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Introduction

Recent years have seen mounting evidence of declines in 
insect abundance and diversity across many insect groups 
(Forister et al. 2019; Klink et al. 2020). Direct impacts from 
habitat loss and fragmentation and indirect impacts from 
increasing land use intensity (including nitrogen deposition 
and pesticides) and climate change appear to be the main 
drivers of these declines (Wagner et al. 2021; Warren et al. 
2021; Outhwaite et al. 2022). Also, habitat specialist spe-
cies appear more severely affected than habitats general-
ists (Warren et al. 2001; Menéndez et al. 2007; Clavel et al. 
2010; Brereton et al. 2011), although this trend is not con-
sistent across insect groups (Engelhardt et al. 2022). Indeed, 
distinguishing habitat specialists from generalists is fraught 
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Abstract
Insect habitat specialists have declined more than generalists over the last decades. Understanding how habitat require-
ments and increased climate variability interact to explain persistence of populations is needed to enable effective con-
servation measures. Habitat specialists with a complex life cycle, such as myrmecophilous butterflies, are likely to be 
most vulnerable. Here, we explored to what extent the habitat factors explaining population persistence of the Alcon blue 
(Phengaris alcon), changed over a 25-year period in the Netherlands, contrasting the recent years 2018–2022 with extreme 
droughts with the preceding period 1998–2017 characterized by occasional climatic extremes. Population persistence of P. 
alcon over 1998–2017 as explained by historical habitat conditions was significantly higher in large heathland areas with 
large patches of its host plant Gentiana pneumonanthe. On the basis of current conditions, population persistence until 
2017 was best explained by a combination of host plant area and quality. In contrast, persistence over the recent drought 
years was most closely associated with increasing occupancy of the optimal host ant Myrmica ruginodis and lower occu-
pancy of competitive and predatory Lasius ants.

Implications for insect conservation We conclude that critical habitat conditions change under increasing climatic 
extremes and that the availability of sufficient optimal host ants has become more critical than that of host plants. The 
results emphasise that both large-scale hydrological restoration and small-scale management for heterogeneity are neces-
sary to preserve P. alcon and its habitat in the Netherlands. This is also likely to apply to other habitat specialists with 
complex life cycles from threatened habitats.

Keywords Insect decline · Butterflies · Habitat conditions · Environmental change · Climatic warming · Weather 
extremes
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with ambiguity (WallisDeVries 2014), because the greater 
vulnerability of habitat specialists may stem from a variety 
of reasons: their habitat may simply always have been rare, 
it may have become rare in recent times, resources such as 
host plants may be rare or habitat quality may have deterio-
rated. If we are to successfully preserve endangered habitats 
specialists, there is an urgent need to elucidate which are 
the critical threats that need to be alleviated. This task is 
growing more urgent with the impacts of climate change 
(Halsch et al. 2021; Hill et al. 2021), which may become 
especially severe with increased frequencies of extreme 
weather events (Evans et al. 2022; Mahecha et al. 2022).

The most vulnerable species of all probably are those 
habitat specialists with complex life cycles. Although these 
may have evolved as successful adaptations, their complex-
ity can undermine their survival under the recent rapid envi-
ronmental changes. Myrmecophilous butterflies provide a 
perfect case to illustrate this point, as they depend on both a 
specific host plant and a specific host ant to complete their 
larval development. Their adaptation to escape predation by 
ants and instead exploit them to provide both a safe space 
and food ensures a high larval survival, which confers a 
clear evolutionary advantage (Als et al. 2004; Tartally et 
al. 2019). In times of change, however, the dependence on 
both host ants and host plants from low-productive envi-
ronments (Elmes et al. 1998), which are threatened by land 
use intensification as well as abandonment (WallisDeVries 
2014; Warren et al. 2021), has led to the demise of all four 
species of Phengaris (Maculinea) butterflies in large parts 
of Europe (Wynhoff 1998; Thomas et al. 2009; Van Swaay 
et al. 2011).

This study takes the fate of Alcon blue (Phengaris alcon) 
populations in the Netherlands as a case to unravel the 
critical factors of habitat area and quality determining the 
persistence of an endangered habitat specialist with a com-
plex life cycle. Although P. alcon may use several species 
of Gentiana and Gentianella as host plants, in this region 
it currently depends exclusively on the rare Marsh gentian, 
Gentiana pneumonanthe. Gentiana cruciata has been doc-
umented as an alternative host plant in coastal dunes, but 
the last record from this isolated population dates back to 
1979 (Bos et al. 2006). Eggs are laid on the gentian’s young 
flower buds, where the larvae spend the first 2–3 weeks 
feeding on the developing seeds. After falling to the ground, 
the larvae depend on being adopted by Myrmica host ants, 
such as M. ruginodis, M. scabrinodis and possibly M. rubra, 
with M. ruginodis as probably the optimal host ant species 
(Elmes et al. 1998; Vanreusel et al. 2000). The caterpillars 
develop in the ants’ nest until pupation. They are fed by 
trophallaxis by the worker ants as if they were part of the 
ants’ brood and occasionally also feed on the grubs (Tartally 
et al. 2019). The butterfly generally emerges from the nest 

between mid-June and early August, with individuals living 
about three days on average (Bubová et al. 2016).

