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Abstract
Aims: Multiple environmental changes simultaneously altering the biotic and abiotic
context of species are threatening communities and ecosystems worldwide. Exploration
and mitigation of the eco-evolutionary impacts of global change threats correspondingly
are major components of conservation research, yet joint global change impacts remain
poorly studied. Moreover, changes in the biotic context of species are rarely considered
when assessing global change-induced range shifts. We aim to unravel the contributions
of habitat fragmentation, climate warming, genetic variation and biotic interactions to
the past, current and future distribution of a rare grassland butterfly.
Location: French Pyrenees.
Taxon: Phengaris (Maculinea) alcon, Gentiana pneumonanthe.
Methods: We examined the combined effects of habitat fragmentation and climate
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warming on the expected distribution of a specialized grassland butterfly and its host
plant species using ecological niche modelling and genetic analysis. More specifically, circuit theory and maximum entropy modelling were used to assess changes in connectivity
and habitat suitability under various land use and climate warming scenarios. Complementary, we used pooled RAD sequencing to assess relations between genetic diversity
on the one hand, and connectivity, habitat suitability and altitude on the other hand.
Results: We show that both habitat fragmentation and climate warming reduce the
amount of suitable and reachable habitat. Complete abandonment of mild grazing

Editor: Aristeidis Parmakelis

practices would drastically reshuffle the distribution of suitable habitat and would
render most of the remaining suitable patches poorly reachable. Moreover, serial
genetic founder effects observed in high-altitudinal populations of both species suggest that their dispersal rates lag behind environmental change.
Main conclusions: Together, these findings corroborate the notion that habitat fragmentation, through abandonment of mild grazing practices and agricultural intensification, is the most eminent threat to the highly biodiverse semi-natural grassland
ecosystems across Europe. Fighting habitat fragmentation would increase the genetic
and ecological resilience of communities towards other global environmental threats.
KEYWORDS

connectivity, ecological niche modelling, Gentiana pneumonanthe, global change, habitat
fragmentation, intensification, land conversion, land use, Phengaris (Maculinea) alcon
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1 | INTRODUCTION
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Ecological niche models can be used in parallel with genetic analysis to inform about the ability of populations and communities to

Assessing global change-induced shifts in suitable habitat is a

cope with future environmental conditions, as genetically impover-

major component of species and ecosystem conservation research

ished populations are unlikely to survive the increased stress levels

(Ettinger & HilleRisLambers, 2017; Hill, Tobin, Reside, Pepperell, &

associated with distribution-wide changes in biotic and abiotic condi-

Bridge, 2016). Extensively managed landscapes such as seasonally

tions (Carlson, Cunningham, & Westley, 2014; Ikeda et al., 2017; Kit-

occupied grasslands are renowned for their high species richness,

telson et al., 2015; Reed & Frankham, 2003). Reduced habitat

and systematic abandonment of these landscapes is causing pro-

suitability due to global environmental changes can compromise the

nounced species’ declines across Europe, urging for targeted con-

genetic diversity (GD), fitness and adaptive potential of natural com-

servation of these valuable ecosystems (Queiroz, Beilin, Folke, &

munities through reducing population sizes and impeding dispersal.

Lindborg, 2014; Sutcliffe et al., 2015). Ecological niche modelling

Moreover, genetic changes accumulated through past population and

(ENM) has been widely used to identify the potential distribution

community responses to historical environmental shifts can inform

of species of conservation concern, and to extrapolate niche-

forecasts of species distributions in response to future environmen-

environment relations to likely global change scenarios (Weber,

s-Bravo, 2014).
tal changes (Fordham, Brook, Moritz, & Nogue

Stevens, Diniz-Filho, & Grelle, 2017). ENM studies have frequently

Whereas the role of population-level processes in community and

provided interesting insights into the abiotic factors driving species’

ecosystem dynamics is widely acknowledged (Fernandez-Conradi,

presence–absence patterns, yet are generally limited to single spe-

Jactel, Hampe, Leiva, & Castagneyrol, 2017; Fridley & Grime, 2010;

cies. Biotic interactions including parasitism, animal-mediated polli-

Hughes, Inouye, Johnson, Underwood, & Vellend, 2008; Prieto et al.,

nation and predation are, however, crucial for meta-population

2015), the relation between population GD, species’ interactions and

functioning, and consequently the potential of populations to sur-

range dynamics remains poorly studied.

vive global changes (Bailey et al., 2014; Gilman, Urban, Tewksbury,

The highly specialized parasitic butterfly Phengaris (=Maculinea)

