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Abstract

Phengaris alcon is one of Europe’s emblematic invertebrate species and is currently clas-
sified as Near Threatened on the IUCN Red List. In Portugal, this endangered species
occurs mainly in Alvão Natural Park (ANP). This study investigated the effects of micro-
climatic conditions on the adult P. alcon capture records in the Libânia meadow of the
ANP. Adult butterflies were monitored (Mark–release–recapture method) from 2006 to
2014 (except 2012). Microclimatic conditions were modelled (NicheMapR), generating
values of precipitation (Prec), maximum (Tmax), minimum (Tmin) and mean temperature
(Tmean), solar radiation (SR), relative humidity (RH), soil surface wetness (PCTWET),
and wind speed (WS). Growing degree days (GDD), cumulative precipitation (Prec-cum),
and seven-day means (d7) for all variables were calculated. Seven microclimatic vari-
ables showed strong associations with adult abundance. Higher values of Prec-cum,
Tmin-d7 and Prec-d7 were negatively associated with abundance, whereas higher val-
ues of SR, RH-d7, Tmean-d7 and PCTWET-d7 were significantly associated with but-
terfly abundance. More than 50% of individuals were recorded within the following
favourable climatic ranges: Prec-cum = 157.9–251.4 mm; SR = 6730.1–8220.4 W/m2; Tmin-
d7 = 8.0–12.2 ◦C; RH-d7 = 71.2–86.7%; Prec-d7 = 0.0–0.8 mm; Tmean-d7 = 13.2–18.0 ◦C; and
PCTWET-d7 = 60.8–92.0%. These findings provide quantitative microclimatic ranges that
could guide habitat management and support the long-term persistence of P. alcon under
future climate change.

Keywords: Alcon Blue; Mark–release–recapture; microclimate; NicheMapR; monitoring
species; species conservation

1. Introduction
The Alcon Blue, Phengaris alcon (Denis & Schiffermüller, 1775), is a monophagous

and univoltine butterfly species [1] which has become a ‘flagship’ species for biodiversity
conservation [2,3]. Owing to its distinctive biology, its remarkable life cycle has been
featured in several high-profile television and streaming platforms [4–6]. In 2023, this
species was classified as Near Threatened on the IUCN Red List of Threatened Species [2,7].
The persistence of P. alcon depends on the presence of both of its hosts: marsh gentian
(Gentiana pneumonanthe) and ants of the genus Myrmica [8]. The species occurs in isolated
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populations across Europe, including Portugal, Spain, France, Austria, the Netherlands, Bel-
gium, Germany, Slovenia, Serbia, Croatia, Hungary, Romania, Ukraine, Moldova, Poland,
Greece, Italy, and Denmark [2,9–12]. In Portugal, this endangered species [13] can occur in
suitable meadows located in the north of the country, namely within the Alvão Natural Park
(ANP) [14,15]. In this mountain region, the survival of the Alcon Blue critically depends
on peatland habitats (i.e., moist heaths, meadows, and peat bogs), the continued presence
of the marsh gentian and host ants of the genus Myrmica [9]. Furthermore, traditional
grazing practices and hay harvesting play a vital role in maintaining plant species diver-
sity and conservation [16]. Livestock management and ecosystem conditions in this area
substantially influence its habitat suitability.

Between July and September, after breeding, the females (Figure 1A) lay the eggs
on the G. pneumonanthe (Figure 1C) [12,17]. After hatching, phytophagous caterpillars
(Figure 1D) feed in the flower’s ovary for about two to three weeks [18,19]. After this
period, the caterpillars leave the flowers and drop to the ground. At this point, this
endophagous species uses chemical and acoustic mimicry to resemble Myrmica ants (i.e.,
M. aloba, M. scabrinodis and M. sabuleti) [15], allowing it to be adopted and carried to ant
nests (Figure 1E), where it remains for approximately eleven months, until it reaches the
chrysalis stage and leaves the nest as an imago [4,20,21]. This social parasitism provides
both protection from predators and nutrition through trophallaxis [12,20].

 

Figure 1. Phengaris alcon phenological stages: (A) female; (B) male; (C) eggs in Gentiana pneumonathe;
(D) caterpillar; (E) caterpillar in the Myrmica nest.

Climatic conditions influence butterfly development, emergence, abundance, and
activity. Warm temperatures and favourable moisture conditions often promote higher
abundances, while low spring temperatures can delay adult emergence and flight peri-
ods [22,23]. Flight activity increases with higher temperatures, but decreases with stronger
winds, increased cloud cover, or reduced solar radiation [23,24]. In the long term, increas-
ing temperatures have led to earlier flight periods in many species [25]. In addition, the
growing frequency of droughts or extreme precipitation can change habitat characteristics,
further constraining species distributions and exacerbating extinction risk [2,12,26]. Further-
more, changes in temperature and precipitation patterns affect marsh gentian phenology,
which in turn changes the timing of butterfly life-cycle stages, such as oviposition [27]. The
activity, persistence, and abundance of host ants also depend on vegetation structure and
microclimatic conditions [22,25,26,28].

