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Species living in spatially structured populations require a network of interconnected habitat patches. Due to
changes in forest management, this network of habitat patches has been lost for insect species inhabiting open
spots within forests. We studied two of the last populations of the Southern White Admiral (Limenitis reducta) in
Dispersal kernel Germany. The aim of our study was to provide information for the conservation of this species. We conducted a
Mixture models capture-mark-recapture study over three consecutive years and we estimated population sizes and demographic
NEF parameters using Jolly-Seber and Cormack-Jolly-Seber models. Furthermore, we used different dispersal kernels
IPF to study the dispersal of L. reducta. We found that apparent survival rates differed greatly between the sexes. The
mean residence times were eight to nine days for males and only two to four days for females. Apparent survival
rates of both sexes decreased with increasing wing deterioration. Total population sizes of L. reducta varied
between sites and years and ranged between 61 and 123. Daily abundances were generally low, especially that of
females. The mean dispersal distance of individual recaptured butterflies increased in years with higher popu-
lation densities, suggesting density-dependent dispersal. The dispersal data in our study was clearly bimodal,
probably reflecting ‘routine movement’ at short distances and ‘displacement movement’ between habitat patches
at longer distances. Consequently, the processes generating the dispersal data were better represented by the
lognormal mixture model than by the negative exponential and the inverse power function. The mixed kernel
predicted that about 9 % of the population disperses over > 1 km but that long-distance dispersal is rare. Our
study highlights the urgent need for conservation measures to protect L. reducta in Germany and, based on our
data, we recommend to create new habitat patches at distances of 1 to 1.5 km from existing habitats.

Cormack-Jolly-Seber

inhabiting discrete habitat patches, loosely connected through in-
dividuals moving between the patches. SSPs with frequent movement
between patches are termed ‘patchy populations’, those with infrequent

Introduction

Declining local abundance, often caused by habitat shrinkage or

degradation (Bergman 2001; Mortelliti et al. 2010; Osterling et al. 2010;
Tilman et al. 1994; Warren et al. 2021), and decreasing connectivity of
populations (Cooper & Walters 2002; Haddad et al. 2015; Krauss et al.
2010) are important mechanisms explaining species loss at the regional
scale. Taken together, the decline in the local population sizes and the
decreasing frequency of realised dispersal between populations are
drastically affecting the dynamics of spatially structured populations
(SSPs; e.g. Reed 2004). This is worrying, because many plant and animal
species live in SSPs and numerous studies have shown that viable SSPs
are key to the conservation of species (e.g. Cheeseman et al. 2019;
Hanski & Thomas 1994; Hula et al. 2004; Rhoads et al. 2017; Stevens &
Baguette 2008). SSPs are characterised by a number of subpopulations
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between-patch movement and considerable turnover, i.e. local extinc-
tion and recolonization, are classical metapopulations (Harrison 1991;
Ovaskainen & Hanski 2004). As the connectivity of subpopulations de-
creases over time, a patchy population can become a metapopulation
and eventually a set of isolated populations at increased risk of extinc-
tion (e.g. Griffiths & Williams 2000).

Many butterfly species live in SSPs (e.g. Mousson et al. 1999; Ojanen
et al. 2013; Orvossy et al. 2013; Wahlberg et al. 2002), among them
some typical forest species (e.g. Konvicka et al. 2008; Valimaki & Ita-
mies 2003). Most forest butterflies require habitats with a high solar
irradiation, e.g. clearings, glades, or ride edges (Bergman et al. 2020;
Hermann 2021). Due to the loss of megaherbivores in the past and the
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more recent abandonment of coppicing and clear-cutting, such open
habitats in forests have drastically decreased (Hilmers et al. 2018;
Kowalczyk et al. 2021; Miillerova et al. 2014; Vera 2002). As a result,
habitat specialists of open forests have declined across Europe and in
some regions have become extinct (Konvicka & Kuras 1999; Sielezniew
et al. 2019; Streitberger et al. 2012; Warren et al. 2021). Today, con-
servation efforts are needed to halt the loss of these species. Information
on population sizes, connectivity patterns, and vital rates under different
environmental conditions is essential for an evidence-based conserva-
tion but is unfortunately rarely available.

Capture-mark-recapture (CMR) experiments are one possibility to
estimate demographic parameters of butterfly populations (e.g. Birch
et al. 2021; Junker & Schmitt 2010; Pennekamp et al. 2014; Sielezniew
et al. 2020). The application of CMR requires a certain number of re-
captures and is therefore difficult for elusive or extremely rare species.
However, when sufficient data can be collected, CMR studies are a
valuable source of information to guide species conservation (e.g.
Schtickzelle et al. 2005). Traditional Cormack-Jolly-Seber (CJS) models
estimate two parameters for a population of marked animals, specif-
ically their apparent survival rate (¢) and recapture probability (p). CJS
models allow testing for differences in the two parameters between
groups (e.g. sexes), with time, or in correlation with environmental or
individual covariates. Jolly-Seber (JS) models are an extension of CJS
models and provide estimates of abundance in addition to ¢ and p. Both
models assume open populations, i.e. births, deaths, and permanent
immigration/emigration can occur without biasing the parameter esti-
mates. Nevertheless, CJS and JS models make two important assump-
tions: that sampling events are instantaneous compared with the
duration of the study, and that marks are permanent.

Previous studies have shown that demographic parameters can differ
greatly between the two sexes, and that the daily survival of adult
butterflies can be age-dependent when nectar intake cannot compensate
for the energy depletion associated with butterfly activity (Osvath-Fer-
encz et al. 2017; Sielezniew et al. 2020). Furthermore, weather condi-
tions may directly or indirectly affect the survival of adult butterflies
because warm and sunny conditions may trigger higher flight activity
(Franzén et al. 2022; Gibbs & van Dyck 2010; Kuussaari et al. 2016),
which in turn implies higher predation risk (Molleman et al. 2020),
faster wing deterioration, and higher metabolic rate, which is probably
associated with a faster depletion of energy reserves (Brakefield 1982;
Niitepold 2010). Consequently, incorporating individual-specific cova-
riates and weather data into CJS models can reveal drivers of butterfly
aging and help to improve model estimates.

