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Abstract
The clouded apollo (Parnassius mnemosyne) used to have a wide distribution in Fennoscandia. Recent population declines 
have, however, led to regional extinctions and in Sweden it is currently one of the most endangered butterflies, confined to 
three geographically separated metapopulations: Blekinge, Roslagen and Västernorrland. Especially the Blekinge population 
has declined dramatically and few imagines have been observed during recent census efforts (< 10 in some localities). The 
clouded apollo is subject to a species action plan which includes both habitat restorations and captive breeding to produce 
individuals for release and reintroductions. Here, we apply whole-genome resequencing of clouded apollo individuals col-
lected in the three natural populations and the captive population in Sweden and apply population genomic approaches to 
get a better understanding of the genetic structure and levels of genetic diversity in the species. We find that the clouded 
apollo populations in the different geographic regions have similar, but comparatively low levels of genetic diversity and we 
find evidence for significant genetic differentiation between the northernmost population and the populations in southern 
Sweden. Additional analysis, including previously available mitochondrial data, unveil that a bi-directional re-colonization 
of Fennoscandia after the latest glacial maximum most likely is the explanation for the considerable differentiation between 
some Swedish populations. Finally, we find evidence for population sub-structure in one of the Swedish populations. The 
results provide insights into the genetic consequences of population size declines and fragmentation in general and provide 
important information for direct conservation actions for the clouded apollo in Sweden in particular.

Keywords Clouded apollo · Parnassius mnemosyne · Lepidoptera · Genetic diversity · Differentiation · Inbreeding · 
Demographic history · Gene-flow

Introduction

The clouded apollo (Parnassius mnemosyne) has a wide 
distribution that spans from central Asia to western Europe, 
but the species shows declining numbers and increasing 
fragmentation in many countries (Bolotov et al. 2013; Eli-
asson et al. 2005; Gratton et al. 2008). In Fennoscandia, 
the clouded apollo can currently be found in Finland, Swe-
den and Norway, but it has been extinct in Denmark since 
the early 1960:s (Eliasson et al. 2005). Within Sweden, the 
distribution range was previously more or less continu-
ous from the far southern region, along the east coast, up 
to central Sweden (Artdatabanken 2020, 2021) and it was 
classified into two different subspecies (P. m. argiope in 
southernmost Sweden and P. m. romani in the north of the 
southernmost provinces) based on differences in size and 
pigmentation (Eliasson et al. 2005; Liljeblad 2021). Over 
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the last decades, the distribution range has decreased and 
currently the clouded apollo is limited to three compara-
tively small and geographically isolated regions; Blekinge, 
Roslagen and Västernorrland (Fig 1) (Artdatabanken 2020, 
2021). Besides retreating from large parts of the historical 
distribution, population sizes have also decreased dramati-
cally—the clouded apollo is currently red-listed (classified 
as an endangered species) and since 2008 it has been subject 
to a national action plan initiated by the Swedish Environ-
mental Protection Agency (SEPA, Naturvårdsverket) (Artda-
tabanken 2020; Franzén and Imby 2008). Recurrent efforts 
to estimate the census sizes within each geographic region 
have been conducted. In 1994–1995, clouded apollos were 
observed in 43 different localities within the three distribu-
tion areas and the numbers of individuals were estimated 
to be approximately 1500 in Roslagen and Västernorrland, 
respectively, and 150–200 in Blekinge (Artdatabanken 
2021). Since, both the number of inhabited localities within 
the different geographic areas and the number of individuals 
has decreased further (Artdatabanken 2021; Eliasson 2021; 
Holst et al. 2021). The current status is that the situation for 
the species is critical in Blekinge—no egg laying females 
were observed 2020—while the situation seems to be more 
stable in Västernorrland (Artdatabanken 2021; Holst et al. 
2021).

The most likely reason for the dramatic decline of the 
clouded apollo across the distribution range is continuous 

loss of suitable breeding habitat (Holst et al. 2021). The 
species prefers sheltered landscapes with a mosaic of mod-
erately grazed pastures or mowed meadows, deciduous 
forest edges and shrubs, and access to larval host plants 
(Corydalis sp.) and a rich flora of flowering plants for 
nectar feeding imagines (Franzén and Imby 2008). As a 
consequence of the transition from small-scale agricul-
tural practices to centralized land management, such habi-
tats have been lost at a high rate due to locally heavier 
grazing pressure and overgrowth of small meadows that 
are no longer used as temporary pastures or for mowing/
haymaking (Johansson et al. 2017). Efforts to restore pre-
ferred habitats in Roslagen and Blekinge have resulted in 
temporary breaks in the negative population trends, but 
it is likely that more regular and large-scale restoration 
initiatives will be needed to prevent further population 
fragmentation (Holst et al. 2021) and loss of genetic diver-
sity as a consequence of genetic drift and inbreeding (e.g. 
Frankham et al. 2012; Sherpa et al. 2021).

