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Population dynamics of the butter ~ y Pyrgus armoricanus
after translocation beyond its northern range margin
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Abstract . 1. Translocation experiments can be used to study the factors limiting spe-
cies distributions and to infer potential drivers of successful colonisation during range
shifts.

2. To study the expansion dynamics of the butd?yrgus armoricanus southern
Sweden and tond out whether its distribution was limited by climate, translocation
experiments were carried out within and-60 km beyond its natural range margin.
Populations were monitored for 8 years following the translocation.

3. Although most translocation attempts failedarmoricanusvas able to survive in
two sites north of its current range limit. One of them eventually led to expansion and

establishment of a viable metapopulation. Translocation success appeared to be indepen

dent of latitude, suggesting that climate is not the main factor determining the current
northern distribution limits of this buttey.
4. Population growth and secondary spread in the expanding population were posi-

tively related to patch area and connectivity, while local habitat quality seemed to be less

important.

5. The successful translocation and the importance of a well-connected patch network

suggest that the current distributiorPofarmoricanuss limited by its low dispersal abil-

ity combined with the fragmentation of its habitat, making it unlikely to track its chang-
ing climatic niche. Assisted migration could be an effective tool for such species, but
long-term evidence for its effectiveness is not yet available.

Key words. assisted migration, buttdes, climate change, dispersal ability, lepidop-
tera, metapopulation, range shift, temperature, translocation experiment.

Introduction However, the relative importance of climate and other drivers
in shaping range limits and population dynamics at species

Climate is generally assumed to be the main factor limiting the range margins remains unclear for most species. While, overall,

latitudinal margins of speciesranges (but see Sexton there is evidence that climate limits the range of many bytter

et al, 2009; Lee Yaw et al, 2016). In a context of climate  species (Schweiget al,, 2012), other studies have pointed out

change, although most species will probably suffer from a dras-the crucial importance of local habitat quality and of the reach-

tic change of climatic conditions (Urban, 2015), populations at ability of suitable patches (e.g. Fourcadel., 2017).

the poleward margins of a specieange are predicted to be Host plant distributions have been shown to be an essential
favoured by a warmer climate and may expand their distribution driver of butteries distributions and responses to climate
as a consequence (Parmesan, 2006; Patemnah, 2012). change (Pelingét al, 2009; Romeet al., 2014). In addition, land

use changes have recently been singled out as the primary factor

Correspondence: Theresia Widhalm, Lund University, Centre for contributing to the current worldwide decline of insects

Environmental and Climate Research, Sélvegatan 37, 22362 Lund, (Sanchez-Bayo & Wyckhuys, 2019). As .only those habitats that
Sweden. are actually reachable can be occupied (Soberén & Naka-

E-mail: theresia.widhalm@gmail.com mura, 2009), specieslispersal ability and habitat connectivity
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are also important factors in their current and future distributions et al, 2013). Nonetheless, identifying the factors driving the
(Thomaset al, 2004). The potential dispersing individuals are success or failure of translocations can be a valuable way to
mostly found in the range margins of the species (Hampe & gain insights into the limiting factors of species ranges, espe-
Petit, 2005), where dispersal distance can be lower than in corecially when individuals are relocated beyond their natural
populations, as an adaptation to the scarcity of habitat patchesange margins.
which makes dispersal more costly (Dytham, 2009). Atthe same Here, we report on a translocation of Oberthigrizzled
time, it has been observed that range expansions and shifts due tekipper buttery Pyrgus armoricanugOberthir, 1910) north
climate change act as a selective pressure that favours good dissf its current range margin, albeit not as a conservation mea-
persers (Hillet al, 2011). Habitat fragmentation may signi sure, but solely for experimt&al purposes. Modelling sug-
cantly decrease opportunities for colonisation of patches and,gests that if climate were the only factor driving the
as a consequence, for range shifts (Burretwsl, 2014). On a distribution of the species, éhclimatic niche of the species
more local scale, patches in a habitat network that have a largewould strongly shift to the north in the future as a result of cli-
size and a higher connectivity are more likely to be occupied mate change (Fourcad# al, 2017). This, in turn, would
by butter ies (Hanski, 1994). Generally, population dynamics makeP. armoricanusa species of high conservation concern
at range margins are driven by a complex interaction of multiple if the buttery would be found unabl¢o track its climatic
factors at different spatial and temporal scales, e.g. climate anchiche accordingly (Settelet al., 2008). Observations from
temperature regime, biotic interactions and dispersal opportuni-the northern range margin in Germany suggest that the species
ties (Soberén, 2007). Disentangling the contribution of these has expanded its range drastically in parts of Germany
respective effects in shaping speciasge limits appears thus  (Bolz, 2006) and seemed to have pted notably from the
necessary to anticipate the effect of global changes. hot summers of 2003 (Ulrich, 2005) and 2018 (Kettermann
Translocation experiments can be used to test hypotheses ort al., 2020). However, we previously found that the local
factors limiting species diskution. By moving individuals abundance, distribution and colonisation-extinction dynamics
beyond the current range margin of the species, and monitoringof P. armoricanusn Sweden were largely explained by patch
their tness and establishment success, we can infer the relativesolation and quality in form adfiost plant density (Fourcade
importance of climate, dispersal and biotic interactions in shap- et al., 2017; Fourcade & Ockinger, 2017). The observation
ing species distributions, and hence predict the spdeitesin that colonisation of high-qualitgabitat patches is inhibited
a changing climate (Marsico & Hellmann, 2009; Pelini if these are too isolated suggests thaarmoricanusmight
et al, 2009; Williset al., 2009). Assisted colonisation, i.e. not be able to Il its entire potential climatic niche (Fourcade
translocation with the aim of establishing populations in etal, 2017). To gain insight into the limitations of the distri-
regions that the species could not reach by itself, has been probution ofP. armoricanuswe translocated individuals in 2009
posed as a possible tool to help species colonise new suitabldgo six previously uninhabited sites about 70 km beyond their
habitats they would have been unable to reach otherwise.northern range margin in southern Sweden, and to six sites
Assisted colonisations are heavily debated (Hoegh-Guldbergwithin the current range. Aftex failure of the translocations
et al, 2008; Richardsoat al., 2009; Thomas, 2011) butrarely in all sites but one during therst attempt, three sites were
studied empirically (Hewitet al,, 2011; but see Mueller & restocked in 2010. Subsequently, we monitored translocation
Hellmann, 2008). There is also a lack of clear set goals of trans-success for 8 years with regard to various patch properties
locations and evaluation of their effectiveness (Chauvenet(see Table 1).