In combination with spatial information, recaptures of marked but-
terflies provide valuable information on the dispersal of individuals (e.g.
Fric et al. 2010; Weyer & Schmitt 2013). Various metrics have been used
to describe the movements of recaptured butterflies, such as individual
distances between consecutive capture locations (Ehl et al. 2019; Pen-
nekamp et al. 2014), cumulative route distances (Fric & Konvicka 2007;
Junker & Schmitt 2010; Weyer & Schmitt 2013), or the largest net
displacement (LND; Weyer & Schmitt 2013). The LND, i.e. the maximum
Euclidean distance between a pair of capture locations of the same in-
dividual, appears to be the most relevant for describing the dispersal of
butterfly populations and guiding conservation planning. The inverse
power function (IPF) and the negative exponential function (NEF) are
the most popular models to describe butterfly dispersal by means of
mathematical functions, so-called ‘dispersal distance kernels’ (Fric &
Konvicka 2007; Nathan et al. 2012; Stevens et al. 2010). Due to
self-similarity, the IPF is invariant to marking frequency and has
therefore been recommended for small datasets (Fric & Konvicka 2007).
Unfortunately, the IPF and NEF cannot distinguish between different
behavioural types of movement, such as ‘routine movement’ and
‘displacement movement’ (Van Dyck & Baguette 2005). Routine
movement describes various daily activities, e.g. foraging,
mate-location, locating shelters/perches/resting places. Displacement
movement, on the other hand, is specifically “designed for net
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displacement and settlement at some distance from the previous or natal
site” (Van Dyck & Baguette 2005). Both types of movement contribute to
the dispersal of individuals and thus to the dispersal kernel of pop-
ulations (Hovestadt et al. 2011; Nathan et al. 2012). The contribution of
each type of movement to total dispersal can vary between species and
habitats, and even between years for the same population under variable
weather conditions and local abundances (e.g. Bergerot et al. 2012;
Cormont et al. 2011; Van Dyck & Baguette 2005; Kuussaari et al. 2016).
Mixture distributions, in contrast to simplistic functions such as the IPF
and NEF, can deal with the complexity of the dispersal process and offer
the possibility to specifically account for the different types of butterfly
movement (Hovestadt et al. 2011; Nathan et al. 2012).

The CMR methodology has been applied extensively to butterfly
species with relatively high local abundance (e.g. Junker & Schmitt
2010; Weyer & Schmitt 2013). Many CMR studies have been conducted
over only one flight season (but see e.g. Schtickzelle et al. 2002) and are
therefore limited in their significance, as butterfly populations are
subject to large inter-annual fluctuations (Franzén et al. 2013; Nowicki
2017). In our study, we recorded population sizes and dispersal dis-
tances of a low-density species at two different study sites and over three
consecutive years.

The Southern White Admiral (Limenitis reducta Staudinger, 1901;
Fig. 1) is distributed from eastern Turkey to western France (Fig. 2). Itis
widespread and relatively common in the Mediterranean region, but
often in low densities (e.g. Hesselbarth et al. 1995; Kudrna 2002; Ste-
fanescu & Jubany 2002). In Central Europe, the species has faced a
strong decline since the first half of the 20™ century. It is endangered in
Austria (Hottinger & Pennerstorfer 2005), Switzerland (Wermeille et al.
2014), several French regions (MNHN & OFB 2023), and has even gone
extinct in the Czech Republic (Sumpich & Liska 2018). In Germany,
L. reducta has formerly been relatively widespread in the south but is
now close to extinction, with a few remaining strongholds in the Swa-
bian Jura (Reinhardt & Bolz 2011; Reinhardt et al. 2020). The sharp
decline of L. reducta during the late 20® and early 21%' century is
probably related to changes in forest management, i.e. the abandonment
of coppicing and clear-cutting. In its last German habitats, the species is
associated with storm throws and forest clearings, where the host plant,
Fly Honeysuckle (Lonicera xylosteum), grows in sunny locations. During
larval hibernation, typical densities are less than three individuals per
100 m? of larval habitat (Hinneberg et al. 2022).

The main goals of our study were to estimate population sizes and
dispersal distances of adult L. reducta to provide a scientific basis for
conservation planning. Furthermore, we were interested in the effects of
weather conditions, wing wear, and individual age on the survival of
both males and females. We hypothesized that apparent daily survival
would decrease during periods of favourable weather conditions (no
rain, warm temperatures), as higher butterfly flight activity on these
days could imply a higher risk of predation and higher metabolic rate.
We also hypothesized that daily survival would decrease with increasing
age and wing wear of butterflies, especially in males due to their energy-
consuming behaviour of defending territories.

Materials and methods
Study species and study area

We studied two distinct populations of the nymphalid butterfly
Limenitis reducta in its last German strongholds in the Swabian Jura. The
flight period usually lasts from mid/late June to late July/early August
(Hinneberg et al. 2022). While the larvae of L. reducta in the Swabian
Jura are monophagous, feeding on the leaves of sun-exposed L. xylos-
teun, adults visit a wide range of nectaring plants with a certain pref-
erence for white-flowered umbellifers, in particular Ground Elder
(Aegopodium podagraria). The nectaring plants are often found along
forest roads (Fig. 1).

The two study sites were located at the head of gently incised valleys
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Fig. 1. (A) Male Limenitis reducta on its preferred nectar plant, Aegopodium podagraria. (B) Typical study transect, a sun-exposed forest road, lined with nectar-
ing habitat.
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Fig. 2. Approximate distribution of L. reducta according to LepiDiv 2017 and location of the study sites in southwest Germany. Solid yellow lines indicate transects
sampled in 2020. Dashed lines represent the boundaries of the study sites, approximated by a buffer of 1 km around the transects. Study sites A and B cover
approximately 9.1 km? and 19.6 km?, respectively. Thin blue lines indicate forest roads within the study sites. Note that only forest roads with wide edges and
suitable nectaring habitat for L. reducta were selected for transects. Although L. reducta appears to move preferably along forest edges and forest roads, the species is
also able to cross high forest stands (own observations).
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at the southern edge of the Swabian Jura near Merklingen (site A, 630 —
680 m a.s.l., approximate size of the study area: 9.1 km?) and Blau-
beuren (site B, 590 — 750 m a.s.l., approximate size of the study area:
19.6 km?). Both sites were characterised by a high forest cover (conif-
erous and deciduous trees), interspersed with a few older storm throws
(> 20 years), clearings, small heathlands/meadows/agricultural fields,
and a dense network of forest roads (Fig. 2).

