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Abstract

1. Extreme weather events are becoming more frequent due to climate change. We

therefore need to understand how species respond to these events. In 2018, the worst

drought ever recorded hit the island of Gotland in the Baltic Sea, which led to a major

decline of the threatened marsh fritillary (Euphydryas aurinia) the succeeding summer.

2. We compared yearly occupancy among 256 habitat patches between 2018 and 2020

and analysed the colonisation–extinction dynamics between 2019 and 2020 in relation

to patch area, connectivity, and habitat quality. Moreover, using capture-mark-release

data in two patch clusters differing in connectivity, we also compared population sizes

before and after the drought and analysed ‘population growth rates’. We also com-

pared yearly abundance of host plants (Succisa pratensis) over time.

3. Results show a remarkable recovery of the marsh fritillary. Both patch occupancy in

2020 and the number of individuals in the well-connected patch cluster were higher

than before the drought. In contrast, host plants were fewer and smaller, which

taken together suggest that the amount of food resources was roughly half in 2020

compared to the pre-drought conditions. Moreover, the butterfly population in the

less connected patch cluster was eight times smaller compared to the population

size before the drought. Local colonisations, extinctions, and population growth

rates were explained by connectivity.

4. The ability to quickly recover after extreme droughts is promising in times of cli-

mate change. The significance of connectivity for the population dynamics during

recovery highlights the importance of maintaining well-connected patch networks.

K E YWORD S

climate change, colonisation–extinction dynamics, extreme weather, metapopulation, population
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INTRODUCTION

Extreme weather events will increase in frequency and intensity in

the future due to climate change (e.g. Christidis et al., 2015; Meehl &

Tebaldi, 2004; Ummenhofer & Meehl, 2017). These events may have

large effects on many ecosystems and species (e.g. Maxwell

et al., 2019; Neilson et al., 2020; Parmesan et al., 2000). Increasing

magnitude and frequency of extreme weather events can have even
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larger impact on population persistence than increases in, for example,

average temperatures (Bauerfeind & Fischer, 2014; Parmesan

et al., 2000). Even though positive effects have been shown

(Carlsson & Kindvall, 2001), the effects of extreme weather most

often seem negative on population persistence (Maxwell et al., 2019).

However, population responses to extreme weather are difficult to

predict even with well-substantiated population models (Bergen

et al., 2020). Increasing our understanding of how different species

respond and recover after extreme weather events is therefore of

utmost importance for successful species conservation in times of cli-

mate change.

Many butterfly species have already experienced negative popu-

lation trends due to habitat loss and management changes during the

last century (Maes & Van Dyck, 2001; Warren et al., 2021). There is a

risk that an increase in extreme weather events will also lead to fur-

ther declines and extinctions in the future (Johansson et al., 2020;

McLaughlin et al., 2002; Piessens et al., 2009; Thomas et al., 1996).

However, the effects of extreme weather will differ between species

(Long et al., 2017; Oliver et al., 2015; Thomas et al., 1996), and the

effect on long-term persistence will depend on their ability to recover

after extreme weather events. The recovery may in turn be affected

by the amount and configuration of habitat in the landscape; faster

recovery can be expected in less fragmented landscapes (Oliver

et al., 2013, 2015; Piessens et al., 2009). Larger areas of habitat are

likely to provide a broader range of resources and microclimates com-

pared to small areas (Oliver et al., 2010; Hodgson et al., 2011), and

this heterogeneity may reduce the impact of extreme weather events

and climatic variation in general (Kindvall, 1996; Nice et al., 2019;

Suggitt et al., 2018).

