

provided the number of immigrants to the patch (Equation 7). 

𝑛𝑖𝑚𝑚𝑖𝑔𝑟𝑎𝑛𝑡𝑠 =  ∑ 𝑛𝑎𝑟𝑟𝑖𝑣𝑖𝑛𝑔 ∗ 𝜀𝑛
𝑛=1    (7) 

In order to define the population size in patch i at next time step (t + 1) one need to 

know the proportion of individuals that arrived and leaved and add respectively remove 

them from the population (Equation 8).  

𝑁𝑖,𝑡+1 = (𝑁𝑖,𝑡 +  𝑛𝑖𝑚𝑚𝑖𝑔𝑟𝑎𝑛𝑡𝑠 −  𝑛𝑒𝑚𝑖𝑔𝑟𝑎𝑛𝑡𝑠)  (8) 

2.3.5 Range shift 

Range shift velocity was calculated in ArcGIS® 10.4.1 and ArcMap™. Estimations of 

future range shift speed in south Sweden (Götaland) was done in accordance to the 

method described in Loarie et al. (2009), where they calculated the velocity of 

temperature change (km yr-1) as the ratio of a temporal and a spatial gradient of mean 

annual temperature (Equation 9).  

𝑘𝑚 𝑦𝑟−1 = ˚𝐶 𝑦𝑟−1 ˚𝐶 𝑘𝑚−1⁄     (9) 
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A spatial gradient that covered Götaland was constructed by the use of mean annual 

temperature from 1960 to 1990 (measured 2 m above the ground). The data were 

collected from SCID (Climate Index Database for Sweden), a database from SMHI that 

contains historically measured temperature as well as predicted future temperatures in 

accordance to RCP-scenario 4.5 and 8.5 (Representative Concentration Pathways) 

(Sjökvist, et al., 2015). In short, the RCP4.5 scenario assumes low future emissions, 

strong climate politics, reforestation, low population growth and lower consumption 

while the RCP8.5 scenario assumes high emission, high population growth, higher 

demand on farmland and a continuation of our strong dependency on fossil fuels 

(SMHI, 2014). Both scenarios were applied with an ensemble of 9 global climate 

models (CanESM2, CNRM-CM2, GFDL-ESM2M, EC-Earth, IPSL-CM5A-MR, 

MIROC5, MPI-EMS-LR, NOrESM1-M, HadGEM2-ES) and processed with a regional 

climate model (RCA4) by SMHI (Sjökvist, et al., 2015). The RCP4.5 predicts a mean 

temperature increase in Götaland of roughly 2.5 - 3 ˚C while RCP8.5 predicts an 

increase of 4.5 - 5 ˚C (Sjökvist, et al., 2015). The temperature between 1960 and 1990 is 

here defined as normal temperature for Sweden and was therefore used to create the 

spatial gradient. The mean annual temperature for Götaland was measured in 4x4 km 

polygon squares, which was converted into a raster. A white noise between -0.05 to 

0.05 ˚C were uniformly distributed to each raster cell in order to decrease the 

occurrence of flat spatial gradients which caused infinite range shift speeds. The 

ArcGIS® 10.4.1 tool Slope (Spatial Analyst) was then used to convert this raster into a 

spatial gradient with the 3x3 grid cell neighbourhood method using average maximum 

technique (Burrough & McDonnell, 1998). The temporal gradient for RCP scenario 4.5 

and 8.5 was calculated using predicted temperatures provided by SCID. This dataset 

offered a raster with 4x4 km cells with predicted temperature change in the time series 

of 1991 – 2013, 2021 – 2050 and 2069 – 2098 with the temperature in the period 1960 – 

1990 as reference. The yearly temperature change for each raster cell was calculated by 

dividing the temperature change of the last period, 2069 – 2098, with 110 years. The 

temporal gradient raster was divided by the spatial gradient, which generated a range 

shift estimation for each cell. Extreme outliers were removed. The geometric mean 

range shift velocity was used in the simulation. The range shift velocity of RCP4.5 was 

3.49 km yr-1 (sd. = 3.26) and for RCP8.5 6.16 km yr-1 (sd. = 5.76). 

The climatic range shift was simulated to move across the landscape from the optimal 

climate, which in this case is the observed populations of P. armoricanus is Scania. The 

optimal climate remained at the start point, but as the temperature increased, the more 

habitat patches became inhabitable and thus moved the range of the species northward. 

The carrying capacity decreased with distance from their optimal climate. 

2.4 Simulated scenarios 

The influence of traits on butterflies range shift ability, which in this study included 

emigration probability, establishment, population growth, dispersal vagrancy and 

dispersal probability, was investigated on three different landscapes representing habitat 

specialization.  
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The three landscape scenarios represented different levels of generalization of the 

butterfly; specialist, mid-specialist and generalist. Each scenario was simulated under 

climate scenario RCP4.5 and RCP8.5. The expansion success of each tested trait was 

compared with the expansion of a butterfly with the characteristics of P. armoricanus, 

in order to examine and quantify the influence of each trait. The scenarios for the 

specialist and mid-specialist habitat specialization where simulated 500 times, while the 

simulations on the generalist habitat were simulated 50 times due to long simulation 

time. 

The specialist butterfly was represented by Pyrgus armoricanus, which could only 

reproduce and thrive in well grazed, south sloping habitats with their host plants 

Filipendula vulgaris or Helianthemum nummularium (se description in method for more 

information). The specialist butterfly had about 1100 patches. The mid-specialist habitat 

was represented by all pastures in Ängs- och betesmarksinventeringen that were defined 

well grazed and had the host plants Filipendula vulgaris or Helianthemum 

nummularium, and differ from the specialist by excluding the need of south facing 

slopes. The mid-generalist had about 10 000 patches. The generalist butterfly could 

reproduce in any pasture from Ängs- och betesmarksinventeringen that were stated as 

well grazed. There were almost 30 000 pasture defined as well grazed in Götaland, but 

only half of these where randomly chosen as suitable habitat to make the simulation 

manageable and biological significant. The addition of small patches of 0.1 was made 

for each habitat patch, doubling the amount of habitat patches (see Landscape). 

The emigration probability was defined as the fraction of a population that disperses. 

The emigration probability for P. armoricanus was 0.27, a value similar to the mean 

value of the emigration probability measured in 23 species (Baguette, et al., 2000; 

Baguette, 2003; Cassel-Lundhagen & Sjögren-Gulve, 2007; Fric, et al., 2010; Gutiérrez, 

et al., 2001; Rabasa, et al., 2007; Wahlberg, et al., 2002; Öckinger & Smith, 2007). The 

estimated emigration probability for these species ranged between 0.01 – 0.70, with a 

mean of 0.3 (sd. = 0.21). The value chosen for this trait to be compared with P. 

armoricanus was 0.5, with the motivation that it differs from the study species and still 

remains within the standard deviation of the mean, indicating that it is a probable value 

for butterflies. 