Butterfly sampling

For three consecutive years, the CMR studies at both sites were
mainly conducted by the first author, supported by TG and four assis-
tants during the peak flight season. Using butterfly nets, we captured all
detected adults of L. reducta along forest roads with adjacent nectar
plants or larval habitat. The spatial arrangement of our study transects
was fixed within years but varied slightly between years due to shifts in
nectar plant availability. In each year, the transects covered all major
nectaring habitats within the study sites. The average walking speed on
the transects was 900 m/h. Total transect lengths were approximately
3.3 km and 4.9 km for sites A and B, respectively. Capturing of butter-
flies began when the first individual of the year was sighted, and sys-
tematic surveys ended when the number of captured individuals had
gradually decreased to zero. Surveys were carried out between 10:00 a.
m. and 5:00 p.m. only on days with suitable weather conditions for
butterfly surveys, i.e. no rain and no dense cloud cover. All transects of
site A were sampled on the same day, except in a few cases when
weather conditions did not allow all transects to be visited. Sampling all
transects of site B on the same day was not always possible due to the
longer total length of the transects.

Using a waterproof pen (e.g. STABILO OHPen universal F), each
captured L. reducta was marked with a unique number on the underside
of the hind wings. For each captured individual, we recorded sex, wing
wear, and whether it was a first capture or a recapture. We used a scale
of 1.00 (‘fresh’) to 4.00 (‘heavily worn’) with increments of 0.25 to rate
wing wear. Wing wear is often used as a proxy for butterfly age (e.g.
Stjernholm et al. 2005), because wings cannot be repaired and hence
wing damage can only increase during lifetime. The location of capture
was recorded using a handheld GPS device (Garmin Oregon 700).
Immediately after data collection, the butterflies were released at the
place of capture. Recaptures on the same day were included in the
dispersal analyses, but not in the estimation of demographic parameters
and population sizes.

Recording of weather data

For 2019, we obtained weather data from the German Weather
Service (station Merklingen, ID 2814, German Weather Service 2022). In
2020 and 2021, we measured temperature and dew point using
USB500-data loggers (Measurement Computing Corporation) and ob-
tained precipitation data from the German Weather Service. A
self-constructed radiation shelter shielded the data loggers from direct
sunlight (Fig. 3). We calculated mean air temperature during the capture
occasions (TO) and mean air humidity during the capture occasions (HO,
measured as difference from the dew point in degrees) from hourly re-
cords (days of capture, 10:00 a.m. — 5:00 p.m.). In addition, we calcu-
lated mean air temperature (TI) and mean hourly precipitation (PI) for
the intervals between capture occasions.

Capture-mark-recapture analyses

Preparation of the dataset

For site A, we analysed the datasets from all three years together
within the same models. For site B, we restricted our analyses to 2020
and 2021, because the very small number of butterflies, ten only,
captured in 2019 did not allow for proper fitting of models (Table 1).
Also in 2020 and 2021, the number of individuals captured at site B was
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Fig. 3. Radiation shelter to protect climate data logger from direct sunlight.

typically low. To ensure reliable model fitting at site B, we decided to
pool data from consecutive capture occasions into a single capture event
if the time interval between capture occasions was < 3 days and if < 3
individuals were captured at any of the occasions. When the number of
butterflies captured on each occasion was equal, we assigned the date in
the middle, otherwise all individuals were assigned to the day with more
butterflies captured. Pooling data from multiple days of capture violates
the assumption of instantaneous sampling and may affect model esti-
mates. Recapture probability can be overestimated and population size
on the pooled occasion might be underestimated because the chance of
recording a marked butterfly increases when data from multiple days is
pooled into one occasion. However, we used restrictive pooling rules, so
the bias in the estimates has probably been very small and the total
population size estimates were likely unaffected. The capture histories
for site A consisted of 15, 18, and 17 occasions in the years 2019, 2020,
and 2021. The pooled capture histories for site B consisted of 11 and 13
occasions in 2020 and 2021, respectively, of which six occasions con-
tained pooled data in each year. Analyses of the CMR data were per-
formed in MARK, version 9.0 (White & Burnham 1999), accessed via the
RMark 2.2.7 package (Laake 2013) within R statistical software (version
4.1.2, R Core Team 2021).

Estimation of survival and recapture probability

We applied CJS models to examine apparent survival rates (¢) and
recapture probabilities (p) as a function of study year, sex, phenology
(represented by the day of the flight season as a linear trend variable,
DOF), time since marking (Age), and wing wear at first capture (WW).
WW approximates butterfly age at first capture whereas Age refers to the
number of days after first capture. For site A, we were able to fit models
with weather variables, in addition to the variables mentioned before.
To do so, TI and PI were used for predicting ¢, and TO and HO for
predicting p. To account for the independence of butterfly generations (i.
e. study years), we fixed parameters representing survival between years
to zero.

For both sites separately, we first compared 225 different models,
including fixed effects of year, sex, and DOF as well as all possible in-
teractions between the three variables for both, ¢ and p. In addition, we
tested the fully time specific model, i.e. p(~ sex * time)p(~ sex * time),
which estimates one parameter for each sampling interval (¢) and
sampling occasion (p). Because many parameters were not estimable in
the fully time-specific model, we used ¢(~year * sex * DOF)p(~year * sex
* DOF) for goodness-of-fit testing using the bootstrap-¢ and the median-
¢ approaches implemented in MARK. We adjusted the AICc-values of our
models with the highest, i.e. the most conservative, c-estimates. The sum
of (quasi-)Akaike model weights is useful for variable selection when all
variables have the same number of occurrences within a model set
(Burnham & Anderson 2002; Galipaud et al. 2017). To account for
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Table 1
Capture events, number of captured individuals and number of individuals that were recaptured at least once. Recaptures on the same day are not considered.
Study site A B
Year 2019 2020 2021 2019 2020 2021
Sex 3 ? 3 ? 3 ? 3 Q 3 Q 3 ?
Capture events 48 14 78 36 75 24 10 3 42 17 60 20
Captured individuals 25 10 33 26 40 18 7 3 24 12 30 17
> 1 recaptures 11 3 16 9 21 5 2 0 10 3 11 4
unbalanced variable occurrences within our model sets, we calculated Table 2
able

mean model weights (mean wj, Kittle et al. 2008) across all models with
and without a specific predictor variable and we used the ratio between
the mean weights (wj-ratio) as a variable selection criterion. Only pre-
dictor variables with a wjratio > 1 (see Supplementary File A,
Tables A1, A2) were included into the fixed set of predictors for further
modeling.