Gilchrist, & Holt, 2010; Godsoe, Jankowski, Holt, & Gravel, 2017;

alcon (Alcon blue, hereafter “Alcon”), faces extinctions across its Eur-

Wilmers & Post, 2006). Especially where multiple global changes

asian range (Wynhoff, 1998). Alcon requires the simultaneous pres-

act in concert, many species may be facing persistence challenges

ence of multiple species, including the rare plant Gentiana

beyond current acknowledgement (Sirami et al., 2017). An impor-

pneumonanthe (Marsh gentian, hereafter “Gentian”), and an ant of

tant avenue in global change ecology and conservation biology

the genus Myrmica (hereafter “Myrmica”). While Myrmica ants are

therefore exists in unravelling the integrated impact of multiple

widespread across Eurasia, the Gentian plants have a scattered dis-

global environmental changes and species’ interactions on the dis-

tribution, restricted to marshes and wet grasslands from northern

tribution and abundance of species (Godsoe et al., 2017; Sirami

Portugal and the Balkans in the south to southern Finland in the

et al., 2017).

north (Simmonds, 1946), and strongly depend on grazers for the dis-

Maximizing our ability to obtain realistic distribution forecasts

persal of their seeds. Thus, Alcon habitat is expected to be mainly

thus requires an understanding of the multiple factors affecting spe-

shaped by direct and Gentian-mediated effects of changes in land

cies in both their abiotic and biotic environment. Biotic interactions

use and climate. Accordingly, habitat fragmentation, through affect-

are key to natural communities, and their intensity and frequency

ing the regional distribution of its host plant, is believed to be an

are shaped by complex eco-evolutionary dynamics within and among

important driver of Alcon fall backs (Mouquet et al., 2005; Vanden

species, including gene flow, species sorting, local adaptation and co-

Broeck et al., 2017). While both Alcon and Gentian have been in

evolution (Blois, Zarnetske, Fitzpatrick, & Finnegan, 2013). Global

decline across their range for decennia (IUCN, 1990; Oostermeijer,

changes have been shown to frequently disrupt these dynamics,

Dennijs, Raijmann, & Menken, 1992; resp.), recent declines have

consequently destabilizing species’ interactions and endangering the

been reported in Belgium (e.g. Maes, Vanreusel, Talloen, & Van

species involved in ecological networks (Blois et al., 2013; Memmott,

Dyck, 2004), the Netherlands (e.g. WallisDeVries, 2004), Germany

Craze, Waser, & Price, 2007; Strona & Lafferty, 2016; Tylianakis,

€tkepohl, & Assmann, 2007) and
(e.g. Habel, Schmitt, H€ardtle, Lu

Didham, Bascompte, & Wardle, 2008). Species with specific biotic or

France (e.g. Tessier, 2015).

abiotic requirements and limited dispersal abilities in particular are

The goal of this study is to assess how climate change, habitat

facing strong declines with increased habitat fragmentation and cli-

fragmentation and changes in host plant distribution independently

mate warming (Clavel, Julliard, & Devictor, 2011; Eskildsen et al.,

and interactively shape past, current and future distribution of Alcon

2015; Warren et al., 2001). Moreover, presence–absence data of

butterflies in a mountainous area. We focused on the French Pyre-

species living in close association with rare species through shared

ge, featured by seasonal grazing of high-altinean department of Arie

habitat requirements or direct species’ interactions may improve

tudinal semi-natural grasslands. Alcon experiences notable declines

ENM accuracy by increasing the amount of spatial data that can be

in the region, presumably driven by the joint impacts of (sponta-

used to narrow down the realized niche. Despite global conservation

neous) reforestation and climate change on Alcon community

priorities towards rare and specialist species, ENMs accounting for

dynamics. We used ENM to map the current, past and future Alcon

species’ interactions are, however, rare (Anderson, 2017; Gonzalez-

distribution based on host plant distribution, land use and forest

Salazar, Stephens, & Marquet, 2013).

cover,

bioclimatic

variables,

topography

and

observed

field
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temperatures. In addition, GD of Alcon populations was examined in

distances of 17 km where the landscape is connected through pastu-

relation to habitat suitability, connectivity, altitude and host plant

ral and (semi-)natural grasslands (Figure S1). In each Alcon popula-

GD to obtain realistic prospects of regional Alcon meta-community

tion, an Alcon leg and a Gentian leaf per individual were sampled

dynamics.

from an average of 26 and 31 individuals, respectively, for DNA

Specifically, we addressed the following key questions: (a) How

extraction and genetic analysis (Table S1).

do climate warming and land use change interactively impact the
amount of habitat suitable for Alcon and its host plant? (b) Can the
predicted host plant distribution be used to enhance Alcon distribu-