Genetic tools to characterize and quantify potential 
population differentiation and levels of genetic diversity 
in the clouded apollo have previously been limited to a 
few microsatellites (Meglecz and Solignac 1998) and 
mitochondrial gene sequences (Gratton et al. 2008). Here, 
we use tissue samples from clouded apollos collected in 
the three geographically distinct Swedish natural popula-
tions and samples from a captive population at Nordens 
Ark and apply whole genome re-sequencing to generate 
polymorphism data. The data are used to quantify the lev-
els of intra-population genetic diversity, levels of inter-
population genetic differentiation and assess relatedness 
coefficients to characterize inbreeding in each population. 
Our results reveal comparatively low genetic diversity in 
all populations and significant genetic differentiation both 
between isolated populations and between subpopulations 
within Roslagen. We also find evidence for postglacial 
colonization of clouded apollo in Scandinavia from two 
directions.

Methods

Sampling

For the whole-genome re-sequencing, 10 individuals from 
each of the three natural populations and 10 individuals from 
the captive population at Nordens Ark were used. Note that 
the captive population was founded by individuals from 
Blekinge. All samples used for sequencing were collected 
between 2015 and 2020 and stored frozen in ethanol or 
dried, either as complete specimens or as pieces of legs or 
wings (Supplementary Table 1).

Fig. 1  Map illustrating the likely historical distribution of clouded 
apollo in Sweden (dashed lines), as well as the sampling regions of 
the three remaining natural populations.
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DNA extractions and sequencing

DNA-extractions were performed using a modified salt 
extraction protocol optimized for very small amounts of 
tissue. The protocol was optimized with trial extractions 
from other dried butterfly specimens already available at 
Uppsala University. The amount and quality of DNA extrac-
tions were assessed with Qubit and NanoDrop for a larger set 
of samples and 10 individuals with the highest yield from 
each population were sent to NGI/SciLifeLab Stockholm for 
library preparation and sequencing. For library preparation, 
the SMARTer ThruPLEX DNA-seq kit was used and the 
barcoded libraries were sequenced in multiplex on a sin-
gle NovaSeq S4-300 flow cell with 2x151 bp read lengths. 
Before delivery of raw sequence data, NGI performed 
demultiplexing and basic quality control using FastQC 
(Andrews 2021). The sequencing yield varied between 47.68 
and 106.60 million read pairs (14.30–31.98 Gb) per indi-
vidual and no library had fewer than 92.5% of nucleotides 
with a Phred-score > 30 (Supplementary Table 2).

Identification of nuclear polymorphisms

The paired end reads for all 40 individuals were mapped 
to the repeat masked apollo butterfly (Parnassius apollo) 
reference genome (Podsiadlowski et al. 2021), using BWA 
aln (Li and Durbin 2010) as implemented in Stampy 1.0.31 
(Lunter and Goodson 2011). The mapping failed for two 
individuals, one from Västernorrland and one from Nordens 
Ark (VN18 and NAB23), and those samples were excluded 
from further analyses. Single nucleotide polymorphisms 
(SNPs) were identified using BCFtools 1.13 (Li 2011) for 
all 38 samples together. In total, we called 93,064,863 SNPs. 
Since butterflies in the Parnassius genus have comparatively 
large genome sizes with a high fraction of transposable ele-
ments (TEs)—many of which have likely not been properly 
annotated and are therefore missing in previous TE-libraries 
used for repeat masking—there was a high risk for errone-
ously calling SNPs as a consequence of mapping errors in 
repetitive sequences. We therefore filtered out all SNPs that 
were not located in coding sequences (n = 28,006 genes) 
in the apollo genome (Podsiadlowski et al. 2021). To avoid 
biases introduced by potential paralogs, only SNPs within 
1:1 single copy genes with complete open reading frames 
and without internal stop-codons were retained (n = 24,671).

Analysis of genetic diversity was performed for the 
three different codon positions, separately (8,413,530 1st-, 
8,420,500 2nd-, and 8,413,565 3rd-codon positions), but for 
the analysis of genetic differentiation and population struc-
ture we restricted the analysis to 4-fold degenerate sites (n 
= 3,848,496)—i.e. positions where all point mutations are 
synonymous. The rationale behind this approach was to min-
imize the risk for biases introduced by sequencing errors, 

erroneous SNPs calling in regions where sequences were 
mapped incorrectly or direct effects of selection. The filter-
ing reduced the number of SNPs used for analysis of genetic 
differentiation and population structure to 451,275. Since the 
sex-ratio of sequenced individuals was unknown, all analy-
ses were based on autosomal markers and we only retained 
SNPs that were informative in all 38 samples (390,266 SNPs 
in 20,620 autosomal genes).