Second, we added WW as an individual covariate and Age to the fixed
set of predictors for both ¢ and p. WW and Age were tested as main ef-
fects and in interaction with sex but not in interaction with each other,
comprising a total of 200 candidate models for site A and 80 candidate
models for site B. For site A, we used the same variable selection scheme
as described above to update the fixed set of predictors and, third, we
added time-specific weather variables to the predictor set: TO and HO
for p, TT and PI for ¢. In each model, we tested either effects of tem-
perature (TO/TI) or humidity (HO/PI) to avoid an overly complex model
structure and to account for correlations between the predictors (Pear-
son correlation TO—HO: R = 0.63, p < 0.001). For site B, we could not
test for effects of weather variables because of the pooling of capture
occasions.

Finally, all models were combined into a final model set, one for each
study site. Two candidate models of site A failed to run, the final model
set contained 459 different models. For site B, the final set comprised
291 models. After c-adjustment of the AICc-values, we finally deter-
mined the best supported, most parsimonious models from QAICc-
values and model weights. We used likelihood-ratio tests to compare
between nested models from the same model set. From the best sup-
ported model of each site, we estimated mean residence time as (1 — ¢)
— 0.5 (Nowicki et al. 2005).

We also tested for weather effects on butterfly recapture probability
and apparent survival separately in each year. Goodness-of-fit tests for
individual year models were performed with the ¢(~sex * DOF)p(~sex *
DOF) models. The estimated c-values gave no indication of over-
dispersion. Consequently, we determined the best supported models
from the AICc-values and model weights without any adjustments.

Estimation of population sizes
We estimated daily population sizes (N,) and total population sizes

(N") from the individual capture histories using the POPAN parame-
terisation of the JS model (Schwarz & Arnason 1996). In the previous
step, CJS models with sex-specific survival and constant recapture
probability received strong support at both sites (Tables 2 and 3). We
therefore used ¢(~sex)p(~1) as the fixed basis for the POPAN models
and we tested models with constant but sex-specific (~sex), linearly
time-dependent (~Time), quadratic time-dependent (~Time + Time?)
and fully time-dependent (~time) probability of entry into the popula-
tion (pent). We also tested for interactive effects of sex and time (~sex *
Time; ~sex * (Time + Time?); ~sex * time) on probability of entry.
Consequently, our model sets contained seven candidate models for
each year and site. We determined the best supported model from each
set using AlICc-values and model weights. We present estimated daily
and total population sizes with their 95 % confidence intervals.

Dispersal analyses
Maximum recorded distances between two capture locations of the
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Most parsimonious CJS models from a set of 459 candidate models for site A
(across all years). We present all models within AQAICc < 2 from the best
supported model. k denotes the number of parameters in the model.

Name Model k  QDeviance QAICc AQAICc  Weight

Al @(~sex)p(~1) 3 198.709 293.630 0.000 0.029

A2 @(~sex + WW)p 4 285.662 293.811 0.182 0.026
-D

A3 @(~sex)p(~WW) 4 285.937 294.087 0.457 0.023

A4 @(~sex)p(~DOF) 4 197.169 294.150 0.521 0.022

A5 @(~sex * WW)p 5 284.116 294.340 0.711 0.020
-D

A6 @(~sex + DOF)p 4 197.622 294.604 0.974 0.018
(2]

A7 @(~sex + WW)p 5 284.550 294.775 1.146 0.016
(~DOF)

A8 @(~sex)p(~DOF 5 196.137 295.193 1.564 0.013
+ Age)

A9 @(~sex)p(~DOF 5 285.005 295.230 1.600 0.013
+ Ww)

A10 o(~WW)p(~sex) 4 287.209 295.359 1.729 0.012

A1l @(~sex)p(~sex) 4 198.419 295.400 1.770 0.012

A12 @(~sex)p(~HO) 4 198.422 295.403 1.773 0.012

A13 @(~sex * WW)p 6 283.097 295.413 1.783 0.012
(~DOF)

A14 @(~sex + WW)p 5 285.263 295.488 1.858 0.011
(~sex)

A15 @(~sex + WW)p 5 285.276 295.501 1.871 0.011
(~ww)

same L. reducta (LND) were calculated from the coordinates of capture
locations in QGIS 3.4.12. Dispersal data of 98 recaptured butterflies (23
females, 75 males) were included in the dispersal analyses.

We used Linear Models (LMs) to test for differences in LND distances
between sexes, study sites, and years. We tested whether recorded LND
distances depended on the time between the first and last capture of an
individual and/or the number of recaptures. Time between first and last
capture and number of recaptures were tested as linear and quadratic
effects. This was done in separate models due to the high correlation
between the variables (Pearson’s R = 0.717, p < 0.001).

Second, we fitted different dispersal kernels to the LND distances of
L. reducta. In our study, it was not possible to sample the entire study
area with equal effort. Instead, sampling was carried out along specific
transects. Consequently, the spatial configuration of the transects may
have introduced some bias in the frequency distribution of dispersal
distances recorded (Robledo-Arnuncio & Garcia 2007), as a previously
marked butterfly can only be recaptured on the study transects. We
corrected for this bias by calculating an expected frequency distribution
of dispersal distances. To do this, we applied a 5 m buffer to the transect
routes of each year and created two sets of random points (one each
simulating capture and recapture event) along each buffered transect.
For each set of random points, the number of points within each buffered
transect was proportional to the area of the buffered transect, on average
one random point per 100 m?. Distances between all random points in
the first and the second set of points were calculated separately for each
study site and year. The distances were grouped into 50 and 100 m bins
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Table 3

Most parsimonious CJS models from a set of 291 candidate models for site B
(across all years). We present all models within AQAICc < 2 from the best
supported model. k denotes the number of parameters in the model.