In the ANP, the Alcon Blue has been characterised as a species with reduced dispersal
capacity, which may result in a population decline due to the risk of interpopulation
inbreeding [28]. Forest fires have occurred within the ANP, and studies indicate that these
disturbances can cause habitat degradation, affect Myrmica ant colonies and host plants,
as well as alter soil physicochemical properties [29,30]. Furthermore, the reduction in
traditional grazing practices observed in ANP may promote shrub encroachment and
reduce habitat structural heterogeneity, affecting the availability of suitable conditions for
P. alcon and its host species [8,12,16,19].

An active conservation effort is needed to ensure the long-term survival of P. alcon.
Due to its complex multitrophic interactions and its potential sensitivity to climatic changes
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and management-driven alterations in microclimatic conditions, it is critical to understand
how butterfly populations respond to environmental variability. Thus, the main objective
of this study was to evaluate how microclimatic conditions influence the abundance of
adult P. alcon. Specifically, we aimed to (i) relate capture number to microclimatic variables
and (ii) identify the climatic variables’ ranges most strongly associated with the abundance
of adult butterflies. Understanding these relationships is fundamental for characterising
the microclimatic conditions associated with adult P. alcon abundance. Identifying micro-
climatic ranges is expected to improve understanding of habitat requirements, provide a
basis for comparative studies among populations and co-occurring species, as well as for
conservation planning and habitat management.

2. Materials and Methods
2.1. Study Area Description

The ANP is located in northeastern Portugal (Figure 2A), covers 72.3 square kilometres,
and ranges in altitude from 255 to 1319 m. It lies within the transition zone between the
Euro-Siberian and Mediterranean phytoclimatic regions [31]. Its biodiversity is influenced
by proximity to the Atlantic Ocean and Iberian continental influence, as well as by the
subalpine climate at higher elevations. The vegetation is composed of a highly diverse
ecological community of herbaceous species, including sedges (Carex), cross-leaved heath
(Erica tetralix), Portuguese broom (Genista falcata), furze (Ulex mino) and marsh gentian
(G. pneumonanthe) [31]. Libânia meadow (LI) (41◦22′27.5′′ N, 7◦48′27.5′′ W), located near
the Lamas de Olo village, was selected as the study site due to the known presence of P.
alcon (Figure 2B). This meadow, situated at an elevation of 965 m and covering an area
of approximately 0.8 ha, provides a suitable ecosystem for the presence of P. alcon, G.
pneumonanthe and M. aloba. This meadow is mainly characterised by a balanced vegetation
cover composed of herbaceous and shrub layers, along with moderate livestock grazing
(Figure 2C) [21]. The surrounding landscape is predominantly shaped by low scrub and
granitic rocky outcrops, interspersed with a mosaic of coniferous forest, croplands (i.e., rye),
and hygrophilous ericaceous shrub communities [32]. This area is bordered by forest land,
stone hedges, roads and the Olo River [33]. The wider landscape also includes pedunculate
oak (Quercus robur) and pyrenean oak (Quercus pyrenaica) species, providing good sunlight
exposure, gentle slopes, and proximity to running water [34].

Figure 2. (A) Alvão Natural Park (ANP) and Libânia meadow (red dot) located in northeastern
Portugal; Libânia (LI) meadow (B) location and (C) habitat context.

https://doi.org/10.3390/ecologies7030076

https://doi.org/10.3390/ecologies7030076


Ecologies 2026, 7, 76 4 of 18

2.2. Mark–Release–Recapture (MRR)

To assess the daily abundance of active P. alcon adults in the LI meadow, field moni-
toring was conducted from 2006 to 2014, except in 2012, during the species’ flight period,
which extends from mid-July to mid-August. Abundance data were obtained from counts
on fixed transect routes, conducted every second or third day between 09:00 and 13:00 h.

During each sampling session, butterflies were captured using entomological nets,
individually marked on the underside of the hindwing with a fine-tipped permanent pen
using site-specific code numbers, and immediately released at the capture location. For each
capture, the individual identification code and date of capture were recorded. Recaptured
individuals were also included in the daily counts, as the aim was to quantify the number
of active butterflies recorded during each sampling day. With this methodology, it was
possible to obtain the number of visible and active butterflies observed on each capture
day [1,20].

2.3. Microclimate Modelling

The NicheMapR package (v3.3.3) [35] was used to model microclimate conditions and
to generate daily climatic variables for the LI meadow. This package includes mechanistic
model types: plant models, endotherm models [36], ectotherm models [37], and dynamic
energy budget models [38]. It simulates climate conditions: daily total precipitation, daily
maximum temperature, daily minimum temperature, daily mean temperature, daily total
solar radiation, daily relative humidity, daily soil surface wetness and daily wind speed,
based on several parameters: meteorological, terrain, vegetation, soil data, shading (in-
cluding hill shade), slope, and aspect, which play a critical role in mimicking microclimate
conditions with greater resolution and accuracy [31,38].