2.2 | Ecological niche modelling

tion modelling? (c) How do climate warming and land use change

Relations between environmental variables and current species

affect the connectivity between suitable habitat patches given the

occurrences can be extrapolated to reconstruct past and predict

dispersal abilities of Alcon? (d) Is within-population GD driven by

future distributions. We correspondingly used ENM to map relations

habitat suitability and connectivity? and (e) Can we find new popula-

between various environmental variables (topography, field tempera-

tions based on ENM outcomes?

ture, climate, forest cover, land cover and geological information)
and Alcon and Gentian presence. To take into account topographical

2 | MATERIALS AND METHODS
2.1 | Study system

and microclimatic influences on climate, including cold air drainage,
solar irradiation and forest cover, we assessed the relation between
observed temperatures, and topography and forest cover. To this
end, two temperature loggers (c. 100 m apart) were installed at each

The Alcon butterfly requires the simultaneous presence of Gentian

site to monitor temperature hourly during a year. Observed local

plants and Myrmica ants (locally M. scabrinodis). Alcon deposits its

monthly minimum temperatures (unaffected by monitor overheating)

eggs on Gentian flower buds, followed by larval predation of the

were extracted (Table S3) and regressed against (a) forest cover and

seeds after hatching. After the third moult, the caterpillars drop on

a set of four topographical variables (30 m resolution; Table S2), and

the ground, aiming to be found by a Myrmica ant worker. Co-

(b) regional monthly minimum temperatures extracted from world-

evolved surface chemistry allows the relatively big Alcon caterpillars

clim.org (v1.4) (c. 1,000 m resolution) (Hijmans, Cameron, Parra,

to be recognized and fed as superior Myrmica larvae (Nash, Als,

Jones, & Jarvis, 2005).

Maile, Jones, & Boomsma, 2008).

From these 12 monthly temperature models, we selected the

A total of 35 Alcon populations (incl. eight recently extinct popu-

2 months of April and July based on their ecological relevance (onset

lations) and 168 Gentian populations were identified after thorough

of host plant growing season and Alcon flying season, resp.), and the

ge (4,890 km²) (Tessier, 2015). The Alcon sites are
screening of Arie

high adjusted R² values of the underlying regression models

structured into four geographical clusters, including two nearby clus-

(Table S4). Model coefficient estimates of the significant variables

ge and two relatively
ters in the Valley Bottoms ecoregion of Arie

were applied to the forest cover, topography and resampled regional

distant clusters in the Mountain ecoregion (Figure 1, Table S1). The

temperature maps to obtain a 30 m resolution temperature map for

populations span an altitudinal gradient from 400 to 1,017 m

each of the 2 months: “APRTopo” and “JUL

(Table S1). Daily capture–mark–recapture surveys covering the full

Appendix for map construction details). In addition to these topo-

flying season from late June to early September (2014) showed reg-

graphically corrected temperature variables, a set of ecologically rele-

ular dispersal within 3 km ranges and rare dispersal events up to

vant

bioclimatic

(“bioclim”)

variables

were

Topo”

(please see

retrieved

F I G U R E 1 Present habitat suitability map of Alcon with (left) and without (right) accounting for host plant distribution. Colours follow
MAXENT raw (relative) presence probability distributions. Yellow to red colours (≥ suitability threshold of 2 9 10 3) are deemed suitable for
Alcon. Red crosses represent Alcon sampling sites

from

4
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worldclim.org (Tables S2 and S5). Finally, a land use (“Landuse”) and

additional predictor variable (Figure 2). Myrmica was not used for

a geology (“Geology”) map were converted to a 30 m resolution ras-

ENM because it is much more common across the landscape than

ter (Table S2). All abiotic maps were used for ENM following the

Gentian.

methodology described below (Table 1).

In addition to the warming and land conversion scenarios

Four different sets of the environmental variables described

depicted above, we modelled a “2100” scenario representing the

above (TEMPtopo, BIOCLIM, TOPO, BIOTOPO: Figure 2, Table S2)