Name Model k  QDeviance QAICc AQAICc  Weight

B1 @(~sex + WW)p 4 147.878 156.196 0.000 0.055
-1

B2 @(~sex + Age)p 4 101.961 156.715 0.519 0.042
(~D

B3 @(~sex + WW)p 5 146.764 157.244 1.048 0.032
(~Age)

B4 @(~sex)p(~1) 3 104.784 157.409 1.213 0.030

B5 @(~sex)p 4 149.131 157.449 1.253 0.029
(~ww)

B6 @(~sex + Age)p 5 147.258 157.738 1.542 0.025
(~ww)

B7 p(~Age)p(~1) 3 105.288 157.913 1.718 0.023

B8 p(~sex * WW)p 5 147.497 157.977 1.781 0.022
(=D

B9 @(~sex * Age)p 5 101.076 .157.992 1.796 0.022
(~D

B 10 @(~sex)p(~Age) 4 103.249 158.002 1.806 0.022

B11 @(~sex + WW)p 5 147.534 158.014 1.818 0.022
(~ww)

B12 p(~sex * Age + 6 145.444 158.121 1.925 0.021
WWip(~1)

B13 @(~WW)p(~sex 6 145.479 158.156 1.960 0.020
* DOF)

and we calculated the frequency of each distance class, corresponding to
the expected frequency distribution of dispersal distances. Because the
number of recaptured butterflies varied between sites and years, we
weighted the expected distributions of dispersal distances by the number
of recapture events and finally calculated the relative frequency distri-
bution of expected dispersal distances from the weighted frequencies.
We then derived the adjusted frequency distribution of realised LND
distances by dividing the observed relative frequency distribution of
dispersal distances by the expected relative frequency distribution.
Furthermore, we fitted different mathematical models to the adjusted
frequency distribution of realised LND distances: (i) the inverse power
function (IPF), (ii) the negative exponential function (NEF), (iii) a
lognormal mixture model with two components. IPF and NEF were fitted
in R statistical software (version 4.1.2, R Core Team 2021) as described
in Fric & Konvicka (2007). For fitting the lognormal mixture model, we
used the R-package mixR 0.2.0 (Yu 2021). We compare the fits visually
and do not report statistical metrics because the fitting procedure differs
fundamentally between simple and mixed kernels. The mixture distri-
bution is directly fitted to distance class frequencies, whereas the IPF
and the NEF are fitted to the inverse cumulative frequencies. In addition,
cumulative frequency counts are per sé not independent data points, i.e.
reporting R?- and p-values could pretend false confidence.

To test whether the observed bimodal frequency distribution of LND
distances represents behavioural patterns or effects of highly variable
time intervals between first capture and last recapture, we fitted the
lognormal mixture model twice: (i) to the binned dataset of all 98 LND
distances, irrespective of the time interval between the first capture and
the last recapture, (ii) to 89 dispersal distances of 62 L. reducta in-
dividuals that were recorded within a time interval of < 2 d.

Results
Survival and recapture probability
In the single year models run for site A, no overdispersion was

detected by any of the goodness-of-fit measures applied (C < 1.036).
Similarly, in the models across years bootstrap goodness-of-fit tests did
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not indicate severe overdispersion (¢ < 1.736 for both sites). The me-
dian-¢ approach indicated some overdispersion for models across years
at site A (¢ = 2.411) and only slight overdispersion at site B (¢ = 1.860).
For each site, we used the most conservative estimate of € to adjust the
AICc-values of our models across years.

The tested models clearly indicated sex-specific apparent survival
across the three years at both sites (Tables 2 and 3). On average, models
accounting for differences in apparent survival between sexes were 4.3
and 2.1 times more likely for site A and site B, respectively, than models
ignoring sex-specific apparent survival (Supplementary File A,
Tables Al and A2). Models with the main effects of DOF and sex (site A)
as well as the interaction of DOF and sex (site B) as predictors of the
recapture probability also received relatively high support (Supple-
mentary File A, Tables A1 and A2). Year had no significant effect on
either apparent survival or recapture probability. The time since
marking had no effect on the apparent butterfly survival at site A, but we
found increasing apparent survival rates with increasing time since
marking at site B (likelihood-ratio test model B 2 vs. model B 4: p <
0.05). In addition, apparent survival decreased significantly with
increasing wing wear of individuals at first capture (Table 2, model A 2;
likelihood-ratio test model A 2 vs. A1: p < 0.05; Table 3, modelsB1,B 3,
B 8, B 11, B 12, B 13; likelihood-ratio test model B 1 vs. B 4: p < 0.05;
Fig. 4). The tested weather variables had rather weak effects on the
apparent survival and recapture probability of L. reducta (Table 2;
Supplementary Files B and D). Only in 2020, a significant decrease of
recapture probability with increasing air temperature and an increase of
recapture probability with increasing air humidity were observed. The
best supported models across years indicated an apparent daily survival
probability of 0.893 for males (95 % confidence interval: 0.864 — 0.916)
and 0.753 for females (95 % confidence interval: 0.668 — 0.822) at site
A, and of 0.883 for males (95 % confidence interval: 0.833 — 0.919) and
0.665 for females (95 % confidence interval: 0.504 — 0.796) at site B. The
apparent survival probabilities translate into mean residence times of
eight to nine days for males and two to four days for females. Maximum
observed residencies were 31 days for a male (site B) and 11 days for a
female (site A). Estimated recapture probabilities were equal among
sexes and ranged from 0.307 (95 % confidence interval: 0.250 — 0.371)
at site A to 0.354 (95 % confidence interval: 0.255 — 0.466) at site B. At
site A, recapture probabilities showed a marginally significant decrease
with increasing wing wear or increasing time since the start of the flight
season (Table 2, likelihood-ratio tests models A 3 vs. A1:p =0.049, A 4
vs. A 1: p = 0.054).