Population genetic analyses

The levels of genetic diversity were estimated for each 
respective population separately, using both the estimated 
probability of pair-wise differences between randomly 
selected chromosome pairs (θπ) and Watterson’s esti-
mate based on segregating sites and corrected for sample 
size (θW). We also estimated potential deviations from the 
expected neutral allele frequency spectrum with Tajima’s 
D (TD) for each respective population. All intra-population 
estimates were calculated in non-overlapping 100 kb win-
dows with at least 100 informative positions using the allele 
frequencies calculated using VCFtools v0.16 (Danecek et al. 
2011) and our in-house developed scripts in python v3.9 
(https:// github. com/ venta 380/ cloud ed_ apollo_ genom ics). 
To visualize and characterize potential population structure, 
we applied both a standard Principal Component Analysis 
(PCA) implemented using SNPrelate v1.30.0 (Zheng et al. 
2012) and Admixture (Alexander et al. 2009) as imple-
mented in the R-package LEA 3.8.0 (Frichot et al. 2021) 
on the VCF file generated separately for autosomal 4-fold 
degenerate sites using VCFtools 0.16 (Danecek et al. 2011). 
A dendrogram based on genetic variation in 4D-sites for all 
38 individuals and estimates of kinship coefficients between 
individuals within and between populations were performed 
using SNPrelate 1.30.0 in R/Bioconductor (Zheng et al. 
2012).

Genome wide genetic differentiation (FST) and absolute 
divergence (DXY) between each population were estimated 
using the allele frequencies calculated with VCFtools 0.16 
(Danecek et al. 2011). These allele frequencies were also 
used to calculate the total number of fixed, private and 
shared alleles in each pair-wise population comparison.

Mitochondrial DNA variation

To be able to compare the genetic relationships between 
Swedish and other European clouded apollo populations, 
we downloaded previously published mitochondrial DNA 
(mtDNA) sequences from selected individuals represent-
ing different regions of continental Europe, Finland and 
Åland (Gratton et al. 2008) (Supplementary Table 3). The 
sequences represent parts of the CO1 gene (931 bp). To get 
the orthologous sequences from the re-sequenced Swedish 

https://github.com/venta380/clouded_apollo_genomics
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individuals, we first mapped all reads from each individual 
to the entire mtDNA genome sequence of the apollo (Pod-
siadlowski et al. 2021). Mapped sequences were then used 
in a second similarity search limited to the 931 bp of COI 
previously sequenced in multiple European clouded apollo 
individuals (Gratton et al. 2008). Mapped (orthologous) 
sequences were aligned with Muscle (Edgar 2004) and 
manually inspected for alignment errors. As a consequence 
of poor mapping success for the re-sequenced Swedish indi-
viduals in general, only a subset of samples could be used 
for subsequent analyses (5 from Nordens Ark, 6 from Ble-
kinge, six from Västernorrland and 10 from Roslagen). The 
aligned COI sequences from the retained Swedish samples 
and the selection of previously published individuals were 
used to construct a haplotype network in PopArt (Leigh and 
Bryant 2015).

Results

Within population levels of genetic diversity

The estimated levels of intra-population, pair-wise genetic 
diversity (θπ) for autosomal 4D-positions were very simi-
lar between populations, ranging from 0.0049 (Nordens 
Ark) to 0.0052 (Västernorrland) (Table 1). The even levels 
of genetic diversity were also observed for the other site 
classes (Table 1). As expected, first and second codon posi-
tions had lower genetic diversity than third codon positions 
and 4D-sites in all populations (Table 1). Analogous patterns 
were observed for the estimator of genetic diversity based on 
segregating sites (θW), but the variation between populations 
was slightly larger with the highest diversity in Västernor-
rland and lowest diversity in Roslagen for all codon positions 
(Table 1). For each population, we also estimated Tajima’s 
D to get information about potential deviations from the 
expected allele frequency distribution under mutation-drift 
balance. All populations showed negative Tajima’s D for 
all codon positions but there was some variation between 
populations; Västernorrland and Blekinge had the most 
negative Tajima’s D (i.e. a larger than expected proportion 
of low frequency alleles) while the population in Roslagen 
had Tajima’s D close to zero (Table 1).

