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Abstract

1.

Ecological demands, such as sex and environmental conditions, determine species’
behaviour, such as dispersal, and shape local population structures. However, only
marginal knowledge of these factors exists for afro-tropical insects so far.
Therefore, we performed a mark-release-recapture study in the coastal region of
Kenya over a period of 2 months, covering the dry and the rainy seasons. As study
species, we used four co-occurring but ecologically diverging butterfly species, the
forest species Bicyclus safitza and Junonia natalica and the savannah species Junonia
oenone and Byblia ilithyia. The study area represents an ecosystem mosaic consist-
ing of anthropogenic habitats as well as natural forest and savannah, assessed by
detailed landscape mapping.

We obtained 1701 capture events, comprising 1224 individuals with an overall
recapture rate of 24% (ranging from 15% to 48%). The analyses based on these
results allowed an assessment of the population ecology, dispersal behaviour and
habitat preferences of these species.

Demographic models inferred different patterns of population dynamics among
species. All species preferred the habitats they were known for. The observed
dispersal distances were rather low ranging from a mean of 25 to 72 m, referring
to taxa and sexes. The dispersal extrapolations were unreliably low for the nega-
tive exponential function, while the values for inverse power function were credi-
ble. The latter predicted a considerably higher long-distance dispersal capacity in
males than in females of the forest species B. sdafitza and J. natalica, while
females dispersed more than males in the savannah species J. oenone and
B. ilithyia.

Our results obtained from these four ecologically diverging afro-tropical butterfly
species underline that species’ behaviour, such as dispersal, is strongly determined

by habitat preferences, sex and the availability of resources.
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INTRODUCTION

Ecological needs of species determine their behaviour and subse-
quently their population structure. Species representing a broad eco-
logical amplitude are mostly widely distributed and can be found in
various habitat types (Mangels et al., 2017). In consequence, such spe-
cies cover large areas across the landscape and may build up strong
and intermixing local populations (Engler et al., 2014). Such taxa are
mostly more dispersive than more specialised species and thus
migrate throughout landscapes. This enables high levels of individual
exchanges among populations, including long-distance dispersal. In
contrast, species with specific habitat requirements, such as taxa rely-
ing on defined habitat structures and resources, mostly occur locally
restricted (Curtis et al., 2015). In consequence, such taxa do not cover
large fractions of landscapes and rarely disperse to adjoining popula-
tions (Curtis et al., 2015).

Demographic structures of populations may also shape popula-
tion structures and species’ behaviour. Butterflies, for example, show
sex-specific movement behaviours. Females frequently fly less than
males (Junker et al., 2010). In particular, they have been observed to
be little dispersive in the phase of laying the majority of their eggs. In
contrast, males frequently fly around and patrol in search of potential
mating partners, but mostly not dispersing larger distances while
doing so (Ebert & Rennwald, 1991). Dispersal behaviour may also vary
over lifetime. Thus, dispersal over longer distances has been mainly
observed towards the end of the lifetime of non-migratory species,
while at the beginning, individuals are mainly focusing on reproducing
and egg-laying close to their place of larval development (Ebert &
Rennwald, 1991).

In addition, the relationship between habitat preference, the
degree of ecological specialisation and behaviour of species is fre-
quently complemented by environmental factors. Thus, high resource
availability can change their behaviour and thus may cause that they
become comparatively less mobile, whereas in times of scarce resource
availability, individuals may travel larger distances and thus disperse
across a landscape (Dover & Settele, 2009; Habel et al., 2018). This
phenomenon was observed in a previous study for butterflies in the
dry coastal forest of East Africa where individuals showed high site
fidelity and largely remained inside of their specific natural forest eco-
system during the rainy season, a period characterised by high resource
availability. In contrast, the same taxa dispersed across the landscape
and even visited anthropogenic habitats such as tree plantations during
the dry season, a period characterised by limited resource availability in
this natural forest ecosystem (Habel et al., 2018).

In this publication, we analyse the effects from intrinsic and
extrinsic factors on species’ population dynamics (i.e., densities includ-
ing their demography) and behaviour, in particular dispersal. We syn-
chronously studied four co-occurring butterfly species across a
habitat mosaic in southern Kenya in a mark-release-recapture (MRR)
study. The four butterfly species differ in their ecological preferences:
Bicyclus safitza and Junonia natalica mainly rely on forest-like habitats,
while Junonia oenone and Byblia ilithyia mainly occur in savannah-like
open habitats, including disturbed anthropogenic landscapes
(Kyerematen, Acquah-Lamptey, et al., 2014; Kyerematen, Owusu,
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et al., 2014; Larsen, 1991, 2005; Rogo & Odulaja, 2001). Based on the

data and the results obtained for these species, we test the following

two hypotheses:

1. Ecological specialisation and habitat preference determine popula-
tion structure and dispersal of a butterfly.

2. General behaviour and dispersal strongly vary between sexes and
depend on the availability of resources.

MATERIALS AND METHODS
Study area

The study area is located in southern Kenya, north of Mombasa
(3.861° S; 39.648° E-3.866° S; 39.655° E). Most of the once widely
distributed coastal forest has been converted into settlements and
agricultural land, such as fields for subsistence agriculture and tree
plantations (Azeria et al., 2007; Lovett, 1998; Myers et al., 2000;
Wass, 1995). This situation has become even worse within the past
few years due to increasing demographic pressure. In consequence,
the study area (in total about 69.89 ha, 8.71 ha without the forest
block; Figure 1) represents a mosaic of various habitat types such as
natural forest (here the sacred Mijikenda forest Kaya Kambe), shrubs,
orchards with mango or coconut trees, fields with cassava, banana
and bell pepper plants as well as settlements. The region is charac-
terised by two rainy seasons. Normally, the long rains are from end of
March to July (600 mm precipitation), and the short rains in October
and November (300 mm precipitation; Jaetzold et al., 2010). We con-
ducted the MRR campaign from the end of February until mid-April
2022, covering the dry season and the transition between the dry and

the rainy season.

Study species

We studied four species of Nymphalidae, three Nymphalinae
(i.e., B. ilithyia, J. oenone, J. natalica) and one Satyrinae (B. sdfitza). Of
these, the joker Byblia ilithyia (Drury, 1773) is distributed in most parts
of the African savannah regions (east, south, west) but also in geo-
graphically restricted parts of India and Sri Lanka (Larsen, 1991;
Larsen, 2005). It is found in most of Kenya and in a large variety of
more open habitats but is more a dry-zone specialist than the closely
related B. anvatara and is not exceeding much above 1500 m asl in
the highlands. The larvae always feed on Euphorbiaceae (Dalechampia,
Tragia and Ricinus). Furthermore, the butterflies are attracted by exud-
ing plant sap (Larsen, 1991). In few cases (e.g., in Benin), migrations of
B. ilithyia were observed (Larsen, 1978).

