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Abstract
Aim: Intraspecific variation in species relative abundance is shaped by a complex 
interplay of abiotic and biotic factors, making it both necessary and challenging to 
assess their combined relative importance in explaining variations across space and 
time. We used two congeneric butterfly species for which extensive count data and 
a deep understanding of their natural history is available to test three hypotheses ex-
plaining intraspecific variation in their abundance: (H1) seasonal dispersal behaviour 
driven by climate, (H2) resource availability and (H3) apparent competition mediated 
via shared parasitoids.
Taxon: Gonepteryx rhamni (Brimstone) and G. cleopatra (Cleopatra).
Location: NE Iberian Peninsula, where both species coexist, and a nearby archipelago 
(Balearic Islands), where only Cleopatra occurs.
Methods: We analysed spatial abundance variations for both species in the mainland 
and island–mainland differences in the abundance of Cleopatra. Abiotic and biotic 
factors, including temperature, host plant and overwintering habitat availability, larval 
parasitism and density dependence, were tested to explain the observed variations.
Results: H1 can explain variation in butterfly abundance between mainland regions 
since in warmer summers populations increased in cooler areas but decreased in 
warmer areas. H2 explains the variation within mainland climate regions with a strong 
positive relationship between resource availability and abundance but is unlikely to 
explain the island–mainland variation in the abundance of Cleopatra. H3 could neither 
explain biogeographical variation in abundance because although richer parasitoid 
communities were found on the mainland, larval mortality rates were similar or lower 
on the mainland than in the islands.
Main Conclusions: Climate and resource availability jointly account for variation in 
butterfly abundance across the mainland, but neither these factors nor parasitism can 
explain island–mainland differences. Both coexisting butterfly species and their larval 
parasitoids may have undergone evolutionary processes, resulting in spatial segrega-
tion that promotes the coexistence of the two butterfly species on the mainland.
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1  |  INTRODUC TION

Insect diversity is critical for maintaining ecosystem functioning, as 
different species play distinct roles in essential ecological processes, 
such as herbivory, detrivory, nutrient recycling and pollination 
(Chapman, 1998). However, it is not only the presence of different 
species that matter but their relative abundance within a commu-
nity also plays a crucial role. The relative abundance determines the 
strength of interactions among species and influences the impact 
that species may have on ecosystem processes. Species' relative 
abundance is shaped by a complex interplay of abiotic and biotic 
factors across space and time. Abiotic factors such as temperature 
can significantly affect abundance through direct (e.g. temperature-
dependent metabolic processes) or indirect mechanisms (e.g. 
changes in resource availability). Biotic factors such as competition 
for resources, predation and parasitism also have an important im-
pact on species abundance. Therefore, it is both necessary and chal-
lenging to assess the relative importance of some of these factors 
together to explain variations in species abundance across space 
and time. In this regard, it is advantageous to select study systems 
with extensive data on relative abundance to allow the analysis of 
long-term trends and spatial population dynamics across diverse 
environmental contexts. In particular, species sharing similar life 
histories (e.g. resource use) and co-occurring in some areas but not 
in others offer valuable opportunities to investigate the role of in-
terspecific competition in explaining abundance variations across 
regions. Additionally, species characterized by high dispersal capaci-
ties serve as valuable subjects for assessing the impact of individual 
movements that can be motivated by abiotic and biotic factors on 
abundance fluctuations across spatial and temporal scales.

Here, we examined two butterfly species, Gonepteryx rhamni 
(Brimstone) and G. cleopatra (Cleopatra), for which hundreds of pop-
ulations have been monitored in a Mediterranean region for more 
than two decades. Although both species coexist on the mainland 
(Northeast Iberian Peninsula), only one (Cleopatra) is present on 
nearby islands (Balearic Islands) (Figure 1). On the mainland, the two 
species occupy different climatic niches, although their distribution 
broadly overlaps in the warmer area of Brimstone's range, which cor-
responds to the colder area of Cleopatra distribution. Both species 
are highly dispersive, as pre-overwintering and post-overwintering 
adults can occur in different areas (Gutiérrez & Wilson,  2014; 
Pollard & Hall, 1980). They also share some fundamental aspects of 
their ecology, such as the use of the same host plants of the genus 
Rhamnus and the parasitism, in the larval stage, by specialist wasps 
(Shaw et al., 2009).

The purpose of this study is twofold. First, we evaluated dif-
ferent hypotheses to explain the spatial variation in the relative 
abundance of these two coexisting species on the mainland. We 
specifically tested whether the spatial distribution of the abundance 
of the species could be explained by the following hypotheses: 
(H1) Seasonal dispersive behaviour of butterfly adults, driven by 
climate, influences abundance fluctuations across climatic regions 
within years. (H2) Relative abundance is determined by resource 

availability, including host plant and overwintering habitat availabil-
ity, at the sites they inhabit. (H3) Apparent competition, mediated by 
shared specialized larval parasitoids (Holt & Bonsall, 2017), increases 
larval mortality, consequently reducing population size. Second, we 
aimed to test hypotheses that could explain the differences in the 
abundance of Cleopatra between the mainland and the surrounding 
islands. In this case, we tested Hypotheses H2 and H3 to explain 
mainland–island differences in the population size of Cleopatra.