Genetic differentiation between clouded apollo 
populations in Sweden

As a first assessment of potential genetic differences between 
the populations, we categorized the SNPs identified in 
4D-sites as fixed, private or shared for all pair-wise compari-
sons of populations. We found that all comparisons involv-
ing the population from Västernorrland had the highest ratio 
of fixed differences (1.5–2.2%) and lowest fraction of shared 
variants (36.4–39.2%) (Table 2). There were no fixed differ-
ences between Blekinge and Nordens Ark and the proportion 
of fixed differences between the population in Roslagen on 
the one hand and the populations in Blekinge and Nordens 
Ark, respectively, was low (0.1–0.3%) (Table 2).

To get quantitative estimates of the levels of genetic dif-
ferentiation and divergence between the clouded apollo 

Table 1  Summary of median estimates of genetic diversity (θπ, θW, 
*10−3) and Tajima’s D  (TD) +/− standard deviations within the four 
different clouded apollo populations in Sweden

All estimates are based on autosomal 4D-positions in 100 kb win-
dows.
CP codon position, 4D 4D-sites.

Population Position θπ θW TD

Blekinge 4D 5.1(12.1) 6.6(8.8) − 0.52(1.15)
Nordens Ark 4D 4.9(12.5) 6.0(8.7) − 0.31(1.19)
Roslagen 4D 5.1(12.8) 5.6(9.0) 0.00(1.16)
Västernorrland 4D 5.2(12.6) 6.8(8.9) − 0.53(1.18)
Blekinge CP3 4.7(10.8) 5.9(7.9) − 0.53(1.18)
Nordens Ark CP3 4.5(11.2) 5.4(7.8) − 0.30(1.22)
Roslagen CP3 4.6(11.5) 5.0(8.1) − 0.01(1.19)
Västernorrland CP3 4.7(11.2) 6.0(7.9) − 0.52(1.22)
Blekinge CP2 3.3(8.6) 4.2(6.3) − 0.56(1.17)
Nordens Ark CP2 3.2(9.0) 3.9(6.4) − 0.33(1.19)
Roslagen CP2 3.3(9.3) 3.6(6.6) − 0.05(1.17)
Västernorrland CP2 3.4(9.0) 4.5(6.4) − 0.60(1.19)
Västernorrland CP1 3.4(9.3) 4.5(6.5) − 0.58(1.19)
Blekinge CP1 3.2(9.1) 4.3(6.5) − 0.57(1.17)
Nordens Ark CP1 3.3(9.4) 3.9(6.6) − 0.34(1.19)
Roslagen CP1 3.3(9.6) 3.6(6.8) − 0.05(1.17)
Västernorrland CP1 3.4(9.3) 4.5(6.5) − 0.58(1.19)

Table 2  Summary of the counts 
of fixed, private and shared 
alleles for all variable 4D-sites 
in each of the six clouded apollo 
population comparisons.

Population A Population B Fixed Shared Private A Private B Total

Blekinge Nordens ark 0 56,603 35,013 21,301 112,917
Blekinge Roslagen 133 52,418 39,537 22,518 114,606
Blekinge Västernorrland 3144 47,408 35,431 42,815 128,798
Nordens ark Roslagen 316 52,753 31,053 27,503 111,625
Nordens ark Västernorrland 2113 48,570 31,511 42,672 124,866
Roslagen Västernorrland 2383 46,707 43,993 37,276 130,359
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populations in Sweden, we estimated the fixation index (FST) 
and pair-wise genetic divergence (DXY) between all six popu-
lation pairs. Again, the results revealed that all comparisons 
including the population in Västernorrland had consider-
ably higher FST (≈ 0.1) and DXY (> 0.005) than any other 
population comparison (Table 3). The lowest level of dif-
ferentiation and divergence was observed between Blekinge 
and Nordens Ark and the population in Roslagen was only 
slightly differentiated from the two populations in southern 
Sweden (Table 3).

Visualization of population structure in the clouded 
apollo in Sweden

To visualize the patterns of genetic structure in the clouded 
apollo in Sweden, we applied both PCA and Admixture anal-
ysis. The PCA verified a considerable level of population 
structure overall, but no apparent differentiation between 
the populations among Blekinge and Nordens Ark (Fig. 2).

The Admixture analysis was run with a fixed number of 
populations (K) from 2 to 5 and the results supported pre-
vious observations, with a considerable structure between 
populations. At K = 2, the population from Västernorrland 
was separated from the other three populations and at K = 
3, the population in Roslagen came out as a discrete cluster 
(Supplementary Fig. 1). Estimated minimum cross-entropy 
scores suggested that the data was best explained at K = 3, 
i.e. that the clouded apollo in Sweden can be considered 
as consisting of three distinct populations (Supplementary 
Fig. 1).