The dark blue pansy Junonia oenone (Linneus, 1958) is widespread
all over tropical Africa, Madagascar and south-western Arabia
(Larsen, 1991, 2005). It is found in a wide variety of habitats, mostly
in open areas but not in closed forests and even is seen as ecosystem
disturbance indicator (Kyerematen, Acquah-Lamptey, et al., 2014;
Kyerematen, Owusu, et al., 2014). The species is less a dry-zone spe-
cies as the closely related J. hierta and J. orythia. Its larvae feed on
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FIGURE 1 Study site in southern Kenya (star in small map on the right) and the study area displaying the path (dotted line) transgressing the

different habitat types located at the forest border of Kaya Kambe forest.

Acanthaceae (Asystasia, Isoglossa, Justicia, Paulowilhelmia and Ruellia;
Larsen, 1991).

The Natal pansy Junonia natalica (Felder, 1860) is widespread in
eastern and southern Africa in forested habitats but can also be found
in the Kenyan coastal area in somewhat more open areas; in the
Kenyan highlands, the species is rarely found in altitudes above
2000 m asl. Its larvae feed on a variety of different Acanthaceae (Asys-
tasia, Barleria, Hygrophila, Justicia, Paulowilhelmia, Phaulopsis and Ruel-
lia). Imagoes are frequently attracted to horse manure (Larsen, 1991).

The common bush brown Bicyclus safitza (Hewitson 1851) is
widely distributed in the savannah biome all over sub-Sahara Africa
(Larsen, 1991; Larsen, 2005) where it is mostly found in woodlands,
forests and thickets (Kyerematen, Acquah-Lamptey, et al., 2014, Kyer-
ematen, Owusu, et al., 2014). In Kenya, it is less well represented in
the wetter western parts of the country (Larsen, 1991). Like for all
Satyrinae, the larvae feed on Poaceae such as Erharta erecta
(Larson, 1991).

Collection of data

For the collection of MRR data, we synchronously marked individuals
of these four species with a water-proof pen over a period of

2 months. We walked a predefined path, which semi-randomly cov-
ered the entire study area and all habitat types (Figure 1). We classi-
fied the habitats according to the land-cover into agricultural land,
grassland, shrubland, orchard and forest. Habitat geometries were
acquired as polygon data using a HUAWEI MediaTab 5 with GPS sup-
port and the android application ArcGIS Field Maps from ESRI. Data
acquisition was supported by a predefined input form and offline
available satellite image as background data to ease orientation in the
field. For each of these habitat types, the following habitat character-
istics were collected: Canopy cover, litter coverage, presence of
shrubs, presence of herbs (each categorised into the following classes,
0%, >5%, >15%, >30%, >45%, >60%, >75%, >90%). Furthermore, we
assessed the availability of water, fruits (both categorised into yes or
no) and the availability of blossoms (none/0, little/5-10, medium/10-
50, many/>50 blossoms). All parameters were assessed by one per-
son (MAM).

The marking of individuals of the four study species was done
along the predefined path between 25 February and 13 April 2022
(in total 38 field days). The path was walked in slow pace, and all indi-
viduals of the four taxa were caught with a butterfly net. This was
conducted between 7:30 AM and 3:30 PM under sunny to cloudy
(but not rainy) weather conditions and at temperatures >25°C. To
avoid passing the same paths or areas on the same time of day every
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day, we defined various starting points and alternated them among
days. The number of people conducting field work varied from one to
five (mean = 2.23). This might affect the results as the efficiency of
work might have varied. We accounted for this aspect when calculat-
ing MRR models (see below). Before netting individuals, we observed
each individual and noted its behaviour. Hereby, we differentiated
among the following categories: feeding, flying, resting, interaction
and copula. For each individual caught, we measured detailed loca-
tional information using a Garmin GPSMap 64S, and the individuals
were then marked with a waterproof pen (with a running number).
Sex (male/female) was determined by assessing the genitalia, and the
age was estimated based on wing condition, considering the following
categories: 1 (completely undamaged wings including all marginal
cilia), 2 (undamaged wings but without cilia), 3 (wings slightly to mod-
erately damaged) and 4 (all wings heavily damaged; see Wendt
et al., 2021, Zimmermann et al., 2005). Recaptures were not counted
if performed at the day of marking to avoid potential capture-
release-trauma and thus artefacts with respect to behaviour and dis-
persal (Gall, 1984; Watt et al., 1977).

Statistics

The demographic structure was analysed under an open population
formulation of the Jolly-Seber model, allowing entries and exits of
individuals to and from the population (POPAN model; Schwarz &
Arnason, 1996). The model estimates the following parameters: prob-
ability of an individual to enter the population (pent), survival probabil-
ity (¢), capture probability (p) and gross population size (N). The
specimen’s sex and wing condition on first capture were treated as
individual covariates. The parameters ¢, pent and N were tested for
their dependence on sex by fitting multiple models with all combina-
tions of sex-dependent and -independent parameters. @ and pen; were
additionally tested for factorial, linear and quadratic time dependence.
All tested models estimated the dependence of ¢ on wing condition,
which served as a proxy for the age of individuals. Likewise, we esti-
mated individual capture probability (p) in dependence of the number
of people catching butterflies in the field because more people are
likely to be more effective in catching and processing butterflies. A full
list of models is given in Appendix 2. In total, we ran 98 models for
each of the four species (7 @ X 7 pent X 1 p x 2 N). We then calcu-
lated a final ensemble model per species that was based on all models
that obtained a corrected AIC score with a difference smaller than
two from the AICc score of the top model. All analyses were con-
ducted in RMark v.2.2.7 (Laake, 2013), which served as a frontend to
the software Mark (Linux v. 9.0, White & Burnham, 1999).

A dependence of dispersal activity on habitat was assessed by
plotting distances between first and second capture against principal
habitat characteristics. The latter resulted from a principal component
analysis (PCA) on the correlation matrix of the recorded canopy cover,
presence of shrubs, presence of herbs, presence of flowers, litter
cover, availability of fruits and distance from the stream bed. Mid-

points of the recorded habitat parameter ranges (see above) were
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used; however, zeros were treated as such. Respective habitat param-
eter values were assigned to each individual by querying the values
from the polygons containing the records of the specimen in QGIS
(www.qgis.org). Since one individual can potentially be found in multi-
ple polygons, the median of all values of each habitat parameter was
used as input to the PCA. The distance to the riverbed was sum-
marised as its mean.

We tested for differences in mean dispersal distances between
females and males per species with two-sided t-tests in R (v. 4.2.0; R
Core Team, 2022). Distance measures between the first and second
capture locality of the same specimen were therefore log-
transformed. Furthermore, the travelled distances were divided into
distance classes (20, 30 and 50 m intervals, respectively), separately
for each species and sex. To check for any potential artefacts caused
by the chosen interval sizes, we analysed and compared these three
interval size classes. The inverse cumulative percentage of these clas-
ses was determined, which corresponds to the probability density
function, that is, the dispersal kernel.