We calculated and compared the population densities of the two 
species in different biogeographic and climate regions (including two 
islands in the Balearic archipelago and multiple sites on the main-
land) and tested the predictive ability of abiotic and biotic factors 
(including resource availability and temperature as a driver of dis-
persion) to explain spatial variation in species abundances, consider-
ing separately post-overwintering and pre-overwintering adults. We 
also analysed the importance of natural enemies (i.e. larval parasit-
oids) through indirect interactions. Testing apparent competition in 
natural systems requires long-term studies that track both hosts and 
parasitoid species over time and space, which is inherently difficult 
(Holt & Bonsall, 2017). However, we used two approaches to test for 
potential apparent competition. First, we collected 4 years of data on 
parasitoid complexes and their impact on butterfly mortality on both 
the mainland and islands. Second, we tested whether density depen-
dence was higher when these two species coexisted as a possible 
sign of apparent competition. Finally, we discuss which hypotheses 
best account for the variation in relative abundance of both species 
in the mainland and Cleopatra across biogeographic regions.

2  |  MATERIAL S AND METHODS

2.1  |  Study system

We analysed the coexistence of Brimstone and Cleopatra in a 
Mediterranean area of ca 36,900 km2, in which butterfly popula-
tions have been systematically monitored for more than two dec-
ades within the framework of a citizen science project (www.​catal​
anbms.​org). The study area encompasses two biogeographic regions 
(islands: Mallorca and Menorca – Balearic archipelago; mainland: 
Catalonia and Andorra–NE Iberian Peninsula) and three distinct 
climate regions: Mediterranean xeric, Mediterranean mesic and al-
pine–subalpine (Figure  1). These climate regions were established 
using a threshold of 21GDD (number of hours per year in which a 
temperature of 21°C was exceeded): (1) alpine–subalpine (0–150 
GDD), (2) mesic (150–400 GDD) and (3) xeric (≥400 GDD).

The Brimstone is widely distributed in North Africa and Europe 
and extends eastwards into Siberia and Mongolia. In its southern 
distribution (e.g. Maghreb and the Iberian Peninsula), their pres-
ence tends to be restricted to upland and/or humid areas. In our 
study area, it is found only sporadically in the xeric region and is 
completely absent from the Balearic Islands. In contrast, Cleopatra 
is mainly found in the Mediterranean Basin, where it is common in 
the mesic and xeric regions, including the Balearic Islands and, as 
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a previous study has shown, flies in very high population densities 
on Menorca Island (Colom et al., 2019). Although the two species 
have different climatic niches (Settele et al., 2008), in our study area 
they often co-occur in the Mediterranean mesic zone, where they 
are among the commonest butterfly species. Both species occur in 
a wide range of habitats (Figure  S1) but depend on woodland for 
overwintering.

The Brimstone and Cleopatra are very closely related phylo-
genetically (Dapporto et  al.,  2022) and have similar phenologies 
and hostplant use (Vila et  al.,  2018). They overwinter in the adult 
stage and behave as essentially univoltine species. Mating occurs 
soon after the adult butterflies come out of hibernation in early 
spring (henceforth overwintered adults or OW adults). Oviposition 
is concentrated in the spring, and eggs are laid individually on the 

underside of the most tender leaves of the host plants. In the NE 
Iberian Peninsula, they both use Rhamnus alaternus as their main lar-
val resource, which does not seem to be a limiting factor for their 
populations, as it is frequent and abundant in Mediterranean habi-
tats. In the alpine region, where R. alaternus does not occur, the main 
host plants of Brimstone are R. frangula and R. alpina. In general, the 
adults of the annual generation of both species emerge in June–July 
(henceforth, summer adults or SU adults), although their flight peri-
ods vary depending on the climate region (Figure 2a,b).

Cleopatra and Brimstone potentially share solitary hy-
menopteran larval parasitoids specific to their Gonepteryx genus: 
Hyposoter rhodocerae (Ichneumonidae: Campopleginae), Cotesia 
gonopterygis and C. risilis (Braconidae: Microgastrinae) (Jubany & 
Stefanescu, 2009; Shaw, 2009). They are also attacked by other more 

F I G U R E  1  Mean annual relative abundance of the two study species, Brimstone (yellow circles) and Cleopatra (red circles), calculated 
using all available data from 1994 to 2021. Orange circles indicate the coexistence of the two species. The maps show the different climate 
regions represented by different colours.
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generalist hymenopteran parasitoids, including egg (Trichogramma 
cordubensis: Trichogrammanidae; CS unpublished data) and pupal 
(Pteromalus apum: Pteromalidae; Shaw et al., 2009) parasitoids.

Both butterfly species are highly dispersive, and several stud-
ies have provided evidence of seasonal migration between habitats 
(Pollard & Hall,  1980), including altitudinal migration (Gutiérrez & 
Wilson, 2014; Jubany & Stefanescu, 2009).