most likely land conversion and warming conditions predicted for

were used and mutually compared to estimate the present Gentian

the near future (the year 2100). This scenario was based on histori-

and Alcon distribution. To reconstruct past distributions (present to

cal land use trends and socioeconomic drivers in the French Pyre-

Last Glacial Maximum), the TEMPtopo maps were cooled by 1–8°C

nees (Vacquie, Houet, Sohl, Reker, & Sayler, 2015), and mild global

(C1–C8) while future climate warming was simulated through an

mean temperature change projected by the low emission scenario

increase in temperature of 1–3°C (W1–W3). Increasing fragmenta-

(RCP2.6) presented by the IPCC (IPCC, Collins et al., 2013). More

tion of suitable habitat was simulated through (a) partial (30%) con-

specifically, we modelled a modest temperature increase of +1°C

version of pastures into forest, (b) full conversion of pastures into

(W1) and assumed a socioeconomic context with features of a busi-

forest, and (c) full conversion of pastures (intensive grazing) and

ness-as-usual model (no major changes in global economy, land man-

semi-natural grasslands (extensive seasonal grazing) in the land use

agement and public policy, 17.8% land abandonment) and with

map, corresponding to c. 3%, 10% and 13% reforestation across the

characteristics of a regional co-operation model (implementing ambi-

study region, respectively (F1–F3). Land conversion and warming

tious conservation policies to reduce the environmental impact of

were combined to assess the joint impacts of the two global change

agro-pastoral activities while optimizing production rates, 3.3% land

effects. For the Alcon scenarios, Gentian distribution probabilities

abandonment) (Vacquie et al., 2015). We generated a simple approx-

retrieved from the corresponding ENMs were included as an

imation of the 2100 socioeconomic model through conversion of the
50% smallest natural and semi-natural grasslands into forest while

T A B L E 1 Selected environmental variables (input maps) used for
the present, past and future ecological niche modelling (ENM)
scenarios. April and July temperatures were corrected for local
topography using regression models. Altitude, normalized height,
irradiation and topographical position index were retrieved from a
30 m resolution elevation map using QGIS. Landuse was
downloaded from the CORINE website and converted to a 30 m
raster using QGIS. Bioclim variables were downloaded from
Worldclim.org and converted to 30 m resolution using QGIS
APRTopo

Modelled 30 m resolution minimum temperatures April
(TEMPTopo variable 1)

JULYTopo

Modelled 30 m resolution minimum temperatures July
(TEMPTopo variable 2)

ALT

Altitude (topographical variable 1)

HEIGHT

LOG1O(normalized height): altitude relative to local
valley depth (QGIS package “Relative heights and slope
positions” (topographical variable 2)

conserving all existing pastures (c. 7% reforestation).
Habitat suitability maps were generated using maximum entropy
modelling with MAXENT 3.3.3 (Phillips & Dudık, 2008; Phillips, Dudık, &
Schapire, 2004), for Gentians and Alcons. MAXENT extracts a random
sample of background locations from a user-defined landscape and
contrasts these background locations to a list of presence locations in
function of the input environmental variables, resulting in a relative
occurrence rate (ROR). The ROR describes the relative probability that
a grid cell on the landscape is part of the collection of presence samples, and represents raw output as recommended over logistic regression (e.g. Halvorsen, Mazzoni, Bryn, & Bakkestuen, 2015; Merow &
ge took
Silander, 2014). The identification of presence data across Arie
place by visiting a total of 184 hill tops that allowed a clear overview
of the surrounding area (Tessier, 2012). To minimize sampling bias
that could otherwise result in inaccurate projections and overestimated predictive power (Merow, Smith, & Silander, 2013), a buffer

IRR

Irradiation based on slope and aspect (QGIS package
“r.sun”) (topographical variable 3)

area (10 km intersection) was drawn around each visiting site, and all

TPI

Topographical Position Index, describing slope shape
(topographical variable 4)

MAXENT default parameters (500 iterations, regularization multiplier of

FOR

Forest cover at 30 m resolution (Hansen et al., 2013)

points) were used. Cross-validation with ten replicates was performed

LANDUSE

CORINE land cover vector layer

to evaluate prediction uncertainty. Average model performance was

GEOLOGY

Geological vector map (1/50,000 http://www.mipygeo.f
r/). Only relevant for Gentian distribution (Tessier
2015)

assessed through the area under the curve (AUC), with values ranging

BIOCLIM3

Isothermality (Gentian and Alcon), from worldclim.org

ge to assess the present distribujected (a) to the full extent of Arie

BIOCLIM6

Minimum temperature of the coldest month (Gentian)

BIOCLIM14

Precipitation of the driest month (Alcon)

BIOCLIM18

Precipitation of the warmest quarter (Alcon)