Based on these classes, the probabilities of dispersal flights were
assessed by distance extrapolation. We used two frequently applied
regression analyses, the negative exponential function (NEF) and the
inverse power function (IPF). NEF tends to underestimate rare long-
distance movements, whereas the IPF may encounter problems with
‘zero’ movements (Kuras et al., 2003). For calculations, only realised
classes were included; none realised classes remained empty and did
not enter the model. The data were linearly transformed with a semi-
In plot for the NEF analyses or with a double-In plot for the IPF ana-
lyses. In both equations, ‘P’ stands for the proportional probability
that an individual will travel at least as far as the distance D and ‘a’ for
the intercept of the regression. NEF operates with the dispersal con-
stant K as slope, whereas IPF uses the variable n as slope, which rep-

resents the effect of distance on dispersal (Ehl et al., 2018).
Pner =ae *PorInP=Ina—kD.
Pipr =aD™"or InP=Ina—n(InD).

We selected the best model and the most suitable interval size,
based on calculated stability indices (i.e., R?) of the calculated curves,
which corresponds to the proportion of explained variance of the
dependent variable by the independent variable. This allowed extrap-
olations of the population’s proportion that should travel distances
exceeding the extent of the study area. The calculations were per-

formed separately for males and females.

RESULTS

We performed a total of 1701 capture events, comprising 1224 indi-
viduals (Table 1, Supplementary File S1). Recapture rates ranges from
15.0% (males J. oenone) to 48.1% (males B. safitza); the overall rate
was 24.0% (Table 1). The number of captures over time differed

among the four species, being roughly constant in B. safitza and
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TABLE 1 Captured individuals, recaptured individuals, number of recaptures and recapture rate (recaptured/captured individuals).

Species

Captured individuals

Recaptured individuals Recaptures

Recapture rate (%)

Bicyclus sdfitza

Byblia ilithyia

Junonia natalica

Junonia oenone

122 (52/70)
247 (112/135)
155 (62/93)
700 (234/466)

56 (25/31) 105 (47/58)

81(38/43) 149 (81/68)

40 (14/26) 62 (21/41)
117 (35/82) 161 (53/108)

45.9 (48.1/44.3)
32.8(33.9/31.9)
25.8 (22.6/28)

16.7 (15.0/17.6)

Note: Numbers of males (first value) and females (second value) are given in parentheses.

Bicyclus safitza

Byblia ilithyia

204

ii

wing condition

[]

Junonia natalica

count

Junonia oenone

-

0- ——— e e e

[]s
[

Mar 01 Mar 15 Apr 01
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Smoothed total number of captures per day, wing condition, and species.

FIGURE 2 Smoothed total number of captures per day, wing condition and species.

B. ilithyia, decreasing in J. natalica and strongly reduced around
20 March in J. oenone (Figure 2). Hence, the number of recaptures
differed

(Supplementary File S2). Bicyclus safitza individuals were increasingly

over time strongly among the four species
recaptured until the beginning of April, when the number of recap-
tures strongly decreased. Recaptures of J. natalica were less abundant

and also decreased with the beginning of April. Recaptures of

B. ilithyia and J. oenone both decreased until about 20 March and then,
in contrast to the before mentioned species, increased again with the
first rains in the beginning of April. Most individuals were captured
resting or flying. In B. sdfitza, J. natalica and J. oenone, more individuals
were found resting than flying. The difference was most pronounced
in B. safitza. Contrasting, distinctly more individuals of B. ilithyia were

found flying (Figure 3).
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Demography

Demographic models inferred different patterns of population dynam-
ics among species (Figure 4). In B. sdfitza and J. natalica, an estimated
rise of population size was followed by a decrease towards the end of
the study period. Contrastingly, B. ilithyia and J. oenone showed
increasing population sizes with the exception of male B. ilithyia. The
contrary development of male and female population size in B. ilithyia
was unique among the investigated species, which otherwise showed
concerted fluctuations of sexes. A comprehensive list of model evalu-
ations is given in Supplementary File S3.

According to the models, the common pattern between B. safitza
and J. natalica was caused by constant to decreasing entry rates in
combination with constant to decreasing survival rates
(Supplementary Files S4 and S5). On the contrary, entry rates of the
two other species were estimated to increase over time with constant

cpl fdn fly int rst

died species. cpl, copula; fdn, feeding (nectaring); fly, flying; int, interacting;

(B. ilithyia, Supplementary File Sé) or inverse bell-shaped (J. oenone,
Supplementary File S7) survival rates. Common patterns across all
species were generally lower abundances of males (exception:
B. ilithyia) and of individuals with lower wing quality, which indicates a
higher age, and an impact of sex on at least one model parameter (¢,
Pent OF N). Few exceptions without influence of sex occurred in single
subordinate models.

Use of habitats

Analysis of habitat use revealed two patterns exhibited by the four
species. PCA assembled parameter values associated with forest habi-
tats (high values for canopy cover, litter cover and the availability of
fruits) at low values of the first principal component so that forest and

open habitats could solely be distinguished by this component
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(Supplement Files S8 and S9). Junonia natalica and in particular
B. sdfitza clearly preferred forest associated habitats (Figure 5). Byblia
ilithyia and J. oenone were generally found in more open habitats, but
B. ilithyia also occurred frequently in transition areas with characteris-
tics of forest and open habitats. Hence, this ecological link was more
pronounced in J. oenone, of which most occurrences were clearly

recorded in open habitat (Figure 5).

Dispersal

A total of 294 individuals of the marked individuals were recaptured
at least once so that dispersal distances could be calculated. Dispersal
distances were generally found to be higher in B. ilithyia and J. oenone
(Figure 6). Separated by sex, the four species had mean dispersal dis-
tances ranging from 25m (females B. safitza) to 72 m (females
B. ilithyia); median values ranged from 15 m (male B. sdfitza; female
J. natalica) to 55 m (females B. ilithyia). Means differed significantly
among sexes for the open land species J. oenone and B. ilithyia, with
higher means in females (U tests: both p < 0.005). In B. safitza and

J. natalica, mean values of males were more than twice as high as in

females, but the differences were not significant (Table 2). After log
transformation resulting in a normal distribution of residuals, compari-
sons of mean dispersal distances of males and females resulted signifi-
cant only in J. natalica (t test: adjusted p = 0.005). The male J. natalica
mean dispersal was estimated to be e'%%°% =273 times of mean
female dispersal (Figure 5). Maximum dispersal distances observed
ranged from 112 m (females B. sdfitza) to 348 m (males B. sdfitza).
Maximum dispersal was higher in males in B. sdfitza and J. natalica but
in females in J. oenone and B. ilithyia (Table 2).