In the Netherlands, Phengaris alcon has declined by 
79% in distribution since 1990 and by even more in popu-
lation size (CBS and RIVM 2023). Critical habitat factors 
for population persistence have been studied earlier over the 
period 1990–1998 (WallisDeVries 2004), highlighting the 
importance of habitat area, host plant abundance and host 
ant presence. Here, we test to what extent the habitat factors 
explaining population persistence of the Alcon blue (Phen-
garis alcon), changed over a 25-year period in the Nether-
lands, contrasting the recent years 2018–2022 with extreme 
droughts with the preceding period 1998–2017 character-
ized by incidental and less severe climatic extremes. We 
expected impacts of host plant quality on population per-
sistence through the sensitivity of gentians to desiccation 
resulting from both local conditions (Oostermeijer et al. 
1998; Wamelink et al. 2012) and climate (Cerrato et al. 
2016). Beneficial impacts of small-scale management and 
detrimental effects of large-scale management, already 
shown by WallisDeVries (2004), were expected to remain 
important. In addition, we surmised possible impacts of 
changing moisture conditions on the ant community (Seif-
ert 2018), with potentially detrimental effects on the host 
ants of P. alcon, but the scant evidence on host ant dynamics 
precluded more definite expectations of such impacts.

Materials and methods

Study design

The focus of our study was to determine differences in cur-
rent habitat conditions explaining survival and extinction 
of P. alcon populations between the period preceding fre-
quent climatic extremes (1998–2017) and recent extreme 
years (2018–2022), with extreme summer drought in 4 out 
of 5 years as compared to 4 milder drought extremes out 
of 20 years in the preceding period (Fig. S1). In the analy-
sis of population persistence, we adopted a resource-based 
habitat approach (Dennis et al. 2006), in which a habitat is 
defined as a suite of resources and environmental conditions 
(Caughley and Sinclair 1994).

Data were collected in 2019–2022 for 62 sites, and in 
2018 for 2 additional sites (Table S1). In addition, we tested 
to what extent population persistence could be explained by 
historical habitat characteristics. To that effect, we used data 
from WallisDeVries (2004) on extant populations in 1998 
for 62 sites and used habitat data from that year to assess 
critical factors determining population persistence between 
1998 and 2017.
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Study areas

All study sites were located on Pleistocene sandy soils in 
the Netherlands, as shown in Fig. 1. A site was typically 
defined as a large patch of host plants (formerly) occupied 
by P. alcon. In larger areas, multiple sites were sampled at 
distances of > 500 m from each other (Fig. S2). Data from 
historical habitat conditions of extant populations in 1998 
were available from 62 sites. Current habitat conditions 
were studied in 64 sites in the recent period 2018–2022, 
including the sites surveyed in 1998, but excluding already 
abandoned sites. Recent field data included all sites with 
potential for P. alcon: extant populations in 2017, satellite 
sites abandoned since 1998 within 5 km from extant popu-
lations, as well as eight sites in semi-natural areas where 
extensive habitat restoration has taken place after the local 
extinction of P. alcon. These additional sites included four 

sites with habitat restoration on former agricultural land by 
removal of the eutrophic topsoil. Including these restora-
tion sites extended the range of potential habitat conditions 
encountered by P. alcon.

Most of the recent sites (55) were situated in seminatural 
wet heathland habitats, while 9 were located in fen mead-
ows or moist acidic grassland. The most common habi-
tat management in these areas consisted of sod-cutting or 
choppering (i.e. flail-mowing at soil level with removal of 
the cuttings), followed by low-intensity grazing, removal 
of tree saplings and hydrological restoration by rewetting; 
mowing and abandonment were less common. Sod-cutting 
was typically carried out in small patches of less than 10 
m2 (small-scale sod-cutting), and less frequently in patches 
exceeding 200 m2 (large-scale sod-cutting), although large-
scale topsoil removal was applied in four restoration areas 
on former agricultural land. Only management actions 

Fig. 1 Location of study sites in 
the Netherlands where population 
persistence of P. alcon was studied 
from (a) 1998–2022 on the basis 
of recent habitat conditions (white 
dots, n = 64) and (b) 1998–2017 
based on historical habitat condi-
tions (black dots, n = 62)
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after Boer et al. (2023). Species occupancy was expressed 
as the percentage of occupied traps. Only the three potential 
host ants Myrmica ruginodis, M. scabrinodis and M. rubra 
as well as the potentially competitive and predatory Lasius 
niger and L. platythorax were included in the analysis.