Population size and phenology

According to the best supported JS models for each year and site
(Supplementary File E), estimated total population sizes of L. reducta
varied between sites and years and ranged from 61 to 123 individuals
(Fig. 5). Sex ratios estimated over the entire flight period ranged from 1 :
0.61 to 1 : 1.03 (& : Q). On individual days, abundance of males was
significantly higher than that of females.

During the three years of our study, the first individuals were
detected on 23 and 24 June at site A. The JS models indicated no pro-
tandry with the exception of site A in 2021. Towards the end of the flight
season, population sizes of both sexes declined, with the last individuals
observed in late July or early August. An exceptionally late observation
was made on 15 August 2021, after several survey days without any
observation.

Dispersal

Across sites and sexes, average LND distances differed between years
(X% =8.107, df = 2, p < 0.05; Fig. 6). The median of LND distances was
below 200 m in 2019 but above 400 m in 2020 and 2021. LND distances
increased with an increasing time interval between the first capture and
the last recapture of an individual (X? = 22.989, df = 2, p < 0.001) and
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with increasing number of recaptures per individual, at least when
relatively few recaptures were made (X = 8.593, df = 2, p < 0.01).
Forty-one individual butterflies (42 % of all recaptured individuals)

were captured on at least two different transects, i.e. they must have
dispersed through the habitat matrix. Maximum recorded dispersal
distances were 1604 m for males and 1135 m for females. We could not
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detect longer dispersal distances, although 38 % of all distances covered
by our study transects were larger than 1600 m (Fig. 7). The predicted
frequencies of long-distance dispersal events differed greatly between
the tested dispersal kernels and were highest under the IPF. However,
the IPF fitted the observed data poorly. In contrast, the NEF and espe-
cially the lognormal mixture model seemed to provide better fits to our
data and were consistent in predicting very low probabilities for long-
distance dispersal events. The binwidth of the distance classes had no
significant effect on the resulting fits (Table 4).

Interestingly, the distribution of LND distances was clearly bimodal
and was therefore well fitted by the lognormal mixture model (Fig. 8).
LND distances below 300 m and between 600 m and 900 m were
observed with higher frequencies than all other distance classes and
with higher frequencies than expected due to the transect configuration
(Figs. 7 and 8). The bimodal frequency distribution of LND distances was
not induced by the highly variable time intervals associated with the
individual distances. The influence of the second component of the
mixture distribution, and hence the modelled proportion of ‘displace-
ment movements’ decreased when only distances covered within < 2
days were considered. However, the overall pattern remained the same.

30%

20%

relative frequency

10%

0%

2000 3000 4000 5000

distance [m]

0 1000

Fig. 7. Observed frequency of largest net displacement distances of 98
L. reducta in classes with 100 m binwidth (blue bars) and expected frequency
distribution based on the transect configuration (black line).
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Discussion
Survival and recapture probability

The apparent survival probabilities of L. reducta estimated from our
data were similar in both study sites and were constant over the three
years of our study. We therefore consider the estimates representative
for L. reducta populations in Germany, at least for years without extreme
weather conditions. The mean life spans derived from the apparent
survival rates are in relatively good agreement with the life spans of
other European Nymphalidae (Bubova et al. 2016). However, in contrast
to most previous results from other butterfly species, we found that
apparent survival, and hence mean residency, differs greatly between
the sexes of L. reducta. One explanation could be that there are true
differences in longevity between males and females. Lower survival of
females could be explained by their higher attractiveness to predators,
resulting from the greater size and the higher absolute fat content
compared with males (Ohsaki 1995; Reim et al. 2019). Sex-specific
differences in the longevity can also arise due to selective processes.
Evolutionary selection may in particular favour the longevity of males as
long-lived males can mate multiple times and with different females
(Brakefield 1982). However, due to the time limitation of egg-laying in
butterflies (e.g. Korosi et al. 2008), life span of females should also be
under positive selection because long-lived females may reach higher
fecundities (e.g. Brakefield 1982; Sielezniew et al. 2020; Wiklund &
Persson 1983). Alternatively, the differences in the apparent survival of
the sexes could be explained by different dispersal propensities (Ohsaki
1980; Reim et al. 2018). Given that our study populations were open,
our estimates of apparent survival are a product of survival and resi-
dence. If females emigrated from the study areas more often than males,
this could explain their lower apparent survival rates. In several but-
terfly species elder females tend to emigrate in search for new habitat for
their offspring, either as a risk-spreading strategy or to reduce compe-
tition, especially if the local density of conspecifics is high (e.g. Kallio-
niemi et al. 2014; Plazio et al. 2020; Plazio & Nowicki 2021).
Unfortunately, our data about the dispersal of females is sparse. At least
from this data, we cannot infer any differences in dispersal propensity
between the sexes.

Some previous studies have reported age-dependent survival, spe-
cifically decreasing survival rates with increasing time since marking (e.
g. Brakefield 1982 for Maniola jurtina; Osvath-Ferencz et al. 2017 for
Maculinea arion; Sielezniew et al. 2020 for Polyommatus daphnis; Zheng
et al. 2007 for Melitaea cinxia). In contrast, other studies could not detect
age-dependent survival (e.g. Nowicki et al. 2005; Schtickzelle et al.
2002). Recently, Pasztor et al. (2022) demonstrated that body mass and
thorax width of Parnassius mnemosyne sharply decline with age, which
might affect survival and flight capacity of butterflies. We found no
correlation between the time since marking and the apparent survival of
L. reducta at site A, but very unexpectedly, we observed an increase in
the apparent survival with increasing time since marking at site B. We
hypothesize that the increasing apparent survival with age might be
explained by a declining mobility with age, due to either resource
depletion, flight muscle decomposition, or setting home ranges (Lebeau
et al. 2016; Pasztor et al. 2022). Dispersal propensity might also be
higher in the first half of the flight period when butterfly density is high
(e.g. Enfjall & Leimar 2005; Nowicki & Vrabec 2011).