BIOCLIM19

Precipitation of the coldest quarter (Gentian)

variables to the most ecologically relevant ones, we assessed the

GENTIAN

Gentian presence probability based on ENM of the
respective scenario

additional effect of various beta regularization parameters (a penalty

environmental input maps were cropped to this buffer (Figure S4).
1, convergence threshold of 0.00001, and 10.000 random background

from 0.5 for a random prediction to 1 for a perfect prediction (Raes &
ter Steege, 2007). The fitted ecological niche model was then protion, and (b) to the warming, land conversion and cooling scenarios to
assess past and future distributions.
Although we limited overfitting through limiting the number of

to reduce overfitting) using the Wallace R package (Kass et al.,

DE KORT
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F I G U R E 2 Diagram showing how environmental variables (input maps) were combined to parameterize ENM for Gentian and Alcon in
ge. The first four PRESENT scenarios represent the four sets of
different scenarios, to obtain predictions on their probable distribution in Arie
environmental variables mutually compared for their predictive abilities. The TEMPtopo scenario served as the basis for the past and future
scenarios, as it had high predictive power and allowed modelling of temperature. Only coloured squares were used in the respective scenarios.
Letters in squares refer to the level of alteration modelled relative to the initial conditions of present scenario TEMPTOPO. C: 1°C to 8°C;
W:+1°C to +3°C; F: +3%, +10% or +13% land conversion. Topography (input map) represents four different topographical variables as detailed
in Table S2. Note that for future scenarios we always included at least 1°C warming because ongoing warming cannot be fully prevented while
regional and local policies and land management can, to some extent, mitigate ongoing land conversion

2018). For both species, the default regularization multiplier in MAX-

centroid-based approach rather than a patch approach, and only cen-

(1) was comparable to, or exceeded, most other values in both

troid pairs less than 20 km (exceeding observed dispersal distances)

species in terms of AUC and AICc (Table S6, Figures S5 and S6), and

apart were considered. Suitable habitat patches for centroid determi-

was therefore used for all models.

nation were delineated using a habitat suitability threshold of

ENT

2 9 10

2.3 | Connectivity and habitat fragmentation

3

, corresponding to the minimum habitat suitability (pro-

vided by ENM) at sampled Alcon sites. Small patches (<1 ha) that
are unlikely to sustain suitable host plant populations were removed

To assess the connectivity between pairs of suitable patches, we

to limit the number of centroids. The effects of climate and land use

used CIRCUITSCAPE (McRae, Dickson, Roemer, & Rundall, 2013), a

change on levels of habitat fragmentation were quantified across

circuit theory-based approach that calculates the dispersal resistance

scenarios using a variety of metrics provided by FRAGSTATS 4.2

experienced at each pixel in a raster landscape based on environ-

(Mcgarigal, Cushman, Neel, & Ene, 2002) (Figure 3). Connectivity in

mental input maps scored according to presumed dispersal effi-

each scenario was calculated as [(1/resistance) 9 106] averaged

ciency. Assigning a high score to specific land use features thus

across all centroids (Tables S7 and S8).

results in high dispersal resistance and low connectivity at corre-

Part of the suitable patches is expected to be inaccessible due to

sponding locations. We used the Alcon habitat suitability maps

low connectivity. Based on observed dispersal events during the CMR

resulting from the ENM scenarios as input maps, assuming that high

survey, a connectivity threshold was assigned beyond which Alcon

habitat suitability results in more efficient dispersal across the land-

dispersal is highly unlikely. This threshold corresponded to the con-

scape. To avoid overly extensive calculation times, we applied a

nectivity between the two sites with the maximum observed dispersal

6
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W1

W3

F I G U R E 3 Map demonstrating suitable area (green, habitat suitability threshold 2 9 10 3) with reachable patch centroids (green circles) for
the climate warming scenarios (ignoring ongoing habitat fragmentation). Climate warming scenarios are simulated by an increase in
temperature of 1–3°C (W1–W3). The size of centroids is proportional to patch size. Red circles are predicted to be unreachable

distance (17 km, between NE2 and NW16), calculated using a

measure of GD, expected heterozygosity (Nei, Maruyama, & Chakra-

CIRCUITSCAPE analysis involving the sampled Alcon populations. The

borty, 1975) was calculated as 2AF(1-AF), averaged across loci, for

R-package “igraph” was used to identify centroids disconnected from

each sampled population based on the AF estimates (Figure S12).

all centroids of the preceding scenario (e.g. for scenario W2, the

We subsequently applied regression models to assess the effect of

centroids of W1 were considered as “emigration” sites from which

Gentian GD, altitude, habitat suitability and connectivity on Alcon

butterflies could depart during the transition from W1 to W2).