The population dynamics of many butterflies fits metapopulation

theory (e.g. Hanski, 1999). According to classical theory, the local

extinction probability depends on patch size (as larger patches can

harbour larger and less extinction prone local populations, Harrison

et al., 1988), while the colonisation probability depends on connectiv-

ity to surrounding occupied patches (e.g. Hanski, 1999). Connectivity

may, however, also affect local extinction probability through the so-

called ‘rescue effect’ (Brown & Kodric-Brown, 1977), and patch size

may affect colonisation probability (e.g. Hanski, 1999; Thomas &

Jones, 1993) through a larger target area and potentially more

resources that may attract immigrants. Moreover, the colonisation–

extinction dynamics may also be influenced by habitat quality

(e.g. Fleishman et al., 2002; Johansson et al., 2017). High-quality habi-

tat can harbour larger local populations compared to habitat of lower

quality (e.g. Johansson et al., 2019). Extreme weather events may

affect habitat quality for butterflies, for example, due to changes in

abundance or quality of their host plants (e.g. Gutbrodt et al., 2011;

Johansson et al., 2020). Host plants may recover slowly after extreme

weather events, as many plants have slow population dynamics (Helm

et al., 2006), which can be expected to affect the population recovery

of their associated herbivore (here butterfly).

During the summer of 2018, a major drought hit Europe, resulting in

water shortages, crop failures, and fire outbreaks (Peters et al., 2020). The

drought also had large impacts in many ecosystems, and clear negative

effects were shown for, for example, several butterfly species (Bergen

et al., 2020; Johansson et al., 2020). On the island of Gotland in the Baltic

Sea (Sweden) May–July was the driest ever recorded since measurements

started in 1860 (SMHI, 2018). This extreme drought had clear negative

impacts on a large metapopulation of the threatened marsh fritillary the

succeeding summer (i.e. in 2019, Johansson et al., 2020) when local

extinctions had occurred in almost half (50) of the 101 patches, it occu-

pied before the effect of the drought was evident (during the flight period

in early summer 2018). The most likely reason for the decline was the

almost 60% loss of its host plant (Succisa pratensis) throughout the land-

scape recorded in September 2018 (Johansson et al., 2020). The host

plant abundance had not increased in September 2019, we therefore

expected the butterfly to remain at relatively low population levels

in 2020.

Our aim was to investigate how the marsh fritillary

metapopulation and its host plants develop after the drought. Does

the butterfly continue to decline or start to recover? Specifically, we

(1) compare yearly patch occupancy from 2018 to 2020 (i.e. before

and after the drought) and (2) analyse butterfly colonisation–

extinction dynamics during the first year of recovery in relation to

habitat quality (ground moisture and grazing), patch area and connec-

tivity. Moreover, in two subsets of the network, we (3) compare popu-

lation sizes before and after the drought using capture-mark-release

data and (4) analyse population growth rates in 31-ha grid cells in rela-

tion to habitat quality, connectivity and preceding population densi-

ties. We also analyse (5) host plant abundance over time, using 8668

records from 0.5 m2 sample points placed across the landscape. We

hypothesised that the patch occupancy and population sizes (in the

two subsets of the network) would be clearly lower in 2020 compared

to the pre-drought conditions as the host plant had not recovered in

September 2019. We also hypothesised that the host plant had not

yet recovered to pre-drought conditions in September 2020.

METHODS

Study species and study area

The marsh fritillary [Euphydryas aurinia (Rottemburg, 1775)] is

included in EU’s Habitats Directive (Council Directive 92/43/EEC)

and red listed in several European countries (van Swaay et al., 2010)

due to its decrease during the last century. The species is univoltine,

and adults fly from late May to late June in Sweden. Females lay egg

batches under leaves of the host plant (see below), and after hatching

the larvae spin a silken nest around the host plant. Larvae feed and

bask gregariously during sunny days until September, when they enter

diapause in a collective nest (larval autumn nests). The larvae become

active again in early spring and resume feeding. The host plant, Succisa

pratensis (Moench), is a perennial polycarpic rosette herb living in low

productive grasslands throughout Europe (Adams, 1955). The species

flowers from August to September and mainly reproduce by seeds

(Adams, 1955). Individual plants can live for over 25 years (Hooftman

et al., 2003).
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The study was conducted in an area of 50 km2 (10 km � 5 km)