Table 1. Different translocation sites, sorted by category (north of the current distribution range or south within the current distribution range) with the
number of translocated individuals on thret and second attempt and success of translocation in the year following the respective attempts. Numbers in
brackets indicate that in this patch, individuals have been found in subsequent years, but it is unclear whether they were present besatra@sf the
location or because of an expansion from another site.

Translocated individuals in  Established after 2009 Translocated individuals in 2010 Established after 2010

Site Category 2009 (all females) translocation (females + males) translocation
Mosslunda North 4 (Yes) (Yes)
Skepparslov North 2 No -
Landdn North 4 No -
Edenryd North 2 No 5+2 Yes
Ugerup North 4 No 5+2 Yes
Tosteberga North 2 No -
Stavsten South 4 No -
Skarviken South 2 No 5+3 No
Glemmingebro  South 4 No -
Backakra South 2 Yes -
Beden South 4 Yes -
Mellby South 2 No -

© 2020 The Authorsinsect Conservation and Diversityblished by John Wiley & Sons Ltd on behalf of Royal Entomological
Society. Insect Conservation and Diversith3, 617629
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Figure 1. Translocation sites &. armoricanusn southern Sweden. Sites south of its range margin are marked in red, sites north of the margin in blue.
An asteriskt) marks the sites where a second translocation has been carried out. The close-up around Edenryd shows the patch network around the tra
location site and the sites the buttehas spread to since the translocation. The map to the bottom left shows the location of the translocation sites within

Europe. [Color gure can be viewed at wileyonlinelibrary.com]

First, we assumed that the long-term establishment of a pop-abundance oP. armoricanusin the occupied patches could
ulation in the translocation area would indicate that climate is be explained by weather conditions.
not the primary limiting factor of the distribution Bf armor-
icanusat its northern range margin. Second, in the case of a
successful translocation, we hypothesised that the secondaryaterial and methods
spread was limited by patch connectivity. Functional connec-
tivity is not only the result of geographical distance but also Study species
of barriers to movement and habitat permeability (Baguette
et al, 2013). Therefore, we expected a negative correlation Pyrgus armoricanugs a bivoltine buttery with occurrences
between patch occupancy or abundance and the occurrencéhroughout most of central and southern Europe, the northern
of barriers to dispersal or inteely managed farmland in the range limit being in southern Sweden and Denmark (Kudrna
close vicinity of the patch. Finally, given the recognised et al, 2011). In our study regiorFilipendula vulgarisand
importance of temperature for buttgisurvival and reproduc- Helianthemum nummulariuare the most important larval host
tion (Fischeret al, 2003; Crozier, 2004), and the observation plants (Eilerset al, 2013), which occur in dry, unimproved cal-
that the annual variation iR. armoricanusabundance is careous meadowB. armoricanuss relatively sedentary with an
strongly correlated with temperature during the larval develop- average lifetime movement distance of 295 m (maxi-
ment period (Fourcadet al, 2017), we tested whether the mum = 7447 m) (Fourcadet al, 2017). Due to its small area

© 2020 The Authorsinsect Conservation and Diversityblished by John Wiley & Sons Ltd on behalf of Royal Entomological
Society. Insect Conservation and Diversith3, 617629
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Figure 2. Time series of the spread®farmoricanudo suitable habitat patches around the translocation patch in Edenryd in each year since the start of

the monitoring of the expansion in 2018% 45). Sites that have been monitored and wResgmoricanu$as been corrmed or been found absent are
shown as well as sites that have not been monitored in the respective year. The translocation steamiEieanudas always been present since the
translocation event, is marked with a black astetiskWater is displayed in black. [Cologure can be viewed at wileyonlinelibrary.com]

of occurrence and the large variation in abundance betweenfrom the TUVA database (Jordbruksverket, 2015). In this inven-

years,P. armoricanuss listed as endangered on the red list of tory, F. vulgarisandH. nummulariunwere two of the indicator

Sweden (Artdatabanken, 2015). plant species that should be recorded if present in a certain grass-
land. We selected thenal set of translocation sites based on their
habitat quality foP. armoricanuswhich we assessed in theld

First translocation experiment as having (i) a high abundance of at least one of the host plants,
and (i) management in the form of grazing. These factors were