2.2  |  Abundance data

We used data from 205 sites obtained since 1994 through a citi-
zen science recording scheme (Figure  1). Adult butterfly counts 
were obtained annually through 30 weekly samplings, from the 
1st March to the 26th September. These samples were conducted 
along 5-m-wide fixed transects, following a standardized method 

(Pollard & Yates, 1993). To estimate annual abundances, only male 
counts were used because they are much more easily identified 
than females at the species level in the field. For each species–cli-
mate–region–year combination, we fitted flight curves using gener-
alized additive models (GAMs) following the approach of Schmucki 
et al. (2016). The GAMs fit bimodal curves that represent the post-
overwintering and pre-overwintering flight periods of each species 
in each year and climate region (Figure 2a,b). This allowed us to esti-
mate, separately, the total abundance of overwintering and summer 
adults in each population for each year by running distinct models 
for winter–spring and summer abundance. Annual abundance esti-
mates were standardized by dividing them by the transect length 
and then log-transformed to ensure normalization. For all statistical 
models, except for the density dependence models (see below), the 
response variable was the mean standardized abundance for 2019–
2021, as this is the period that maximizes the number of available 

F I G U R E  2  Adult phenology and relative abundance across climate and biogeographic regions. (a) Cleopatra and (b) Brimstone flight 
curves estimated by GAM models using count data from 2019, 2020 and 2021 to illustrate the adult phenology in each climate region. The 
relative abundances of each flight curve are standardized to add up to 1. Pannels (c–f) show abundance comparisons between biogeographic 
and climate regions: overwintered adults of (c) Cleopatra and (d) Brimstone; summer adults of (e) Cleopatra and (f) Brimstone. Abundance 
estimates were standardized by transect length and log-transformed to reach normality.
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    |  503COLOM et al.

island sites and for which resource availability and larval parasitism 
were measured.

2.3  |  Resource availability variables

Field data on habitat structure and host plant availability were col-
lected at 84 random sites of the butterfly monitoring network be-
tween 2019 and 2021 (Figure S2). At each of these sites, we then 
calculated the percentage cover of all types of forest communities 
as an estimate of habitat availability for overwintering adults (hence-
forth overwintering habitat availability or OHA). The coverage of 
host plants (i.e. m2 of Rhamnus sp.) along the 5-m-wide butterfly 
transect was calculated for the whole transect and standardized to a 
common area of 1000 m2 (henceforth host plant availability or HPA).

2.4  |  Temperature data

We extracted daily maximum temperature data at 0.1 degree reso-
lution (ca. 11 km in latitude) from the Copernicus Climate Change 
Service (Cornes et  al.,  2018) from 2019 to 2021 for the 84 sites 
where resource availability was also measured. For each site and 
year, the average maximum temperatures in spring (March–May) 
and summer (June–August) were calculated, as they determine lar-
val development and adult thermoregulation, and thus may influ-
ence the distribution of butterfly abundance over space (Gutiérrez 
& Wilson, 2014).

2.5  |  Larval parasitism

We studied larval parasitism at several sites in Mallorca, Menorca 
and the mainland (Catalonia) to test the potential apparent competi-
tion between coexisting populations of Cleopatra and Brimstone on 
the mainland. From late March to early June over a period of 4 years 
(Menorca: 2019; Mallorca: 2019–2022; mainland: 2021–2022), we 
collected larvae from 14 sites (Mallorca: 6 sites; Menorca: 4 sites; 
mainland: 4 sites). Larvae were reared indoors using transparent 
plastic containers (155 × 105 × 45 mm) in groups of up to five indi-
viduals from the same sample. We recorded the larval instar for each 
collected individual. When a caterpillar was killed by a Cotesia para-
sitoid, we waited for the cocoon of the parasitoid to be fully formed 
and hardened before isolating it in a corked glass tube (80 mL). When 
Hyposoter rhodocerae kills the host, it spins its cocoon within the 
host's larval skin, after which we isolated its structure in a corked 
glass tube. After emergence, the adult parasitoids were preserved in 
pure ethanol. All parasitoids were identified by MRS.

Species identification of butterfly larvae from the mainland killed 
by Cotesia parasitoids was carried out by means of DNA sequenc-
ing following standard protocols (deWaard et  al.,  2008; Hebert 
et  al.,  2013; Ivanova et  al.,  2006) at the Centre for Biodiversity 
Genomics, University of Guelph, Canada. All new sequences 

are deposited in BOLD, which are publicly available at dx.doi.
org/10.5883/DS-GONCOLOM.

2.6  |  Statistical analyses

2.6.1  |  Abundance variation across 
biogeographic and climate regions

To investigate the variation in relative abundance between different 
climate and biogeographic regions, we analysed data from 185 sites 
(Mallorca: 10; Menorca: 9; mainland xeric: 15; mainland mesic: 123; 
and mainland alpine–subalpine: 28) with available data from 2019 
to 2021. We used generalized linear models (GLMs) with a Gaussian 
distribution and zero-inflation parameter (Brooks, Kristensen, & 
Van Benthem, 2017). We performed four models in which the re-
sponse variable was the mean annual abundance of each flight pe-
riod (overwintering and summer adults) for each species (Brimstone 
and Cleopatra). The independent variable was a categorical factor 
of four levels (Mallorca, Menorca, mainland xeric and mainland 
mesic) for the models of Cleopatra and two levels (mainland mesic 
and mainland alpine–subalpine) for the models of Brimstone. We 
focused on differences in the relative abundance of (i) Brimstone 
between mainland climate regions, and (ii) the relative abundance 
of Cleopatra between the islands and the mainland (considering the 
different mainland climate regions).