Extrapolations to assess the long-distance dispersal potential
yielded high R? values for both functions applied (Appendix 9-1); only
NEF extrapolations for females of B. sdfitza and J. natalica had values
below 0.8 for all three interval sizes used for calculations. Applying
NEF (Appendix 9-2 to 9-4), the estimated dispersal potential was
extremely low for all species and sexes with a maximum of 0.13%
reaching at least 1 km in males of B. sdfitza based on 50 m intervals
(Appendix 9-4); for females, no values higher 0.001% were reached.
IPF resulted in much higher dispersal probabilities, which even though
were relatively low. Exemplarily, the results for 30 m intervals are
shown in Table 3, the ones for 20 and 50 m intervals in Appendix 9-5

and 9-6; however, results were quite similar in all cases. Again, sexual
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FIGURE 5 Dependence of dispersal activity on habitat configuration. The first principal component is displayed on the y-axis and expresses
canopy cover, litter cover and the availability of fruits at lower values, which correspond to features of forest dominated habitats. The presence
of flowers, shrubs and herbs was largely represented on the second principal component and is therefore not represented in the plot. The x-axis
illustrates the linear distance between the first and the second capture of an individual. Background shading illustrates the density of points.

differences between B. sdfitza and J. natalica on the one hand and
J. oenone and B. ilithyia on the other were obtained. Thus, males of
the first two species are assumed to reach dispersal distances of 1 km
in more than 2% of the individuals, while the probability was 0.04 and
0.21%, respectively, for females. Males of these species even had a
realistic chance to reach distances up to 5 km. In turn, females were
assumed more likely to disperse larger distances in J. oenone and
B. ilithyia, but the difference between sexes was much less in these
species and the general likelihood to perform long-distance flights

considerably less, i.e. less than 0.6% for 1 km in all cases.

DISCUSSION

We found clear differences in habitat preference, niche width, behav-
iour and population structures among the four studied afro-tropical
butterfly species, and a significant linkage existed between ecological
specialisation and behaviour. Thus, individuals of B. sdfitza and

J. natalica occurred most often in shaded areas and their movements

were mainly restricted to forested sites. On average, they showed
higher site fidelity but higher differences in dispersal among sexes
than individuals of B. ilithya and J. oenone, which in contrast showed a
preference for open land, but were associated with a large range of
other habitat types, with the widest ecological niche found for
B. ilithya.

These findings correspond with previous data on forests and open
land butterfly species (Namu et al., 2008). Thus, other afro-tropical
forest butterflies are also strongly restricted to and mostly remain
within their habitats (Borghesio & Wagura, 2014; Habel et al., 2023;
Nyafwono et al., 2014), which are characterised by specific abiotic
and biotic conditions, such as humid and cool microclimates as well as
specific habitat structures (Habel et al., 2013). Consequently, they
only rarely leave forests and bridge open landscapes (but see Konvicka
et al., 2008 for an exception from temperate regions). Nevertheless,
the dispersal potential of forest species is often intermediate to high,
for tropical and temperate species likewise—but restricted to inside
forests (Cassel-Lundhagen & Sjogren-Gulve, 2007; Fric &
Konvicka, 2007; Habel et al., 2023; Konvicka et al., 2008; Vlasanek
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TABLE 2 Mean with standard deviations, median and maximum dispersal distance of four afro-tropical butterfly species, distinguished by sex,

in the Kaya Kambe forest region, southern Kenya.

Mean * sd (m) Median (m) Max. Distance (m) N
B. safitza M 53.0 £ 100.1 14.6 348 25
B. safitza F 250+ 26.9 171 112 30
J. natalica M 58.0+729 28.7 247 14
J. natalica F 28.2+405 154 209 26
J. oenone M 49.0 £ 54.9 324 230 35
J. oenone F 66.4 +£72.8 39.6 333 82
B. ilithyia M 53.7 £ 53.7 37.9 229 38
B. ilithyia F 722 £ 629 55.1 345 43

Note: Applying Mann-Whitney U test, mean distances differed among sexes for Junonia oenone (p = 0.004) and Byblia ilithyia (p < 0.0001), but not for
Bicyclus sdfitza and Junonia natalica (both p > 0.1). N stands for the number of individuals.

et al., 2013). In contrast, numerous afro-tropical savannah species are
much more opportunistic in the choice of their habitats (Habel
et al., 2018; Larsen, 1991; Schmitt et al., 2020; Scriven et al., 2017)
and their assumed dispersal ranges from highly sedentary to migratory
(Larsen, 1991). Thus, these savannah species seem to be as variable in
their dispersal behaviour as temperate non-forest species are
(Bink, 1992) with many case studies performed with MRR so far
(e.g. Ehl et al., 2019; Fric et al., 2010; Junker et al., 2021; Konvickova

et al., 2023; Pennekamp et al., 2014; Zimmermann et al., 2005).

In general, habitat specialists respond highly sensitive to environ-
mental changes such as shifts in habitat structures and the reduction
of habitat quality through anthropogenic activities, as also shown for
afro-tropical forest butterflies in Taita Hills, southern Kenya (Schmitt
et al,, 2020). In addition, due to their high site fidelity, such species
can only reach a new potential habitat with difficulty and are thus
often subject to stochastic extinction processes, which occur more
frequently in small and isolated populations than in large and intercon-
nected ones (Melbourne & Hastings, 2008).
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TABLE 3 Extrapolations performed with the inverse power
function (IPF) of the dispersal probability (in %) over four distances
based on dispersal distances collected for four afro-tropical butterfly
species, distinguished by sex, in the Kaya Kambe forest region,
southern Kenya.

1 km 2 km 3 km 5 km
B. safitza M 2.25 1.15 0.777 0.474
B. safitza F 0.0364 0.0074 0.0029 0.0009
J. natalica M 2.02 0.916 0.577 0.323
J. natalica F 0.208 0.0651 0.0330 0.0140
J. oenone M 0.456 0.151 0.0791 0.0350
J. oenone F 0.570 0.184 0.0947 0.0411
B. ilithyia M 0.383 0.117 0.0586 0.0245
B. ilithyia F 0.539 0.170 0.0866 0.0370

Note: Extrapolations are based on 30 m intervals.

Looking at the larger distance estimates for our four study spe-
cies, their dispersal power was low if compared with butterfly species
from Kenyan mountain forests (Habel et al., 2023), but also in compar-
ison with temperate Central Europe (Ehl et al., 2019, Fric et al., 2010,
Junker et al., 2021, Konvickova et al., 2023, Pennekamp et al., 2014,
Zimmermann et al., 2005). In general, the extrapolated dispersal prob-
abilities over larger distances based on NEFs were implausibly low in
all four species and for all three distance classes used (i.e., 20,
30, 50 m), a more general fact as pointed out already by Baguette
(2003). In contrast, calculations based on IPFs were much more realis-
tic (cf. Baguette, 2003) and consistent for all distance classes applied.
Therefore, we built up our discussion on the results based on the lat-
ter function. Importantly, extrapolations of the probability of longer
dispersal events for the two forest species using IPF obtained an
about 10 times higher likelihood of reaching distances larger 1 km in
males than females, while they were higher in females than males
in the two savannah species, but only moderately.