To run the microclimate simulations, MCERA5 [39] was used to obtain high-resolution
climate forcing data for microclimate modelling. Combined with NicheMapR, MCERA5
allows ERA5 hourly data reanalysis (0.25◦ latitude × 0.25◦ longitude) [40] to be downscaled
for local microclimate prediction. Additional packages were used to support data acquisi-
tion and processing: ECMWFR [41] to access climate datasets from Copernicus’s Climate
Data Store, LUBRIDATE [42] to manage and format datetime information, DPLYR [43] to
improve computational efficiency in data manipulation, and TIDYNC [44] to handle binary
data formats such as NetCDF files [45].

A digital elevation model (DEM) was generated from the ELEVATR package [46].
This enables the incorporation of local orographic characteristics (i.e., latitude, slope,
and aspect) along with climatic components (i.e., surface radiation, wind components,
dew-point temperature, and cloud cover) to downscale ERA5 hourly data from a spatial
resolution of approximately 28 km to approximately 10 m. The NicheMapR has taken
one of the earliest mechanistic models [47], generalised it, and incorporated it into its
features. All parameters were defined by integrating the meadow coordinates with the
DEM, which provided the topographic variables required for climate downscaling. This
methodology has been applied in a wide range of environments to ensure its applicability
and effectiveness [31,48–51].

2.4. Climate Variables Selection

Based on the butterfly’s life cycle, published articles, and the climatic characteristics of
the study area [1,2,22,31,52], eight climatic variables were selected: maximum, minimum,
and mean temperature, precipitation, solar radiation, relative humidity, soil surface wetness,
and wind speed. After generating microclimatic data for each variable, the 24 h mean was
calculated to obtain daily data, and grid-cell outputs within LI were spatially averaged to
characterise the overall habitat microclimate.
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Besides the climatic conditions observed on the capture day, additional variables were
calculated to represent the climatic conditions over the capture day and the preceding six
days (hereafter, d7). These seven days were defined based on mark–release–recapture data,
which indicated that adult P. alcon individuals were recaptured within the population for
up to six days following their first capture.

Using the mean temperature, daily growing degree days (GDD) were computed with a
base temperature of 5 ◦C. This temperature is frequently used to predict the butterfly species’
abundance and distribution [53]. From 1 April onward (mid-spring), the accumulated GDD
was calculated, as well as the accumulated GDD from the previous six days and the capture
day (d7). Based on the precipitation data, the cumulative precipitation from 1 April (Prec-
cum) and the precipitation accumulated for d7 were also calculated. The 1st of April was
chosen as the reference date because it represents the typical start of the growing season,
when temperatures consistently exceed the base threshold, and precipitation generally
begins to decline [1,23]. In total, 21 climatic variables were considered for analysis (Table 1).

Table 1. Climatic variables selected.

Climatic Variable Acronym (Units)

Spatial daily mean of daily total precipitation Prec (mm)
Spatial mean of the 7-day means of daily total precipitation Prec-d7 (mm)

Spatial mean of daily maximum temperature Tmax (◦C)
Spatial mean of the 7-day means of daily maximum temperature Tmax-d7 (◦C)

Spatial mean of daily minimum temperature Tmin (◦C)
Spatial mean of the 7-day means of daily minimum temperature Tmin-d7 (◦C)

Spatial daily mean of mean temperature Tmean (◦C)
Spatial mean of the 7-day means of mean temperature Tmean-d7 (◦C)

Spatial mean of daily total solar radiation SR (W/m2)
Spatial mean of the 7-day means of daily total solar radiation SR-d7 (W/m2)

Spatial mean of daily relative humidity RH (%)
Spatial mean of the 7-day means of daily relative humidity RH-d7 (%)

Spatial mean of daily soil surface wetness PCTWET (%)
Spatial mean of the 7-day means of daily soil surface wetness PCTWET-d7 (%)

Spatial mean of daily wind speed WS (m/s)
Spatial mean of the 7-day means of wind speed WS-d7 (m/s)

Spatial mean of growing degree days GDD (◦C-days)
Spatial mean of accumulated growing degree days GDD-cum (◦C-days)

Spatial mean of the 7-day accumulated growing degree days GDD-cum-d7 (◦C-days)
Spatial mean of the accumulated daily total precipitation Prec-cum (mm)

Spatial mean of the 7-day accumulated daily total precipitation Prec-cum-d7 (mm)

2.5. Determination of the Influence of Climatic Variables

For each climatic variable, a climatological baseline was established using a 15-day
moving average (Figure S1). This approach smooths short-term fluctuations and highlights
the expected seasonal pattern of each variable throughout the year, a procedure commonly
applied in time-series analyses [1]. The climatic value recorded on each capture day was
then compared with the corresponding 15-day moving average and classified as either
above or below the seasonal baseline. The number of butterfly captures associated with
each condition was subsequently quantified, allowing the percentage of captures occurring
under values above and below the moving average to be calculated for each variable.