2.6.2  |  Environmental determinants of 
relative abundance

To test the climate-driven dispersive behaviour (H1) and resource 
availability (H2) hypotheses, we analysed the effects of spring and 
summer average maximum temperatures, overwintering habitat (i.e. 
forest cover) and host plant availability (i.e. Rhamnus sp. cover) on 
the abundance of each species–flight period–climate region com-
bination. We expected that the differences in relative abundance 
between mainland climate regions would increase in summer when 
adults would disperse to cooler areas (H1). Summer adult abun-
dance would be higher in the cooler than in the warmer region of 
their mainland distribution (i.e. Cleopatra: xeric < mesic; Brimstone: 
mesic < alpine–subalpine). We also expected that within mainland 
climate regions, abundance would be higher at sites with higher 
resource availability (H2). Similarly, differences in resource avail-
ability between biogeographic regions would explain differences in 
relative abundance between mainland and island Cleopatra popula-
tions. To test H1 and H2, we used data from the 84 random sites 
where resource availability was assessed. Predictor variables were 
rescaled to values ranging from 0 to 1 to ensure consistent scaling 
and prevent certain predictors from dominating the model. Because 
the data were extremely unbalanced to zero, GLMs were performed 
with a Tweedie distribution that best fitted the models (Brooks, 
Kristensen, van Bentham, et  al.,  2017). To compare resource 
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availability between biogeographic (Mallorca, Menorca and main-
land) and climate regions (xeric, mesic and alpine–subalpine), Tukey's 
multiple-comparison tests were used.

2.6.3  |  Apparent competition analyses

To test the apparent competition hypothesis (H3), we used two ap-
proaches. First, to explain the variation in the abundance of both 
species across mainland climate regions, we tested for differences in 
density dependence among populations. A recent study has shown 
that density dependence in our study region plays an important role 
in the population dynamics of most butterfly species including the 
Brimstone and Cleopatra (Ubach et al., 2022). Density dependence 
is likely related to the impact of natural enemies, particularly parasi-
toids, which have been shown to be a major cause of mortality (e.g. 
Shaw et al., 2009; Stefanescu et al., 2022). Under apparent compe-
tition, we expected that the interannual population growth of one 
species would depend not only on its own abundance in the previous 
year but also on the abundance of the other species. To test this hy-
pothesis, we used mainland sites with data from at least 10 consecu-
tive years in which both species coexisted (i.e. the Mediterranean 
mesic region; Figure 1; n = 41). For each species i, the response vari-
able of the models was the interannual population growth calculated 
as the difference between the log-transformed abundance in the 
current year (t) and in the previous year (t-1). The predictors of the 
models were (a) the abundance of the species i in t-1; (b) the abun-
dance of the species j in t-1; and (c) the sum of the abundance of the 
species i and j in t-1. As predictor c was highly correlated with predic-
tors a and b, it was included in a model as the only predictor. For each 
species, generalized linear mixed models (GLMMs) were carried out 
with all the combinations of the predictors and we then selected the 
best model based on AIC. For all the models, a Gaussian distribution 
including a zero-inflation parameter was used, with site controlled 
as a random effect.

The second approach was used to explain abundance variation 
between island and mainland Cleopatra's populations. Specifically, 
we performed unpaired t-tests to compare parasitism rates between 
Menorca and Mallorca in 2019 and Mallorca and Catalonia in 2021 
and 2022. We expected larval parasitism rates to be higher on main-
land populations than on the islands due to apparent competition 
between mainland populations of both coexisting species.

All analyses were carried out using R v. 4.2.1 (R Core Team, 2020) 
and the following packages: climateExtract to extract and manipulate 
ECAD climate data (Schmucki,  2022), rbms to fit the flight curves 
(Schmucki et  al.,  2022), fitdistrplus to find the statistical distribu-
tion that best fitted the data (Delignette-Muller & Dutang, 2015), 
glmmTMB to conduct GLMs and GLMMs (Brooks, Kristensen, van 
Bentham, et  al.,  2017), DHARMa to evaluate the goodness-of-fit 
of the models (Hartig, 2017), and MuMIn (Barton, 2020) for model 
comparison.

3  |  RESULTS

3.1  |  Abundance variation across biogeographic 
and climate regions

Overwintered adults of both species had similar relative abun-
dance values throughout the study area regardless of biogeog-
raphy or climate (Figure  2c,d). By contrast, we found significant 
differences between regions for summer adults (Cleopatra: F = 5.4, 
p = 0.002, R2 = 0.11; Brimstone: t = 3.59, p < 0.001, R2 = 0.08). In 
summer, Cleopatra was approximately 2.6 times more abundant 
in Menorca (0.52 ± 0.36) than in both Mallorca (0.2 ± 0.18) and the 
two mainland climate regions. Within the mainland, Cleopatra's 
summer adults were approximately 3.1 times more abundant in the 
mesic (0.28 ± 0.22) than in the xeric region (0.09 ± 0.08) (Figure 2e). 
Brimstone was approximately two times more abundant in the al-
pine–subalpine (0.18 ± 0.18) than in the mesic region (0.09 ± 0.1) 
(Figure  2f). All test statistic parameters and results are shown in 
Tables S1 and S2.