In order to test whether climate alone determines the northernpreviously identied as key aspects & armoricanushabitat
margin of the distribution oP. armoricanuswe carried out a quality (Fourcade & Ockinger, 2017yrgus armoricanuss
rsttranslocation experiment in 2009. We translocated adult but-not legally protected in Sweden. Nevertheless, we contacted

ter y individuals from existing populations to 12 previously the Swedish Environment Protection Agency (Naturvardsver-

uninhabited sites. Six of these sites were located approximatelyket) to make sure no special permits were required, and informed

50-60 km north of the northernmost knovwh armoricanus the County Administration (Lansstyrelsen) in Skane as well as

population, and six control sites were located at the same latitudethe Swedish Species Information Centre (Artdatabanken) about

as the existing native populations in southern Sweden (Figure 1).the project and the location of the translocation patches.

These will be referred to as northern and southern translocation

sites, respectively. Buttdes to be translocated were collected

from two large, established populations wherearmoricanus Second translocation experiment

has been monitored since 2004. We collected young female but-

ter ies, which could be assumed to have been mated but still car-  After 1 year (i.e. in 2010), it appeared that most of the translo-

ried most of their eggs. In order to test for effects of propagule cations had failed. Therefore, we attempted a second transloca-

size, we translocated two adult female bufts to six of the tion in August 2010, with fewer sites but a higher number of

sites (three in the north and three in the south), and four adultindividuals per site. Adult female and male buttes were col-

female butteries to rest of the sites (Table 1). We deliberately lected from the same sites as in thst experiment. We translo-

kept the number of translocated individuals low, both because cated ve females and two to three males each to three sites of

we wanted to simulate natural colonisation events, and alsohigh habitat quality (high host plant abundance, high abundance

becaus®. armoricanuss a rare species and most source popu- of oral resources, large habitat area), two in the north and an

lations are relatively small, so the number of individuals avail- additional one in the south (Table 1; Fig. 1).

able for translocation was limited.

We identi ed potential target sites for the translocation based

on (i) their spatial location and (ii) the presence of at least one of Habitat quality in the translocation sites

the two larval host plant§, vulgarisandH. nummulariumThe

information on the presence of these plants was extracted froma We assessed the habitat quality in the translocation sites by

nation-wide inventory of valuable semi-natural grasslands takenestimating the cover of the two host planks yulgaris H.

© 2020 The Authorsinsect Conservation and Diversityblished by John Wiley & Sons Ltd on behalf of Royal Entomological
Society. Insect Conservation and Diversity3, 617629
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Table 2. Habitat quality variables in the native occupied patches and the translocation sites (including mean, median, minimum and maximum values

Native occupied patches All translocation sites

Mean Med. Min. Max. Mean Med. Min. Max.
Vegetation height (cm) 8.6 8.1 5 16.3 14.7 13.1 3.8 42.4
Filipenduladensity (%) 51 3.4 0.05 33.4 1.4 0.5 0 6.6
Helianthemundenisty (%) 0.2 0 0 35 0.02 0 0 0.2
Bare ground cover (%) 2.3 1.4 0 10.4 4.1 2.7 0.7 10.2

Table 3. Total abundance (N) &f. armoricanusn the initial translocation patch in Edenryd monitored from 2011 to 2018 and in all monitored patches
in Edenryd and Ugerup including the respective translocation patch from 2013 to 2016. The number of occupied patches and mean t€jmharature (
ing the ight (May 15 to June 15) and larval (August 1 to May 15) periods of the spring generation are given.

N in Edenryd Total N
translocation No. of occupied Total N (in all monitored in Average temperature Average temperature
Year patch patches in Edenryd patches) around Edenryd Ugerup  ( C) during ight period ( C) during larval period
2011 1 1 1 14.58 4.34
2012 5 5 1 13.08 6.04
2013 24 9 72 11 14.94 4.39
2014 78 17 280 7 14.90 6.83
2015 21 8 46 3 12.50 6.98
2016 60 15 218 2 15.17 6.61
2017 26 18 72 4 14.89 6.43
2018 54 15 92 0 17.03 10.05

nummulariun), the cover of bare ground and vegetation height. less continuously in an area that would have been too large to
These variables have previously been found to be good predic-de ne habitat characteristics. Therefore, we here used stone
tors ofP. armoricanusabitat quality (Christensen, 2000; Eilers walls as an additional factor delimiting habitat patches. For this
etal, 2013; Fourcadet al,, 2017; Fourcade & Ockinger, 2017).  reason, we repeated all of our analyses with and without the sites
We estimated host plant cover and the cover of bare ground inin Tosteberga nature reserve. The results were however very
ten 1x 1 m plots placed along a transect in each site. We mea- similar in both cases. Here, the results including the sites at Tos-
sured the vegetation height next to the border of the plot. teberga are reported.

Vegetation mapping. Within each mapped area, we
recorded vegetation characteristics, using the same methods as
described undefHabitat quality in the translocation sites
above.