Soil samples were taken with a 15 mm gauge of the top 
10 cm of the soil. For each core, the thickness (in cm) of 
the dark organic mineral layer was recorded with 0.5 cm 
accuracy to obtain an average organic layer thickness. 
Soil samples from cores taken at the first 10 ant traps were 
pooled for further analysis. The samples were analysed 
for concentrations (in ppm) of minerals (Ca, K, Mg) and 
nitrogen available as NH4 or NO3 measured by photomet-
ric determination with a Segmented Flow Analysis (SFA) 
in a Skalar San + + Automated Wet Chemistry Analyser; P 
was not included as it was known to occur only in very low 
concentrations in these habitats. Soil pH was measured both 
in demineralised water and in a KCl solution with a Eutech 
pH 5 at room temperature. Soil moisture fraction was deter-
mined after drying at 105 C for 24 h. For the organic matter 
faction, samples were weighed again after three hours in a 
stove at 550 C.

Habitat conditions in 1998 were taken from Wallis-
DeVries (2004). Habitat variables included heathland area 
(in ha, derived from topographical maps), patch area of the 
host plant (in m2, field survey), density of flowering gen-
tian plants (in N/m2) and mean host ant nest occupancy of 
the three potential host ant species (after 15 min searches) 
over typical three 10 × 10 m plots on each site. Connectiv-
ity between occupied sites in 1998 was calculated as the 
sum of the negative exponentials of the distances d (in km) 
between a specific site i and all other sites j (i.e. Σ exp− dij 
where i ≠ j), which is the negative equivalent of I3 in Hanski 
et al. (1994).

Population-scale habitat conditions

The status of P. alcon populations was determined from our 
own field study and monitoring data from the Dutch But-
terfly Monitoring Scheme (CBS and RIVM 2023), mostly 
by egg counts in permanent plots and occasionally also by 
butterfly transect counts.

P. alcon population area (in ha) was also considered as 
a resource, encompassing host plants and host ants as well 
as the traveling range between suitable patches for repro-
duction, following the resource-based habitat concept 
developed by Vanreusel and Van Dyck (2007). Its area was 
calculated with a similar approach as used for determining 
gentian patch area, with the area of the minimum convex 
polygon encompassing all precise records (accuracy of 
< 100 m) of eggs and butterflies from the national database 
flora and fauna NDFF since 1990. As the butterfly is more 

carried out after 2000 were included in the analysis. Grazing 
impact was assessed indirectly through vegetation structure 
and indications on hydrological conditions were derived 
from plant species composition and soil moisture.

Field sampling of habitat conditions and resource 
availability

For the field sampling in 2018–2022, we collected data on 
habitat conditions within gentian patches on all sites from 
vegetation relevés and soil samples and resource availabil-
ity of host plants and host ants (variables listed in Table S2). 
Nectar resources are not considered to be a main limiting 
factor for the short-lived P. alcon butterfly (WallisDeVries 
2004). Therefore, they have not been treated with specific 
emphasis, although they are largely reflected by the abun-
dance of the main nectar source Erica tetralix, which has 
been included in the analysis. Habitat management by sod-
cutting, choppering or topsoil removal carried out after 
2000 was recorded as either small-scale or large-scale, i.e. 
<> 100 m2.

Gentian patch area (in ha) at each site was calculated as 
the area of the minimum convex polygon encompassing all 
gentians clustered within a radius of 100 m from each other, 
based on records of our own survey supplemented with 
records at a precision of < 100 m from the national database 
flora and fauna, NDFF (https://www.ndff.nl/english/), over 
the period 2010–2022.

In the centre of the gentian patch, vegetation structure and 
plant species composition were assessed in 5 × 5 m quad-
rats. Vascular plant species composition was assessed using 
a 9-point Braun-Blanquet scale for abundance/cover. Veg-
etation structure was described by cover estimates of bare 
ground, litter, bryophytes, herbaceous vegetation < 25 cm, 
25–50 cm and > 50 cm in height, and shrubs or trees (total 
cover adding up tot 100%). The abundance of the gentian 
host plants was counted as the number of flowering plants, 
similar to 1998. Host plant regeneration was recorded as the 
abundance of seedlings and juvenile vegetative gentians (cf. 
Oostermeijer et al. 1994) on a 4-point log5-scale.

The availability of high-quality host plants (see Kuer and 
Fartmann 2004; Wynhoff et al. 2014) was calculated as the 
proportion of gentians with at least 3 buds on the primary 
flowering stem from a subsample of 30 flowering gentians 
per site at mutual distances of > 2 m.

Ant occupancy was sampled at each site with a series 
of 30 trap tubes (17 mm diameter, 15 ml) baited with fruit 
wine. Traps were placed at 4 m intervals next to a host plant, 
with the opening at soil level and marked with a flag for 
retrieval. Traps were collected again after > 24 h (mostly 2 
days). In the lab, samples were rinsed and ants were sorted 
and stored in 96% ethanol for later species identification, 
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PCA was carried out with varimax rotation using “princi-
pal” from the package “psych” (Revelle 2020).