3.2  |  Environmental determinants of 
relative abundance

The importance of each of the different environmental factors 
in predicting butterfly abundance depended on the climate re-
gion and the flight period (Table  1). Resource availability had a 
positive effect on the abundance of Cleopatra in the mesic region 
(OW adults: βHPA = 0.14 ± 0.06, βOHA = 1.73 ± 0.87; SU adults: 
βHPA = 0.15 ± 0.06, βOHA = 1.74 ± 0.76), while the maximum tem-
perature constrained its abundance in the xeric region; nevertheless, 
this was only significant for the overwintered adults (OW adults: 
β = −0.55 ± 0.23, Z = −2.41, p = 0.02; SU adults: β = 0.08 ± 0.35, 
Z = 0.22, p = 0.82). Similarly, the abundance of Brimstone adults was 
constrained by the maximum temperature in the mesic region (OW 
adults: β = −0.28 ± 0.09, Z = −3.15, p = 0.01; SU adults: −0.26 ± 0.12, 
Z = −2.12, p = 0.03). For Brimstone, unlike Cleopatra, resource avail-
ability was found to be important only in relation to overwintering 
habitat, as host plant availability had no significant effect on abun-
dance in any flight period–climate region combination. A higher 
abundance of Brimstone overwintered adults occurred at sites with 
greater forest cover in both regions (mesic: β = 2.29 ± 0.94, Z = 2.43, 
p = 0.02; alpine–subalpine: β = 1.28 ± 0.58, Z = 1.99, p = 0.04). In 
the alpine–subalpine region, overwintering habitat availability also 
positively influenced the abundance of summer adult Brimstones 
(β = 1.81 ± 0.88, Z = 2.06, p = 0.03), while temperature had a slight 
but significant positive effect on summer adults (β = 0.17 ± 0.04, 
Z = 3.97, p = 0.01).

The two biotic factors, host plant and overwintering habitat 
availability, were well represented throughout the biogeographic 
and climate regions (Figure  3a,b), with no significant differences 
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between regions (OHA: F = 0.74, p = 0.57, R2 = 0.04; HPA: F = 2.05, 
p = 0.1, R2 = 0.1). However, host plants were scarce in the alpine–sub-
alpine sites. See Table S3 for full information regarding GLM models 
and Table S4 for results of Tukey's multiple-comparison tests.

3.3  |  Larval parasitism

During the study, we collected 949 larvae from Menorca, Mallorca 
and Catalonia (including sites in the xeric and mesic climate regions): 
103 larvae from Menorca in 2019, 412 from Mallorca (2019: 152; 
2020: 122; 2021: 110; 2022: 28) and 434 from mainland Catalonia 
(2021: 144; 2022: 290). However, 35% of the larvae died during rear-
ing for unknown reasons and were excluded from the calculations of 
parasitism rates. Parasitism was an important source of mortality in 
Gonepteryx larvae (Figure 4). On the islands, the percentage of larvae 
killed by parasitoids ranged from 15% to 45% in Mallorca, and was 
28% in Menorca in 2019. In Catalonia, a total of 9% of larvae died 
from parasitism in both 2021 and 2022.

Interestingly, different parasitoid species occurred on the main-
land and the islands (Figure  4a). At mainland sites, two species 
known to be specialist parasitoids of the genus Gonepteryx (Shaw 
et  al.,  2009), the braconid and the ichneumonid wasps Cotesia 
gonopterygis and Hyposoter rhodocerae, respectively, were recorded. 
All adults of C. gonopterygis emerged from G. rhamni larvae (n = 12), 
most of them from the sample taken from the coolest sampled site 
on the mainland, while only two individuals were recorded from the 
warmest site (Figure 4a). We could not identify the hosts of H. rhodo-
cerae to species level (because it is formed within the host's larval 
skin) but they were found at all except the coolest site, including a 
site where no larvae of G. rhamni was found (Sant Quintí, Figure 4b). 
Surprisingly, Cotesia risilis, a fairly common specialist parasitoid of 
Gonepteryx species in the study area (Jubany & Stefanescu, 2009), 
did not appear at any site. On the islands, Cleopatra was only at-
tacked by an endemic parasitoid, which we described as Cotesia bale-
arica (Shaw & Colom, 2023).

Parasitism was concentrated in larvae collected in the first three 
larval instars (Figure S4) and all parasitoids generally killed the larvae 
in the third instar. Parasitism rates were greater in Mallorca than in 
Catalonia in 2022 (mean diff. = −0.132 ± 0.049, t = 2.72, p = 0.035, 
df = 6), but no statistical difference was found between Mallorca 

TA B L E  1  Results of the GLMs testing the effect of the environmental predictors on the relative abundances of each species in each flight 
period and climate region. Test statistics for the best-fit models based on the AIC are shown: Coefficient estimate, standard error, z-value (z), 
p-value (p), sample size (n), degrees of freedom (d.f.) and dispersion parameter (d.p.). Predictors that had statistical significance (p < 0.05) in 
the best-fit models are indicated in bold.