close to Slite on the island of Gotland in the Baltic Sea (Figure 1),

Sweden (midpoint of the area: 57�690N 18�690E), where the marsh

fritillary occurs in unfertilised calcareous grasslands. In previous stud-

ies (Johansson et al., 2019, 2020), we identified potential habitat for

the species by mapping the distribution of host plants throughout the

landscape and combined it with high resolution land cover data

(Swedish land cover data, CadasterENV) and tree cover information

from laser radar data (LiDAR). Suitable habitat was defined as all open

grasslands where the host plant occurs. Discrete habitat patches were

defined as habitat areas separated by >33.3 m of open habitat with-

out the host plant, or >10 m with a forest barrier. In total, 256 separate

habitat patches were identified within the study area (Figure 1), total-

ling an area of 188.3 ha of suitable habitat. Approximately 31% of the

total patch area is grazed every year from late May to late September

with sheep or cattle (Angus and Charolais) with approximately 0.3 ani-

mals/ha on average (the remaining 69% are unmanaged). We have

earlier shown that this grazing intensity is detrimental for the species,

reducing the habitat quality by almost 80% for the marsh fritillary

based on the number of larval nests in grazed and ungrazed habitats

(Johansson et al., 2019).

Data collection

The occurrence pattern of the adult butterfly in the entire patch net-

work was assessed during the flight period in late May to late June

2018, 2019, and 2020. Each habitat patch was visited up to three

separate days during the reproduction period on times of the day

when the butterflies are highly active. If the species was not detected

in a patch after three visits, it was considered to be unoccupied.

For two subsets (patch Clusters A and B) of the patch network

(27.6 ha of ungrazed habitat, Figure 1e) we performed capture-mark-

release (CMR) studies in 2017, 2019 and 2020 during the flight period

(late May to late June). We chose these two clusters as they clearly

differed in connectivity during recovery (the connectivity of the pat-

ches in Cluster A was on average 5.2 times higher compared to the

patches in Cluster B, based on Equation 1). Butterflies were marked

and recaptured along irregular routes focused to cover suitable habi-

tat that was utilised by the butterflies. Each adult caught was marked

individually using a permanent marker pen and immediately released

at the point of capture. The surveys were performed between 9 a.m.

and 5 p.m. Surveys were not performed in unfavourable weather con-

ditions such as rain (within 1 h after rainfall) or temperatures below

17 �C.

Data on butterfly host plants were collected annually in

September between 2017 and 2020. The sampling was done in hect-

are grid cells distributed over suitable habitat in the landscape. The

number of cells differed between years: 383, 142, 172, and

147, respectively. In each grid cell, we randomly distributed 4-m wide

transects across the suitable habitat within the cell. Within each tran-

sect, we collected data on the host plant using 0.5 m2 circular plots

evenly distributed along each transect. The number of plots ranged

3–23 (mean = 10.3) depending on the total transect length within a

grid cell (which differed depending on the amount of suitable habitat

in the grid cell). In each plot, we measured the number of Succisa

F I GU R E 1 The study area with 256 habitat patches that are either occupied (red) or unoccupied (light grey) by the marsh fritillary in (a) 2018,
(b) 2019, (c) 2020, and (d) the total number of occupied patches for each year. Mark-recapture studies were performed in two subsets of the
patch network (patch Clusters A and B) where the population sizes (number of butterfly individuals) were estimated in 2017, 2019 and 2020.
Within (e) 31-ha grid cells (grey squares, Cluster A), we also estimated the population growth rate after the drought (between 2019 and 2020).
The study area is situated on (f) the Swedish island Gotland in the Baltic Sea (purple dot)
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pratensis individuals (i.e. the host plant) and the length of the longest

S. pratensis leaf. We also recorded if the plot contained tussocks or

not (1/0), as tussocks may affect both the number of plants and their

size based on field experience. The total number of plots from the

4 years was 8668.