The probability of establishment for P. armoricanus was measured as 0.57. The study 

compared this value with the probability of 1, exploring if the range shift ability was 

higher if the establishment probability increased. 

The maximum intrinsic growth of P. armoricanus was measured to 13.5. The maximum 

growth of five other butterfly species ranged from 1.970 – 6.351, with a mean of 3.21 

(sd. = 1.93). The mean value was chosen to be compared with the growth rate of P. 

armoricanus, examining if a lower growth rate would affect a butterfly’s ability to 

spread north with their range expansion.  

The effect of the dispersal probability of P. armoricanus on their range shift ability was 

compared with two other dispersal behaviours, both described with a generalized 

normal distribution. The dispersal of butterflies is difficult to assess, and there are many 
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ways that scientists has been trying to define and estimate dispersal ability. A meta-

analysis of dispersal in butterflies showed that even though methods differs, most of 

their results are converged (Stevens, et al., 2010). One common method to estimate 

dispersal is by mark- and recapture, which was used to study the dispersal ability of P. 

armoricanus. One difficulty with this method is that it could be difficult to find long 

dispersing individuals, considering the area that need to be searched through for finding 

marked individuals. The maximum distance for a butterfly to disperse was measured in 

23 species with mark- and recapture-method (Baguette, et al., 2000; Baguette, 2003; 

Cassel-Lundhagen & Sjögren-Gulve, 2007; Fric, et al., 2010; Gutiérrez, et al., 2001; 

Kuras, et al., 2003; Rabasa, et al., 2007; Wahlberg, et al., 2002; Öckinger & Smith, 

2007) which resulted in a range between 395 – 13500 m with a mean of 2182 m (sd. = 

2577 m). Several of these studies have a study area under 3 x 3 km, limiting the 

possibility of finding marked individuals at long distances. Pyrgus armoricanus had a 

maximum dispersal distance of 7446 m in a study area of 7 x 14 km. That the study area 

was larger than the longest dispersal distance suggests that it is unlikely that they 

disperse longer distances than their recorded maximum, especially since P. armoricanus 

is described as a species with local fidelity (Eliasson, et al., 2005). Another common 

method to define dispersal ability is by estimating their proportion of long dispersing 

individuals, meaning butterflies dispersing over 5 km. Stevens et al. (2010) found 22 

papers describing 30 butterfly species probability to disperse over 5 km and found that 

it ranged between 4*10-7 – 0.44 (using an inverse power kernel). The dispersal kernel 

constructed upon the mark-and recapture data of P. armoricanus showed a proportion of 

0.04 butterflies dispersing over 5 km (using the mean values for shape and width, 0.51 

and 310, and a maximum dispersal distance of 7446), showing a low tendency for long 

distance dispersal.  

This study investigated the effect of three different dispersal behaviours on range shift 

ability. The first behaviour was described by the dispersal behaviour of P. armoricanus. 

The shape of the dispersal kernel was kept the same for all dispersal behaviours since it 

is similar to a Laplace curve, which is a common shape for dispersal kernels. The shape 

has also been known to have less impact on the dispersal ability than width (Lindström, 

et al., 2008). By increasing the width one increases the proportion of dispersing 

individuals that fly long distances while increasing the maximum flight distance makes 

it possible for the butterfly to disperse long distances. The second dispersal behaviour 

was described with the same width as for P. armoricanus but with an ability of 

dispersing up to 20 km, with a probability of 0.067 of dispersing longer than 5 km. This 

behaviour will be labelled dispersal vagrancy. Stevens et al (2010) meta-analysis of 

butterfly dispersal concluded that vagrancy, which is the number of butterflies in a 

habitat without their larval host plant, is a reliable measurement for relative dispersal 

abilities between species. One could perceive the ability for long distance flying as high 

vagrancy, and that low or high vagrancy is incorporated in the model depending on the 

set maximum flying distance. The third dispersal behaviour investigated had a width of 

1500, which gave a higher probability of dispersal events over 5 km (0.36). The 

motivation for selecting this value was that it unmistakably differed from the width 

estimated from P. armoricanus but remained within the range of maximum distances 
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recorded and increased the probability of long distance movements (Stevens, et al., 

2010). The butterflies with this dispersal behaviour could disperse up to 20 km. Both 

dispersal behaviours had a probability of long dispersal events within the range (4*10-7 

– 0.44) documented in Stevens et al. (2010). 

2.5 Presenting the results 

The results from the simulations are represented using ArcGIS® 10.4.1 and ArcMap™. 

Mean and standard deviation of population size and area for each trait was compared 

with values from Pyrgus armoricanus using effect size, which is a straight forward way 

of quantifying the difference between two groups. The use of effect size highlights the 

differences between groups without the use of frequentist statistics, which is 

unadvisable since the statistical power could be subjectively set and because hypothesis 

testing easily could lead to a type 2 error (White, et al., 2014). The results from P. 

armoricanus were set as the control group when calculating effect size (Equation 10). 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑠𝑖𝑧𝑒 =  (𝑀𝑒𝑎𝑛𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 − 𝑀𝑒𝑎𝑛𝑐𝑜𝑛𝑡𝑟𝑜𝑙) 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑑⁄  (10) 

One could use effect size to quantify the overlap between groups, since it could be 

directly translated into a ‘Z-score’ of a normal distribution (percentiles) (Coe, 2002). 

This study choses to subjectively divide the effect size into three groups; low, medium 

and high effect, where a low effect is beneath 0.5, a medium effect is between 0.5 and 1 

and a high effect is above 1. 
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3. Results 

3.1 Range shift for a specialized butterfly 

3.1.1 Pyrgus armoricanus 

The success of Pyrgus armoricanus northward expansion was restricted during both 

climate scenario RCP4.5 and RCP8.5, but the species were predicted to slightly increase 

in population size and inhabited area. One could expect their mean area to increase to 52 

± 36 ha, with a maximum of 117 ha. The population size could also be expected to 

increase, from a mean of 509 ± 388 individuals to about 1119 ± 1049 (Table 1). The 

butterfly did not manage to expand its territory northwards, but did in up to 50 % of the 

simulations increase its inhabited area by occupying habitat patches south of their 

current distribution (Figure 3). Even though the success of the butterfly northward 

expansion was limited for either climate scenario, the warmer climate in RCP8.5 

enabled a larger mean population size of 1504 ± 1323 individuals and mean inhabited 

area of about 61 ± 39 ha.  