Mapping of potential habitats

After 2 years (i.e. in 2012), it became evident fhaarmori-
canushad spread to patches adjacent to some of the translocation

patches, and from 2013 onwards we initiated a monitoring pro- -
gramme for these areas. Potential grasslandsRwithmorica- Redlands, CA, USA), we calculated some additional patch char-

nus habitat were rst identied from the TUVA database acteristics to the ones recorded manually. We calculated solar
(Jordbruksverket, 2015) based on the observed presence of thifradiance of each patch with the Area Solar Radiation Tool
larval host plant§. vulgarisor H. nummulariunfollowed by based on the digital elevation _model (2 m resolution, Yert!cal

eld visits to conrm this. In addition, we visited semi-natural ~ ccuracy of 0.5 m) of the Swedish Land Survey (Lantmateriet).
grassland sites in the vicinity of the translocation patches that e later included mean and SD of solar irradiance per habitat
were missing from the database and idesttipotential suitable ~ Patch in the analysis, since these two factors had been shown
habitat patches fd?. armoricanusy occurrence of. vulgaris to have an effect on the abundance of this bujter a previous
or H. nummulariunoccurred in these sites. study (Fourcade & Ockinger, 2017).

If host plants were not present in the entire grassland site, we

mapped their distribution and deed discrete habitat patches as Land cover. To analyse the inuence of land cover sur-
either separated from other patches by non-grassland habitat (erounding each patch, we created areas surrounding the respective
g. forest, arable land), or at least 15 m of grassland habitat with-patch (buffers) with a radius of 100, 250 and 500 m, though only
out any of the host plants. One exception to this was the Toste-the data from the 100 m buffers were included in thal analy-
berga nature reserve, where the host plants occurred more osis. This was because the larger buffers had a very large overlap

Solar irradiance. Using ArcGIS Version 10.2.1 (ESRI,

© 2020 The Authorsinsect Conservation and Diversityblished by John Wiley & Sons Ltd on behalf of Royal Entomological
Society. Insect Conservation and Diversith3, 617629
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Table 4. Results of a binomial GLM of the association @& landscape-scale and local habitat factors with occupancy in all patches in a 5 km radius
around the translocation patch in Edenryd, ranked by ANGe45), with number of visits to each patch included as frequency weight&tad(.82).

Explanatory variable Estimate Std. Error P value
Connectivity 0.0702 0.0113 <0.0001
Log-transformed patch area 0.9766 0.1881 <0.9001
Percentage of agricultural area in 100 m buffer 2.5573 1.4444 0.0766
Percentage of barriers in 100 m buffer 0.6109 1.3876 0.6595
Percentage of host plant cover in patch 0.0525 0.0404 0.1938
Mean solar irradiance <0.0001 <0.0001 0.2990
Standard deviation of solar irradiance <0.0001 0.0001 0.3677

Signi cance is indicated by < 0.000F** .

between patches, and yielded similar results to the 100 m bufferButter y monitoring
in a preliminary analysis. We used the Svenska Marktackedata
database, which is the Swedish version of the CORINE database Pyrgus armoricanus occurrence and abundance was moni-
and is administrated by the Swedish Environmental Protectiontoredin the translocation sites from 2010 to 2018 and in suitable
Agency, as a source for land cover types. We extracted the aredabitat patches in the surrounding landscape in Edenryd and
of two land cover categories in the buffers. First, we merged for- Ugerup from 2013 to 2018. As it became apparent that the butter-
ested areas and water bodies dgaarief category since these y expanded further away from the translocation patch, more
two land cover types do not constitute much of the land cover patches were gradually added to the monitoring. In 2010 and
by themselves (no patch was surrounded by more than 30% for-2011, translocation sites were monitored in both June and
est cover in the buffer). Second, we extracted the area of agricul-August, i.e. during theight periods of both generations of this
tural land because it is the main land use around the translocatiorbivoltine species. To assess secondary spread, we monitored
patch in Edenryd. habitat patches in the landscape surrounding the Edenryd trans-
location site annually between mid-May and mid-June, corre-

Patch connectivity and distance to translocation siteWe sponding to the ight period of the spring generation. The two

measured connectivity of each habitat patch according Sithe generations differ systematically in abundance (with lower abun-
index of Hanski (1999) dance in the spring generation) and are thuscdif to compare

directly, but the abundance of both generations seems to respond
to the same environmental factors (Christensen, 2000; Fourcade
& Ockinger, 2017). The monitoring process consisted ref
actively searching for anl. armoricanusndividuals in each
monitored patch to establish their presence or absence. In
patches wherB. armoricanusvas observed, the observer there-
after walked slowly through the patch in transects with approxi-
mately 5 m distance in between, thus covering the whole patch
area, and documenting all sightingsRofarmoricanusn order

to estimate abundance.

X
S= e 9%N;
j&a

whereSidescribes the connectivity of paich; is the Euclidian

distance between patchi@ndj, N; the population size of patgh

and a constant describing the decrease in immigration proba-

bility from patchj with increasing distance. In this case, we used
= 0.0034, derived from a previous analysis of mark-recapture

data ofP. armoricanugFourcadeet al., 2017). In our models,

we used the average connectivity across all years for each patch.

Since translocation is a special situation where there is just one

initial point (i.e. the translocation patch) from which individuals Analyses

can spread, we also calculated for each patch the distance to the

initial translocation patch. Distance tables were calculated with

theR-packages rgeos and rgdal (Bivand & Rundel, 2018; Bivand

etal, 2018).