As a complementary analysis, we also generated a den-
drogram based on variation in 4D-sites. The dendrogram 
again verified that the individuals from Västernorrland 
form a monophyletic group with a long internal branch to 
the individuals from the other populations (Fig. 4). The 
results showed that the individuals from Roslagen formed 
a monophyletic group, but that individuals from Blekinge 
and Nordens Ark consist of a paraphyletic group. The 
dendrogram also revealed potential structure within the 

population in Roslagen, with two distinct clusters (Fig. 4). 
A deeper investigation of the Roslagen individuals 
revealed that the two clusters represent individuals from 
two different sampling locations in the region: Lötaholmen 
and Brudskäret (including the individual that originated 
from Roslagen but was kept at Nordens Ark, NAU37). 
To get a better understanding of the genetic differences 
between individuals from the two sampling sites in Rosla-
gen, we performed both a PCA and an Admixture analysis 
based on individuals from Roslagen only. Both analyses 
supported intra-population structure in the Roslagen popu-
lation with two distinct groups representing individuals 
from the two sampling sites, respectively (Supplementary 
Fig. 2). To get information about the levels of genetic vari-
ation within and between each respective sub-population 
in Roslagen, we also estimated genetic diversity, Tajima’s 
D and proportions of fixed, private and shared variants, 
and FST using the individuals from each sampling site, 
respectively. The estimated level of diversity was slightly 
lower in the population from Lötaholmen (θπ = 0.0046) 
than in the population from Brudskäret (θπ = 0.0053)—
both estimates were however in the range observed for the 
other populations (Supplementary Table 4). Tajima’s D 
was positive for both sub-populations, but slightly higher 
for the population on Brudskäret (TD = 0.12) than for the 
population on Lötaholmen (TD = 0.056) (Supplemen-
tary Table 4). Most of the genetic variation was shared 
between sub-populations, but a large proportion (44%) of 
private alleles and some fixed differences (n = 78) were 
identified (Supplementary Table 5). The level of genetic 

Table 3  Summary of the estimated levels of genetic differentiation 
(FST) and pair-wise divergence (DXY *10-3) in the six comparisons 
between clouded apollo populations in Sweden.

The point estimates are medians (+/− SD) based on SNP information 
in 4D-sites across 100 kb windows.

Population A Population B FST(+/− SD) DXY(+/− SD)

Blekinge Nordens ark 0.028(0.018) 6.5(14.7)
Blekinge Roslagen 0.045(0.057) 7.9(14.8)
Blekinge Västernorrland 0.095(0.095) 10.3(14.9)
Nordens ark Roslagen 0.050(0.068) 8.3(15.4)
Nordens ark Västernorrland 0.104(0.104) 10.8(15.4)
Roslagen Västernorrland 0.095(0.102) 10.6(15.5)
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Fig. 2  Principal component analysis (PCA) illustrating the genetic 
variation across clouded apollo butterflies in Sweden. The analysis 
was based on SNPs in 4D-sites. The X-axis (PCA1) explains 7.1% 
and the Y-axis (PCA2) 4.7% of the total variation.
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differentiation between the two sampling sites in Roslagen 
was 0.057 ± 0.070 (Supplementary Fig. 3).

Analysis of the kinship coefficient and identity 
by descent (IBD)

To get information about the level of inbreeding within and 
between clouded apollo populations in Sweden, we esti-
mated the kinship coefficient, both for individuals within 
and between populations. The data revealed that the highest 
kinship coefficient was observed in the population in Väster-
norrland, followed by Nordens Ark, Roslagen and Blekinge 
(Supplementary Fig. 4). As expected based on shared recent 
history, the inter-population kinship coefficients were high-
est for the Blekinge and Nordens Ark comparison. The low-
est inter-population kinship coefficients were observed in 
comparisons including the individuals from Västernorrland 
and comparisons between Roslagen and the populations in 
southern Sweden showed intermediate values (Supplemen-
tary Fig. 4).

The analysis also again unveiled that alleles in individuals 
from Västernorrland have a lower level of IBD with alleles 
in individuals from the other populations, that the individu-
als from Blekinge and Nordens Ark can be treated as a single 
population, and that individuals from Roslagen are more 
differentiated from individuals in Västernorrland than from 
individuals in the population in southern Sweden (Supple-
mentary Fig. 5).