3.1.2 Traits of a specialized butterfly 

The expansion success of a butterfly assuming the highly specialized habitat 

requirements of P. armoricanus was low regardless of trait and climate scenario (Figure 

3). The difference in population size and inhabited area between P. armoricanus and a 

butterfly with higher establishment ability or a higher emigration probability were low, 

while a decreased growth rate or an increased dispersal ability had a greater effect. A 

lower growth rate lead to a lower population size (effect size = - 0.73), and a slightly 

larger inhabited area (effect size = 0.28). Increased dispersal ability, either by assuming 

a higher dispersal vagrancy or dispersal probability, resulted in a higher population size 

and area inhabited comparing to P. armoricanus. The difference between P. 

armoricanus and mean inhabited area, with an effect size from 0.94 to 2.46, was greater 

than between P. armoricanus and mean population size (Table 1). 

The tested traits followed the same trends under climate scenario RCP8.5 as in RCP4.5, 

except that the difference between P. armoricanus and the traits was smaller in the first 

mentioned (besides growth, where the difference in mean population slightly increases). 

The northward expansion was limited regardless of trait, but an increased dispersal 

vagrancy increased their expansion from 0 to a maximum of 15.1 km north from their 

original habitat, with a mean of about 14.6 ± 0.8 km (Table 4) for both climate 

scenarios. An increased dispersal probability raised the mean expansion to around 14.7 

± 0.8 km for RCP4.5 and RCP8.5.  
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Table 1. Mean population size and area (± sd) for Pyrgus armoricanus compared with five traits 
simulated (decreased population growth and increased dispersal vagrancy, dispersal 
probability, emigration, establishment) on a landscape with the habitat restriction set by the 
specialist butterfly Pyrgus armoricanus. The scenarios were run over two climate scenarios, 
RCP4.5 and RCO8.5. Pyrgus armoricanus was compared with each trait using effect size. 
Effect size of low effect is marked by a plain number, medium effect by bold numbers while high 
effect by bold numbers with an asterisk. 

Habitat defined for Pyrgus armoricanus     

Trait 
Mean population 
size (± sd) 

Population 
range 

Effect size 
Mean area 
± sd (ha) 

Area range Effect size 

Climate scenario RCP4.5       

Pyrgus armoricanus 1118 ± 1049 0 – 6617  52 ± 36 0 – 117.3  

Growth rate 591 ± 398 0 – 2269 -0.73 60 ± 17 0 – 115.7 0.28 

Establishment 1545 ± 1191 0 – 6543 0.38 74 ± 35 0 – 117.3 0.60 

Emigration probability 1153 ± 1022 0 – 6422 0.03 55 ± 36 0 – 117.3 0.06 

Dispersal vagrancy 2227 ± 1527 0 – 8666 0.86 113 ± 39 0 – 157.9 1.63* 

Dispersal probability 2521 ± 1561 0 – 8438 1.07* 131 ± 28 0 – 157.4 2.46* 

Climate scenario RCP8.5       

Pyrgus armoricanus 1504 ±1323 0 – 7556  61 ± 39 0 – 117  

Growth rate 720 ± 487 15 – 2954 -0.87 64 ± 17 28 – 117 0.10 

Establishment 1854 ± 1434 0 – 9061 0.25 77 ± 35 0 – 117 0.43 

Emigration probability 1469 ± 1289 0 – 7733 -0.03 61 ± 38 0 – 177 -0.01 

Dispersal vagrancy 2687 ± 1811 0 – 11990 0.75 117 ± 36 0 – 157 1.50* 

Dispersal probability 2994 ± 1836 0 - 10720 0.94 133 ± 26 0 – 157 2.22* 

Figure 3. Map over habitat distribution and expansion of the specialized butterfly Pyrgus 
armoricanus and expansion-related traits.  
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3.2 Range shift for a medium specialized butterfly 

3.2.1 Pyrgus armoricanus 

Pyrgus armoricanus followed its range shift to a maximum of 18.1 km regardless of 

climate scenario (Table 4). This was the maximum limit even their dependability of 

south facing slopes was removed, generating a mid-specialist landscape. The species 

had a mean expansion of 1.5 ± 5.3 km for RCP4.5 and 14.2 ± 4.9 km for RCP8.5. The 

butterfly managed to spread both east and south and thereby increased in population 

size and area inhabited, even though their northward expansion was limited (Figure 4). 

The mean population increased to 3916 ± 3019 and 4715 ± 3524 for RCP 4.5 and 

RCP8.5 respectively, while the mean area was about 200 ha for both climate scenarios 

(Table 2).  

3.2.2 Traits of a medium specialized butterfly 

A medium specialized butterfly had in general a greater population growth and 

increased distribution compared to a specialized butterfly. Climate scenario RCP4.5 and 

RCP8.5 had a similar effect on either trait tested, but the latter assumed a higher 

temperature which enabled the populations to grow larger. The mean population size 

and area inhabited for a medium specialized butterfly declined when a low growth rate 

was assumed. Both population size and area inhabited increased if the establishment 

probability or the emigration probability was greater (Table 2), but the dispersal traits 

had the greatest effect. The butterfly with a higher vagrancy doubled both the 

population size and inhabited area compared to the butterfly resembling P. 

armoricanus. This increase was even greater if a higher dispersal probability was 

assumed, where the mean population size reached about 14 000 and the inhabited area 

around 800 ha in climate scenario RCP4.5.  

Range shift ability increased for a butterfly with more general habitat requirements 

compared to the highly specialized butterfly (Figure 4), but the ability differed 

depending on the traits held by the butterfly. The expansion of the butterfly did not 

differ greatly for an increased establishment ability or emigration probability, in fact 

they stayed within the same area as P. armoricanus (Table 4). The mean expansion for 

the butterfly with increased establishment probability reached 15.3 ± 4.2 km for RCP4.5 

and 15.3 ± 3.8 for RCP8.5. An increased emigration probability lowered the mean 

expansion to around 13.7 ± 5.2 km for both climate scenarios. Even though a decreased 

growth rate had a clear declining effect on the number of individual butterflies, they 

managed to expand their distribution the same distance as P. armoricanus, even though 

the mean expansion was roughly 4 km shorter (Table 4). The dispersal traits had the 

greatest effect on the northward expansion for the medium specialized butterfly. The 

butterfly enlarged its distribution from 18 km up to about 82 - 86 km if it had a higher 

dispersal vagrancy (Figure 4, Table 4), with a mean expansion of 50.4 ± 19.9 km for 

RCP4.5 and 55.7 ± 17.3 for RCP8.5. The butterfly with a higher dispersal probability 

had a mean expansion of 68.8 ± 9.9 km for RCP4.5 and 70.6 ± 10 km for RCP8.5, with 

a maximum expansion that reach about 102 km during 50 years for either climate 

scenario.  



 

19 

 

Table 2. Mean population size and area (± sd) for Pyrgus armoricanus compared with five traits 
(decreased population growth and increased dispersal vagrancy, dispersal probability, 
emigration, establishment) simulated on a landscape defined by well grazed pastures with host 
plant. The scenarios were run over two climate scenarios, RCP4.5 and RCO8.5. Pyrgus 
armoricanus was compared with each trait using effect size. Effect size of low effect is marked 
by a plain number, medium effect by bold numbers while high effect by bold numbers with an 
asterisk. 