Habitat restriction and movement behaviour may strongly vary
between sexes and may frequently depend on the age of an individual
and on environmental conditions such as resource availability. Thus,
males of typical forest species travel significantly larger distances than
females do, as males are often on the search for mating partners
and/or patrolling along their territorial boundaries to drive away
potential intruders (Brakefield, 1982; Kingsolver, 1983). In line with
this, our two forest species showed a more narrow ecological ampli-
tude but a higher dispersal power of males than the two savannah
species. This is a typical phenomenon also found in temperate forest
butterflies (Bennett et al., 2013; Cassel-Lundhagen & Sjogren-
Gulve, 2007). The males of forest butterflies are often on the wing,
patrolling and looking for mating with females, and thus may travel
large distances.

In contrast, in our two savannah species, the movement behav-
iour is much more uniform, with higher mean values but smaller max-
ima, in particular in males. The modelled dispersal distances even
showed that females moved more than males. This trend has also

been frequently demonstrated for open land butterfly species of

HABEL €T AL.

temperate regions, especially as females sometimes bridge longer dis-
tances to successfully colonise new habitats and to establish new local
populations (see also Cannone & Pignatti 2014, Fric &
Konvicka, 2007, Fric et al., 2010). Note that these behavioural differ-
ences in our study cannot be due to marking campaign related phenol-
ogy as the recruitment curves of our forest versus savanna species
were not synchronised within the two species pairs (Figures 2 and 3).

Furthermore, population dynamics frequently rely on changing
environmental conditions. Thus, population densities of afro-tropical
butterfly species decrease and distances travelled increase signifi-
cantly in times of scarce resource availability (e.g., flowers, fruits,
water) but they show high population densities and high site fidelity
during rainy seasons (Habel et al., 2018; Schmitt et al., 2020). During
this time, flowers, water ponds and ripe fruits are available throughout
the landscape and thus there is no need to disperse over larger dis-
tances (Habel et al., 2022). In our study, however, we observed only
slight changes in population dynamics of the two savannah species
(but not of the two forest species) over time as possible reaction to
seasonality.

Furthermore, the remaining fragments of the former continuous
East African coastal forest belt are important as reservoirs for the
regional supply with water. Consequently, due to more equal water
accessibility within these forests, the availability of resources is more
constant there than in the dryland savannah ecosystems of East
Africa, where significant fluctuations with sometimes extreme ampli-
tudes were observed for butterflies (Schmitt et al., 2021). These dry
savannah regions are particularly known for sudden mass appearances
of arthropods with the beginning of the rainy season and the appear-
ance of food resources (Chang'a et al., 2010; Pareek & Trivedi, 2011).
Furthermore, already Dixey (1929) showed the occurrence of two dis-
tinct generations for B. ilithya (one of our two savannah butterfly
model species) with different phenotypes during rainy and dry season.
However, according to our data, we found largely consistent capture
and re-capture rates during our data recording for this species. Signifi-
cant responses to seasonality might also exist for forest species but
were not observed during our study.

In addition, changes in the demographic structures, such as sex
ratio, often occur. For example, numerous temperate butterfly species
show pronounced protandry (i.e., eclosion of males prior to females),
obviously a fitness advantage to guarantee successful mating of
females (see Iwasa et al., 1983; Junker et al., 2010; Petersen, 1947).
However, this phenomenon was not observed in any of our four spe-
cies. Proterandry also should be mostly restricted to species from sea-
sonal environments that have non-overlapping generations. To our
knowledge, it therefore has not yet been demonstrated for afro-
tropical butterflies in the wild, although captive breeding of Bicyclus
anynana revealed a few days shorter developmental time of males
under such standardised conditions (Zijlstra et al., 2002). However,
this quicker development in males should not translate into proteran-
dry in continuously flying species like in our here analysed examples.

Furthermore, the only marginal expression of population dynam-
ics (including changes in demography, density and dispersal behaviour)

observed over the transition from dry to rainy season might also be
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related to the high degree of anthropogenic over-shaping of the land-
scape. Thus, an earlier study on butterflies in a largely undisturbed dry
savannah region with adjoining agricultural landscapes in eastern
Kenya showed highly significant population fluctuations in the undis-
turbed ecosystem but much less in the anthropogenic landscape
(Schmitt et al., 2020). This may be due to the permanent availability of
resources in gardens and fields, which buffers the natural fluctuations
in population numbers.

In contrast to the temperate regions where many MRR studies
have already been performed and were we have a relatively good pic-
ture of the dispersal power of butterflies representing a large array of
ecologically different species, our knowledge on East African butter-
flies in this respect is still very limited. The very low dispersal capacity
of all butterfly species analysed in this study and the high dispersal
observed in two large forest butterfly species in the humid mountain
forests of Taita hills in southern Kenya (Habel et al., 2023) show the
high need for further MRR studies in East Africa at different localities
and in different habitat types and throughout the years, also including
the plain rainy season, to really get a comprehensive understanding of

butterfly mobility as already archived for temperate regions.

AUTHOR CONTRIBUTIONS

Jan Christian Habel: Conceptualization; investigation; funding acquisi-
tion; writing - original draft; methodology; writing - review and edit-
ing; supervision. Melina A. Milidakis: Investigation; data curation.
Sophia Lindorfer: Investigation; data curation. Mike Teucher: Concep-
tualization; investigation; funding acquisition; writing - original draft;
methodology; validation; visualization; supervision; data curation.
Thomas Schmitt: Conceptualization; investigation; funding acquisi-
tion; writing - original draft; methodology; validation. Jonas Eberle:
Conceptualization; investigation; funding acquisition;
writing - original draft; methodology; validation; visualization;

writing - review and editing; software; formal analysis.

ACKNOWLEDGEMENTS

We thank the German Academic Exchange Service for funding this
activity (programme Partnerships for Supporting Biodiversity in
Developing Countries, project Biocult). We are grateful for critical and
fruitful comments by two anonymous reviewers on a draft version of

this article.

FUNDING INFORMATION
We thank the German Academic Exchange Service for funding this
study.

CONFLICT OF INTEREST STATEMENT

All authors declare that there exist no conflict of interest.

DATA AVAILABILITY STATEMENT

All data are available as electronic appendices.

ORCID

Jonas Eberle "' https://orcid.org/0000-0003-2519-0640

Ecological o 1
Eﬁ:oc:\?ocIZgy @ Socey &
REFERENCES

Azeria, E.T., Sanmartin, 1., As, S., Carlson, A. & Burgess, N. (2007) Biogeo-
graphic patterns of the East African coastal forest vertebrate fauna.
Biodiversity and Conservation, 16(4), 883-912. Available from:
https://doi.org/10.1007/s10531-006-9022-0

Baguette, M. (2003) Long distance dispersal and landscape occupancy in a
metapopulation of the cranberry fritillary butterfly. Ecography, 26,
153-160. Available from: https://doi.org/10.1034/j.1600-0587.
2003.03364.x

Bennett, V.J., Pack, S.M., Smith, W.P. & Betts, M.G. (2013) Sex-biased dis-
persal in a rare butterfly and the implications for its conservation.
Journal of Insect Conservation, 17(5), 949-958. Available from:
https://doi.org/10.1007/s10841-013-9577-5

Bink, F.A. (1992) Ecologische atlas van de dagvlinders van Noordwest-Europa.
Schuyt, Haarlem, 512.