Analysis of mitochondrial DNA

To get deeper insight into the genetic relationships between 
the individuals sampled in Sweden and other European pop-
ulations, we used previously published sequence information 
from parts of the CO1-gene (Cytochrome C Oxidase Subunit 
1) in a selected set of individuals representing populations 
within the distribution range in Europe (Gratton et al. 2008). 
We extracted the orthologous sequences from the Swedish 
individuals where the sequence could be identified with cer-
tainty. This was not possible for all Swedish samples and 
the analysis is therefore limited to a subset of our samples 
(Fig 3).

The results from the analysis of the mtDNA showed 
that individuals from Blekinge, Nordens Ark and Roslagen 
clustered with individuals collected in southern and cen-
tral Europe and in the Åland archipelago in the Baltic sea, 
while individuals from Västernorrland clustered with sam-
ples from Finland and Lithuania (Fig. 4). Those two groups, 
previously named haplotype groups EN and W, respectively 
(Gratton et al. 2008), are predominantly characterized by 
two fixed differences in CO1. The analysis also supported 
the observation in the dendrogram analysis of 4D-sites, that 
the samples from Roslagen are subdivided into two clusters 

defined by a single mutation that probably occurred in the 
population at Brudskäret but that has not yet reached fixation 
in that population (4 of 5 of the individuals from Brudskäret 
that could be included in the analysis carry that mutation, 
Fig. 4).

Discussion

Genetic diversity within populations

All populations harbored approximately the same level of 
genetic diversity with median levels of θπ ≈ 0.5% for auto-
somal 4D-positions. This level of diversity is comparatively 
low for butterflies where θπ for 4D-positions has been shown 
to range between 0.5 and 4.1% (Mackintosh et al. 2019), 
but in line with observations in for example cabbage white 
(Pieris brassicae) and wood whites (Leptidea sp.) (Mack-
intosh et al. 2019), and not exceptionally low compared to 
many other organism groups (Romiguier et al. 2014). As 
expected based on the variation in intensity of natural selec-
tion between sites, the diversity was lower at 1st and 2nd 
codon positions. The estimates of genetic diversity based on 
numbers of segregating sites (θW) was marginally higher in 
all populations and also unveiled some variation in diversity 
between populations; highest in Västernorrland, followed 
by Blekinge/Nordens Ark and Roslagen. This indicates that 
the proportion of rare alleles is lower in the population in 
Roslagen, which is also supported by the higher Tajima’s D 
in the Roslagen population. The observed inter-population 
differences in θW (and, consequently Tajima’s D) indicates 
that the different populations have slightly different demo-
graphic histories. The overall negative Tajima’s D estimates 

Fig. 3  A dendrogram illustrating the sequence divergence at auto-
somal 4D-sites for the 38 clouded apollo individuals included in the 
analysis.
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are likely a consequence of the allele frequency spectrums 
still being affected by the rather recent re-colonization of 
Scandinavia after the last glacial maximum which led to 
founder effects—i.e. colonization of a few individuals and 
subsequent regional population expansions. These estimates 
also indicate that the rather recent population declines have 
not yet had a sufficient effect on rare variants to skew the 
allele frequency spectrum towards intermediate frequency 
alleles, but that the population in Roslagen might have had 
a more severe decline than the other populations, especially 
the population in Västernorrland. However, the observed 
sub-structure within the population in Roslagen means that 
different alleles can segregate at different frequencies in the 
two sub-populations, leading to a relative excess of interme-
diate frequency alleles when the populations are analyzed 
as a single unit. The follow-up analyses showed that both 
sub-populations had a marginal excess of intermediate fre-
quency alleles which indicates an overall population decline 
in Roslagen, but it should be noted that the analysis was 
based on a very small sample set (n = 5 individuals from 
each sub-population, respectively) which might lead to 
larger uncertainties in allele frequency estimates.

Genetic structure in general

The quantitative assessments of genetic differences—both 
differentiation and divergence—between the clouded apollo 
populations in Sweden revealed a clear pattern of structure 
where the population in Västernorrland was significantly dif-
ferentiated from the other populations. Both the proportion 
of fixed differences and the estimates of FST and DXY were 
highest in the comparisons including the population from 
Västernorrland. The populations in Blekinge (and Nordens 

Ark) and Roslagen had a larger proportion of shared alleles 
and significantly lower FST and DXY. These results hence 
point towards a historical barrier to genetic exchange 
between the populations in southern Sweden (Blekinge + 
Nordens Ark, Roslagen) and the population in central Swe-
den (Västernorrland). The population in Roslagen was also 
significantly differentiated from the other populations in 
Sweden, but less from the populations in Blekinge than from 
the population in Västernorrland. The population in Ble-
kinge was not differentiated from the captive population at 
Nordens Ark, which is in line with expectations as the cap-
tive population was founded by individuals captured in Ble-
kinge. In essence, the results from the estimated population 
genetic summary statistics are mirrored in both the PCA, the 
Admixture and the mtDNA analysis. It is noteworthy that the 
historical classification of the clouded apollo in Sweden into 
subspecies P. m. argiope and P. m. romani (Liljeblad 2021) 
has no support in the genetic analysis, since the individu-
als in the Roslagen population are obviously more closely 
related with individuals from southern Sweden than with 
individuals from Västernorrland.