Habitat defined by well grazed pastures with host plant   

Trait 
Mean population 
size ± sd 

Population 
range 

Effect size 
Mean area 
± sd (ha)  

Area range Effect size 

Climate scenario RCP4.5      

Pyrgus armoricanus 3916 ± 3019 0 – 15625  200 ± 81 0 – 352  

Growth rate 1718 ± 1187 42 – 7374 -1.19* 187 ± 51 38 – 309 -0.20 

Establishment 4526 ± 3146 0 – 17173 0.20 235 ± 73 0 – 358 0.45 

Emigration probability 3990 ± 2976 0 – 16053 0.02 203 ± 77 0 – 347 0.03 

Dispersal vagrancy 8467 ± 6647 0 – 43505 0.94 479 ± 226 0 – 1133 1.82* 

Dispersal probability 13597 ± 9300 0 - 49626 1.57* 798 ± 221 0 – 1136 3.97* 

Climate scenario RCP8.5      

Pyrgus armoricanus 4715 ± 3524 0 – 17650  209 ± 81 0 – 358  

Growth rate 1826 ± 1444 57 – 8838 -1.16* 195 ± 51 57 – 320 -0.21 

Establishment 5480 ± 3758 0 – 21643 0.21 247 ± 68 0 – 358 0.51 

Emigration probability 4784 ± 3522 0 – 18646 -0.02 210 ± 78 0 – 359 -0.01 

Dispersal vagrancy 11254 ± 8496 0 – 47474 1.09* 551 ± 237 0 – 1118 2.16* 

Dispersal probability 16668 ± 11250 
206 - 
62645 

1.62* 837 ± 209 0 – 1136 4.34* 

Figure 4. Map over habitat distribution and expansion of Pyrgus armoricanus and medium 
specialized butterfly with tested traits.  
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3.3 Traits of a generalized butterfly 

3.3.1 Pyrgus armoricanus 

An increased amount of habitat for Pyrgus armoricanus led to an increase in population 

size, area inhabited and ability to expand north. Their mean population size could reach 

as high as about 58 000 individuals during climate scenario RCP4.5 and almost 78 000 

during climate scenario RCP8.5, while mean area inhabited reached about 2300 ha and 

2500 ha for respective climate scenario (Table 3). Their maximum expansion for both 

scenarios was around 110 km, even though the mean expansion for RCP4.5 was 75.3 

km while the butterflies in RCP8.5 reached a mean expansion of 84.4 km (Table 4, 

Figure 5). 

3.3.2 Traits of a generalized butterfly 

The increased availability to suitable habitat had a large effect on population size, area 

and range shift ability for all traits included in this study, irrespective of the climate 

scenario. 

The mean population and area was considerable lower for the butterfly with low growth 

rate during RCP4.5 compared to P. armoricanus, with a negative effect size of - 2.03 

and - 2.63 respectively. The difference between P. armoricanus and the establishment 

probability and emigration probability were small. The traits regarding dispersal ability 

(dispersal vagrancy and dispersal probability) yielded a greater difference in mean 

population size and area in comparison with P. armoricanus (effect size = 0.86 – 2.20) 

with exception of the mean population size of the butterfly with higher dispersal 

vagrancy which had a medium effect size of 0.45 (Table 3). 

The mean population size and area for different traits showed similar trends in RCP4.5 

as in RCP8.5, even though the difference between the trait tested and P. armoricanus 

increased in a warmer climate. The lowest range shift ability was seen during RCP4.5 

with the butterfly with a low growth rate, who had a mean range shift of and 23.1 km a 

maximum of 43.6 km. An increased emigration probability gave a slightly shorter 

maximum range expansion (97.9 km) than for P. armoricanus (106.9 km), while an 

increased establishment probability gave a longer maximum expansion of 119 km 

(Table 4) in RCP4.5. Butterflies with higher dispersal abilities also had the highest 

range shift abilities, where high dispersal vagrancy gave a maximum range expansion of 

171 km and higher dispersal probability gave a maximum range expansion of 174 km 

(Figure 5) in RCP4.5. The range shift limit after 50 years under climate scenario 

RCP4.5 lays 174.4 km north of their original distribution. The mean expansion for 

dispersal vagrancy and probability was about 120 respectively 165 km. The maximum 

expansion of the butterfly with low growth rate, higher emigration probability or 

establishment in RCP8.5 only differed with 0.5-14 km comparing to RCP4.5. The 

butterflies with an increased dispersal ability, either by dispersal vagrancy or 

probability, had a greater maximum expansion during RCP8.5. A higher dispersal 

vagrancy enabled the butterfly to expand their distribution 212 km northward, with a 

mean expansion of 165 km. A higher dispersal probability allowed them to spread up to 
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302 km northward, being very close to their range shift limit that lays 308 km from their 

original distribution. Their mean expansion reached 232.5 km. 

 

 
 

 

 

 

 

 

 

 

Figure 5. Map over habitat distribution and expansion of P. armoricanus and generalized butterfly 

with tested traits.  
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Table 3. Mean population size and inhabited area (± sd) for Pyrgus armoricanus compared with 
five traits (decreased population growth and increased dispersal vagrancy, dispersal probability, 
emigration, establishment) simulated on a landscape defined by well grazed pastures. The 
scenarios were run over two climate scenarios, RCP4.5 and RCO8.5. Pyrgus armoricanus was 
compared with each trait using effect size. Effect size of low effect is marked by a plain number, 
medium effect by bold numbers while high effect by bold numbers with an asterisk. 

Habitat defined by well grazed pastures    

Trait 
Mean population 
size ± sd 

Population 
range 

Effect 
size 

Mean area ± sd 
(ha) 

Area range 
Effect 
size 

Climate scenario RCP4.5       

Pyrgus armoricanus 58532 ± 44971 0 - 191388  2298.9 ± 774.5 0 – 3421  

Growth 6477 ± 6351 33 – 30798 -2.03* 711.9 ± 432.3 55.0 – 1776 -2.63* 

Establishment 66201 ± 54558 0 – 229972 0.15 2579.2 ± 1015.6 0 – 4502 0.31 

Emigration probability 54377 ± 45909 0 – 194902 -0.09 2145.6 ± 908.2 0 – 3424 -0.18 

Dispersal vagrancy 86161 ± 75979 0 – 313325 0.45 3345.0 ± 1649.0 0 – 8180 0.86 

Dispersal probability 142089 ± 111639 2032 - 474962 1.07* 6650.2 ± 2572.5 1248 ± 10820 2.60* 

Climate scenario RCP8.5       

Pyrgus armoricanus 76718 ± 63395 0 – 260047  2509 ± 988 0 – 3749  

Growth 7999 ± 7624 202 – 42452 -1.93* 742 ± 404 143.1 – 2067 -2.54* 

Establishment 94950 ± 72477 0 – 300626 0.27 3144 ± 980 0 – 5438 0.64 

Emigration probability 73925 ± 61507 0 – 255920 -0.04 2454 ± 971 0 – 3828 -0.05 

Dispersal vagrancy 135645 ± 109797 0 – 479952 0.68 4921 ± 1958 1433 – 9834 1.64* 

Dispersal probability 194842 ± 148534 3085 – 683174 1.14* 8595 ± 2829 2551 – 13421 3.19* 
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Table 4. Mean (± sd) and maximum northward expansion for Pyrgus armoricanus and five 
dispersal related traits during the climate scenario RCP4.5 and RCP8.5 for three habitat 
distributions. 