Statistical analysis

Local colonisation and extinction probabilities were modelled based on

the observed turnovers between 2019 and 2020 using generalised linear

models (GLMs) with a logit link function (logistic regression). As explana-

tory variables we included patch area, connectivity, mean ground mois-

ture index (GMI, see Supporting information, Appendix S1) of the patch,

and grazing (ungrazed/grazed). Connectivity (Si) was modelled as:

Si ¼
Xn

j¼1

e�dij�αAjpj ð1Þ

where dij is the distance in kilometres between focal patch i and

source patches j, Aj is the area of patch j, and pj = 1 if the butterfly is

present in patch j in 2019 and pj = 0 if the butterfly is absent. The

spatial scaling parameter α was based on observed inter-patch dis-

persal distances from a larger CMR-study in 2017 (giving an α of 1.06;

Johansson et al., 2019). Patch area and connectivity were log-

transformed to reduce skewness. All continuous variables were

standardised. We built the models based on AICc and the final models

were the ones with the lowest AICc.

Based on the CMR-data, population sizes were estimated for each

year (2017, 2019, and 2020) in two subsets of the network (patch Clus-

ters A and B in Figure 1) using Jolly–Seber–Schwarz–Arnason models

(JSSA, Schwarz & Arnason, 1996) for open populations. For each year we

used 10 days of CMR-data that were evenly distributed over the main

flight period (covering 20–25 days depending on year and subset) to esti-

mate the population size. We fitted year-and-subset-specific models as

we wanted to compare population size between years within each cluster

(and demographic parameters are likely to differ between years, Zimmer-

mann, Blazkova, et al., 2011). Survival probabilities were time dependent

(i.e. they were allowed to vary over the season when the model was fitted

to the data), which is likely, for example, because of vanishing food supply

(this also improved the models fit for every year based on the AIC, com-

pared to constant probabilities). However, to reach model convergence,

we had to keep capture probabilities and recruitment probabilities con-

stant (but separately for each year and cluster).

For a more detailed analysis of the recovery of the population in

the patches where CMR-data were collected we applied a 1-ha grid

over the area (Figure 1e). We only included grid cells where the spe-

cies was found both in 2019 and 2020 (31 in total, all in Cluster A).

We then calculated the ‘population density’ in each grid cell and year

based on the number of unique butterfly individuals observed within

the grid cell and the amount of suitable habitat in the cell (which

ranged 0.06–0.97 ha). For each grid cell, we then calculated the grid-

cell-specific population growth rate (Ri) as:

Ri ¼Ni,2020

Ni,2019
ð2Þ

where Ni,2019 and Ni,2020 are the estimated ‘population densities’ in
grid cell i for 2019 and 2020, respectively. We then modelled the pop-

ulation growth rate (R) using a GLM with log-normal distribution

F I GU R E 2 The colonisation probability in relation to (a) connectivity (S) and (b) patch area, and the extinction probability in relation to
(c) connectivity. Dots are observed data, and broken lines are model predictions (see Table 1)

T AB L E 1 Parameter estimates (SE) of the final models for
extinction and colonisation probabilities

Variable

Extinction probability Colonisation probability

Estimate ΔAICc Estimate ΔAICc

Intercept �3.10 (0.65) �0.99 (0.19)

log(Patch area) 0.84 (0.20) 19.6

log(Connectivity) �1.05 (0.41) 4.9 0.90 (0.21) 21.1

Abbreviation: ΔAICc, change in AICc when removing the variable from the

final model.
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based on the explanatory variables mean GMI, post-drought host

plant abundance (see below), the population density in 2019, and grid

cell connectivity (GSi). Grid cell connectivity was modelled as:

GSi ¼
Xn

j¼1

e�dij�αhNj,2019 ð3Þ

where dij is the centre-to-centre distance in kilometres between focal

grid cell i and surrounding cells j, and Nj,2019 is the number of unique

individuals in 2019 in cell j. The spatial scaling parameter αh was based

on the distribution of observed inter-grid-cell movements from all

3 years with CMR data (giving an α of 5.3, Appendix S1, Figure S2).