The most supported models for site B indicated that the apparent
survival decreased with increasing butterfly wing wear at first capture,
and this effect was also significant at site A. This means that butterflies
that were older at their first capture and/or have had more fights with
predators or conspecifics prior to first capture, had lower apparent
survival later. Two reasons are possible: (i) a true decrease of survival
with increasing age at first capture / increasing wing damage, (ii) a
behavioural polymorphism with more dispersive individuals (‘patrol-
lers’) having greater wing damage and a higher probability of
emigrating from the study area than less dispersive individuals
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Cumulative proportions of L. reducta butterflies moving certain distances. We present unadjusted and adjusted observed frequencies together with model predictions
generated under the inverse power function (IPF), the negative exponential function (NEF), and the lognormal mixture model (LogNorm). Predictions were made with

binwidths of 50 m and 100 m.

Dist. [m] Unadjusted frequency [%] Adjusted frequency [%] IPF prediction [%] NEF prediction [%] LogNorm prediction [%]
50 m bins 100 m bins 50 m bins 100 m bins 50 m bins 100 m bins
> 200 55.102 66.608 27.060 22.577 78.928 80.655 61.673 61.123
> 500 35.714 45.762 14.090 13.486 32.758 33.696 45.418 44.945
> 1000 7.143 6.926 8.600 9.132 7.565 7.890 9.421 9.303
> 2000 - - 5.250 6.184 0.403 0.429 0.241 0.074
> 5000 - - 2.733 3.694 0.000 0.000 0.010 0.000
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Fig. 8. Distinctive and cumulative proportion of L. reducta butterflies moving certain distances. (A) Relative frequency of largest net displacement in 100 m bins,
calculated from dispersal data of 98 individual L. reducta. Gray bars represent observed data, black lines indicate the probability density predicted under the
lognormal mixture model with two components, green and orange areas represent the two components. Frequencies have been adjusted for transect configuration.
(B) Reverse cumulative frequency distribution of largest net displacement distances. Blue bars indicate adjusted observed data, lines represent fits of different
mathematical models: Blue, dotted: inverse power function (IPF); red, dashed: negative exponential function (NEF); black, solid: lognormal mixture model.

(‘perchers’, cf. Berwaerts et al. 2002). The marginally significant
decrease of recapture probability with increasing wing wear at site A
could also be explained by this behavioural polymorphism.

Furthermore, some CJS models suggested a decrease of the recapture
probability later in the flight season. A general decline in mobility with
age and/or time may explain the declining recapture probability, as
detectability of flying butterflies is probably much higher than that of
resting ones. Male territorial defense flights may have been less frequent
at the end of the flight season, when the density of rivals had already
decreased. In addition, nectaring sites of L. reducta seemed to shift at the
end of the flight season from the white-flowered umbellifers on the
forest floor to the canopies of lime trees (Tilia cordata), where in-
dividuals are not available for being captured.

In our models, we tested the effects of temperature and precipita-
tion/humidity on the apparent survival and the recapture probability of
L. reducta butterflies. While the apparent survival of L. reducta was not
affected by weather conditions, the recapture probability decreased
with increasing air temperature in one out of three years. Vlasanek et al.
(2009) investigated the effect of weather conditions on the apparent
survival of Parnassius mnemosyne but, similar to our study, found no
profound correlations. Detecting effects of weather variables on the
demography of butterfly populations can be difficult with classical CMR
studies for several reasons. As in many other studies on butterflies, we
conducted our surveys only on days with favourable weather conditions.
The variability in the analysed weather records was therefore relatively
low, making it difficult to detect clear correlations between weather
variables and the recapture probability. Regarding the effect of weather
conditions on adult butterfly survival, two effects may cancel each other
out. On bad weather days, butterflies may suffer some weather-related
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mortality but are relatively well protected from predator attacks.
Conversely, when weather conditions are favourable, butterflies are
likely to be more active in flight and therefore more exposed to preda-
tion. In addition, rising metabolic rates at high temperatures may cause
faster senescence (Niitepold 2010).

Population sizes and phenology

The JS models indicated rather low population sizes, especially in
2019. Total population sizes of male and female L. reducta were rela-
tively equal or only slightly biased towards males. However, daily
population sizes differed greatly between the sexes. Only during the
peak flight season, the daily abundance of females reached more than
ten individuals, whereas male abundances were up to three times
higher. The large differences in daily population sizes of male and fe-
male L. reducta can be explained by the significantly shorter residence
time of females (Osvath-Ferencz et al. 2017). Taking into account the
approximate size of the study areas, the maximum densities during the
peak flight season reached 3.1 and 1.7 individuals per square kilometer
for males and females at site A, and 1.2 and 0.7 individuals per square
kilometer at site B, respectively. Although local densities at nectaring
sites are higher, the numbers indicate that L. reducta occurs in very low
densities in its last German habitats and underpin the urgent need for
conservation measures.

Phenology differed slightly between the two study populations. At
site A, the first L. reducta were observed on average one week earlier
than at site B, probably related to local climatic conditions. The JS
models indicated no protandry, except for site A in 2021. While pro-
tandry is a typical phenomenon and probably adaptive in many
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European butterfly populations (e.g. Kadlec et al. 2010; Osvath-Ferencz
et al. 2017; Schtickzelle et al. 2002), negative consequences of protan-
dry could arise under harsh environmental conditions, for example in
arctic or alpine environments (Ehl et al. 2019a, 2019b), and in small
populations (Calabrese & Fagan 2004). At low local population den-
sities, such as in the case of L. reducta, relatively equal emergence of
males and females may be advantageous to increase mating opportu-
nities (Bubova et al. 2016).

Except for 2021 at site B, we observed a unimodal trajectory of daily
population sizes. Both sexes usually reached peak abundance one to two
weeks after the start of the flight period. For some individuals that were
about to hatch from the pupa in early July 2021 emergence may have
been delayed due to unfavourable weather conditions (rainfall of
varying intensity, moderate temperatures), resulting in a shift of peak
abundance of about one week. Otherwise, the phenology of L. reducta
appeared to be relatively stable over the three years of our study.
However, one year later, in 2022, the first adults were observed already
on 9 June at site A. Consequently, for the first time in the Swabian Jura,
a partial second generation was on the wing from early to mid August
2022. The implications of this partial second brood for the populations
of L. reducta in the Swabian Jura are still unclear and deserve further
research. Voltinism of many European butterflies increases in the course
of climate warming (Altermatt 2010). In Germany, the occurrence of a
(partial) second generation of L. reducta is likely to increase in the future.