 Climate scenario RCP4.5 Climate scenario RCP8.5 

Trait 
Mean expansion 
 ± sd (km) 

Maximum 
expansion (km) 

Mean expansion 
± sd (km) 

Maximum 
expansion (km) 

Habitat defined for Pyrgus armoricanus     

Pyrgus armoricanus 0 0 0 0 

Growth 0 0 0 0 

Establishment 0 0 0 0 

Emigration probability 0 0 0 0 

Dispersal vagrancy 14.6 ± 0.8 15.1 14.6 ± 0.8 15.1 

Dispersal probability 14.7 ± 0.8 15.1 14.7 ± 0.8 15.1 

Habitat defined by well grazed pastures with host plant 

Pyrgus armoricanus 13.5 ± 5.3 18.1 14.2 ± 4.9 18.1 

Growth 9.4 ± 5.2 18.1 10.8 ± 5.4 18.1 

Establishment 15.3 ± 4.2 18.1 15.9 ± 3.8 18.1 

Emigration probability 13.7 ± 5.2 18.1 14.0 ± 5.2 18.1 

Dispersal vagrancy 50.4 ± 19.9 82.0  55.7 ± 17.3 86.2 

Dispersal probability 68.8 ± 9.9 101.7 70.6 ± 10.0 104.6 

Habitat defined by well grazed pastures    

Pyrgus armoricanus 75.3 ±10.6 106.9 84.4 ± 12.5 110.6 

Growth 23.1 ±10.3 43.6 23.6 ± 8.8 47.1 

Establishment 93.0 ± 11.9 119.0 106.9 ±13.9 136.3 

Emigration probability 75.8 ± 11.2 97.9 84.4 ±12.5 103.7 

Dispersal vagrancy 120.1 ± 17.0 171.3 138.8 ± 21.8 212.6 

Dispersal probability 165.0 ± 12.1 174.3 232.5 ± 33.9 302.0 
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4. Discussion 

4.1 Range shift of Pyrgus armoricanus 

The future range shift of P. armoricanus is limited (Figure 2) and the butterfly will not 

be able to expand north even when the temperature rises to more suitable levels. The 

population is likely to increase, even though it is possible that it will remain on a similar 

size as today or even go nationally extinct. It is also likely that the butterfly expands its 

total area that it inhabits with roughly 10 ha. The future of the butterfly relies on few 

habitat patches, and a continued industrialization of the landscape could be detrimental 

for the species. The limited amount of habitat restricted the butterfly’s north expansion, 

which is evident since the butterflies with more general habitat requirements had an 

increased expansion. The dispersal ability of the butterfly also affects its range shift 

ability, and an increased dispersal distance would enable the butterfly to expand about 

15 km north. One factor that suggests that P. armoricanus could have a higher dispersal 

ability than assumed is that individual butterflies of P. armoricanus has been found at 

shore meadows close to Simrishamn (Artportalen, 2016), situated approximately 25 – 

30 km east of the populations surveyed. This indicates that the species either could 

spread longer distances than recorded or that there are stepping stones in the landscape 

that is not included in this study. The butterfly has been observed at a gravel pit closely 

located to Listarum, situated between Tomelilla and Simrishamn (Artportalen, 2016). 

The meta-population survey included a meadow in Listarum but only a few individuals 

where found at the surveyed location and therefore not included in this study. It is 

possible that this patch works as a stepping stone or that the species has a higher 

dispersal ability than recorded. The species managed to spread to habitat patches 

surrounding Simrishamn when their maximum dispersal distance was increased to 20 

km. This was labelled as increased dispersal vagrancy, indicating that the butterfly 

could move and survive as an adult in a landscape lacking their host plant (Cook, et al., 

2001; Stevens, et al., 2010). It is possible that P. armoricanus could have a higher 

dispersal vagrancy than recorded in the mark- and recapture survey due to limitations in 

studying dispersal. A previous description of the species defines it as loyal to its local 

habitat (Eliasson, et al., 2005), which indicates that it has a low dispersal ability. This 

statement was confirmed with the data gathered from the meta- population and mark- 

and recapture survey, which together implies that the model captures the behaviour of 

the species. 

4.2 Traits and range shift ability 

This study recognized three main factors that affects species vulnerability to climate 

change; habitat specialization, dispersal ability and growth rate. The first factor is the 

species habitat requirements, which was identified as a major determinant in a species 

range shift success. The habitat availability showed to be extremely important for the 

butterfly’s range shift ability, where both the specialist and mid-specialist had a very 

limited northward expansion. The generalist habitat requirements made it possible to 

expand north regardless of the trait held by the butterfly, even if some traits enabled it to 

move faster than others (Figure 5). This confirms the theory that butterflies with general 

habitat requirements will be less vulnerable to climate change (Melero, et al., 2016; 

Pöyry, et al., 2009; Warren, et al., 2001), which could be expected since generalist 
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butterflies are more successful in surviving in a disturbed habitat (Börschig, et al., 

2013).  

The second factor identified is the species ability to disperse, which will affect the 

chance to reach and inhabit new habitats patches as they become climatically suitable. 

Dispersal ability has in previous studies been recognised as important to sustain in a 

changing climate since it and regulates its metapopulation dynamics (Hanski, 1998; 

Kuussaari, et al., 1998; Pulliam, 1988) and affects the species chance to follow its range 

shift (Estrada, et al., 2015; Hellmann, et al., 2016; Pöyry, et al., 2009; Schloss, et al., 

2012). This study described three different dispersal behaviours, where both dispersal 

vagrancy and dispersal probability increased expansion relative to P. armoricanus. 

Dispersal vagrancy increased population size and area compared to P. armoricanus 

regardless of scenario, which shows the traits importance for a species possibility to 

expand. An increased long dispersal probability gave the highest increase in range shift 

ability, population size and inhabited area. In fact, this trait was the only one where the 

butterfly managed to follow its range shift when the habitat availability of a generalist 

butterfly was assumed. Several studies have shown that high dispersal ability has a 

positive influence on a species range shift ability, even though some studies has not 

found any correlation between the two (Estrada, et al., 2016). This indicates that 

dispersal behaviour is important, but not the exclusive determinant for a species range 

shift ability. 