For host plant abundance, we separately tested the number of

F I GU R E 3 The estimated population sizes of the marsh fritillary (black dots = mean and vertical lines = 95% confidence intervals) in 2017,
2019 and 2020 for the two subsets (patch Clusters A and B) (a and b) in the network where capture-mark-release (CMR) data were collected (see
Figure 1), and the yearly corresponding average number of host plants (c and d), and the mean length of the longest leaf (e and f) between 2017
and 2020. In 2019, the species went extinct from all patches in (b). For 2018, we did not perform any CMR

576 JOHANSSON ET AL.
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individuals, maximum leaf size, and the product of the two (as a

measure of total biomass) based on average values from both post-

drought years. The population density in 2019 and grid cell connectiv-

ity were log-transformed, and all explanatory variables were

standardised.

To analyse the number of host plants and the length of the lon-

gest leaf (as two separate response variables), we used generalised lin-

ear mixed models (GLMMs) with hectare grid ID as a random effect to

account for the hierarchical structure of the data. As explanatory vari-

ables (fixed effects), we included year as a factor with four levels

(2017, 2018, 2019 or 2020), we also included grazing (grazed or

ungrazed) and presence of tussocks (present or absent), and the con-

tinuous variable GMI (see Appendix S1 for details). For the number of

host plants, we used a negative binomial distribution (over-dispersed

counts) and for the leaf length we used a Gaussian distribution

(normal).

To compare the drought in 2018 with other years, we used the

longest annual precipitation time series available from May to July

between 1860 and 2020. As the weather data availability differed

between different weather stations, we combined data from three

stations in the region (Visby 1860–1953, Rings 1954–1970 and

Hejnum 1971–2020). Based on the average monthly precipitation

(between May and July) for each year, we calculated an overall mean

and associated 95% confidence interval for the entire period.

All analyses were performed using R.4.0.3 (R Core Team 2020)

with add-on library glmmTMB 1.0.2.1 for the GLMMs and openCR

1.5.0 for the JSSAs.

RESULTS

We recorded 59 local colonisations and 5 extinctions in the patch net-

work between 2019 and 2020. The number of occupied patches

increased from 70 in 2019 to 124 in 2020, corresponding to an

increase in occupancy from 0.27 to 0.48 among the 256 patches. The

colonisation probability increased with increasing connectivity and

patch area (Figure 2, Table 1). Most colonisations (90%) took place

within 0.5 km from occupied patches in 2019 (Figure S1), but a few

colonisations occurred up to 2 km from any occupied patch in 2019.

The extinction probability increased with decreasing connectivity

(Figure 2, Table 1).

In patch Cluster A, the number of marked individuals from the

CMR studies varied between years: 1002 (33% were recaptured) in

2017, 149 (24% were recaptured) in 2019, and 1022 (22% were reca-

ptured) in 2020. The corresponding figures for subset B were

262 (44% were recaptured) in 2017, 0 in 2019, and 17 (12% were

recaptured) in 2020. The estimated population size in subset A in

2019 (mean = 385, SE = 53.9) was significantly smaller compared to

both 2017 (mean = 2059, SE = 88.7) and 2020 (mean = 2772,

SE = 157.1), based on the non-overlapping confidence intervals for

the yearly population size estimates (Figure 3a). The number of indi-

viduals in 2019 was on average 5.3 times smaller compared to the

pre-drought population in 2017, while the population size in 2020

instead was 1.3 times larger compared to 2017 (which also was a sig-

nificant difference based on the confidence intervals, Figure 3). For

patch Cluster B, the population of 442 (SE = 35.0) individuals went

extinct in 2019. The species recolonised in 2020, but the estimated

population size of 55 (SE = 33.6) individuals was considerably smaller

compared to the pre-drought condition (Figure 3b). In patch Cluster A,

the population growth rate between 2019 and 2020 ranged 1.0–55.0

F I GU R E 4 The grid cell population growth rate (R) between 2019 and 2020 in relation to (a) grid cell population density 2019 and (b) grid cell
connectivity. Dots are estimated grid cell population growth rates, and broken lines are model predictions (see Table 2)