Borghesio, L. & Wagura, L. (2014) The common butterflies of the Mathews
range. Cheli and Peacock Community Trust, Kenya.

Brakefield, P.M. (1982) Ecological studies on the butterfly Maniola jurtina
in Britain. I. Adult behaviour, microdistribution and dispersal. Journal
of Animal Ecology, 51(3), 713. Available from: https://doi.org/10.
2307/4000

Cannone, N., & Pignatti, S. (2014) Ecological responses of plant species
and communities to climate warming: upward shift or range filling
processes? Climate Change, 123, 201-214.

Cassel-Lundhagen, A. & Sjogren-Gulve, P. (2007) Limited dispersal by the
rare scarce heath butterfly—potential consequences for population
persistence. Journal of Insect Conservation, 11(2), 113-121. Available
from: https://doi.org/10.1007/s10841-006-9023-z

Chang'a, L., Yanda, P. & Ngana, J. (2010) Indigenous knowledge in seasonal
rainfall prediction in Tanzania: a case of the South-Western Highland
of Tanzania. Journal of Geography and Regional Planning, 3, 66-72.

Curtis, R.J., Brereton, T.M., Dennis, R.L.H., Carbone, C. & Isaac, N.J.B.
(2015) Butterfly abundance is determined by food availability and is
mediated by species traits. Journal of Applied Ecology, 52(6), 1676~
1684. Available from: https://doi.org/10.1111/1365-2664.12523

Dixey, F.A. (1929) South African Lepidoptera in their relation to conditions
of climate and vegetation. South African Journal of Science, 26,
431-437.

Dover, J. & Settele, J. (2009) The influences of landscape structure on but-
terfly distribution and movement: a review. Journal of Insect Conser-
vation, 13(1), 3-27. Available from: https://doi.org/10.1007/
s10841-008-9135-8

Ebert, G. & Rennwald, E. (1991) Die Schmetterlinge Baden-Wiirttembergs,
Band 1, Tagfalter I. Ulmer, Stuttgart, Germany.

Ehl, S., Bohm, N., Wérner, M., Rakosy, L. & Schmitt, T. (2019) Dispersal
and adaptation strategies of the high mountain butterfly Boloria pales
in the Romanian Carpathians. Frontiers in Zoology, 16, 1. Available
from: https://doi.org/10.1186/s12983-018-0298-1

Ehl, S., Dalstein, V., Tull, F., Gros, P. & Schmitt, T. (2018) Specialized or
opportunistic-how does the high mountain endemic butterfly Erebia
nivalis survive in its extreme habitats? Insect Science, 25(1), 161-171.
Available from: https://doi.org/10.1111/1744-7917.12400

Engler, J.O., Balkenhol, N., Filz, K.J., Habel, J.C. & Rédder, D. (2014) Com-
parative landscape genetics of three closely related sympatric
Hesperid butterflies with diverging ecological traits. PLoS One, 9(9),
€106526. Available from: https://doi.org/10.1371/journal.pone.
0106526

Fric, Z., Hula, V., Klimova, M., Zimmermann, K. & Konvicka, M. (2010) Dis-
persal of four fritillary butterflies within identical landscape. Ecologi-
cal Research, 25(3), 543-552. Available from: https://doi.org/10.
1007/511284-009-0684-4

Fric, Z. & Konvicka, M. (2007) Dispersal kernels of butterflies: power-law
functions are invariant to marking frequency. Basic and Applied Ecol-
ogy, 8(4), 377-386. Available from: https://doi.org/10.1016/j.baae.
2006.06.005

85U8017 SUOWILLOD BA 81D 3|ced!dde 8Ly Aq peusenob aie ol YO ‘88N JO S9INJ 04 Akeid18UI|UO /8|1 UO (SUONIPUOD-PUR-SLLIBY/LID™AB | 1M AleIq 1 BUl|UO//SdNL) SUORIPUOD PUe SWis | 841885 *[720zZ/c0/80] Uo ARiqiTauljuo A1 ‘SBISBAIUN JByInT uleN-Yed Aq ZOEET Uss/TTTT 0T/I0pAW00 A8 |im Akeigjpuljuo's puInoss.//sdny woly papeojumoq ‘Z ‘202 ‘TTEZSIET


https://orcid.org/0000-0003-2519-0640
https://orcid.org/0000-0003-2519-0640
https://doi.org/10.1007/s10531-006-9022-0
https://doi.org/10.1034/j.1600-0587.2003.03364.x
https://doi.org/10.1034/j.1600-0587.2003.03364.x
https://doi.org/10.1007/s10841-013-9577-5
https://doi.org/10.2307/4000
https://doi.org/10.2307/4000
https://doi.org/10.1007/s10841-006-9023-z
https://doi.org/10.1111/1365-2664.12523
https://doi.org/10.1007/s10841-008-9135-8
https://doi.org/10.1007/s10841-008-9135-8
https://doi.org/10.1186/s12983-018-0298-1
https://doi.org/10.1111/1744-7917.12400
https://doi.org/10.1371/journal.pone.0106526
https://doi.org/10.1371/journal.pone.0106526
https://doi.org/10.1007/s11284-009-0684-4
https://doi.org/10.1007/s11284-009-0684-4
https://doi.org/10.1016/j.baae.2006.06.005
https://doi.org/10.1016/j.baae.2006.06.005

164 Ecological
Entomology

Gall, L.F. (1984) The effects of capturing and marking on subsequent activ-
ity in Boloria acrocnema (Lepidoptera: Nymphalidae), with a compari-
son of different numerical models that estimate population size.
Biological Conservation, 28(2), 139-154. Available from: https://doi.
org/10.1016/0006-3207(84)90032-6

Habel, J.C., Eberle, J., Charo, J., Maghenda, M. & Schmitt, T. (2023) Popula-
tion ecology and behaviour of two Afrotropical forest butterflies.
Journal of Insect Conservation, 27(2), 271-281. Available from:
https://doi.org/10.1007/s10841-022-00451-x

Habel, J.C., Husemann, M., Schmitt, T., Dapporto, L., Roédder, D. &
Vandewoestijne, S. (2013) A forest butterfly in Sahara desert oases:
isolation does not matter. Journal of Heredity, 104(2), 234-247. Avail-
able from: https://doi.org/10.1093/jhered/ess092

Habel, J.C., Seibold, S., Ulrich, W. & Schmitt, T. (2018) Seasonality over-
rides differences in butterfly species composition between natural
and anthropogenic forest habitats. Animal Conservation, 21(5), 405-
413. Available from: https://doi.org/10.1111/acv.12408

Habel, J.C., Ulrich, W., Eberle, J. & Schmitt, T. (2022) Species community
structures of Afrotropical butterflies differ depending on the moni-
toring method. Biodiversity and Conservation, 31, 245-259.