Data subset

Fixed effects

n df dp

Max. temperature HPA OHA

Species Flight Region Coef [SD] Z (p) Coef [SD] Z (p) Coef [SD] Z (p)

Cleopatra OW Xeric −0.55 [0.23] −2.41 (0.02) — — — — 21 17 1.28

Mesic — — 0.14 [0.06] 2.27 (0.02) 1.73 [0.87] 1.98 (0.04) 43 38 0.91

SU Xeric 0.08 [0.35] 0.22 (0.82) — — — — 21 17 2.08

Mesic — — 0.15 [0.06] 2.55 (0.01) 1.74 [0.76] 2.29 (0.02) 43 38 0.93

Brimstone OW Mesic −0.28 [0.09] −3.15 (0.01) — — 2.29 [0.94] 2.43 (0.02) 43 38 1.01

Alpine — — 0.32 [0.2] 1.56 (0.12) 1.28 [0.58] 1.99 (0.04) 19 14 0.27

SU Mesic −0.26 [0.12] −2.12 (0.03) — — 1.66 [1.2] 1.36 (0.17) 43 38 0.89

Alpine 0.17 [0.04] 3.97 (0.01) — — 1.81 [0.88] 2.06 (0.03) 19 14 0.35

F I G U R E  3  Resource availability variables across climate and 
biogeographic regions. Comparison of the environmental variables 
between biogeographic and climate regions: (a) overwintering 
habitat availability. Total percentage (0–1) of cover of woodland 
habitats along the butterfly transects. (b) Host plant availability 
(Rhamnus sp. cover) standardized per 1000 m of transect length. All 
test statistic results are shown in Tables S1 and S1.
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and Catalonia in 2021 (mean diff. = 0.003 ± 0.111, t = 0.03, p = 0.977, 
df = 4) and between Menorca and Mallorca in 2019 (mean diff. = 
−0.115 ± 0.094, t = 1.22, p = 0.261, df = 7) (Figure 4c; Table S5).

3.4  |  Density dependence

Both the density of the same species and the sum of the densities 
of Gonepteryx sp. had significantly negative effects on the inter-
annual population growth of Brimstone and Cleopatra (Table  S6). 
Interannual population growth was best predicted by the density of 
the same species in t-1 than by the sum of the densities of the two 
species (Cleopatra: dAIC = 41; Brimstone: dAIC = 118.9). Models only 
including the interspecific density effect also had a significant effect 
but of lower magnitude (Cleopatra: −0.5 vs. −0.07; Brimstone: −0.62 
vs. −0.06) and had the highest AIC values (Cleopatra: dAIC = 88.7; 
Brimstone: dAIC = 132.8).

4  |  DISCUSSION

Observational and experimental studies have shown that insect 
populations fluctuate strongly over space according to differences 
in environmental conditions, resource availability and biotic interac-
tions (Speight et al., 1999). In this study, we used a system of two 
cogeneric butterfly species sharing many ecological traits to test 
three different hypotheses explaining the influence of (H1) seasonal 
dispersal movements mediated by climate, (H2) resource availabil-
ity and (H3) apparent competition mediated by shared specialized 
parasitoids on (i) regional variation in a mainland area and, for one 
of the species, (ii) island–mainland differences in abundance. Below, 
we discuss the observed patterns in our focal system with the aim 
of providing insight into the complex and interrelated factors that 
influence insect population dynamics in Mediterranean ecosystems.

4.1  |  Climate-driven dispersal behaviour

Climate is a major factor that determines species distribution by 
shaping the physical environment, including temperature, precipita-
tion and other environmental variables. These factors can directly 
or indirectly affect the physiology, behaviour and survival of or-
ganisms, causing significant spatiotemporal fluctuations in species 
abundance. In our study, we specifically examined the hypothesis 
(H1) that population abundance differences among climate regions 
change seasonally within a year due to the movement of individuals 
seeking more suitable climatic conditions. Our findings suggest that 
temperature plays a crucial role in driving such fluctuations at re-
gional scales in the populations of two mobile insect species through 
seasonal dispersal movements.

While no differences were found in the abundance of overwin-
tered populations between climate regions, summer populations of 
both species were more abundant in the cooler climate region of 
their mainland distribution (Figure  2e,f). This result seems to indi-
cate that higher temperatures increase the rates of adult dispersal 
from warmer to cooler sites, as temperature had a negative effect on 
the abundance of overwintered populations in the warmer regions 
(xeric for Cleopatra and mesic for Brimstone) and a positive effect 
on the abundance of summer adults in the cooler regions (at least for 
Brimstone in the alpine–subalpine region) (Table 1). Moreover, the 
fact that host plant abundance was minimal at the alpine–subalpine 
study sites (Figure 3b) supports the idea that butterflies present at 
these sites in summer came from other areas. Our results also sug-
gest that the differences between cold and warm sites are likely to 
increase with future global warming, potentially causing long-term 
shifts in the range margin of their distributions.