The analysis of mtDNA also showed that the Roslagen 
and Blekinge populations belong to the same haplogroup, 
which is diagnostic for clouded apollo butterflies in cen-
tral and western Europe and the Åland archipelago in the 
Baltic sea (’W’, Gratton et al. 2008). However, the analysis 
also revealed that 4 out of 5 individuals from the locality 
Brudskäret had a unique mtDNA haplotype characterized by 
a single point mutation. Based on previous data, we know 
that the most common haplotype in haplogroup W differs 
from the most common haplotype in group EN—the latter 
is diagnostic for clouded apollo individuals from northeast-
ern Europe (Gratton et al. 2008)—by only two substitutions. 

Fig. 4  A haplotype network 
based on 931 bp of the mito-
chondrial CO1-gene. A subset 
of individuals from a previous 
study (Gratton et al. 2008) was 
used to get information about 
genetic relationships between 
individuals in different popula-
tions in Sweden and other popu-
lations in the distribution range 
in Europe. Roslagen L and 
Roslagen B correspond to the 
two sampling sites Lötaholmen 
and Brudskäret in the region, 
respectively.
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We found that all individuals from Västernorrland harbored 
haplotype EN which is found in for example Finland and 
the Baltic states. This observation leads to the obvious con-
clusion that Scandinavia has been re-colonized from two 
different directions after the latest glacial period. The indi-
viduals that now exist in Blekinge (including Nordens Ark), 
Roslagen and the Åland archipelago likely have a common 
ancestry with individuals that colonized Sweden from the 
south (i.e. via Denmark), while individuals in Västernor-
rland are related to the ancestors that colonized Scandina-
via from the southeast. This hypothesis has been proposed 
before, based on differences in mtDNA sequences between 
individuals from Åland and mainland Finland, but that study 
did not specifically include individuals sampled in Sweden 
(Gratton et al. 2008). The novel data generated here there-
fore gives additional information about the re-colonization 
of clouded apollos in Scandinavia after the latest ice age 
and provides novel information about the underlying demo-
graphic histories shaping genetic structure between clouded 
apollo populations within Sweden in particular.

Substructure in the Roslagen population

All analyses of population structure (PCA, Admixture, den-
drogram based on autosomal 4D-sites and mtDNA) showed 
some differentiation between individuals sampled at Löta-
holmen (Rådmansö, Stockholms län) and near Brudskäret 
(Östhammar, Uppsala län), respectively. Historically, the 
clouded apollo probably had a wider distribution in the 
region, in a mosaic of sub-populations (a metapopulation 
structure) along the coast of the Baltic sea, while the cur-
rent distribution pattern is patchy with small sub-popula-
tions separated by considerable geographic distances (Hedin 
2009; Hedin and Björklund 2008; Löf and Björklund 2019). 
The observed genetic differentiation between the sub-popu-
lations at Lötaholmen and Brudskäret indicate that there is 
limited gene-flow between these populations and that genetic 
drift has led to detectable differences in allele frequencies. 
The genetic diversity within the sub-populations in Roslagen 
was similar to the other populations in Sweden, but slightly 
lower in the Lötaholmen than in the Brudskäret population. 
This can indicate that the population on Lötaholmen has 
been isolated from other populations in the region and/or 
had a lower effective population size for a longer period of 
time. Tajima’s D estimates, however, point towards a more 
dramatic relative population size decline for the popula-
tion at Brudskäret. It is important to keep in mind that the 
estimates of diversity and allele frequency distributions are 
based on a small sample set for the within sub-population 
analyses and the estimates should be considered relatively 
uncertain.