Ilwasa, Y., Odendaal, F.J., Murphy, D.D., Ehrlich, P.R. & Launer, A.E. (1983)
Emergence patterns in male butterflies: a hypothesis and a test. The-
oretical Population Biology, 23(3), 363-379. Available from: https://
doi.org/10.1016/0040-5809(83)90024-2

Jaetzold, R., Schmidt, H., Hornet, Z.B. & Shisanya, C.A. (2010) Farm man-
agement handbook of Kenya. Ministry of Agriculture/ Deutsche
Gesellschaft fur Technische Zusammenarbeit (GTZ), Nairobi, Kenya.

Junker, M., Konvicka, M., Zimmermann, K. & Schmitt, T. (2021) Gene-flow
within a butterfly metapopulation: the marsh fritillary Euphydryas
aurinia in western Bohemia (Czech Republic). Journal of Insect Conser-
vation, 25(4), 585-596. Available from: https://doi.org/10.1007/
$10841-021-00325-8

Junker, M., Wagner, S., Gros, P. & Schmitt, T. (2010) Changing demogra-
phy and dispersal behaviour: ecological adaptations in an alpine but-
terfly. Oecologia, 164(4), 971-980. Available from: https://doi.org/
10.1007/s00442-010-1720-3

Kingsolver, J.G. (1983) Ecological significance of flight activity in Colias
butterflies: implications for reproductive strategy and population
structure. Ecology, 64(3), 546-551. Available from: https://doi.org/
10.2307/1939974

Konvicka, M., Novak, J., Benes, J., Fric, Z., Bradley, J., Keil, P. et al. (2008)
The last population of the woodland Brown butterfly (Lopinga achine)
in The Czech Republic: habitat use, demography and site manage-
ment. Journal of Insect Conservation, 12(5), 549-560. Available from:
https://doi.org/10.1007/s10841-007-9087-4

Konvickova, H., Spitzer, L., Fric, Z.F., Kepka, P., Lestina, D., Novotny, D.
et al. (2023) Perishing rich, expanding poor: demography and popula-
tion genetic patterns in two congeneric butterflies. Molecular Ecology,
32(3), 575-594. Available from: https://doi.org/10.1111/mec.16784

Kuras, T., Benes, J., Fric, Z. & Konvicka, M. (2003) Dispersal patterns of
endemic alpine butterflies with contrasting population structures:
Erebia epiphron and E. sudetica. Population Ecology, 45(2), 115-123.
Available from: https://doi.org/10.1007/s10144-003-0144-x

Kyerematen, R., Acquah-Lamptey, D., Owusu, E.H., Anderson, R.S. &
Ntiamoa-Baidu, Y. (2014) Insect diversity of the muni-pomadze Ram-
sar site: an important site for biodiversity conservation in Ghana.
Journal of Insects, 2014,985684. Available from: https://www.
hindawi.com/journals/insects/2014a/985684

Kyerematen, R., Owusu, E.H., Acquah-Lamptey, D., Anderson, RS. &
Ntiamoa-Baidu, Y. (2014) Species composition and diversity of
insects of the Kogyae strict nature Reserve in Ghana. Open Journal
of Ecology, 4(17), 1061-1079. Available from: https://doi.org/10.
4236/0je.2014.417087

Laake, J. (2013) RMark: an R Interface for analysis of capture-recapture data
with MARK. AFSC processed rep. 2013-01. 25 p. Alaska fish. Sci.

[ —
omologlcal
@ Sociaty

HABEL €T AL.

Cent., NOAA, Natl. Mar. fish. Serv., 7600 sand point way NE, Seattle
WA 98115.

Larsen, T.B. (1978) A mixed butterfly migration in West Africa (Benin). Ata-
lanta, 9, 191-198.

Larsen, T.B. (1991) The butterflies of Kenya and their natural history. Oxford
University Press, UK,490.

Larsen, T.B. (2005) Butterflies of West Africa. Apollo Books, Stenstrup,
Denmark, 270.

Lovett, J.C. (1998) Eastern tropical African Centre of Endemism: a candi-
date for world heritage status. Journal of East African Natural History,
87(1), 359-366. Available from: https://doi.org/10.2982/0012-8317
(1998)87[359:ETACOE]2.0.CO;2

Mangels, J., Fiedler, K., Schneider, F.D. & Bluthgen, N. (2017) Diversity
and trait composition of moths respond to land-use intensification in
grasslands: generalists replace specialists. Biodiversity and Conserva-
tion, 26(14), 3385-3405. Available from: https://doi.org/10.1007/
s10531-017-1411-z

Melbourne, B.A. & Hastings, A. (2008) Extinction risk depends strongly on
factors contributing to stochasticity. Nature, 454(7200), 100-103.
Available from: https://doi.org/10.1038/nature06922

Myers, N., Mittermeier, R.A., Mittermeier, C.G., da Fonseca, G.A.B. &
Kent, J. (2000) Biodiversity hotspots for conservation priorities.
Nature, 403(6772), 853-858. Available from: https://doi.org/10.
1038/35002501

Namu, F.N., Githaiga, J.M., Kioko, E.N., Ndegwa, P.N. & Hauser, C.L.
(2008) Butterfly species composition and abundance in an old,
middle-aged, and young secondary forests. In: Kiihne, L. (Ed.) Butter-
flies and moths diversity of the Kakamega forest (Kenya). Brandenbur-
gische Universitatsdruckerei und Verlagsgesellschaft, Berlin,
Germany, pp. 47-61.

Nyafwono, M., Valtonen, A., Nyeko, P. & Roininen, H. (2014) Fruit-feeding
butterfly communities as indicators of forest restoration in an afro-
tropical rainforest. Biological Conservation, 174, 75-83. Available
from: https://doi.org/10.1016/j.biocon.2014.03.022

Pareek, A. & Trivedi, P. (2011) Cultural values and indigenous knowledge
of climate change and disaster prediction in Rajasthan, India. Indian
Journal of Traditional Knowledge, 10, 183-189.

Pennekamp, F., Pereira, P. & Schmitt, T. (2014) Habitat requirements and
dispersal ability of the Spanish fritillary (Euphydryas desfontainii) in
southern Portugal: evidence-based conservation suggestions for an
endangered taxon. Journal of Insect Conservation, 18(3), 497-508.
Available from: https://doi.org/10.1007/s10841-014-9655-3

Petersen, B. (1947) Die geographische Variation einiger Fennoskandischer
Lepidopteren. Zoologiska Bidrag fran Uppsala, 26, 329-531.

R Core Team (2022). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing, Vienna, Austria. URL
https://www.R-project.org/.