If we consider that temperature can explain the dispersal of 
individuals of our two study species, we could think that resource 
availability is interacting with climate. Temperature affects the dis-
tribution, quality, timing and duration of trophic resources, including 

F I G U R E  4  Larval parasitism in Gonepteryx species. (a) Comparison of local parasitism rates (site level) between regions in the same 
year. p-values of unpaired t-tests comparing parasitism rates are provided. Statistic results are shown in Table S5. (b) Bipartite plot showing 
quantitative associations between Gonepteryx larvae and its parasitoids in different study sites. Gonepteryx larvae were collected for a given 
side (lower nodes) and associated parasitoids (upper nodes). The width of the bottom nodes is proportionate to the number that developed 
into adults (brown, purple and green for mainland, Menorca and Mellorca, respectively) and the number parasitized (red). The width of the 
upper nodes is proportional to the abundance of a given species in a sample (i.e. the number of larvae that were parasitized).
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host plants and flowers. In Mediterranean regions, temperature 
can negatively affect the availability and quality of these resources, 
leading to butterflies dispersing to cooler regions, where resources 
are more abundant and of higher quality. However, Gutiérrez and 
Wilson  (2014) found no support for the resource availability hy-
pothesis as an explanation for the summer altitudinal migration 
of Brimstone in central Spain. Therefore, temperature may play a 
direct role in driving the dispersal of butterflies by affecting their 
metabolism and physiology. Cooler temperatures can slow down 
metabolic processes of insects, reducing energy consumption and 
potentially extending their lifespans (Karl & Fischer, 2009; Karlsson 
& Wiklund, 2005). In the same way, lower temperatures can enhance 
the persistence of host plants in ideal conditions for larval develop-
ment (Kuczyk et  al., 2021; Stefanescu et  al., 2022). Overall, these 
factors will increase reproductive success and, hence, population 
size, explaining the observed higher population abundance in the 
cooler regions of our studied species.

An alternative explanation for the seasonal differences in 
abundance between climatic regions could be an increase in aes-
tivation propensity among adult butterflies in response to higher 
temperatures, as observed in other butterfly species (Birch & 
Gottschalk,  2021; Scali,  1971). Nevertheless, the substantial con-
centrations of both Brimstone and Cleopatra butterflies regu-
larly observed at high altitudes during the summer (Gutiérrez & 
Wilson,  2014; Jubany & Stefanescu,  2009), even in open habitats 
where hibernation is not possible, strongly support the hypothesis 
of seasonal dispersal movements (including altitudinal migration).

Our results also suggest that in small, flat Mediterranean is-
lands, such as Menorca (area: 695.7 km2; highest elevation: 385 m), 
Cleopatra may exhibit resilience to warm and dry climate conditions, 
even when adults cannot locate cooler habitats for summer disper-
sal (but see Colom et al., 2021). In contrast, Brimstone may not toler-
ate these conditions as effectively. Indeed, unlike Cleopatra, which 
is found in most of the islands of the Western Mediterranean where 
the host plant is present, Brimstone is limited to a few larger and 
mountainous Mediterranean islands.

4.2  |  Resource availability

Our second evaluated hypothesis (H2) posits that resource availabil-
ity explains spatial variation in relative abundance. The availability of 
nectar and host plants is known to play an important role in shap-
ing the spatial heterogeneity of butterfly abundance (Yamamoto 
et  al.,  2007). Although both are important, host plant availabil-
ity is generally considered to have a stronger effect than nectar 
plant availability on butterfly abundance (Curtis et  al., 2015). This 
is particularly true for species with narrow diet breadths, such as 
Brimstone and Cleopatra. In addition to trophic resources, the avail-
ability of suitable overwintering habitats can also be a critical factor 
for species that undergo annual movements, such as those studied 
here. Loss of forest habitat in overwintering areas of Danaus plexip-
pus in Mexico, for instance, has been identified as a major factor 

explaining population decline (Brower et  al.,  2012). Similarly, host 
plant and overwintering habitat availability significantly influenced 
the abundance of overwintered and summer Cleopatra adults, sug-
gesting that both larval trophic resources and overwintering habi-
tats are important. However, a positive effect of resource availability 
on abundance was found in the mesic region but not in the xeric 
region. This suggests that while temperature is the main factor ex-
plaining abundance in the warmer sites, resource availability may be 
the limiting factor in the cooler sites for Cleopatra. Therefore, the 
importance of resource availability in Cleopatra's abundance seems 
to be mediated by regional climate conditions.