Habitat quality in the translocation sites. To evaluate
whether translocation sites were of similar quality as sites where
P. armoricanusas been observed to persist within its native dis-
tribution, we compared the habitat quality (vegetation height,

Temperature. We obtained daily temperature data fromthe cover of the two host plant species and cover of bare ground)
Swedish Meteorological and Hydrological Institute (SMHI) between the 12 translocation sites and occupied habitat patches
from the weather station in Kristianstad. We extracted for eachin the native distribution of the species, where presence/absence
year the mean temperature during the larval (August 1 of previ- of P. armoricanu$ad been monitored in 50 habitat patches from
ous year until May 15 of current year) and adult periods (May 2004 to 2017 (Fourcadet al, 2017; Fourcade & Ockin-

15 until June 15). In a preliminary analysis we tested for any cor- ger, 2017). Habitat quality was recorded in these patches in
relations with precipitation, but since this did not explain any of 2010, using the same methods as described above for the translo-
the observed patterns in abundance or patch occupancy, weation sites. We compared the median values of the four habitat
chose to include temperature as the only climatic variable. quality variables between all translocation sites and native
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Population dynamics after a translocatior623

Figure 3. Relationship betwedp. armoricanu®ccupancyl = 45) as well as mean abundance in occupied $ite2Q) and connectivity (left) as well
as patch area (right). The solid and dashed lines show the mean model predictions and 86%eedntervals, respectively, when all other variables are
kept at their median value. [Cologure can be viewed at wileyonlinelibrary.com]

Table 5. Results of two models describing the abundand® afmoricanusn all patches in Edenryd. (1) Linear regression model of three landscape-
scale and local habitat factors with averaged and log-transfd@mathoricanusabundance in all patches in Edenryd that were populated in at least

1 year between 2013 and 2028 29). (2) Generalised linear mixed model of the association of mean temperature duriggttaed larval periods,
occupancy of the respective patch in the previous year and time since the translocation event (quadratic effect) with the annual aBundance of
armoricanus

Explanatory variable Estimate Std. Error P Value

(1) Effects of landscape-scale and local habitat factors on mean abun@atide® = 0.58).

Connectivity 0.0479 0.0108 0.0002
Log-transformed patch area 0.7643 0.2196 0.6020
Percentage of host plant cover in patch 0.0929 0.0404 0.0310
Percentage of agricultural area in 100 m buffer 2.4529 1.5480 0.1268
Average vegetation height 0.0224 0.0517 0.6687
Mean solar irradiance €.0001 < 0.0001 0.1863

(2) Effects of temperature and time since translocation on annual abundance

Mean ight temperature 0.7101 0.0535 <0.0001
Mean larval temperature 0.2621 0.0716 0.6603
Time since translocation 1.5108 0.1797 <0.0%01
Time since translocatién 0.2061 0.0204 <0.000%*
Occupancy in previous year 0.0656 0.1096 0.5496