To assess the potential influence of each climatic variable on butterfly abundance,
the difference between the percentages of captures recorded above and below the 15-day
moving average was calculated. Small differences indicate a relatively balanced distribution
of captures between the two conditions and therefore a weaker association with butterfly
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occurrence. Conversely, larger differences suggest that captures were concentrated under
one condition, indicating a stronger association with the variable.

Based on the magnitude of this difference, variables were classified into two categories:
Low Influence and High Influence. Variables with differences greater than 23 percentage
points were classified as High Influence, whereas those below this threshold were classified
as Low Influence. The threshold was defined empirically to maximise variability among
the climatic variables retained in the analysis.

Additionally, when variables within the same climatic category yielded identical
percentages, only one representative variable was retained to avoid redundancy.

2.6. Determination of Climatic Variable Ranges

After identifying the climatic variables most strongly associated with butterfly abun-
dance, the climatic ranges corresponding to the highest proportion of captures were de-
termined for each variable. Intervals containing more than 50% of all butterfly captures
were identified (Table 2). Although adults were observed outside these ranges, the concen-
tration of captures within these intervals suggests that they represent favourable climatic
conditions for adult abundance.

Table 2. Climatic variables and respective ranges for more than 50% of captures.

Climatic Variable Range

Prec-cum (mm) 157.9–251.4 mm
SR (W/m2) 6730.1–8220.4 W/m2

Tmin-d7 (◦C) 8.0–12.2 ◦C
RH-d7 (%) 71.2–86.7%

Prec-d7 (mm) 0.0–0.8 mm
Tmean-d7 (◦C) 13.2–18.0 ◦C

PCTWET-d7 (%) 60.8–92.0%

3. Results
3.1. Butterfly Capture Records

The LI meadow shows considerable interannual variation in butterfly abundance
throughout the eight monitored years (Figure 3). Monitoring was conducted over a total
of 105 sampling days, distributed as follows: 11 days in 2006, 9 in 2007, 8 in 2008, 9 in
2009, 20 in 2010, 26 in 2011, 13 in 2013, and 9 in 2014. Consequently, sampling effort varied
substantially among years, both in the number of sampling days and in the specific dates
on which captures were conducted.

Figure 3. Heatmap of the daily distribution of total butterflies captured in Libânia meadow.
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Annual capture numbers also varied markedly. The lowest number of individuals was
recorded in 2006, with 250 captures, whereas the highest abundance was observed in 2011,
when 1396 individuals were recorded.

The timing of peak adult activity differed among years. The earliest peak occurred in
2011, when the maximum daily abundance was recorded on 15 July (149 individuals). In
contrast, the latest peak was observed in 2013, reaching a maximum of 119 individuals on
8 August. An intermediate pattern was recorded in 2009, when abundance peaked on 27
July with 131 individuals. Except for 2006, all monitored years showed a unimodal flight
pattern, characterised by a single annual peak in adult abundance.

Throughout the study period, grazing management in the LI meadow remained
relatively stable, with cattle activity being controlled and livestock numbers maintained at
fixed levels.

3.2. Climate Context

The study area is located at an elevation of 965 m. In this region, the annual total
precipitation is 1228 mm, and rainfall during the autumn, winter, and spring months
ranges from 62 mm in September to 162 mm in October (Figure 4A,B). The wettest winter
month, with a mean precipitation of 150 mm, receives three times more rainfall than the
three driest summer months, which have a mean precipitation of 32 mm, with August
being the driest month at only 19 mm. The winter months record the lowest temperatures
(3.3–4.6 ◦C). In comparison, the remaining months have mean temperatures below 22 ◦C,
with at least four months averaging above 10 ◦C, which clearly characterises the region
as having a warm-summer Mediterranean climate (Csb). These climatic patterns reflect a
typical upland Mediterranean environment, where cooler temperatures at higher altitudes
combine with distinct seasonal contrasts in precipitation.

Figure 4. Study area (A) climograph, (B) climatic description and (C) monthly temperatures: maxi-
mum (Tx) and minimum (Tn), and amplitude range.

The highest temperatures occur between June and September (15.2–15.8 ◦C), and the
mean annual temperature is 10.4 ◦C. Accordingly, the warmest month is August (17.9 ◦C),
and the coldest is December (3.3 ◦C), while the annual thermal amplitude remains relatively
stable, ranging between 9.4 and 15.7 ◦C (Figure 4C).
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Although during winter and spring the butterfly is found on the ground with M. aloba,
the climatic conditions of this rainy period directly affect the habitat and G. pneumonanthe,
which is in its dormancy and growing seasons. When the butterfly becomes an adult in
summer, it is already directly influenced by the climate, with higher temperatures and
reduced rainfall. Moreover, these conditions trigger the flowering season of G. pneumonanthe
and promote the activity of M. aloba and grazing [27,54].