GD. Local habitat suitability was defined as the mean habitat suitability (provided by ENM) in a buffer area of 5 km² around each suc-

2.4 | In situ inspection of the ENM

cessfully sequenced population (n = 22; Table S1). Site connectivity
was calculated as the average pairwise connectivity between a site

ge department already had been profoundly
Although the Arie

and all other sites in the region (Table S1). Altitude was included as

screened for the presence of Alcon through field surveys by regional

a covariate to take into account a potential historical colonization

naturalists (Tessier, 2012, 2015), a selection of 30 coordinates was

event. In addition, Gentian GD was added to find species’ interac-

extracted from the Alcon TEMPTOPO map based on promising pres-

tions on the level of GD that could be due to shared habitat and/or

ence probabilities with the twofold aim of (a) discovering new Alcon

historical features. Model selection was performed using the Dredge

and Gentian sites and (b) validating the MAXENT model in situ. Pres-

function in R (package “MuMIn”).

ence probabilities at these “checkpoint” coordinates were statistically
compared with probabilities at existing sites and at potentially newly
discovered sites. The number of flowering Gentians and the propor-

3 | RESULTS

tion of Gentians with Alcon eggs were counted.
The four sets of environmental variables used to estimate present

2.5 | Genetic diversity

Alcon distribution rendered similarly high predictive abilities (AUC)
ranging between 0.972 (TOPO) and 0.978 (BIOCLIM). Ignoring host

Stable and/or connected populations typically maintain relatively

plant distribution resulted in lower AUC values (0.794–0.809, Fig-

high GD. Prior to genetic analysis, extracted DNA was subjected to

ure S9). The topoclimate set (TEMPtopo, Table S2), which served as

pooled RADsequencing, resulting in allele frequency (AF) estimates

the basis for the various global change predictions, resulted in an

for 478 and 184 high-quality SNPs for Alcons and Gentians, respec-

AUC of 0.975. Although these very high values must be interpreted

tively (Figure S7) (see Appendix for a detailed protocol). To obtain a

with caution due to the limited spatial scale of the study, the

DE KORT

|

ET AL.

7

resulting distribution maps provided a realistic representation of the

suitable habitat partially shifts to higher altitudes but low connectiv-

ge (Figure 1), with an estimated
present Alcon distribution in Arie

ity prevents dispersal to these higher patches (Figure 6).

3.44% of the landscape potentially suitable for the species. A small

Although in situ inspection of 30 checkpoint sites with promising

proportion of this suitable area, at higher altitudes, is unreachable

predictability led to the discovery of 10 additional Alcon sites (from

under present environmental conditions (Figure 3).

27 to 37), these “New” sites are clustered near the same checkpoint

The Gentian distribution was mainly predicted based on geology

site (Figure 7, Table S9). Moreover, this was the checkpoint with the

(variable contribution to model: 81.5%), followed by land use

lowest altitude (Figure 7). On average, the MAXENT habitat suitability

(12.5%). April and July temperatures accounted for 0.4% and 2.7%

was smallest in the recently extinct Alcon populations, followed by

of the relative Gentian presence probabilities, respectively (Figure S7).

the checkpoint sites, and was highest in the existing and newly dis-

The Alcon distribution was almost entirely predicted by Gentian

covered sites (Figure 7). These differences were, however, not signif-

presence probabilities (97.8%) (Figure S7). Excluding Gentian pres-

icant (F4,84 = 1.066, p = 0.378, Figure 7). A total of 20 new Gentian

ence probabilities from the MAXENT model rendered land use (55.5%)

sites near eight checkpoints were discovered based on the same

and July temperatures (17.5%) the most important variables to pre-

TEMPTOPO probability map (Figure 7, Table S9).

dicted Alcon presences (Figure S7).

Genetic diversity significantly decreased with increasing altitude

The amount of suitable habitat is predicted to decrease with

(p < 0.0001, R² = 0.65, Figure 8). Neither local habitat suitability nor

increasing temperatures (Figure 3), and patches steadily decrease in

connectivity affected GD levels. Although Gentian GD did not add

size and move upward as climate warms (Figures 3 and 4). However,

to the altitude effect, it was strongly correlated with both altitude

connectivity is only slightly affected and no threatening situations

and Alcon GD (Figure 8). Population sizes estimated from our

occur even at a temperature increase of 3°C (Figures 3 and 4a left

CMR survey did not vary with altitude (Figure S12), indicating that

panel). Correspondingly, cooler temperatures reflecting past climate

the genetic impoverishment with altitude probably resulted from a

did not drastically affect Alcon distribution up to approximately

serial (upward) genetic founder effect followed by population

10 kyr

BP

( 2°C), and refugia may have been present at low altitude

expansion.

during the Last Glacial Maximum (Figure S10).
Changes in land use drastically add to the negative impacts of
climate warming on the predicted Alcon distribution (Figures 4 and

4 | DISCUSSION

5). When temperature increases by 3°C, and pastures and semi-natural grasslands become reforested, patches become too small and