The third factor is population growth. The growth rate of Pyrgus armoricanus was 

remarkably high compared to the growth rates found in other species and it was clearly 

a trait that had a positive influence on both its population size and distribution. A lower 

growth rate resulted in a smaller population and lower inhabited area regardless of 

landscape or climate scenario, but only a lower range shift ability if simulated on a 

landscape for a generalist butterfly. A high growth rate should aid a species to range 

shift since it affects its ability to persist in an unsuitable habitat, disperse and to 

establish in a new habitat (Hanski, 1998). The reproductive strategy of butterflies, 

which enables them to reproduce early in life and yield many offspring, has been 

observed to have a positive effect on range shift ability in several organism groups 

(Estrada, et al., 2016). This study confirms that growth rate influence a butterfly’s 

population size, inhabited area and range shift ability in a warmer climate. 

This study also investigated the importance of emigration and establishment probability 

on the range shift ability of a butterfly. A high emigration probability had a small 

negative effect on population size and area compared to Pyrgus armoricanus. The 

negative effect could be explained by the risks connected to dispersal, since this model 

assumes that the butterfly did not reproduce if it were not able to establish in its new 

patch. Another explanation is that an increase emigration probability leads to more 

butterflies disperse to sink habitats. A metapopulation is an assemblage of source and 

sink subpopulations, where the source subpopulation has a strong reproduction whereas 

the sink subpopulation has a reproduction that is insufficient to balance the mortality. 

Sink populations can be locally maintained by the continued immigration from a nearby 

source population, and thereby causing a reduction in population size (Pulliam, 1988). 
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An increased emigration probability could therefor cause a reduction in population size 

of the butterfly since this study does not take site selection strategy into account. Recent 

science has shown that the benefit of careful site selection is evened out by harmful 

indirect effects (Nurmi, et al., 2017). It should be noted that the difference in population 

size, inhabited area and expansion between P. armoricanus and a butterfly with 

increased emigration probability was very small. The importance of emigration 

probability to range expansion has also been difficult to find in other organisms 

(Estrada, et al., 2016) and the trait could not be concluded as important to a species 

range shift capacity. 

The establishment probability had a positive effect on range shift ability, but the 

difference between P. armoricanus and an increased establishment probability were 

surprisingly small. A higher habitat availability slightly increased the difference. The 

low effect could be due to the highly variating carrying capacity assumed in this study. 

The carrying capacity of a habitat patch will decide the success of the establishment, 

and one could suspect that a highly variating carrying capacity will decrease the 

significance of the establishment probability. This study suggests that establishment 

probability is of less importance, at least when one assumes a high growth rate and a 

strong and varying of environmental stochasticity.  

Habitat generalisation, growth rate and dispersal ability was identified as important for a 

butterfly’s northward expansion. In fact, only the combination of the three factors made 

it possible for the butterfly to closely follow its range shift limit. The butterfly expanded 

with a speed up to 6.08 km yr-1 at climate scenario RCP8.5 and 3.54 km yr-1 at RCP4.5 

(maximum expansion / 50 years) assuming a high habitat generalisation, growth rate 

and dispersal probability (Figure 5). Studies who observed butterflies expansion north 

the last decades has detected a range shift velocity between 6-30 km yr-1 (48 species) 

(Pöyry, et al., 2009) and 3.5 – 24 km yr-1 (22 species) (Parmesan, et al., 1999). The 

range shift ability seems though to differ greatly between organism groups, where 

butterflies are generally considered to follow their range shift better than other groups. 

A meta-analysis of terrestrial organisms showed a median velocity of 1.69 km yr-1 

(Chen, et al., 2011) while another showed a mean of 0.61 km yr-1 (Parmesan & Yoha, 

2003). A recent study over species that expands north in Great Britain showed a mean 

northward expansion over several taxonomic groups of 1.8 and 2.3 km yr-1 (depending 

on time period), where Lepidoptera had an increased expansion rate during the last 

decades (Mason, et al., 2015). A butterfly in this study with traits aiding range shift 

ability had a low northward expansion relative to other observed butterflies but high 

relative to other organism groups.  

4.3 The model 

4.3.1 Landscape 

The landscape was created based on Ängs- och betesmarksinventering in order to get a 

realistic distribution of habitat across Götaland. One disadvantage with Ängs- och 

betesmarksinventeringen is that it excludes all pastures beneath 0.1 ha, pastures that 

might aid dispersal even though they are too small to hold a population. Another type of 

landscape feature excluded in this study is roadsides, which could aid dispersal for flora 
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and fauna that are dependent on well-managed, nitrogen poor meadows. A few 

inventories of roadsides have shown a relatively high number of species of butterflies 

and stinging wasps (specifically from Apoidea), whereof some of them are red listed 

within the category NT (Blomqvist, 2010; Nollbrant, 2010; Nollbrant, 2012). The extent 

of roadsides that are valuable as habitat or dispersal corridor is unclear, but it is likely to 

depend on factors such as surrounding nature type, management, drainage, nitrogen 

level, pre-sow of weeds, dust and nitrogen from traffic (Runesson, et al., 2012). This 

study assumed that there is one small habitat patch of 0.1 ha for each included pasture 

within 5 km to mitigate the problem of potentially excluded patches. 

One difficult part with finding suitable habitat patches for P. armoricanus was to 

identify meadows with a warm microclimate, which has been shown to be an important 

habitat factor (Eilers, et al., 2013; Fourcade & Öckinger, 2017). Solar radiation 

calculation was used to identify habitat patches with a south slope, which would 

increase the temperature of the habitat. The simulation of the mid-specialist, showed 

that the expansion of P. armoricanus would be limited even if they could reproduce in a 

habitat patch without a slope facing south. 