Rogo, L. & Odulaja, A. (2001) Butterfly populations in two forest fragments
at the Kenya coast: butterflies in forest fragments in Kenya. African
Journal of Ecology, 39(3), 266-275. Available from: https://doi.org/
10.1046/j.1365-2028.2001.00313.x

Schmitt, T., Ulrich, W., Buschel, H., Bretzel, J., Gebler, J., Mwadime, L. et al.
(2020) The relevance of cloud forest fragments and their transition
zones for butterfly conservation in Taita Hills, Kenya. Biodiversity and
Conservation, 29(11-12), 3191-3207. Available from: https://doi.
org/10.1007/s10531-020-02017-2

Schmitt, T., Ulrich, W., Delic, A., Teucher, M. & Habel, J.C. (2021) Seasonal-
ity and landscape characteristics impact species community structure
and temporal dynamics of East African butterflies. Scientific Reports,
11(1), 15103. Available from: https://doi.org/10.1038/s41598-021-
94274-6

Schwarz, C.J. & Arnason, AN. (1996) A general methodology for the
analysis of capture-recapture experiments in open populations. Bio-
metrics, 52(3), 860. Available from: https://doi.org/10.2307/
2533048

85U8017 SUOWILLOD BA 81D 3|ced!dde 8Ly Aq peusenob aie ol YO ‘88N JO S9INJ 04 Akeid18UI|UO /8|1 UO (SUONIPUOD-PUR-SLLIBY/LID™AB | 1M AleIq 1 BUl|UO//SdNL) SUORIPUOD PUe SWis | 841885 *[720zZ/c0/80] Uo ARiqiTauljuo A1 ‘SBISBAIUN JByInT uleN-Yed Aq ZOEET Uss/TTTT 0T/I0pAW00 A8 |im Akeigjpuljuo's puInoss.//sdny woly papeojumoq ‘Z ‘202 ‘TTEZSIET


https://doi.org/10.1016/0006-3207(84)90032-6
https://doi.org/10.1016/0006-3207(84)90032-6
https://doi.org/10.1007/s10841-022-00451-x
https://doi.org/10.1093/jhered/ess092
https://doi.org/10.1111/acv.12408
https://doi.org/10.1016/0040-5809(83)90024-2
https://doi.org/10.1016/0040-5809(83)90024-2
https://doi.org/10.1007/s10841-021-00325-8
https://doi.org/10.1007/s10841-021-00325-8
https://doi.org/10.1007/s00442-010-1720-3
https://doi.org/10.1007/s00442-010-1720-3
https://doi.org/10.2307/1939974
https://doi.org/10.2307/1939974
https://doi.org/10.1007/s10841-007-9087-4
https://doi.org/10.1111/mec.16784
https://doi.org/10.1007/s10144-003-0144-x
https://www.hindawi.com/journals/insects/2014/985684/
https://www.hindawi.com/journals/insects/2014/985684/
https://doi.org/10.4236/oje.2014.417087
https://doi.org/10.4236/oje.2014.417087
https://doi.org/10.2982/0012-8317(1998)87%5B359:ETACOE%5D2.0.CO;2
https://doi.org/10.2982/0012-8317(1998)87%5B359:ETACOE%5D2.0.CO;2
https://doi.org/10.1007/s10531-017-1411-z
https://doi.org/10.1007/s10531-017-1411-z
https://doi.org/10.1038/nature06922
https://doi.org/10.1038/35002501
https://doi.org/10.1038/35002501
https://doi.org/10.1016/j.biocon.2014.03.022
https://doi.org/10.1007/s10841-014-9655-3
https://www.R-project.org/
https://doi.org/10.1046/j.1365-2028.2001.00313.x
https://doi.org/10.1046/j.1365-2028.2001.00313.x
https://doi.org/10.1007/s10531-020-02017-2
https://doi.org/10.1007/s10531-020-02017-2
https://doi.org/10.1038/s41598-021-94274-6
https://doi.org/10.1038/s41598-021-94274-6
https://doi.org/10.2307/2533048
https://doi.org/10.2307/2533048

POPULATION ECOLOGY OF AFRO-TROPICAL BUTTERFLIES

Ecological
Entomology

Scriven, S.A., Beale, C.M., Benedick, S. & Hill, J.K. (2017) Barriers to dis-
persal of rain forest butterflies in tropical agricultural landscapes. Bio-
tropica, 49(2), 206-216. Available from: https://doi.org/10.1111/
btp.12397

Vlasanek, P., Sam, L. & Novotny, V. (2013) Dispersal of butterflies in a
New Guinea rainforest: using mark-recapture methods in a large,
homogeneous habitat. Ecological Entomology, 38(6), 560-569. Avail-
able from: https://doi.org/10.1111/een.12051

Wass, P. (1995) Kenya’s indigenous forests: status, management, and conser-
vation (IUCN Forest Conservation Programme, ed.). IUCN-The World
Conservation Union; Overseas Development Administration (UK).

Watt, W.B., Chew, F.S., Snyder, L.R.G., Watt, A.G. & Rothschild, D.E.
(1977) Population structure of pierid butterflies: I. Numbers and
movements of some montane Colias species. Oecologia, 27(1), 1-22.
Available from: https://doi.org/10.1007/BF00345682

Wendt, M., Senftleben, N., Gros, P. & Schmitt, T. (2021) Coping with envi-
ronmental extremes: population ecology and behavioural adaptation
of Erebia pronoe, an alpine butterfly species. Insects, 12(10), 896.
Available from: https://doi.org/10.3390/insects12100896

White, G.C. & Burnham, K.P. (1999) Program MARK: survival estimation
from populations of marked animals. Bird Study, 46(sup1), S120-
S$139. Available from: https://doi.org/10.1080/0006365990947
7239

Zijlstra, W.G., Kesbeke, F., Zwaan, B. & Brakefield, P.M. (2002) Protandry
in the butterfly Bicyclus anynana. Evolutionary Ecology Research, 4,
1229-1240.

Zimmermann, K., Fric, Z., Filipova, L. & Konvitka, M. (2005) Adult demog-
raphy, dispersal and behaviour of Brenthis ino (Lepidoptera: Nympha-
lidae): how to be a successful wetland butterfly. European Journal of
Entomology, 102(4), 699-706. Available from: https://doi.org/10.
14411/eje.2005.100

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

Supplementary File S1. [Excel sheet] Raw data of captured and recap-
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number of people involved in the capture event.
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Supplementary File S3. [Excel sheet] Comprehensive list of models that
were inferred per species. Models are ranked by corrected AIC (AICc).
The dependencies of the model parameters Phi, p, pent and N on covari-
ates (sex, time, wing and no. persons) are given. Constant parameters are
represented by a 1. npar = number of parameters in the model,
AlCc = corrected Akaike information criterion, DeltaAlCc = difference
in the AICc in comparison to the best-ranked model.
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trate all single models with DeltaAlCc that were averaged.
Supplementary File S5. [pdf with several plots] lllustrations of inferred
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