The ability of species to cope with multiple global changes depends

isolated for sustainable (meta)populations. Following expectations,

on their genetic diversity, dispersal abilities and interactions with the

abandonment of seasonal grazing practices is particularly detrimental

local biotic and abiotic environment. We show how climate and land

for Alcon (F3W3, Figures 4 and 5). The suitable altitude doubles in

use change notably push the expected distribution of a specialized

this scenario (Figure 4). By the year 2100, suitable habitat, the num-

grassland butterfly uphill and reduce the amount of habitat that is

ber of suitable patches and connectivity are predicted to decrease

both suitable and reachable. Moreover, the marked correlation

by 25%, 32% and 32%, resp. (Figure 6, Figure S11). In addition,

between genetic diversity and altitude suggests poor dispersal

F I G U R E 4 Effects of warming and land conversion on fragmentation levels as computed by FRAGSTATS (a) and on suitable patch altitude
(b). W0 and Topo reflect current climate, W1 to W3 reflect climate warming by 1–3°C, and F1 to F3 reflect increasing levels of grassland
conversion into forest
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F I G U R E 5 Maps demonstrating suitable area with patch centroids for the combined scenarios (accounting for ongoing habitat
fragmentation). W0 reflects current climate, W1 to W3 reflect climate warming by 1–3°C, and F1 to F3 reflect increasing levels of grassland
conversion into forest

F I G U R E 6 Maps demonstrating suitable area with patch centroids (left) and change in suitability as compared with the present (right) for
the 2100 scenario. Blue, green and red colours in the right panel represent suitable habitat gained, unchanged or lost, resp. Changes in
fragmentation levels are also shown (legend following Figure 4)

abilities of Alcon and its host plant, further challenging the future

still overestimates presence probabilities despite the inclusion of

survival of both species. Our results suggest that many studies

host plant distribution and microclimate.

underestimate the impact of joint global environmental changes on
community dynamics. On the other hand, conservation of semi-natural grasslands and woodland pastures may strongly mitigate the
impacts of other global change drivers on Alcon butterflies and asso-

4.1 | Impact of multiple environmental changes on
a specialized grassland species

ciated grassland species. In situ inspection of sites with promising

Biotic interactions are fundamental to the functioning of natural

presence probabilities was fruitful but demonstrated that our model

communities and ecosystems, and shifts in their intensity and

DE KORT
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F I G U R E 7 Position (a), habitat suitability according to the TEMPTOPO scenario (b, top) and altitude (b, bottom) for checkpoint sites,
discovered sites near checkpoints (“New”), existing Alcon sites (“Site”) and recently extinct Alcon sites. Panel b provides the legend for the
symbols used in panel a

FIGURE 8

Relation between GD and altitude (a) and between Alcon and Gentian GD (b)

direction due to global environmental changes are triggering species’

the latter more suitable for predictive modelling. Our study corre-

extinctions, community reorganization and disruption of ecosystem

spondingly demonstrates how the prediction of host species’ distri-

functioning (Blois et al., 2013; Gilman et al., 2010). Due to strong,

bution in concert with field surveys and connectivity mapping can

often co-evolved interactions, specialist species are particularly vul-

be used to identify core regions of suitable and reachable habitat for

nerable to changes in the distribution and abundances of their inter-

rare specialist species.

acting counterpart. Assessing the contribution of biotic interactions

The implementation of biotic factors in ENM not only benefits

to the evolutionary and demographic trajectories of specialist species

predictions of specialist species, it also has been proven useful with

therefore is indispensable to understand their ability to withstand

regard to generalist species (Gonzalez-Salazar et al., 2013; Sebastian-

multiple global changes and to develop targeted management strate-

Gonzalez, Sanchez-Zapata, Botella, & Ovaskainen, 2010). Using co-

gies (Anderson, 2017; Martin, 2001). Our results show strong

occurrence data for an insect genus (Lutzomyia sp.) and a mammal

impacts of seasonal grazing abandonment on the estimated distribu-

(Lynx rufus), Gonzalez-Salazar et al. (2013) demonstrated that model

tion of a specialized grassland butterfly, acting through the indirect

predictability was higher for biotic variables than for abiotic vari-

effect on host plant availability (Figures 4 and 5). Also climate warm-

ables, and maximized for both types of variables combined. Despite

ing is expected to alter landscape configuration, mainly by reducing

considerable improvement of ENM when accounting for important

large suitable patches in size (Figures 3 and 4). Interestingly, parasitic

interactors, biotic-informed modelling has rarely been applied, and

species are by definition more rare than their host species, rendering

the development of community level ENM integrating population
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dynamics remains an important and poorly explored avenue in global

types of global change may overestimate the predicted realized

change and conservation research (Anderson, 2017; Thuiller, Pollock,

niche.