4.3.2 Dispersal 

There are three biological important factors in dispersal behaviour; dispersal distance, 

movement rate and underlying process, and they are all difficult to estimate. The first 

factor is the dispersal distance, described in this study as a probability to move a certain 

distance. Dispersal is exceptionally difficult to study by empirical methods, and the 

most obvious problem lies in the area that needs to be searched. The further away from 

the first capture, the larger area is needed to be searched through in order to find and 

recapture the same individual. This makes it complicated to get accurate measures of 

how far species could move and the frequency of such movements. This also applies on 

the survey of Pyrgus armoricanus, even though many individuals where recaptured (98 

%) which indicates that the movement of species where well described by the data. The 

survey found butterfly at as long distance as 7446 m, which is an unusually long 

distance for mark and recapture studies (Stevens, et al., 2010). The model assumed that 

the longest distance that a P. armoricanus can fly is 7446 m, which could be a result of 

not finding the butterfly at a longer distance at the mark- and recapture study. The 

second factor is number of movements. Each movement of a butterfly cannot be 

detected by a mark- and recapture study, which yields and uncertainty of the dispersal 

behaviour. Even though 98 % of the butterflies were recaptured, only 88 out of 595 

individual butterflies in the survey were recaptured more than ones. The difficulties to 

detect the butterflies more often could depend on many factors, for example changing 

weather, death or undetected movement to another patch. The consequence is an 

uncertainty in the model in regard to the probability of emigration and number of 

movements. The emigration probability is expected to depend on both population 

density and fraction of mated females and is important for a species population 

dynamics ( Hanski, 1998; Kuussaari, et al., 1998). The third factor that is difficult to 

assess is the process behind each movement. It is likely that butterflies have different 

processes behind movements, where most movements are daily routine while some are 

genuine dispersal attempts (Hovestadt, et al., 2011; Van Dyke & Baguette, 2005). It has 
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been argued that these two processes should be separated in order to get biological 

realism, which could be especially important in highly fragmented landscapes since the 

influence of daily routine movements on dispersal is expected to decline (Van Dyke & 

Baguette, 2005).  

4.3.3 Population dynamics and environmental stochasticity 

Population dynamics could be regarded as a stochastic process due to demographic and 

environmental stochasticity. Variation in reproductive success was incorporated into the 

model by allowing the population growth to vary between discrete time steps. 

Environmental variation is an essential part of population dynamics and could be 

characterized by temporal autocorrelation, magnitude and spatial synchrony (Lögdberg, 

2011). This model incorporated environmental stochasticity by allowing temperature 

fluctuations affect the carrying capacity. Correlation between temperature and 

population density is a common phenomenon among ectotherms (Bale, et al., 2002) and 

it was observed in P. armoricanus. The model also accounted for synchrony between 

the local environments of patches, based on the observed synchrony in population 

density in P. armoricanus. Spatially synchrony is mainly caused by three mechanisms; 

environment, dispersal and interactions with other species (Lundberg, et al., 2000). The 

three main mechanisms behind synchrony are difficult to tell apart and are not separated 

in this study, but rather interpreted as the local environments effect on carrying 

capacity. One could argue that dispersal induced synchrony is included in the study, 

since the dispersal is distance dependent. A high dispersal of individuals flattens out the 

difference in population density between patches nearby, and thereby introduces spatial 

synchrony. Some studies argue that biotic interactions are of high importance when 

predicting the future dynamics of a species (Estrada, et al., 2016; Wisz, et al., 2013). 

The importance of species interactions on a species have been shown to be dependent 

on their environmental autocorrelation, where biotic interactions only are relevant if the 

species displays positively autocorrelated environment (Gudmunson, et al., 2015). The 

mechanisms behind synchrony are likely to be spatially correlated, which yields higher 

synchrony to habitats that are closely located (Lundberg, et al., 2000). One way to 

improve the model would be to induce distance dependent environmental synchrony, 

which would be a reasonable assumption since both weather, dispersal and biotic 

interactions are likely to be under a local influence. Lögdberg (2011) concluded that 

species with high density dependence and fast reactions to environmental stochasticity 

had a much higher extinction risk if one assumes distance dependent synchrony in 

comparison to random distributed synchrony. In fact, increased synchrony between 

populations leads to an increased extinction rate (Hanski, 1998). This means this study 

could underestimate the national extinction risk for Pyrgus armoricanus due to an 

underestimated synchrony. 

The environmental stochasticity described with a “pink” autocorrelated noise resulted in 

a unique and synchronized carrying capacity for each patch that changed according to 

temperature fluctuations, which in general gave a lower carrying capacity in the first 

generation in comparison to the second generation that broads in late summer. This is a 

common pattern for butterflies, and it was also seen in the dynamics of P. armoricanus. 

A carrying capacity that fluctuates could be difficult to handle when one describes 
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population growth with a population model. The Ricker equation was therefore 

modified by the addition of a parameter that reduced oscillation and yet enabled the 

population to be highly responsive to the variable capacity. Other ways to accommodate 

a variable carrying capacity has been explored (Roughgarden, 1975), but not judged 

suitable for this model. 

Temperature increase may induce changes in the life-cycle of butterflies that are not 

accounted for in this study, for example voltinism, flight season, size, genetic 

composition and host plant use (Bale, et al., 2002; Bennett, et al., 2015; Kharouba, et 

al., 2014; Pateman, et al., 2012). An addition of generations due to climate change has 

been seen in for example moths (Pöyry, et al., 2011), and could possibly be induced for 

P. armoricanus since the butterfly in south Europe has been known to have three 

generations per year instead of two as in Sweden (Wolfgang, u.d.). The consequence 

could be a reduction in species fitness (Melero, et al., 2016), depending on 

developmental synchrony between the insect, the host plant and the insects’ reliability 

of photoperiodic cues ( Bale, et al., 2002; Tobin, et al., 2008). A possible adaptation to a 

warmer climate could be by a change of host plant (Pateman, et al., 2012), which would 

enable them to reproduce in habitat that today is inaccessible. Pyrgus armoricanus has 

been recorded to use Potentilla spp. as host plant in more southern locations in Europe, 

but only to a very low extent in Sweden (Eilers, et al., 2013). Temperature dependent 

alterations in host plant use has been detected in other butterflies, for example Aricia 

agestis (Pateman, et al., 2012), and a change for P. armoricanus is not unlikely since 

they have been recorded to have a few different host plants. This model did neither 

assume a third generation or a change in host plant, but it is possible that the butterfly 

will exhibit life-cycle changes to accommodate a changing climate. 

4.3.4 Range shift speed 

The range shift velocity calculated for RCP4.5 was 3.49 km yr-1 (sd. = 3.26) and for 

RCP8.5 6.16 km yr-1 (sd. = 5.76). Loarie et al. (2009) calculated a global velocity of 

0.11 - 1.46 km yr-1 (A1B scenario), while the Intergovernmental Panel on Climate 

Change (2014) predicted range shift velocities which ranged from 0 to almost 8 km yr-1 

(Scholes, et al., 2014). Flat areas were predicted to experience the highest velocities 

(Loarie, et al., 2009; Scholes, et al., 2014). The velocities used in this study could be 

argued to be high if compared to these values, but rather low if compared to the 

northward expansions seen in butterflies during the last decades. The expansion 

observed in butterflies the last decades has ranged between 2.5 – 30 km yr-1 (Parmesan, 

et al., 1999; Pöyry, et al., 2009). The range shift calculated for RCP4.5 and RCP8.5 lays 

within the range of predicted range shift velocities as well as within the observed range 

shifts of butterflies, which indicates that it is a reasonable estimation. 