Dispersal

While male butterflies often return to the same places, for example
their defended territories, females typically have straighter flight paths,
i.e. they move across the landscape in search of nectar, to avoid male
harassment, and to find suitable locations for oviposition (Hovestadt &
Nieminen, 2009; Reim et al. 2019; Schultz et al. 2012). Females of
L. reducta lay their eggs solitarily on the leaves of the host plant. A single
female usually lays only one or very few eggs on the same host plant and
probably tries to spread the eggs over a larger area to reduce the risk of
total reproductive failure due to locally high larval predation, para-
sitism, or local climatic extreme events (Reim et al. 2019). Longer net
displacement distances of females compared with males could therefore
be expected. However, our results did not indicate such differences.
Nevertheless, we acknowledge that our conclusions about the dispersal
of females are limited due to the small number of only 24 individual
females that were recaptured. Furthermore, it is possible that we did not
detect rare long-distance dispersal flights of single females that might
have permanently emigrated from the study area and were therefore not
available for recapture.

Only a few CMR studies so far were able to document long-distance
dispersal events (e.g. Baguette 2003: 13 km for Boloria aquilonaris; Polic
et al. 2021: 11.9 km for a male Argynnis aglaja), partly due to short-
comings in the study design (Schneider 2003), but also because the
chance of recapturing a marked individual strongly decreases with the
displacement distance. The maximum recorded displacement distance of
L. reducta in our study was about 1.6 km, even though it would have
been quite possible to record dispersal distances > 1.6 km with the
chosen study design (Fig. 7). Movement of adult butterflies between
habitat patches carries some risk of mortality. The success of dispersers
and the selective advantage of dispersal may depend on the isolation of
single habitat patches within a metapopulation (Bergerot et al. 2012;
Schtickzelle et al. 2006), the distance between neighbouring meta-
populations (Bonelli et al. 2013), the hospitability of the matrix (Now-
icki et al. 2014), and the local density of conspecifics (rivals as well as
potential mating partners) in the natal and the receiving habitat
(Baguette et al. 1998; Hanski et al. 1994; Nowicki & Vrabec 2011).

Interestingly, we observed strong variability in the mean dispersal
distance of L. reducta between years. On average, dispersal distances
were clearly longer in 2020 (mean + SE: 429 + 67 m) and 2021 (447 +
62 m) compared with 2019 (178 + 64 m). The weather conditions,
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which can strongly affect the dispersal of butterflies (Kuussaari et al.
2016), differed only slightly between the years and are therefore an
unlikely explanation of the observed year-to-year variability in dispersal
distances. However, mean dispersal distances seemed to correlate with
population sizes in the respective years, suggesting positively
density-dependent dispersal. Increasing dispersal propensity with
increasing local density was found in some previous studies (e.g. Enfjall
& Leimar 2005 for Melitaea cinxia; Nowicki & Vrabec 2011 for Maculinea
nausithous and M. teleius) whereas others reported negatively
density-dependent dispersal (e.g. Baguette et al. 2011 for Boloria euno-
mia; Konvicka et al. 2012 for different Melitaeini and Argynnini) or
sex-specific effects of density on the emigration propensity, specifically a
high emigration rate of males at low female densities and a high
emigration rate of females at high male and female densities (Baguette
et al. 1998; Plazio et al. 2020).

It has been shown that the IPF, compared to the NEF, can better
describe long-distance dispersal of species with a high dispersal power
(Baguette 2003) and is more robust for small datasets (Fric & Konvicka
2007). However, in the case of L. reducta, the NEF provided a much
better fit to the data (Fig. 8). Butterfly dispersal studies typically record
different behavioural types of movement, e.g. ‘routine movement’ over
relatively short distances and ‘displacement movement’ over longer
distances (Van Dyck & Baguette 2005). This can lead to multimodal
dispersal distance kernels. In contrast to the IPF and the NEF, mixture
models can explicitly model multiple peaks in the frequency distribution
of dispersal data, thus accounting for different types of movement
(Hovestadt et al. 2011). In our dataset, the distribution of the LND dis-
tances was clearly bimodal. Although we cannot completely exclude the
possibility that the bimodal distribution resulted from the specific
spatial configuration of the preferred nectaring sites of L. reducta, where
most individuals were captured, we interpret the pattern as representing
different types of movement. Therefore, we strongly believe, that simple
dispersal kernels such as the NEF and the IPF cannot properly represent
the data-generating processes. The lognormal mixture model fitted the
frequencies of LND distances in our study well. Nevertheless, the esti-
mates of long-distance dispersal from the mixed kernel were relatively
conservative and of the same magnitude as those from the NEF. With
modern computational resources, mixture models offer great potential
for realistically describing animal movement (Nathan et al. 2012), and
we strongly encourage their use in future butterfly dispersal studies. At
the same time, we call for a rigorous evaluation of different mixture
models using large capture-mark-recapture datasets or theoretical
studies.

Conservation implications and recommendations for habitat management

We observed some variability in the abundance of L. reducta between
years and the studied habitats, but the population sizes were generally
low. Considering that our study areas are among the sites with the
highest densities of the species in Germany, the high conservation
relevance of L. reducta is evident. Forest gaps such as clear-cuts with a
size of more than 0.5 ha, and ride edges where the species’ host plant
grows in sunny conditions provide suitable larval habitat. Improving
habitat quality and increasing the area of larval habitat at sites where
the species currently occurs will help to increase local population den-
sities and hence dispersal propensity.

Besides improving habitat quality and quantity on a local scale,
creating a network of habitat patches on the regional scale is important
for the conservation of L. reducta and other open forest species that live
in SSPs. Our results do not allow any conclusions about the maximum
dispersal capacity of L. reducta, which could go far beyond the 1.6 km
observed in this study. However, our results provide important evidence
for conservation planning. About 9 % of the population studied
dispersed over more than 1 km. Consequently, we propose to create new
habitat patches every 1 to 1.5 km to maximize the chance of successful
patch colonization even under relatively low local population densities.
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