€ nkemu
€ller, 2015).
Gueguen, & Mu

The lack of dispersal and gene flow between the northern and

The field surveys associated with our study were kept manage-

more isolated southern clusters is in line with the lower genetic

able through the focus on a limited set of meta-communities, which

diversity of the southern Alcon clusters (as opposed to the southern

allowed obtaining a better understanding of dispersal behaviour, a

Gentian clusters) (Figure S6). Possibly, Alcon is settling an extinction

key aspect of predicting the realized niche under various ecological

debt at the meta-population level, with observed levels of genetic

scenarios. This limited spatial scale and the particular cultural circum-

diversity echoing formerly interconnected meta-populations during

stances may, however, poorly represent distribution-wide survival

periods of more extensive grazing practices (see also Bulman et al.,

prognoses. The variety in conservation and abandonment levels of

2007; Fountain et al., 2016; Habel et al., 2015). The considerably

mild grazing regimes across Eurasia implies that a range-wide inte-

longer generation time of Gentian and relatively high genetic diver-

gration of host presence, dispersal behaviour and abiotic factors are

sity levels across the four meta-populations despite ongoing popula-

required to predict survival hotspots of Alcon and its host plant.

tion declines across its range (Figure S6) may imply a longer term

Nevertheless, growing intensification of European farmlands (Sut-

extinction debt where genetic diversity still fully reflects formerly

cliffe et al., 2015) is expected to cause impacts on suitable patch

interconnected meta-populations.

size and connectivity comparable to reforestation of semi-natural
grasslands.

Ongoing declines in butterfly communities have frequently been
attributed to losses of breeding areas and increased isolation among

Interestingly, climate warming increased levels of habitat frag-

them, rendering suitable patches less sustainable and poorly reach-

mentation even without considering habitat fragmentation per se

able (Oliver et al., 2015; Thomas, 2016). Our findings are in line with

(Figures 3 and 4). Losses in suitable habitat due to temperature

this trend and suggest that habitat fragmentation has more severe

changes convert suitable into inhospitable habitat, thereby reduc-

impacts than any other global environmental threat on specialized

ing patch size and connectivity, consequently compromising disper-

grassland species. Reductions in connectivity, genetic diversity, fit-

sal and gene flow. Moreover, habitat fragmentation per se

ness and/or in the potential to deal with biotic (e.g. invasive species,

reinforces suitable habitat shifts towards higher altitudes (Figures 4

disease) and abiotic (e.g. climate warming, extreme droughts)

and 5). Current alpine grasslands may therefore become (temporar-

changes render habitat fragmentation a critical enemy of biodiversity

ily) suitable for Gentians and Alcons, and ideally become refugia

and ecosystem functioning (Haddad et al., 2015; Newbold et al.,

during warmer periods as wild grazers systematically migrate

2015; Titeux, Henle, Mihoub, & Brotons, 2016). The conservation

upward.

and restoration of suitable and reachable habitat to protect the persistence and resilience of communities and ecosystems may, how-

4.2 | Genetically informed predictions and
conservation implications

ever, be problematic in the Pyrenees, as the local causes of habitat
fragmentation are mainly driven by socioeconomic factors. Ongoing
rural depopulation of mountainous areas causes extensive grazing

Genetic variation is key to long-term survival of populations across a

practices, traditionally referred to as seasonal transhumance activi-

species’ range, as low genetic diversity jeopardizes local fitness and

ties, to decrease, thereby facilitating spontaneous reforestation of

evolutionary potential (Carlson et al., 2014; Reed & Frankham,

suitable habitat (Galop, Houet, Mazier, Leroux, & Rius, 2011). This,

2003). Effective dispersal to suitable habitat therefore requires a suf-

combined with overgrazing of remaining grasslands, threatens many

ficient amount of genetically diverse migrants that are able to found

grassland specialist species in the Pyrenees (Galop et al., 2011).

a sustainable population at a pace that equals or exceeds the veloc-

More rigorous management actions and governmental interventions

ity of environmental change (Corlett & Westcott, 2013; Davis &

are required to mitigate the effects of land abandonment and inten-

Shaw, 2001). We observed a signature of serial founder effects with

sification on regional biodiversity.

altitude in Alcon and its host plant (Figure 8). Because population
sizes did not decrease with altitude, this finding suggests that the
species are recovering from a postglacial range shift towards higher
altitudes without a marked fitness cost.
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