4.4 Vulnerability and consequence of range shift 

The question of which species that are most vulnerable of climate change is very 

difficult to answer, and one can expect it to vary among different habitats and 

organisms. This study suggests that specialized butterflies with low growth rate and 

dispersal ability are less likely to be able to follow their range shift, which is likely to 

isolate population and thereby becoming prone to extinction (Gadgil, 1971). The 
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consequence is a biodiversity impoverishment, where the butterfly community is 

dominated by generalist species. Species with high mobility and generalized demands 

could be expected to immigrate to more northern countries in the future. In fact, species 

of both butterflies and moths have been seen to expand north in several countries the 

last decades ( Kwon, et al., 2014; Lewthwaite, et al., 2017; Mason, et al., 2015; 

Parmesan, et al., 1999; Pöyry, et al., 2009; Sgardeli, et al., 2016; Warren, et al., 2001), 

including Sweden (Pettersson & Franzén, 2009). Scania, the south most province in 

Sweden, has had 37 new butterfly and moth species between 1973 and 2009, where of 

16 of these has established reproducing populations, for example Apatura iris, 

Araschnia levana and Idaea ochrata (Pettersson & Franzén, 2009). 33 of the species are 

moths and 22 of them belong to Noctuidae, which is not surprising in consideration of 

that they in general are more mobile than butterflies (Chapman , et al., 2010). Warren et 

al. (2001) showed that only 25 % of the generalized butterflies with high dispersal 

ability that were predicted to respond positively to an increased temperature did so. The 

other butterflies were negatively affected by habitat loss, which is the main reason of 

the fast extinction rate of today (Steffen, et al., 2011). The combined effect of habitat 

loss and climate warming has shown diverging response in different butterflies, where a 

successful range expansion is not necessarily equal to an increased distribution area or 

abundance (Mair, et al., 2012). One could explain the resent range expansion of some 

butterflies to ecological drift rather than environmental stress, but Sgardeli et al. (2016) 

found that a community turnover was greater than what was expected to be natural and 

thereby indicating an effect of environmental change. This was confirmed in a study by 

Lewthwaite et al. (2017), who showed that butterfly community turnover responded 

both predictably and proportionally to temperature change. To point out drivers of 

community change is important to identify species at risk of extinction in order to 

mitigate the negative effect of climate change. 

The IUCN Red List could potentially be used as an indicator of which species that are 

more vulnerable for climate change than others, since most variables that are important 

in order to predict extinction risk due to climate change already are included in the 

IUCN Red List (Pearson, et al., 2014). P. armoricanus is today classified as endangered 

(EN) in Sweden (ArtDatabanken, 2015). This study shows that the species is likely to 

increase, which could make it possible for a future survival in Sweden. The species is 

classified as endangered due to a low extent of occurrence and area of occupancy in 

combination of few local areas and extreme fluctuating populations (ArtDatabanken, 

2015). The model shows that the population size could increase in population size and 

inhabited area, to the extent that they would be classified as vulnerable (VU). The 

population size varies a lot in the simulations, which suggests that the species could 

reach high densities and, in a few occasions, go nationally extinct.  

The risk of not being able to move with the species range shift is that the species could 

go extinct. A threat of climate change is that climatic suitable habitat becomes too warm 

as the temperature increases, with the consequence of local extinction. The future 

distribution of climate suitable habitat for P. armoricanus in Europe has been predicted 

by Settele et al. (2008). Habitat in the Mediterranean area, that sustain most stable 

populations of P. armoricanus, are predicted to become climatic unsuitable around the 
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coast but sustain further into land. How much habitat that will disappear depends on the 

climate scenario. The more extreme scenario shows that almost all of the Mediterranean 

area will become unsuitable, and that their habitat will only persist in mountainous areas 

of central Europe (Settele, et al., 2008). It is common that the butterfly inhabits 

mountainous slopes, and it might be possible for them in some areas to expand upwards 

to find a more suitable climate. A second threat of climate change is those habitats that 

persist become more fragmented, isolated and small which increases the risk of 

extinction (Gadgil, 1971; Hanski, 1998). P. armoricanus may show a large distribution 

area in Europe, but the butterfly also shows isolated populations and could therefore be 

very sensitive to local extinctions.  

4.5 Conservation 

Pyrgus armoricanus, as many butterflies, are dependent on well managed meadows, a 

habitat that is predicted to decline in Sweden due to land use change. It is vital to 

sustain the grazing of meadows, since it allows both the existence of their host plant and 

a warmer climate. The most important conservation act is to maintain and restore 

meadows high natural values so that they in the future could hold a population. It would 

enhance dispersal if the restoration would be planned according the landscape and their 

spatial distribution, especially in the south parts of Götaland where meadows are scarce. 

A suitable complement to restoration is to preserve and create a variating landscape that 

could counteract isolation of habitat and thereby enable both survival and dispersal 

(Öckinger, et al., 2012). Another conservation act could be to translocation, which has 

been proved successful for other butterfly species (Kuussaari, et al., 2015). A 

translocation of individual Pyrgus armoricanus to more northern locations could help 

them get passed the south Götaland, that has very few habitat patches, so that they 

possibly could establish and spread further north.  

5. Conclusion 

The future consequence of climate change on biodiversity is a highly complex, where 

species ability to follow their range shift plays a major part. A warmer climate will not 

enable the butterfly Pyrgus armoricanus to expand further north, but it could potentially 

increase the population size and inhabited area in Sweden. The European population 

could be expected to become more fragmented since habitat are predicted to decrease 

due to land use change ( Lehsten, et al., 2015; Thuiller, et al., 2005) simultaneously as 

habitat in southern Europe becomes unsuitable due to a warmer climate (Settele, et al., 

2008). The overall effect of decreasing habitat availability and not being able to spread 

north could be detrimental for the species. The range shift ability of a species is difficult 

to assess, and more research is necessary to gain knowledge and understanding in how 

this will affect species and ecosystems in the future. This study shows the importance of 

not assuming that a species could expand north simply because the shift of their climatic 

range and that some traits have a larger influence on a species ability to follow their 

range shift compared to others. The most important traits for a butterfly are growth rate, 

dispersal ability and habitat specialization. Establishment probability has an impact for 

species with high habitat generalization, while emigration probability has a low 

influence regardless of habitat requirements. Species traits could be used as a tool to 
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identify which species that is vulnerable to climate change, which could be vital to 

mitigate future species extinction. The planetary extinction rate is today estimated to be 

100 – 1000 times greater than what could be expected to be normal, mainly due to land 

use change (Steffen, et al., 2011). The addition of climate change induced disturbances 

is likely to increase the extinction rate, increasing the acute need for conservation acts. 

This study shows a need to maintain and restore well managed meadows in order to 

counteract the loss of specialized butterflies and enable them a northward expansion in 

Sweden.  
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