Signi cance is indicated by < 0.05°, P < 0.0%*, P < 0.0001*** .
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patches that had been occupied in more than 50% of the yearghe number of years it had been surveyed, with the latter included
from 2004 and 2017 using Marwhitney U-tests. Since only  as frequency weights in the model to meet the assumptions of a
2 out of 12 translocations in theast translocation experiment  binomial regression. The resulting models were ranked by
were successful, it was not possible to compare habitat qualityAkaike' s Information Criterion corrected for small sample sizes
in the successful vs. the unsuccessful translocation sites statistif{AlICc) using the dredge function from the MuMIn package
cally. Instead, the differences were simply described in terms(Barton, 2018). The explanatory variables found in all models
of mean values. In addition, we also tested whether temperaturesvith  AlCc <2 were retained and we interpreted results based
differed between the two translocation attempts (2009 vs. 2010)on a reduced model containing these remaining variables. Since
because we hypothesised that it could be an important factor ofwe did not detect strong evidence of overdispersion in the model
establishment success. For this purpose, we extracted temperdebserved-to-simulated residuals ratio = 126;0.12), we did
tures— using the Kristianstad weather station described above, not attempt to account for it.
close to the only translocation site that has seen population
expansion- during the adult period of the translocation years  Abundance in occupied patches.We further investigated
and during the following larval period. We compared values in whether the mean abundance in the patches that were occupied
2009 and in 2010 using MarWhitney tests to test differences in at least 1 year, was related to the same landscape-scale and
in medians, and Fligner-Killeen tests to test differences in local habitat factors as above. The model selection was similar
variances. as for patch occupancy. Abundance data were log-transformed
prior to analyses to meet the assumption of normality of a linear
Secondary spread. The translocation patch in Edenrydwas model.
occupied byP. armoricanusn every year since the translocation
event. In addition, the newly established population has also Effect of temperature on population dynamicsThe tempo-
expanded to neighbouring patches (Fig. 2). The questionsral variation in the abundance®farmoricanusas been found
addressed in the analysis were aimed at discovering factors assde strongly related to temperature in a given year (Fourcade
ciated with the expansion dynamics. Prior to analyses, we et al, 2017). To test how this factor inenced population
checked for correlation between all explanatory variables with growth after translocation, we analysed the relationship between
a correlation matrix as well as with the varianceation factor annual temperature and the abundance in each patch and each
(vif) from the HH package (Heiberger, 2018). We found no cor- year using a GLM effects model with a Poisson distribution
relation above 29% for the explanatory factors in the matrix, and and a log link. To account for the fact that a few patches were
variance ination factors were below 1.23. All statistical ana- not monitored every year, we excluded patches that were only
lyses were performed using R (Version 3.1.1). Model diagnos- monitored in 1 year = 7) or had a monitoring break of more
tics in the form of residual plots were performed using the than 1 year in between recordingé< 1) and assumed that the
DHARMa R package (Hartig, 2019) that creates scaled residualsabundance in a certain patch was always 0 in the year before this
from a simulation-based approach for easier interpretation. In allpatch was monitored for thest time. For a few patches that
models described below, residual plots showed no deviationswere monitored in 2016 and 2018 but not in 2017 and had 0
from assumptions. Where appropriate, we also performed testabundance in 2016 and 2018, we assumed that the abundance
of overdispersion and zero-iation using functions from the  was 0 also in 2017N = 7). Our results were robust to uncer-
same package. tainties in these assumptions, since model @efits remained
highly similar if we assumed that non-surveyed patches, includ-
Occupancy of patches. We investigated whether the prob-  ing before the rst year of monitoring, were occupied with abun-
ability for a patch to be occupied By armoricanuguring the dance = 1 (Supporting information, Fig. S1). Temperature
time after the translocation was related to any local habitat char-during the larval period, temperature duriright period and
acteristics and landscape factors. To conduct the analysis, albccupancy of each patch in the respective previous year were
suitable patches with a 5 km radius around the translocation siteincluded as explanatory variables, and patch identity as random
of Edenryd were taken into account. We considered variablesintercept. Since we were also interested in testing how abun-
that had proved important for occupancy and abundance in pre-dance changed with time, we added time since the second trans-
vious studies of. armoricanusand other buttely species at location event as an explanatory variable. However, since we
their northern species range margins (Ockirggeal, 2012; had noa priori reason to assume that abundance would increase
Eilerset al, 2013; Kuussaaset al, 2015; Fourcade & Ockin- linearly, we compared a linear effect of time since translocation,
ger, 2017). This resulted in three landscape-scale factors (area quadratic effect, and a spline smooth in a generalised additive
of barriers and agricultural land within a 100 m buffer and mean mixed model (GAMM). Since there was evidence, based on their
patch connectivity across all years), and six local habitat factorsAICc, that the bestt was provided by the quadratic model
(average vegetation height, average percentage of host plan{ AlCc with the GAMM model = 12.42, AICc with the linear
cover, average cover of bare ground, patch area, mean solar irramodel = 131.22), we retained the quadratic effect of time, mod-
diance, SD of solar irradiance). We used binomial generalisedelled by the inclusion in the model of both the time since translo-
linear models (GLMs) with occupancy as response variable cation and its squared value. We found no evidence that this
and all possible combinations of local habitat and landscape vari-model was affected by overdispersion (observed-to-simulated
ables as explanatory variables. Occupancy was modelled as theesiduals ratio = 1.29? = 0.42) or zero-ination (observed-to-
ratio of the number of times a patch had been occupied out of simulated residuals ratio = 1.1R = 0.57). In this analysis, we
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considered. armoricanusabundance recorded not only in the and Ugerup), but not in the southern translocation site (Table 1).
colonised patches monitored from 2013 but also in the original There was no signcant difference in the median and variance of
translocation site that was monitored from as early as 2011.temperature recorded in the weather station close to these sites
The model was tted using the Ime4 (Batext al, 2015) and between 2009 (failed translocation) and 2010 (successful trans-
ImerTest (Kuznetsowet al, 2017) R packages. location), either during the adult period (Malvhitney:
P = 0.63, Fligner-Killeen:P = 0.40) or the following larval
period (ManrWhitney: P = 0.69, Fligner-KilleenP = 0.09).
Results

Habitat quality of translocation sites Secondary spread

Translocation sites had on average slightly lower density of The year following the second translocatiBnarmoricanus
the host plantF. vulgaris (Mann-Whitney U-test:Z = 2.6, populations had expanded from the translocation site in Edenryd
P =0.01) and taller vegetatio# € 2.3,P = 0.03) compared to to other habitat patches in the surrounding landscape (Fig. 2;
occupied sites in the native distribution, but there were no statis-Table 3). The total number of observed individuals and the num-

tically signi cant differences in the density l8f nummularium ber of occupied patches increased rapidly until 2014, but after
(Z=1.2,P =0.21) or in the cover of bare ground € 1.6, this, the population size appeared to have stabilised, although it
P =0.11; Table 2). uctuated depending on temperature (see below). All suitable

patches closer than about 1200 m to the translocation patch were

occupied byP. armoricanus5 years after the translocation
Establishment of the translocated populations (Fig. 2). Up to 2018, a total of 29 patches out of the 45 potential

patches within a 5 km radius around the original translocation

After re-visiting the translocation sites in June and August patch were occupied during at least 1 year (Fig. 1; Table 4), with

2010, a population appeared to have established in only one ofa mean of 13 patches occupied per year. In tte model, we
12 translocation sites (Backakra, Fig. 1; Table 1). However, in found that occupancy was strongly positively related to both
2013, a fewP. armoricanusndividuals were observed in one  average connectivity and to patch area (Fig. 3; Table 4).
additional translocation site where no second translocation had The abundance d?. armoricanusin all patches that were
taken place (Beden, Fig. 1; Table 1). This site is situated 12 km occupied at least once during 4 years of monitoring was also
from the nearest knowR. armoricanuspopulation (which is strongly positively related to connectivity and log-transformed
very small), and 14 km from the nearest larger population, while patch area Fig. 3; Table 5). Surprisingd,armoricanusabun-
the maximum observed dispersal distance is 7.4 km. Therefore dance was negatively related to host plant cover. However, if
we assume that this population was established through theone habitat patch with a very high vulgariscover but a very
translocation but had remained undetected during the following low butter y abundance was removed from the data set, the rela-
3 years, rather than through spontaneous colonisation from ationship, while still visible graphically, was no longer statisti-
native population. The two populations established through the cally signi cant ¢ = 0.08).