Subsequently, generalized linear models were applied, 
using the function “glm” from the package “stats”, to 
analyse (a) habitat conditions (including Lasius ants) as 
explained by management, (b) resource availability for P. 
alcon as explained by habitat conditions and management 
and (c) the persistence of P. alcon populations: (i) over the 
period 1998–2017 by forecasting from 1998 habitat condi-
tions, (ii) over the period 1998–2017 by hind-casting from 
current conditions and (iii) over the period 2017–2022 from 
current conditions (full models are listed in Table S3). A 
stepwise backwards selection procedure was followed to 
retain only significant variables at p < 0.05, allowing at most 
one variable to contribute at p < 0.10; only for population 
persistence over recent years, the small dataset forced us 
to apply a forward selection (but forwards and backwards 
procedures typically led to the same outcome with the larger 
datasets).

Regarding habitat conditions, principal components 
were analysed as a function of habitat management with 
family = gaussian. The occupancy of Lasius ants was exam-
ined as a function of both principal components and habi-
tat management with family = quasibinomial. For host ant 
resources, the occupancy of each of the potential Myrmica 
host ants was analysed likewise, including Lasius occu-
pancy as an additional factor. Gentian resources, i.e. flow-
ering gentian patch area (log10(n + 1) transformed), gentian 
density (log10(n + 1) transformed), gentian regeneration and 
gentian quality, were also examined as a function of both 
principal components and habitat management with fam-
ily = gaussian for the first three variables and family = qua-
sibinomial for the fourth variable. For gentian density, 
gentian regeneration was added as an additional explana-
tory variable.

Population persistence over the period 1998–2017 based 
on habitat conditions in 1998 was examined in response 
to connectivity, heathland size, gentian patch area, gentian 
density (including its squared component) and the occu-
pancy of the three potential host ant species (Myrmica 
ruginodis, M. scabrinodis and M. rubra), using a glm with 
family = binomial.

Population persistence based on the 2018–2022 dataset 
was analysed with the same glm set-up as a function of P. 
alcon population area, topographical heterogeneity, as well 
as large-scale and small-scale cutting, occurrence of Lasius 
ants and resource availability of host plants (gentian area, 
gentian density, gentian quality) and the occupancies of the 
three potential host ants.

mobile than its host plant, the radius to cluster records of 
the same population was set at 250 m, a distance over which 
butterflies only rarely disperse (Maes et al. 2004). Polygons 
were only determined for clusters with ≥ 10 records.

As a measure of habitat heterogeneity in relation to 
groundwater influence, we used the actual height dataset for 
the Netherlands (AHN3, https://www.ahn.nl/) to calculate 
the average surface elevation (in m) at soil level in 5 × 5 m 
squares with the ‘Zonal Statistics As Table’ tool in ArcGIS 
10.6. Topographical heterogeneity was then taken as the 
standard deviation in elevation of all 5 × 5 m squares within 
each population polygon.

For analyses of population persistence, habitat variables 
of the 2018–2022 field survey were aggregated to a single 
value for each population. Variables were averaged over 
sites after log10(n + 1) transformation. If populations con-
tained multiple sites with different P. alcon status, only sites 
with the most recent P. alcon occurrence were included. For 
gentian patch area, we summed the area of polygons within 
the P. alcon population polygon. Restoration sites where P. 
alcon had never been recorded were excluded. This resulted 
in a dataset of 31 populations (see Table S1).

Statistical analysis

We analysed habitat conditions at site level, taking each site 
as an independent replicate, because the distances to neigh-
bouring sites were considered sufficiently large (> 250 m 
with median 1.05 km) to assume negligible exchange 
between host plant and ant populations among sites. At the 
scale of P. alcon populations, we pooled the information of 
different sites within a population polygon, as explained 
above. Again, different populations were considered suffi-
ciently distant from their neighbours (0.8–31.5 km, median 
3.75 km) to exclude significant interference. Also, given 
the similar physico-geographical conditions and the limited 
geographical extent of the total study region (220 × 70 km), 
we did not expect significant regional differentiation.

All statistical analyses were carried out in R version 
4.2.1 (R Core Team 2022). To arrive at independent fac-
tors describing the main variation in habitat conditions at 
site level, we applied Principal Component Analysis (PCA) 
to 27 variables of the 2018–2022 dataset describing veg-
etation structure, botanical composition and soil chemistry. 
Botanical composition included only the 10 most frequent 
species (with the main nectar plant Erica tetralix), occur-
ring in ≥ 20% of all relevés. Vegetation cover values were 
log10(n + 1) transformed beforehand. Additionally, as a 
general habitat characteristic of the grassland-heathland 
ecotone, we included the richness of typical fen meadow 
(Junco-Molinion) species (after Schaminée et al. 2017). 
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organic matter, and thickness of the dark mineral soil layer. 
The third component (10.5% of the variance) expressed veg-
etation succession, with negative correlations for the cover 
of the early successional plant species Drosera intermedia 
and Rhynchospora fusca and the cover of bare soil and 
positive correlations with Molinia caerulea and to a lesser 
extent soil ammonium concentration. This component had 
significantly lower values under especially large-scale man-
agement, but also under small-scale management (Table 2; 
Fig. 2). The fourth component (8.8% of the variance) cap-
tured vegetation structure and correlated positively with the 
cover of short vegetation and negatively with that of taller 
vegetation. The second and fourth components were not sig-
nificantly affected by management.