3.3. Climate Variables Influence

Adult butterfly abundance is directly associated with the absence of precipitation on
the day of capture (Prec) and accumulated precipitation (Prec-cum) (Figure 5A; Table S1).
Based on Prec and Prec-cum, 94.2% and 81.3% of captures, respectively, occurred under
rainfall levels below the 15-day moving average. As butterfly presence is clearly linked
to the absence of precipitation on the day of capture, the variable Prec-cum was selected
for further analysis, as it reflects the cumulative effect of precipitation since 1 April and
accounts for a broader range of influencing factors.

Figure 5. Classification of climatic variables according to influence on Alcon Blue individuals’
abundance: (A) High Influence and (B) Low Influence. This classification is based on the days of
capture and the total number of butterflies observed.

Daily total solar radiation (SR) was also strongly associated with butterfly abundance,
with 77.9% of captures occurring under values above the moving average. In contrast,
69.1% of captures occurred when the Tmin-d7 was below the 15-day moving average.
Considering the ecosystem of the study area, which is meadow habitats, the RH-d7 has
68.1% of captures occurring under values above the moving average.

The variables Prec-cum-d7 and Prec-d7 showed identical responses, with 65.3% of
captures occurring under values below the moving average; therefore, only Prec-d7 was
retained for performance. Likewise, Tmean-d7 and GDD-cum-d7 showed the same percent-
age response (65.1%), indicating that captures were more frequent under lower temperature
conditions during the preceding seven days. PCTWET-d7 is associated with 62.6% of cap-
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tures occurring under values above the moving average. Overall, climatic conditions during
the six days preceding capture showed strong associations with butterfly abundance.

Lower-than-average values of Tmax-d7 (61.4%), Tmin (59.4%), GDD (59.3%), and
Tmean (59.3%) were associated with higher capture frequencies (Figure 5B). Wind speed
averaged over the previous seven days (WS-d7) was associated with 55.8% of captures
occurring under values above the moving average, whereas wind speed on the capture day
(WS) showed a weaker and opposite pattern (51.0%). Relative humidity on the capture
day (RH) was associated with 55.1% of captures occurring under values below the moving
average, while solar radiation averaged over the previous seven days (SR-d7) showed a
weaker positive association (52.6%). Similar patterns were observed for PCTWET, Tmax,
WS, and GDD-cum.

The climatic variables showing the strongest associations with adult abundance were:
Prec-cum, SR, Tmin-d7, RH-d7, Prec-d7, Tmean-d7 and PCTWET-d7.

After identifying the climatic variables with the greatest effect on the number of
individuals, these were analysed in greater detail. In Figure 6, in the left panels, the
value of the climatic variable on the day of capture (▲) is shown, with the continuous line
representing the 15-day moving average. In the right panels, the percentage of annual
captures occurring above and below the climatological mean of the respective variable
is shown.

According to the Prec-cum (Figure 6A,B), the years with the highest accumulated
precipitation are 2007 (285.9–310.6 mm), 2008 (403.6–415.7 mm), and 2014 (283.2–314.4 mm).
In these years, all captures occurred under Prec-cum values above the 15-day moving
average. Conversely, the lowest accumulated precipitation values are recorded in 2011
(157.9–184.0 mm), a year that nevertheless exhibited one of the highest butterfly abundances.
Similar Prec-cum ranges are observed in 2006 (160.5–172.4 mm) and 2013 (169.1–179.2 mm),
despite the marked difference in the total number of butterflies recorded between these
years. Across the entire study period, 81.3% of captures occurred under Prec-cum values
below the 15-day moving average.

SR is consistently associated with higher capture frequencies (Figure 6C,D). In all
years, more than 55% of captures occur under radiation values above the climatological
mean. The year 2008 (5738.0–8016.1 W/m2) shows the lowest percentage of captures above
the 15-day moving average. Lower radiation values were observed in 2011, when a value
of 2628.4 W/m2 was recorded on 5 July. The highest value was recorded in 2010, reaching
8220.4 W/m2.

In 2006, the year with the lowest butterfly abundance, temperatures ranged between
10.8 and 17.4 ◦C (Figure 6E,F) and 98% of captures occurred above the 15-day moving
average. In contrast, in 2009, one of the years with the highest abundances, lower temper-
atures were recorded (9.0–12.1 ◦C), with all captures occurring below the climatological
mean. Intermediate values were observed in 2007, 2008, 2011 and 2013, with minimum
temperatures ranging from 8.0 to 14.7 ◦C. The highest Tmin-d7 value recorded during the
study period was 16.1 ◦C in 2010. These results indicate that this climatic variable plays a
more important role than maximum temperature (Figure 5A,B) in butterfly abundance.