rst translocation were, however, short-lived, and no fuRher Butter y abundance was positively related to the temperature
armoricanusobservations were made in any of the sites after during both the adult and larval periods (Table 5). In particular,
2011 and 2013, respectively. In 2013, and 2204.7,P. armor- there was a strong association between abundance and increas-

icanusindividuals were also observed in a third translocation site ing temperature during the adult period (Supporting Information

(Mosslunda, Fig. 1; Table 1). Because this site was located onlyFig. S2). There was a quadratic relationship between the time

4 km from Ugerup, one of the sites where the translocation sur- since the translocation and abundance. Speflty, abundance

vived after the 2010 translocation, this is more likely to represent increased rapidly after the translocation, then started to decrease

a secondary colonisation than a population that was undetectedafter ca. 2015 (Supporting Information Fig. S2). There was no

for 3 years. relationship between the occupancy of a patch in the previous
One of the two sites where populations had established afteryear and abundance in the respective patch (Table 5).

the rst translocation had received two, and the other site had

received four translocated individuals (Table 1). The values of

the habitat quality variables in the two successful translocation Discussion

sites were within the range of values for all other translocation

sites. The host plant cover (for both plant species combined) inBy translocatind®. armoricanusndividuals beyond its northern

the two successful translocation sites was 3.2% and < 0.1%,range margin, it was possible to establish new populations that

compared to 1.4% (min 0.0%, max. 6.6%) for all other transloca- have persisted for 8 years so far. This suggests that habitat avail-

tion sites. The vegetation height was 16.1 cm and 8.8 cm in theability and dispersal capacity, rather than climatic conditions,

successful translocation sites compared to 15.2 cm (min.were limiting the regional distribution &. armoricanusat the

3.8 cm, max. 42.4 cm), and the average cover of bare groundnorthern margin of its global distribution. This conclusion is sup-

was 1.9% and 10.2% compared to 3.3% (min. 0.7, max. 10.2). ported by the observed secondary expansion from both of the
After the second translocation (in 2010), populations estab- translocated populations, where the spatial distribution of the