Lasius ants were found in 33.6% of the traps (L. niger 
13.8%, L. platythorax 22.8%, with occasional overlap) and 
occurred most frequently after large-scale management and 
under the more acidic conditions in heathlands (Table 2). 
The contribution of L. niger and L. platythorax occu-
pancy when pooled contributed more to explain P. alcon 

Results

Habitat conditions

Four principal components explained 46.6% of the vari-
ance in the local habitat conditions based on soil chemistry, 
organic matter and moisture, vegetation structure and botan-
ical composition (Table 1). The first component (15.6% of 
the variance) was characterised by variables correlated with 
soil buffering with positive correlations for pH, calcium and 
potassium as well as plants from fen meadows. Negative 
correlations were found for litter cover and the wet heath-
land species Erica tetralix and to a lesser extent Molinia 
caerulea. Magnesium was not included in the PCA due to 
some missing values, but it was significantly correlated with 
PC1 (r = + 0.72, p < 0.0001). First component values were 
lower under small-scale management, underlining that this 
measure was largely restricted to heathland (Table 2).

The second component (11% of the variance) reflected 
soil moisture, with positive correlations for soil moisture, 

PC1 PC2 PC3 PC4
Soil buffering Soil Moisture Vegetation 

succession
Low Veg-
etation

SS loadings 4.219 3.164 2.833 2.372
Proportion Explained Variance 0.156 0.117 0.105 0.088
Cumulative Explained Variance 0.156 0.273 0.378 0.466
Ca (ppm) + 0.882
K (ppm) + 0.674
pH-H2O + 0.665 –0.457
pH-KCL + 0.684 –0.435 –0.172 + 0.102
N Wet grassland plant species + 0.660 + 0.259
Litter –0.584 –0.106 + 0.243 + 0.312
Erica tetralix –0.710 + 0.330
Moisture (prop. DM) + 0.174 + 0.833
Organic Matter (prop. DM) + 0.898 + 0.222
Thickness organic dark soil (cm) + 0.805 –0.187
Drosera intermedia –0.732
Rhynchospora fusca –0.159 –0.107 –0.663 + 0.165
Bare ground –0.136 –0.607 –0.236
Molinia caerulea –0.413 + 0.182 + 0.567 –0.168
Low herbaceous (< 25 cm) + 0.780
Medium-height herbaceous (25–50 cm) + 0.126 + 0.207 –0.550
Tall herbaceous (< 50 cm) + 0.188 –0.763
Bryophytes + 0.154 –0.254 + 0.393
Shrubs & young trees –0.134
N as NH4 (ppm) –0.151 + 0.394 + 0.456
N as NO3 (ppm) + 0.246 –0.109
Calluna vulgaris –0.327 + 0.371 + 0.146
Carex panicea + 0.192 + 0.339 + 0.384
Carex pilulifera –0.260 + 0.442
Pinus sylvestris –0.316 –0.168 –0.271 + 0.109
Potentilla erecta + 0.454 + 0.311 + 0.248
Trichophorum cespitosum –0.158 + 0.457

Table 1 Principal components of 
habitat conditions in 2018–2022 
on 64 locations of occupied and 
abandoned P. alcon sites (vari-
ables of vegetation layers and 
plant species are based on cover 
proportions). Strong correlations 
(p > 0.50) for each variable with 
the rotated principal component 
axes have been marked in bold. 
Variables with only lower cor-
relation values are shown in the 
lower part of the table
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was higher with more abundant gentian regeneration, but 
not with other habitat conditions. Gentian quality, in terms 
of the number of flower buds per plant, was significantly 
lower in areas with pioneer vegetation than in later succes-
sional stages and it tended to increase with soil moisture. 
In contrast, gentian area was not significantly explained by 
any variable.

The expected optimal host ant, M. ruginodis, was pres-
ent in 8.2% of the traps on average and occurred more fre-
quently in moist conditions and less in taller vegetation 

population persistence than when both species were entered 
as separate variables.