T AB L E 2 Parameter estimates (SE) of the final model for the grid
cell population growth rate (R) between 2019 and 2020

Estimate (SE) ΔAICc

Intercept 1.86 (0.12)

log(population density in 2019) �0.59 (0.13) 15.7

log(grid cell connectivity) 0.54 (0.13) 13.8

Abbreviation: ΔAICc, change in AICc when removing the variable from the

final model.
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(mean = 10.3, SE = 2.13). The growth rate increased with increasing

grid cell connectivity and declined with increasing population density

in 2019 (Figure 4, Table 2), while GMI and host plant abundance had

no clear effect (both variables increased AICc).

The host plants (S. pratensis) were still fewer and smaller in 2020

compared to the pre-drought conditions in 2017 (Figure 5, Table S1).

At the hectare grid cell level, the average frequency in 2020 (6.1

plants/m2) was only 60% of the frequency in 2017 (10.2 plants/m2),

while the average leaf length in 2020 (9.1 cm) was 81% of the leaf

length observed in 2017 (11.2 cm). Taken together, this may thus

mean that the amount of food resources was still roughly half in 2020

compared to the pre-drought conditions (60% � 81% = 49%), even if

the sizes of plants seemed to have recovered slightly (Figure 5). Patch

Cluster A (see Figure 1) roughly followed the pattern of the entire

landscape (Figure 3c,e), while the host plant in Cluster B decreased

more due to the drought (and was also slightly more behind in the

recovery, Figure 3d,f).

The average monthly precipitation in May–July 2019 and 2020

was 47.3 mm and 41.9 mm, respectively, which is 5.8 and 5.2 times

more than the drought year of 2018 (8.13 mm). The average for the

entire period between 1860 and 2020 was 40.1 mm (Figure S3).

DISCUSSION

We show a remarkable recovery of the threatened marsh fritillary only

1 year after a major population decline caused by the worst drought

ever recorded on Gotland. Both patch occupancy in the entire land-

scape and population density in one of the patch clusters (A) had

increased to pre-drought levels or above. In contrast, host plants were

still both fewer and smaller throughout the landscape compared to

the pre-drought conditions. Even though the loss of host plants was

extremely severe in the more isolated patch cluster (B), the butterfly

was able to recolonise, but had not yet reached pre-drought popula-

tion densities.

Population decline after the drought

Due to the drought in 2018, the occupancy of the marsh fritillary

decreased by over 30% in its 256 patch network on Gotland

(Johansson et al., 2020). Here, we show that the negative effect of

the drought is even more evident for the population size (i.e. number

of individuals), which was reduced by over 80% compared to the

pre-drought conditions in patch Cluster A (Figure 4). In Cluster B, the

species went completely extinct after the drought. Even if we do not

estimate population sizes in the entire patch network this still indi-

cates that changes in patch occupancy due to extreme weather may

underestimate changes in the total population size, even if the two

population measures are usually correlated (e.g. Johansson

et al., 2017). The strong decline in our butterfly population due to the

2018 drought agrees with the well-studied Glanville fritillary in

Finland (Bergen et al., 2020), which is also in line with other studies

showing that extreme weather events may have large impacts on but-

terfly populations (Oliver et al., 2015; Piessens et al., 2009; Thomas

et al., 1996) as well as on other species (e.g. Kindvall, 1995; Maxwell

et al., 2019; Parmesan et al., 2000).