RH-d7 (Figure 6G,H) shows that the butterfly tends to appear when the relative
humidity over the seven days exceeds 50%. In 2006, relative humidity ranged from 60.7
to 82.4%, and 62% of captures occurred below the 15-day moving average. By contrast, in
2009, when humidity values ranged from 75.4 to 86.7%, all captures occurred above the
climatological mean. Overall, 68.1% of captures were recorded under relative humidity
values above the moving average.
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Figure 6. Representation of the values of each climate variable on the day of capture and the 15-day
moving average (left panels) and captures the percentage that occurs with climate variables above or
below the 15-day moving average (right panels): (A,B) Prec-cum (Spatial mean of the accumulated
daily total precipitation); (C,D) SR (Spatial mean of daily total solar radiation); (E,F) Tmin-d7
(Spatial mean of the 7-day means of daily minimum temperature); (G,H) RH-d7 (Spatial mean
of the 7-day means of daily relative humidity); (I,J) Prec-d7 (Spatial mean of the 7-day means of
daily total precipitation); (K,L) Tmean-d7 (Spatial mean of the 7-day means of mean temperature);
(M,N) PCTWET-d7 (Spatial mean of the 7-day means of daily soil surface wetness).
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The Prec-d7 further highlighted the importance of moisture conditions (Figure 6I,J).
Except for 2007 (0–1.8 mm) and 2009 (0–6.5 mm), values are predominantly below the
15-day moving average in all years. In 2009, only two sampling days recorded precipitation
totals exceeding 6 mm during the previous seven days.

The Tmean-d7 (Figure 6K,L) exhibits a percentage pattern similar to Tmin-d7, except
in 2010, when it presents a higher percentage (61%) of captures at mean temperatures above
the 15-day moving average. The year 2006 stands out for recording capture days with
temperatures as high as 23.4 ◦C. However, the highest overall proportion of butterflies
is observed at around 18.4 ◦C, as in 2009, which was one of the years with the greatest
number of butterflies recorded.

PCTWET-d7 shows greater variability among years and less distinct patterns than
the other climatic variables (Figure 6M,N). Values are predominantly above the 15-day
moving average. However, in 2008 (45.0–85.4%) and 2013 (37.3–77.1%), the majority of
observations occurred below the climatological mean, accounting for 52% and 59% of
captures, respectively. The highest soil moisture value recorded during the study period
was 91.3% in 2006, whereas the lowest was 19.1% in 2010.

3.4. Climate Range Determination

The climatic ranges associated with the highest frequency of adult captures were
determined from the variables identified as having the strongest associations with butterfly
abundance (Figure 7; Table S2). Although captures also occurred outside these intervals,
the selected ranges contained the majority of observations.

Figure 7. Boxplots of the climatic variables’ distribution on the butterfly capture days, with the
respective limits defined based on the predominant percentage defined with High Effect classification:
(A) Prec-cum (Spatial mean of the accumulated daily total precipitation;) (B) SR (Spatial mean of daily
total solar radiation); (C) Tmin-d7 (Spatial mean of the 7-day means of daily minimum temperature);
(D) RH-d7 (Spatial mean of the 7-day means of daily relative humidity); (E) Prec-d7 (Spatial mean of
the 7-day means of daily total precipitation); (F) Tmean-d7 (Spatial mean of the 7-day means of mean
temperature); (G) PCTWET-d7 (Spatial mean of the 7-day means of daily soil surface wetness).

https://doi.org/10.3390/ecologies7030076

https://doi.org/10.3390/ecologies7030076


Ecologies 2026, 7, 76 12 of 18

Prec-cum (Figure 7A) ranges from 157.9 to 415.7 mm, with a median of 200.1 mm,
Q1 171.2 mm, and Q3 251.4 mm. Approximately 81% of captures occurred within the
range 157.9–251.4 mm, whereas observations associated with precipitation above 251.4 mm
were less frequent. Outliers (>400 mm) correspond to exceptionally wet days and do not
represent abundance conditions, indicating that the species is associated with humid but
not excessively rainy periods.

SR (Figure 7B) varies between 2628.4 and 8220.4 W/m2, with a median of 7550.8 W/m2,
Q1 7066.1 W/m2, and Q3 7836.5 W/m2. Most captures were recorded under radiation
values between 6730.1 and 8220.4 W m−2. Tmin-d7 (Figure 7C), representing nocturnal
conditions preceding daytime sampling, ranged from 8.0 to 17.4 ◦C, with a median of
11.7 ◦C (Q1 = 10.7 ◦C; Q3 = 12.8 ◦C). Temperatures above 17.4 ◦C are residual, which
suggests that moderate nocturnal temperatures provide suitable conditions for subsequent
daytime abundance.