Resource availability

At site level, resource availability for P. alcon was explained 
most significantly by habitat conditions related to the quality 
of it host plant and availability of host ants (Table 2). Gen-
tian regeneration was most abundant when management had 
been carried out, irrespective of scale. Gentian abundance 

Table 2 GLM results of (a) habitat conditions as explained by management (and also conditions for Lasius ants) and (b) resource availability for 
P. alcon as explained by habitat conditions and management (including gentian regeneration for gentian abundance and gentian area for P. alcon 
habitat area)

Variables (intercepts) Estimate s.e. t value Pr(>|t|) McFadden R2

a) Conditions
PC 1 Intercept 0.2972 0.1580 1.881 0.0647 0.115

Small-scale management -0.6794 0.2389 -2.844 0.0060
PC 2 Intercept 0.1102 0.1377 0.801 0.4265 0.048

Large-scale management -0.5427 0.3055 -1.776 0.0806
PC 3 Intercept 0.5316 0.1753 3.033 0.0036 0.316

Small-scale management -0.4977 0.2366 -2.104 0.0396
Large-scale management -15.452 0.2917 -5.297 1.7 10− 06

PC 4 Intercept -0.0784 0.13941 -0.562 0.576 0.025
Large-scale management 0.3859 0.30933 1.248 0.217

Lasius ants Intercept -10.529 0.2274 -4.630 2.11 10− 05 0.166
PC 1 -0.8491 0.3274 -2.594 0.0120
Large-scale management 12.036 0.4797 2.509 0.0149

b) Resource availability
Gentian regeneration Intercept 0.8696 0.2580 3.370 0.0013 0.163

Small-scale management 10.590 0.3482 3.041 0.0035
Large-scale management 12.074 0.4293 2.812 0.0066

Gentian abundance Intercept 117.41 0.0740 15.875 < 2 10− 16 0.095
Gentian regeneration 0.0916 0.0359 2.548 0.0133

Gentian quality Intercept 0.3323 0.1379 2.411 0.0190 0.262
PC 2 0.2886 0.1502 1.922 0.0594
PC 3 0.6398 0.1506 4.247 7.64 10− 05

Gentian area Intercept 0.7359 0.0609 12.091 < 2 10− 16 0.004
Large-scale management -0.0661 0.1350 -0.489 0.626

Myrmica rubra Intercept -24.011 0.3086 -7.781 1.78 10− 10 0.270
PC 1 -16.630 0.4747 -3.503 0.0009
PC 4 0.3772 0.1880 2.006 0.0496
Lasius ants -18.215 0.6571 -2.772 0.0075
Small-scale management -0.7128 0.3799 -1.876 0.0659

Myrmica ruginodis Intercept -30.555 0.3007 -10.161 2.09 10− 14 0.263
PC 2 0.3338 0.1418 2.354 0.0221
PC 4 0.4070 0.1935 2.103 0.0398
Small-scale management 0.9056 0.3608 2.510 0.0149

Myrmica scabrinodis Intercept -15.079 0.2021 -7.461 4.93 10− 10 0.110
PC 1 0.4194 0.2132 1.968 0.0539
PC 2 0.3288 0.1797 1.830 0.0724

Phengaris alcon area Intercept 0.1987 0.1185 1.677 0.1050 0.862
Topography 0.2510 0.1301 1.929 0.0644
Gentian area 0.9397 0.0878 10.702 3.25 10− 11

Small-scale management 0.4556 0.1174 3.879 0.0006
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contribution of local resources, i.e. gentian abundance and 
host ant presence. Surprisingly, the host ant M. ruginodis 
was even more frequently present in populations that went 
extinct (p = 0.0128), but this effect was not retained when 
including other explanatory variables in the glm (p > 0.05).

The hind-casting of P. alcon persistence in 2017 from 
current habitat conditions involved 31 populations, with 
22 surviving and 9 going extinct before 2017. The area 
covered by surviving P. alcon populations in 2017 ranged 
between 0.44 and 514.11 ha (median 38.85 ha). Persistence 
was solely explained by host plant resources: gentian qual-
ity and gentian patch area (Table 3). Gentian quality was 
significantly higher and gentian patch area was significantly 
greater in surviving than in extinct populations (Fig. 2a 
and b; gentian quality t-value 4.046, p = 0.0004; gentian 
area t-value 2.814, p = 0.0087). In contrast, the fate of the 
populations after 2017, with 7 extinctions and 15 surviving 
populations, was explained by ant occupancy. Despite the 
smaller dataset, significant effects did emerge: population 
persistence was lower at higher Lasius occupancies whereas 
the host ant M. ruginodis tended to have a positive effect on 
P. alcon persistence (Table 3). The percentage of occupied 
traps of Lasius ants was significantly lower and M. rugino-
dis host ant occupancy was significantly higher in surviving 
than in recently extinct populations (Fig. 3c and d; Lasius 
ants t-value 2.493, p = 0.0215; M. ruginodis t-value 2.119, 
p = 0.0486).

(< 20% cover of the vegetation layer exceeding 50 cm in 
height) and after small-scale management. The alternative 
host ant M. scabrinodis was more than twice as abundant 
as M. ruginodis (18.8% of the traps) and was only mar-
ginally affected by habitat conditions, with weak positive 
effects of soil buffering and moisture. The second alterna-
tive host ant, M. rubra, was comparatively rare (5.7% of the 
traps) and was found significantly more on acid heathland 
soils in lower vegetation and in the absence of Lasius ants; 
small-scale management also tended to negatively affect its 
occurrence.