Population recovery after the drought

We show a remarkable recovery of the marsh fritillary after the

extreme drought in 2018. Both the number of occupied patches and

population size (in patch Cluster A, where it survived) were above the

pre-drought conditions already 1 year after the decline. This is a fast

recovery compared to several other butterfly populations and

F I GU R E 5 The distribution of the (a) mean number of host plants (Succisa pratensis) and (b) mean length of the longest leaf in hectare grid
cells from 2017 to 2020
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communities after severe droughts (De Palma et al., 2017; Oliver

et al., 2013; Piessens et al., 2009), and the recovery of other species

after extreme weather events in general (Neilson et al., 2020). We do

not think that this is due to exceptionally beneficial post-drought

years for the species, at least not weather-wise (the average precipita-

tion suggested that 2019 and 2020 were rather ‘normal’ years,

Figure S3), but we can expect higher population growth rates due to a

decreased competition (i.e. negative density dependence – Zimmer-

mann, Blazkova, et al., 2011; Neilson et al., 2020). However, the most

important reason for the fast recovery of our metapopulation is most

likely that the patch network is relatively large and well connected.

The amount and configuration of habitat in the landscape are impor-

tant for recovery, and faster recovery can be expected in less frag-

mented landscapes (Oliver et al., 2013, 2015; Piessens et al., 2009).

Larger areas of habitat are also likely to provide a broader range of

resources and microclimates (Oliver et al., 2010, Hodgson

et al., 2011), which is known to buffer against climate extremes

(Kindvall, 1996; Nice et al., 2019; Suggitt et al., 2018). The total habi-

tat area (188.3 ha) in our study landscape exceeds the estimated total

habitat area needed for long-term persistence (100 years) of the spe-

cies (Bulman et al., 2007), and earlier projections of future dynamics in

our network suggest that the metapopulation is viable and robust to

rather substantial landscape changes (Johansson et al., 2019, 2020).

Our metapopulation should therefore have rather good conditions to

recover after a major perturbation, in contrast to, for example, several

other more fragmented European metapopulations of the marsh fritil-

lary (Bulman et al., 2007; Schtickzelle et al., 2005). Hence, for other

metapopulations of the species, we should probably expect a slower

recovery, which may also be true for other rare butterflies and many

other insects living in fragmented landscapes (Oliver et al., 2015).

Interestingly, the overall recovery of the marsh fritillary

metapopulation does not seem to be related to a recovery of its

host plant (Succisa pratensis), as host plants were still both fewer

and smaller compared to the pre-drought conditions. Moreover,

we do not find any relationship between host plants abundance

and the population growth rates in the hectare grid cells. This is

somewhat surprising as host plant availability have been shown to

affect both larval abundance (e.g. Johansson et al., 2019; Konvicka

et al., 2003; Smee et al., 2011) and the occurrence of adult butter-

flies for the species (Betzholtz et al., 2007; Wahlberg et al., 2002).

The result is also in contrast to Piessens et al. (2009) that showed

a rather strong association between butterfly and host plant recov-

ery. We do not know, however, whether the current availability of

host plants in our landscape will be enough to maintain the current

butterfly population density over time. Larvae may require less

host plant biomass shortly after a drought due to an increase in

nutrient availability and a reduction of defence compounds in

drought-stressed host plants (Gutbrodt et al., 2011; White, 2009).

Moreover, it is likely that larval survival in general is higher after

the drought due to a potential reduction of parasitic wasps after a

major decline in the butterfly population (e.g. Lei & Hanski, 1997).

However, both host plant chemistry and the abundance of para-

sites over time needs further investigation. It is possible that the

marsh fritillary will decline within a few years again (if host plants

remain fewer, and build up defence compounds, at the same time

as parasitic wasps increase again), and it is therefore important to

follow future population dynamics.