Relative humidity averaged over the previous seven days (RH-d7; Figure 7D) varied
between 52.9 and 86.7%, with a median of 76.3%. Most captures (68.1%) occurred under
relative humidity values between 71.2 and 86.7%. Seven-day mean precipitation (Prec-d7;
Figure 7E) ranged from 0 to 6.45 mm, with a median of 0.21 mm. Approximately 65% of
captures occurred under precipitation values between 0 and 0.8 mm, indicating occasional
heavier rainfall that did not affect overall butterfly abundance.

Tmean-d7 (Figure 7F) ranged from 13.2 to 23.4 ◦C, with a median of 17.5 ◦C (Q1
15.95 ◦C, Q3 19.13 ◦C). Over 65% of individuals were observed in the 13.2–18.0 ◦C range.
This distribution shows no outliers, indicating stable and optimal thermal conditions
during capture days. PCTWET-d7 (Figure 7G) showed an association with soil moisture
(19.1–92.0%), with Q1 at 47.9% and Q3 at 74.6%. Most captures (≈63%) occurred between
60.8 and 92.0%, and no extreme values were observed outside this range, highlighting the
species’ association with humid microclimates.

4. Discussion
The structural complexity of meadow habitats directly influences the climatic variables

that can enhance or limit P. alcon, as well as its host species, G. pneumonanthe and Myrmica
ants (M. aloba in ANP) [55,56]. In the present study, refs. [23,27,52], the climatic variables
Prec-cum, SR, Tmin-d7, RH-d7, Prec-d7, Tmean-d7, and PCTWET-d7 showed a strong
influence on the observed adult abundance of the Alcon Blue in Libânia meadow.

It became evident that the occurrence of the Prec variable is not favourable to butterfly
activity [22,23]. However, Prec-cum (157.9–251.4 mm) and Prec-d7 (less than 3.4 mm) were
positively associated with adult abundance. This pattern suggests that P. alcon depends on
humid habitats that support both G. pneumonanthe [27] and Myrmica ants, while requiring
dry conditions for flight activity, mating, and oviposition. RH-d7 showed optimal values
between 71.2% and 86.7%. Similarly, [55] identified humidity values between 84% and 92%
as favourable for butterfly reproduction. Temperature also played a key role, influencing
activity, distribution, oviposition, mating, and larval development [55]. Lower values of
Tmin-d7 (8.0–12.2 ◦C) and Tmean-d7 (13.2–18.0 ◦C) proved to be essential for the species’
presence. Tmin-d7 showed a stronger association with observed adult abundance than
Tmax variables. This finding suggests that nocturnal thermal conditions may play a
particularly important role in determining suitable microclimatic conditions for adult
activity and occurrence during the flight period.

Regarding SR, optimal values ranged between 6730 W/m2 and 8220 W/m2, with min-
imum values reaching 4819 W/m2. These results are consistent with [55], who emphasised
that cloud cover can limit butterfly flight, as can wind speed. SR was positively associ-
ated with the number of active adults recorded during sampling events, likely reflecting
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increased adult activity under favourable thermal and light conditions, which may enhance
feeding, mating, and oviposition. Concerning PCTWET-d7, excessively wet conditions
reduce the density of host plants and ant nests, consequently decreasing the presence of
the Alcon Blue [8], which contrasts with the high percentages obtained in the present study
(60.8–92.0%). This apparent discrepancy may be related to the particular characteristics of
the mountain peatland habitats of ANP, where high drainage capacity and heterogeneous
topography can maintain humid microclimatic conditions without generating prolonged
waterlogging. The stronger association of seven-day climatic variables with adult abun-
dance indicates that abundance is related not only to weather conditions during sampling
but also to cumulative microclimatic conditions in the preceding days [1,20,26].

This detailed microclimatic characterisation defines quantitative microclimatic ranges
associated with adult P. alcon abundance, providing reference values for assessing current
habitat requirements and supporting future evaluations of habitat conditions under cli-
mate change. Climate projections indicate that mountain peatlands are among the most
endangered ecosystems in Mediterranean regions, where up to 60% of mountain species
are projected to disappear by 2085 [31]. Iberian Peninsula will experience a 74% decline in
climatically suitable habitats for gentian species by 2060, thereby compromising butterfly
survival [25,27]. By 2050, losses of 40% of suitable climatic niches are expected due to
desynchronisation between host plant flowering and habitat suitability, while an average
temperature increase of 4.1 ◦C by 2100 is projected to reduce the distribution area of P. alcon
by approximately 74%, particularly affecting Central European populations [2,57]. Habitat
fragmentation is also associated with the abandonment of traditional land-use practices,
fire, agricultural intensification, urbanisation, and tourism development [3,16,19,20,24,31].
In Belgium, Spain, Denmark, the Netherlands, and Slovenia, butterfly diversity has been
severely decreased [2,16,19,57–59].