At the scale of P. alcon populations, habitat area or popu-
lation extent (as defined by the extent of egg and butterfly 
records encompassing host plant patches as well as forag-
ing area and travelling range) was strongly related to the 
area covered by the host plant Gentiana pneumonanthe, as 
was to be expected, and furthermore by the application of 
small-scale management. Variation in topography contrib-
uted only marginally to explain habitat area.

Population persistence

The persistence of P. alcon in 2017 as predicted by habi-
tat conditions assessed in 1998 showed a survival on only 
17 of the 62 sites. Population persistence was explained 
by two factors: it was higher in larger heathlands and with 
larger gentian patches (Table 3). There was no significant 

Fig. 2 Schematic representation of relations between habitat condi-
tions (green boxes), management and topography (brown), competi-
tive and predatory ants (red), potential host ants (orange), host plants 
(blue) and the area occupied by P. alcon (light blue). Solid lines show 

significant effects (p < 0.05) while dashed lines indicate marginally 
significant effects (p < 0.10), with blue lines showing positive effects 
and red lines showing negative effects
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Our study analysed population persistence over two time 
periods 1998–2017 and 2018–2022, with the latter period 
characterised by severe and repeated summer droughts. For 
most sites, the status of P. alcon was known from yearly 
population monitoring. Ideally, data on habitat conditions 
should have been collected in multiple years over such a long 
period. However, this was not practically feasible. Habitat 
area and gentian patch area are likely to vary much less over 
time than host plant quality, which is strongly influenced by 
soil moisture (Oostermeijer et al. 1994, 1998; Wamelink et 
al. 2012), whilst fluctuations in host ant occupancy remain 

Discussion

Disentangling the various causes determining the decline of 
habitat specialists is of crucial importance for their conser-
vation (Thomas et al. 2009). For P. alcon, a habitat specialist 
with a complex life cycle, this study shows that both habi-
tat area and quality contribute significantly to population 
persistence in the Netherlands. Moreover, it appears that 
critical habitat factors may change over time. This can have 
consequences for prioritising conservation actions.

Table 3 GLM results of the persistence of P. alcon populations: (a) 1998–2017 by forecasting from 1998 habitat conditions, (b) 1998–2017 by 
hind-casting from current conditions and (c) 2017–2022 from current conditions
P. alcon population persistence Variables (intercepts) Estimate s.e. t value Pr(>|t|) McFadden R2

1998–2017: forecasting Intercept -84.562 24.702 -3.423 0.0006 0.120
Heathland size 0.7482 0.3268 2.289 0.0221
Gentian area 13.202 0.5250 2.515 0.0119

1998–2017: hindcasting Intercept -7.680 3.182 -2.414 0.0158 0.649
Gentian area 3.614 1.609 2.246 0.0247
Gentian quality 10.749 4.264 2.521 0.0117

2017–2022 Intercept 4.820 2.955 1.631 0.1028 0.444
Lasius ants -4.684 2.332 -2.009 0.0446
Myrmica_ruginodis 3.903 2.222 1.757 0.0790

Fig. 3 Differences in habitat conditions of P. alcon populations that 
survived until 2022 (n = 15) or went extinct, either after or before 2017 
(respectively, n = 9 and n = 7): (a) gentian quality (expressed as the 
percentage of gentians with > 2 flower buds on the primary stem), (b) 
gentian area, (c) M. ruginodis host ant occupancy and (d) Lasius com-

petitor/predator ant occupancy. The occupancy of ants is expressed as 
percentage of occupied traps. Boxes show the median and 25–75% 
quartiles with the mean value as a cross and whiskers extending to the 
lowest and highest value within the 1.5 interquartile range, and outliers 
beyond that range
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become older and larger during succession (Oostermeijer et 
al. 1994). The effect of soil moisture was marginally sig-
nificant in our case, but its importance for gentians has been 
well established by detailed measurements (Wamelink et al. 
2012). Management actions to set back vegetation succes-
sion increase the cover of bare ground and the proportion 
of young gentians (Oostermeijer et al. 1994) and are thus 
detrimental to host-plant quality in the short term (Fig. 4a), 
henceforth undermining population persistence of P. alcon 
if carried out at a large spatial scale. Habitat desiccation by 
drainage or during drought periods may equally lower the 
survival of P. alcon populations.