lished in both of the two northern translocation sites (Edenryd butter y's habitat was correlated with both patch occupancy
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and abundance. All patches situated within a 1200 m distanceet al, 2017). This can probably be attributed to a higher winter
from the translocation patch in Edenryd were colonised at somesurvival rate of the larvae, a typical pattern in ectotherm species
point during the rst 5 years after the translocation. The species like butter ies (Crozier, 2004). However, since the exact time of
was later, in 2017, able to reach a nature reserve with great habthe larval diapause is unknown, it is also possible that tempera-
itat opportunities about 5 km from Edenryd translocation site, ture affects larval growth instead of winter survival. Butger
after having established a viable metapopulation around theabundance was also positively correlated with temperature dur-
translocation site. During the expansion, patch occupancy anding the adult period. This might be due to a lower detection prob-
local abundance were related to both patch area and distance tability when temperature is below the threshold that allows
the translocation patch. Some patches were occupied continuindividuals to y. However, it is noteworthy that a time series
ously after they hadrst been colonised, while in other patches of only 8 years of data is available from this experiment, and that
P. armoricanusvent extinct again after colonisation. This con- this pattern is largely explainable by the exceptionally cold
forms well to the occupancy patterns observed in the native dis-spring of 2015 (on average@ colder than other years), which
tribution of this buttery, where colonisation-extinction  may have affected adult survival as well.
dynamics are frequent, and connectivity to adjacent habitat In the rst translocation, the attempt to establish persistent
patches is one of the most important factors explaining patch populations in any of 12 translocation sites was not successful.
occupancy (Fourcads al., 2017; Fourcade & Ockinger, 2017), One possible explanation is that the translocation sites were not
as is characteristic for a metapopulation (Hanski, 1994). More- of high enough quality, but this is contradicted by the fact that
over, observed dispersal from a mark-recapture study revealedve could later establish viable populations in two of these sites.
an average movement distance of 295 m, with only very rare Instead, a more likely explanation is that the number of translo-
occurrences of movements up to 7.4 km (Foureadé, 2017). cated individuals was too low. Accordingly, the second translo-
This suggests that, although colonisation at relatively long dis- cation attempt was successful in establishing populations in two
tance might occasionally occur, such events may be too rare toof the translocation sites, even though temperatures, which are
allow the establishment of viable populations far away from associated witP. armoricanuspopulation uctuations (Four-
the translocation site within only a few years. cadeet al, 2017), were not statistically different between these
As expected, larger habitat patches were more likely to be years. Thesendings are in accordance with two translocation
occupied and had higher average abundance. Since habitahttempts of the clouded Apollo buttgrParnassius mnemosyne
patches were d@ed based on the host plant occurrence, larger in Finland (Fred & Brommer, 2015; Kuussaatial, 2015).
patches did on average contain higher abundance of host plantsThese studies highlighted (i) that translocation success is rare,
even though the density of host plants did not explain patch sometimes for unknown reasons, and (ii) that the successful
occupancy. After removal of one outlier, we found a statistically establishment of a (meta)population is linked to the presence of
non-signi cant, yet still visible negative relationship between the specigshost plant in sufcient amount. More generally, a
host plant cover an®. armoricanusabundanceR = 0.08). recent study found that the key factor explaining the success or
While this is surprising atrst sight, it is worth considering that  failure of translocations of terrestrial insects was the number of
not all individual plants of the two species considered are equally individuals released (Bellet al,, 2019).
suitable as larval hosts. For oviposition, females piefeul- We demonstrated th&. armoricanuss able to survive and
garis plants that are surrounded by low vegetation (Eilers spread in regions north of its current range margin, indicating that
etal, 2013). This could mean that if the vegetation is particularly its native regional distribution is not limited by climate alone.
tall and dense, only a small fraction of the host plants in a patch However, the species has not managed to reach those sites by nat-
might actually be suitable. ural means, due to its limited dispersal ability combined with high
Population dynamics in the colonised habitat patches washabitat fragmentation. It is impossible to exclude the possibility
characterised by rapid population growth after establishment.that the species will be able to reach these areas in the future.
Apparently, the carrying capacity was reached after tise For example, the species may still be in a process of postglacial
few years and after this, the population sizes tended to oscillaterecolonisation and may not yet have had time ltdts entire
around that level or even to decrease. Interestingly, neither thepotential niche (Dullingeet al, 2012; Marta et al., 2016). How-
overall abundance nor the number of occupied patches increase@ver, there is evidence that the current range limit has not
after 2014 even though the population expanded spatially. Thisadvanced northwards considerably for at least a century (Nord-
is because the colonisation of new patches at the periphery ofstrom, 1955), which suggests that the current northern edge is sta-
the distribution was balanced against local extinctions of previ- ble over time. Even though our study regions are not near the
ously occupied patches, closer to the Edenryd translocation sitenorthern ranges of either of the host plant$ofarmoricanus
as expected from metapopulation dynamics (Hanski, 1999). This(Hultén, 1971), there is a chance that the translocation patches
balance between extinctions of populations that have alreadyand surrounding patches have only recently become inhabitable
reached their carrying capacity and establishment of new localdue to recent climate change, and Eharmoricanusvould have
populations that initially were small can also partly explain reached them eventually. These observations counter traditional
why we observed a decrease of abundance in the occupied siteexpectations of latitudinal range boundaries beingee by cli-
after 2015. matic factors (Pearson & Dawson, 2003). However, the observa-
Following the initial phase of population growth, population tions are in accordance with modern niche theory that
dynamics is mainly correlated with temperature, as was alsoacknowledges dispersal as a key limiting factor of species distri-
observed in the native range of this species (Fourcadebutions (Soberén & Nakamura, 2009; Wilsstral, 2009).
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Conservation implications. Calcareous grasslands, the to EO, and by the Swedish Research Council FORMAS (grant
habitat ofP. armoricanusare among the richest in Europe in  2016-00667) to YF. Open access funding provided by Univer-
terms of insect species (Poktsal, 2007), but their biodiversity  sity of Natural Resources and Life Sciences Vienna (BOKU).
is seriously threatened by fragmentation, nitrogen deposition
(Stevenset al, 2004) and climate change. For many species
includingP. armoricanusconsiderable parts of their currentdis- Con ict of interest
tribution will become uninhabitable in the future due to climate
change (Settelet al, 2008), emphasising the conservation value The authors declare that they have no éctrof interest.
of maintaining well-connected networks of suitable habitat in
northern Europe. Some other butteispecies associated with

dry grassland, e.dAricia agestisand Hesperia commahave Data Availability Statement
managed to pra from warmer conditions in the northern parts
of their distribution range (Daviest al, 2005; Pateman The data that support thexdings of this study are available

et al, 2012). In contrast to thi®. armoricanusappears to be  from the corresponding author upon reasonable request.

highly constrained by habitat fragmentation, and furthermore

most likely unable to shift its range to track its climatic niche.

Understanding how. armoricanusand other specialised grass-  Supporting information

land butteries are likely to respond to global changes is key to

anticipating their conservation in a changing world. Additional supporting information may be found online in the
The suitability of assisted migration as a tool for conservation Supporting Information section at the end of the article.

has been the subject of intense discussion (Hoegh-Guldberg

et al, 2008; Marris, 2008; Richardsoret al, 2009; Figure S1Sensitivity analysis of the model describing abun-

Thomas, 2011; Hewittt al, 2011; Hillet al, 2011). For some  dance as a function of time since translocation, mean larval and

species, however, it might be the only solution since for many jght temperature and occupancy in previous year. In blue are

species, habitat-based measures such as improving protecteshown coefcients (+ 95% cordence intervals) of the original
area management, establishing corridors, and improving themodel described in the main text, while cagénts in red corre-
landscape matrix cannot fully compensate the negative impactspond to a model in which abundance was assumed to be 1 in
of climate-induced range shifts (Wessef\al., 2017). Assisted non-surveyed sites/years.

migration should be considered in particular if dispersal ability  Figure S2 Modelled relationships betweéh armoricanus

is low or if the species has a limited ability to persist in unfavour- annual abundance per site and the time since translocation (here

able conditions (Early & Sax, 2011). We found thaarmorica- 2011), the mean temperature during tlyeng period and the

nus can indeed be translocated to areas north of its currentmean temperature during the larval period.

population range and establish viable populations. Translocation

might hence be a potential conservation method for this and
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