Within the context of projected climate change, habitat conditions in the ANP may
shift beyond the microclimatic ranges associated with adult P. alcon, highlighting the need
for targeted conservation measures. This may include low-intensity grazing, hay cutting to
prevent shrub encroachment and preserve structural heterogeneity [16,59], together with
controlled burning and peatland restoration. Additional measures include maintaining
a balance of herbaceous and shrub layers to ensure the presence of Myrmica nests [8], re-
wetting degraded heathlands, and (re)introduction of G. pneumonanthe or butterfly larvae
near host ant nests. Where the ecological requirements of the species are met, including
the presence of host plant (G. pneumonanthe) and Myrmica ants, suitable habitat could be
expanded towards higher elevations and wetter areas [4,15,18,34,60]. Furthermore, these
microclimatic ranges can be used to identify suitable habitat patches, optimise monitoring
during the flight period, and support the long-term evaluation of habitat conditions under
environmental change [60]. Integrating these findings into the “Plano de Cogestão do
Parque Natural do Alvão” and monitoring programmes, including “Operação Biodiversi-
dade do Sítio Alvão/Marão” and “To Protect is to Know”, could support evidence-based
conservation planning and adaptive management in the ANP [61–63].

Although the current study provides insights into the microclimatic conditions associ-
ated with adult P. alcon abundance in Libânia meadow, future studies should incorporate
population estimates as a complementary approach. The development of integrated in-
dices that combine demographic, microclimatic variation, and habitat-related information,
including reproductive behaviour, fine-scale measurements of vegetation structure, host
species availability, and interactions, could improve understanding of the mechanisms
influencing population dynamics and the identification of potential thermal refugia.
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5. Conclusions
The P. alcon presence, its host plant G. pneumonanthe, and ants of the genus Myrmica

are clearly influenced by microclimatic conditions. The present study demonstrated that
adult P. alcon abundance is associated with a combination of moderate accumulated precip-
itation, high relative humidity, low to moderate temperatures, and adequate solar radiation.
Adult activity was favoured by dry weather conditions on the day of observation, whereas
habitat suitability was associated with humid conditions maintained over longer periods.
Furthermore, climatic conditions during the six days preceding capture showed stronger
associations with butterfly abundance than instantaneous daily conditions, highlighting the
importance of cumulative microclimatic effects. Among the variables analysed, minimum
temperature, relative humidity, and accumulated precipitation were identified as the cli-
matic factors most strongly associated with adult abundance, emphasising the dependence
of this species on stable and humid mountain meadow environments.

Given the climate change scenarios, characterised by rising temperatures and de-
creasing precipitation, a substantial reduction in suitable habitats is anticipated, as well as
an increased risk of phenological desynchronisation between butterflies and their hosts.
Such changes compromise population viability and long-term persistence. These impacts
may be intensified by anthropogenic factors, including the abandonment of traditional
management practices and habitat fragmentation, which directly affect the structure and
species of meadows.

The quantitative microclimatic ranges identified in this study can support P. alcon
conservation in the ANP by informing habitat management in Libânia meadow, identifying
habitats with suitable microclimatic conditions for the butterfly, its host plant (G. pneumo-
nanthe), and Myrmica ants, and providing reference values for future evaluations of habitat
conditions under climate change. These microclimatic ranges can be integrated into the
monitoring programmes within the ANP and in similar meadow habitats to support the
conservation of these habitats and their associated species.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ecologies7030076/s1, Figure S1. Climatology mean and 15-day
moving average of climatic variables: (A) Prec (mm); (B) Prec-d7 (mm); (C) Tmax (◦C); (D) Tmax-d7
(◦C); (E) Tmin (◦C); (F) Tmin-d7 (◦C); (g) Tmean (◦C); (H) Tmean-d7 (◦C); (I) SR (W/m2); (J) SR-d7
(W/m2); (K) RH (%); (L) RH-d7 (%); (M) PCTWET (%); (N) PCTWET-d7 (%); (o) WS (m/s); (P) WS-d7
(m/s); (Q) GDD (◦C); (R) GDD-cum (◦C);(S) GDD-cum-d7 (◦C); (T) Prec-cum (mm); (U) Prec-cum-d7
(mm) of the Libânia meadow; Table S1. Contingency table based on a comparison between capture
days (considering the total number of moths captured each day) and the 15-day moving average
for each climate variable, in the Libânia (LI) meadow; Table S2. Descriptive statistics of the selected
microclimatic variables: Prec-cum (Spatial mean of the accumulated daily total precipitation), SR
(Spatial mean of daily total solar radiation), Tmin-d7 (Spatial mean of the 7-day means of daily
minimum temperature), RH-d7 (Spatial mean of the 7-day means of daily relative humidity), Prec-d7
(Spatial mean of the 7-day means of daily total precipitation), Tmean-d7 (Spatial mean of the 7-day
means of mean temperature), PCTWET-d7 (Spatial mean of the 7-day means of daily soil surface
wetness), according with Figure 7.
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