During the recent drought years, however, the critical 
factors explaining population persistence shifted from host 
plants to host ants and their competitors. Although drought 
years also occurred four times in the period 1998–2017, 
these droughts were much less severe and they were always 
separated by several milder years (Fig. S1). This makes it 
likely that their impact was much less important than in 
the period 2018–2022, in which four out of five years had 
severe droughts. Lasius ants, in particular L. niger, appear to 
benefit from drought as well as from more bare ground after 
large-scale management (Fig, 4b). Their negative impact 
on P. alcon may arise from either increased predation of 
young caterpillars that emerge from their host plant or from 
increased competition for nest sites or food with host ants. 
In contrast, M. ruginodis appears to profit from soil mois-
ture and small-scale management, combined with a suffi-
ciently open vegetation structure (Fig. 4b), which should 
still provide sufficient tussocks for nesting sties (see Wal-
lisDeVries 2004). The dependence of M. ruginodis on cool, 
moist microclimates is well known (Seifert 2018). Indeed, 
its higher occupancy in 1998 on sites where P. alcon went 
subsequently extinct may testify of grass encroachment that 
was detrimental to the butterfly’s host plant (WallisDeVries 
2004). Hence, it is likely that M. ruginodis is vulnerable 
to periods of drought, especially in fairly open vegetation. 
The alternative host ants did not contribute significantly to 
P. alcon persistence. For M. rubra, this could simply result 
from its rare occurrence, but M. scabrinodis was twice as 
abundant as M. ruginodis, without apparently benefiting P. 
alcon. This suggests that M. scabrinodis is not as suitable 
a host as M. ruginodis, which is supported by the analysis 
of cuticular hydrocarbon profiles by Oostermeijer et al. (in 
prep.).

Our study suggests negative impacts of drought extremes 
on the population persistence of P. alcon, but at other times 
extreme rainfall may also pose a risk through prolonged 
flooding during active periods of butterfly and larval stages. 
This was apparent from the earlier study of population per-
sistence in the 1990s (WallisDeVries 2004), but we know of 
at least 9 sites where P. alcon populations became extinct 

largely unknown. Here, we relied on recent data from the 
period 2018–2022 and early data from 1998 without data 
from intervening years. This should caution against overly 
confident conclusions on the critical factors determining the 
persistence of a butterfly with such a complex life cycle. 
Still, our findings are in line with a growing number of stud-
ies showing an increasing impact of climatic extremes on 
insect populations (Evans et al. 2022; Ubach et al. 2022; 
Termaat et al. 2023).

Changes in critical factors

The persistence of P. alcon populations in the Netherlands 
from 1990 till 1998 was explained earlier by both habitat 
area and quality, based on habitat conditions as determined 
in 1998 (WallisDeVries 2004). Here, we predicted popula-
tion persistence from 1998 until 2017 on the basis of the 
same habitat conditions but now we found that only habitat 
area (heathland size and host plant patch size) contributed 
significantly. However, based on recent habitat conditions, 
population persistence was not only determined by host 
plant patch area, but also by host plant quality. For the per-
sistence between 2017 and 2022, area factors were no lon-
ger significant, but shifted to quality factors, notably those 
relating to host ant availability.

It is likely that the importance of habitat area in deter-
mining population persistence has declined, because popu-
lations from the smallest areas have mostly become extinct. 
A few populations still survive in small host plant patches, 
but these are either a surviving remnant from a former meta-
population or are still part of one. Effectively, only popu-
lations located in larger nature reserves persist. There, the 
size of suitable host plant patches is mostly determined by 
landscape factors, such as geology and geomorphology 
allowing a stable groundwater influence and soil develop-
ment (Oostermeijer et al. 1994, 1998), potentially influ-
enced by drainage from surrounding land use. Our analysis 
could not explain gentian patch size from local site condi-
tions (Fig. 4a), but this could well be due to the larger scale 
needed to properly assess such characteristics.

Habitat quality factors did not significantly contribute to 
forecasting population persistence from 1998 till 2017 on 
the basis of initial habitat conditions, but they became rel-
evant when hindcasting persistence from habitat conditions 
in recent years. This may be due to our new focus on host 
plant quality in addition to area and abundance, because of 
emerging evidence of selective oviposition on larger gen-
tians with more and greater buds (Kuer and Fartmann 2004; 
Wynhoff et al. 2014). Our analysis indicated that gentian 
quality is associated with later-successional vegetation 
and by higher soil moisture. Gentian population structure 
data suggest that this is because individual gentian plants 
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Fig. 4 Factors explaining population persistence of P. alcon in the peri-
ods (a) 1998–2017 and (b) 2017–2022. Green boxes reflect habitat 
conditions with a red box for competitive or predatory Lasius ants, 
brown boxes reflect habitat management, blue boxes cover host plant 
variables, orange boxes host ants and grey boxes represent factors that 

did not contribute to explain population persistence. Solid lines show 
significant effects (p < 0.05) while dashed lines indicate marginally 
significant effects (p < 0.10), with blue lines showing positive effects 
and red lines showing negative effects
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P. alcon. In the meantime, managing for small-scale hetero-
geneity is the safest bet, to promote both its host plant and 
its optimal host ant.

We thus conclude that, in the face of climate change, both 
large-scale hydrological restoration and small-scale man-
agement for heterogeneity are key to preserve P. alcon in 
the Netherlands. Such a broad range of actions is likely to be 
equally necessary for other habitat specialists with complex 
life cycles from threatened habitats.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s10841-
024-00587-y.
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