Differences in overwintering habitat and host plant cover are 
unlikely to be large between the mainland and the islands and be-
tween the two islands, at least at the study sites (Figure 3a,b) and, 
therefore, the high densities of Cleopatra in Menorca do not appear 
to be due to increased resource abundance or overwintering habitat 
on this island. Nevertheless, our data set is restricted to the tran-
sect level and data on host plants and overwintering habitat over 
wider areas may be needed to establish whether or not differences 
in summer populations between Menorca and the other regions are 
attributable to differences in these environmental variables at larger 
scales. Menorca may have been less affected by land use changes, 
urbanization and the loss of habitat heterogeneity over the past 
two decades than either Mallorca or the mainland given that it has 
been a Biosphere Reserve since 1993. In spite of the high mobility of 
Cleopatra adults, capable of reaching suitable distant habitats and 
food resources, landscape structure may still play a role and enhance 
in Menorca the connectivity between resources and their exploita-
tion and, consequently, maintain larger butterfly populations.

In contrast to Cleopatra, Brimstones at cooler sites were more 
limited by overwintering habitat than by host plant availability. 
Indeed, host plant availability in the alpine–subalpine sites was mini-
mal, suggesting that although brimstone adults may benefit from the 
environmental conditions of this region in summer for reproduction 
(as discussed earlier), egg laying may concentrate in warmer areas 
with sunny exposed sites (McKay,  1991). It is possible, therefore, 
that Brimstones move from warmer to cooler sites in summer but 
then return to warmer areas in the autumn for breeding the fol-
lowing spring, as suggested to occur along an altitudinal gradient in 
Central Spain (Gutiérrez & Wilson, 2014).

4.3  |  Variation in parasitism pressure and apparent 
competition

Our results do not support the hypothesis (H3) which posits that 
indirect interactions mediated by shared specialized parasitoids (i.e. 
apparent competition) between Brimstone and Cleopatra on the 
mainland lead to lower abundances than on the islands where only 
Cleopatra is present, ruling out the possibility of suffering appar-
ent competition. This is because, firstly, compared to the mainland 
regions, Cleopatra populations were more abundant in Menorca but 
not in Mallorca. Secondly, because parasitism rates were not higher 
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on the mainland than on the island sites. However, it should be noted 
that parasitism rates were underestimated because egg and pupal 
parasitoids, which could represent significant sources of mortality 
and population regulation, were not examined in this study. Focusing 
on larval parasitoids, only one parasitoid species was found on the 
islands, which caused mortality rates similar to or even greater than 
those induced by the two parasitoid species combined on the main-
land (Figure 4a). The endemic Cotesia balearica was found at all island 
sites and was found to have a great capacity to parasitize Cleopatras 
in a wide range of habitats and environmental conditions (Figure 4b). 
On the other hand, our data suggest that the two parasitoids found 
on the mainland have a low niche overlap as they only co-occurred in 
one of the four sampled sites (Figure 4b). Specialist parasitoids tend 
to vary their use of temporal and spatial resources to facilitate coex-
istence (Hood et al., 2021); therefore, more natural enemies on the 
mainland do not necessarily imply higher levels of butterfly larval 
mortality. The low niche overlap between the two parasitoids on the 
mainland can be explained by climate, habitat and/or host prefer-
ences, differences that may have originated as a result of competi-
tive exclusion. Our findings suggest that Cotesia gonopterygis occurs 
at colder sites and Hyposoter rhodocerae at warmer sites, although 
H. rhodocerae is known to be a common parasitoid of Brimstone in 
colder regions such as the United Kingdom (MRS pers. obs.). The 
fact that all C. gonopterygis individuals emerged from Brimstone lar-
vae suggests that it specializes in this species; yet, H. rhodocerae was 
found at a site where there were no Brimstone larvae, which sug-
gests that it can use both Brimstone and Cleopatra larvae as hosts. 
However, apparent competition between Brimstone and Cleopatra 
populations seems unlikely if we take into account the fact that lar-
val coexistence was unexpectedly low despite the high adult overlap 
(Figure S3). While Brimstone adults were common at three of the 
four sampled mainland sites, larvae of this species were only well 
represented at the coolest sites. Therefore, our results indicate that 
there is great segregation in the breeding areas of both Brimstone 
and Cleopatra, which limits the possibility of indirect effects. This 
suggests that these two closely related species have differentiated 
their climatic niches more than might be expected from the spatial 
distribution of adults and that this could be the result of an evolution-
ary process promoting coexistence (Duyck et al., 2006). Moreover, 
an indirect approach using density dependence models also failed to 
support the apparent competition hypothesis (Table S6).

5  |  CONCLUSIONS

Our findings show that both climate and resource availability shape 
regional and local spatiotemporal variations in the abundance of 
our studied butterflies. Temperature drives seasonal movements 
from hotter to cooler regions, which could help avoid the direct 
negative effects of high summer temperatures on the metabo-
lism and physiology of adults. On the other hand, host plant and 
overwintering habitat availability are key to explaining differences 

between sites in the same climate region. However, differences in 
resource availability are unlikely to explain abundance differences 
between biogeographic regions. Interestingly, although larval para-
sitism was found to be a notable source of mortality, it does not 
seem to explain the island–mainland differences in abundance. 
Our results suggest that evolutionary processes have driven both 
segregation of the breeding areas of the two coexisting butterfly 
species and segregation of the niche of the different larval para-
sitoids on the mainland. These processes would prevent apparent 
competition between species sharing specialized natural enemies, 
such as Brimstone and Cleopatra, thereby promoting their partial 
coexistence at regional scales.
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