Analysis of kinship coefficients

We estimated kinship coefficients between individuals both 
within and between populations. Within populations, the 
highest degree of kinship was observed between the indi-
viduals in the populations in Västernorrland and Nordens 
Ark, repectively. The individuals in Roslagen had interme-
diate level kinship coefficients and individuals within Ble-
kinge had the lowest level of kinship. It is expected that 
the individuals in the captive population at Nordens Ark 
should have higher kinship coefficients as the population 
was founded by a limited number of wild-caught specimens. 
The relatively high degree of kinship between individuals in 
Västernorrland indicates that the population might have been 
isolated for a longer time than the other natural populations 
in Sweden. It is reasonable to assume that the recolonization 
of Scandinavia can be characterized as a series of founder 
events and it is well established that the genetic variation 
generally decreases with distance from the center of a spe-
cies’ distribution range—the so called center-periphery-
hypothesis (Eckert et al. 2008; Pironon et al. 2017; Sherpa 
et al. 2021). Since the population in Västernorrland was 
most likely established by migrants from mainland Finland, 
it is straightforward to assume that the population in Väster-
norrland has been comparatively more isolated (less gene-
flow with other populations) and this can have resulted in 
a higher level of inbreeding, and consequently higher intra-
population kinship coefficients. The comparatively low level 
of kinship between individuals in Blekinge probably reflects 
a history of more genetic exchange with adjacent popula-
tions than what has occurred in Roslagen and Västernor-
rland. We cannot rule out, however, that some of the differ-
ences in kinship coefficients are explained by the sampling 
regime in each specific region. It is for example possible 
that more closely related individuals were sampled just by 
chance in Västernorrland than in Roslagen and Blekinge. 
However, the number of distinct sampling localities is high-
est in Västernorrland, which presumably indicates that the 
comparatively high kinship coefficients in the population 
reflect demography rather than the sampling.

The analysis of inter-population kinship coefficients again 
showed that the population in Västernorrland is genetically 
distinct and that the Roslagen population is more similar to 
the Blekinge/Nordens Ark population than to the popula-
tion in Västernorrland—i.e. the kinship coefficients were 
higher for the comparison of individuals from Roslagen and 
Blekinge than for the comparison of Roslagen and Väster-
norrland. This analysis hence also questions the historical 
classification of subspecies in Sweden (Liljeblad 2021). As 
expected from the history of the captive population at Nor-
dens Ark, the highest inter-population kinship coefficients 
were observed in the comparison between Blekinge and 
Nordens Ark.
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Conservation implications

The clouded apollo is a sensitive species when it concerns 
climate changes and annual fluctuations in weather condi-
tions during the breeding season. The reasons are the short 
life-span of imagines (only 3.8 days on average according 
to mark- recapture experiments in the population in Ble-
kinge), the very specific habitat preferences (Artdatabanken 
2021), the limited ability for dispersal (Kuussaari et al. 2015; 
Väisänen and Somerma 1985) and the potentially skewed 
sex ratio in imagines (Vlasanek et al. 2009). The rapid popu-
lation declines across the distribution range, especially pro-
nounced in some regions like Blekinge, can lead to regional 
extinction risks and immediate actions are needed to sup-
port local populations. Our analyses indicate that the best 
conservation plan in Sweden would be to take the signifi-
cant differentiation between populations into account. The 
population in Västernorrland for example, should be treated 
as a distinct conservation unit. In the analysis of the mtDNA, 
we also observed that some of the individuals in Västernor-
rland—despite belonging to the same haplogroup—have 
unique mutations that separate them from the individuals in 
Finland and Lithuania. This indicates that the population in 
Västernorrland has limited gene-flow with mainland Finland 
as well. However, our results suggest translocations might 
be done between Roslagen and Blekinge. Such transloca-
tions can sometimes be successful despite the dispersal rate 
being very slow in clouded apollos. In southern Finland, for 
example, a long-term monitored translocation study found 
that suitable habitats within 10–200 meters from a release 
site were not colonized until 7 years after the translocation 
event and habitats within a 2 km range from the release site 
were not colonized until 13 years after the release (Kuus-
saari et al. 2015). However, the action was successful in 
the sense that both the total number of individuals and the 
number of sub-populations increased significantly after the 
translocation (Kuussaari et al. 2015). Thus, any conserva-
tion actions for the clouded apollos in Sweden should be 
carried out with appropriate time scales in mind. In each 
potential case, a translocation effort should be preceded by 
an assessment of the expected increase in genetic diversity 
and decreased risk for inbreeding on the one hand, and the 
risk for outbreeding depression on the other (Frankham et al. 
2011). Finally, potential support actions involving transloca-
tion or rearing in captivity and releasing specimens at spe-
cific sites should crucially be combined with restoration of 
suitable habitat to ensure that the populations become estab-
lished and interconnected in a metapopulation structure with 
potential for continuous gene-flow between sites. Our results 
indicate that translocations and captive rearing, mindful of 
data-supported conservation units, combined with habitat 
restoration, could be a potential strategy for conservation of 
the clouded apollo butterfly in Sweden.
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