Population dynamics during recovery

The colonisation probability of empty patches between 2019 and

2020 increased with increasing connectivity, which is consistent

with metapopulation theory (Hanski, 1999) and earlier studies of

the marsh fritillary (e.g. Johansson et al., 2020). This also agrees

with metapopulation structures of the species in other parts of

Europe (e.g. Anthes et al., 2003; Bulman et al., 2007; Hula

et al., 2004; Schtickzelle et al., 2005). Most colonisations occurred

within a few 100 m from any of the occupied patches in 2019,

which suggest a limited dispersal ability in line with many other

butterflies (e.g. Cassel-Lundhagen & Sjögren-Gulve, 2007;

Johansson et al., 2017). However, the species still managed to

recolonise patch Cluster B (Figure 1), which has required dispersal

events of at least 1.2 km. This suggests that, even if most move-

ments are short (Figure S2, Junker & Schmitt, 2010), the species is

capable of longer dispersal events (Hula et al., 2004; Zimmermann,

Fric, et al., 2011). The colonisation probability also increased with

increasing patch area. This relationship has been less emphasised

in theory but has been shown empirically for butterflies (Thomas &

Jones, 1993) and other insects (Ranius et al., 2014). Larger patches

may both be easier to find and provide more resources for immi-

grants, which should increase their propensity to colonise the

patch (Englund & Hambäck, 2007; Franzén & Nilsson, 2010). Patch

size is likely a more important predictor of colonisation during

recovery, as proportionally more large patches may be empty after

a major perturbation compared to a ‘normal’ year. In contrast, the

extinction probability was not explained by patch area, which dis-

agrees with metapopulation theory, and earlier studies of the spe-

cies (Johansson et al., 2019, 2020; Wahlberg et al., 2002). One

reason for this could be that only five extinctions were recorded

between 2019 and 2020, making it more difficult to find any clear

relationships. However, even though the number of local extinc-

tions were few, we found an effect of connectivity, which may

suggest a so called ‘rescue effect’, i.e. that local population are

rescued from extinction by immigration (Brown & Kodric-

Brown, 1977).

The population growth rate (R) was lower in hectare grid cells

with relatively high population density in 2019. This may suggest a

density dependence (e.g. Marini & Zalucki, 2017), where densely

populated grid cells cannot increase much compared to grid cells

that were less densely populated the year before. The population

growth rate was also affected by grid cell connectivity, and it was

higher in hectare cells surrounded by densely populated grid cells

in the preceding year (2019). This may suggest that movements

also on a relatively small scale are restricted, which is also evident

from the recaptures in all 3 years. Most individuals were
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recaptured within a few 100 m from the grid cell it was first found

in (Figure S2).

Conclusions and implications for conservation

We show that the threatened marsh fritillary is able to recover quickly

after major population declines due to extreme weather, which is

promising in times of climate change when the frequency of extreme

weather events can be expected to increase (e.g. Christidis

et al., 2015; Meehl & Tebaldi, 2004; Ummenhofer & Meehl, 2017).

However, it should be remembered that our patch network is rela-

tively large and well connected. Smaller and more fragmented

metapopulations may be less resilient (Oliver et al., 2013, 2015;

Piessens et al., 2009). Based on the population dynamics in our study,

fragmentation affects recovery, as all three measures of population

dynamics (colonisations, extinctions, and population growth rates)

depended on connectivity. It is, thus, important to maintain and pref-

erably increase the connectivity throughout the patch network to

enhance the resilience after extreme weather events. This does not

necessarily imply creation of more physical connections, such as corri-

dors and steppingstones, but could just as well be improvement of the

quality of existing habitat. Increased quality should result in larger and

more stable source populations (which is an important part of connec-

tivity, see Equation 1). In our study landscape this may rather easily be

achieved by reducing the grazing pressure (Johansson et al., 2019,

2020), which also seems warranted for other similar species

(e.g. Johansson et al., 2017; Kruess & Tscharntke, 2002).
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Table S1 The parameter estimates (with SE) and p-values for the

models of number of host plants (Succisa pratensis) and the length of

the longest leaf.

Figure S1. The distribution of distances to nearest occupied patch for

all colonised patches between 2019 and 2020.

Figure S2. The distribution of the total number (from 2017, 2019 and

2020) of observed movements (n = 614) between hectare grid cells

(based on the grid cell centroids) in the subset of patches used for

capture-mark-release studies (see Figure 1).

Figure S3. The average monthly precipitation in May–July from 1860
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period and the dotted lines the 95% confidence limits.
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