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ABSTRACT

Land use and climate change are two of the greatest threats to biodiversity globally.
However, their interactive effects remain poorly understood. In the boreal forest biome,
where species are experiencing increasing pressures from forest management and climate
change, improved understanding of these effects is urgently needed. Here, we assess the
impacts of forest loss and both baseline and changing late spring climatic conditions on the
extinction probability of a threatened boreal forest orchid, Calypso bulbosa. We use a
unique dataset consisting of 1,006 C. bulbosa occurrence sites located in Finland, historical
aerial images, and climatic data spanning the last 60 years. Our results reveal that forest
loss, at the local rather than landscape-scale, and both the site-specific baseline climatic
conditions and their change over time influence the extinction probability of C. bulbosa.
These effects were mainly interactive with greater temporal increase in rainfall ameliorating
and greater baseline rainfall exacerbating the negative effect of forest loss on the species’
persistence. Furthermore, greater baseline snow depth ameliorated this negative effect. We
also found some statistical support for independent effects of baseline thermal sum and its
change over time, but their ecological relevance was interpreted as minor. Overall, our
results align with the expectation that forest loss can modify the exposure of forest-
dependent species to climatic conditions, thus altering their vulnerability to climate change.

KEYWORDS
Fairy slipper; global change; habitat decline; habitat degradation; old-growth forests; boreal
forests; Orchidaceae
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1. INTRODUCTION

Biodiversity is declining at an alarming rate. This decline has been mainly attributed to the
loss, fragmentation, and degradation of habitats caused by land use change (Jaureguiberry
et al., 2022; Semenchuk et al., 2022). However, climate change is increasingly contributing
to the loss of biodiversity by exposing species to novel climatic conditions at a pace that
exceeds their capacity to adjust, adapt, and disperse (Mattila et al., 2024; Roman-Palacios &
Wiens, 2020; Thomas et al., 2004). While land use and climate change can contribute to
biodiversity decline independent of one another (individual and additive effects), they may
also have interactive effects (Oliver & Morecroft, 2014). For instance, land use change can
exacerbate the negative impacts of climate change on species persistence by reducing their
ability to track suitable climatic conditions through dispersal. Although the interactive
effects of land use and climate change are increasingly assessed (Auffret & Svenning, 2022;
Northrup et al., 2019; Suppula et al., 2023), the prevalence of such effects, as well as the
mechanisms by which they operate in different ecosystems, remain poorly understood.

The boreal forest biome is experiencing increasing pressures from both land use and
climate change. The area and quality of natural boreal forest is rapidly declining, mainly due
to the expansion and intensification of commercial logging (Burton et al., 2010; Gauthier et
al., 2015). Additionally, the boreal forest biome is warming two to four times faster than the
global average due to its high-latitude location (Rantanen et al., 2022). Importantly, not only
are mean temperatures rising, but climate change is also altering precipitation and snow
patterns (Aalto et al., 2023). Furthermore, extreme weather events are increasing in
frequency and intensity (Aalto et al., 2026; Rao et al. 2023). These land use and climatic
changes can interact with one another in a distinct way. Forest management activities, such
as thinning and clear-cutting, are known to diminish the microclimatic buffering capacity of
boreal forests (Chen et al., 1993; Starck et al., 2025, 2026). Reductions in the forests'
microclimatic buffering capacity, in turn, can expose species inhabiting them to more severe
impacts of climate change compared to those that they would otherwise experience (De
Frenne et al., 2019; Geiger, 1965; Zellweger et al., 2020).

Here, our aim is to assess the individual, additive, and interactive effects of land use
and climate change on the decline of a boreal forest orchid, Calypso bulbosa (L.) Oakes. So
far, the decline of C. bulbosa has been mainly linked to habitat loss and degradation caused
by forest management and construction (Hyvarinen et al. 2019). However, climate change
may increasingly impact the species’ survival, especially if forestry practices diminish
microclimatic buffering. For instance, increasing temperatures, declining snow cover, and
night frosts in spring may negatively influence C. bulbosa by exposing the species to drought
and frost damage (Chen et al., 1993; Hu et al., 2023; Orlander, 1993; Simons et al., 2010; Wu
et al., 2025; Yan et al., 2025). Increases in precipitation, on the other hand, may be
beneficial for C. bulbosa as they may improve the moisture conditions (Koivusaari et al.,
2026). However, extensive increases in rainfall could lead to root suffocation and thus
influence the species negatively (Hirabayashi et al., 2013; Irfan et al., 2010; Zhang et al.,
2025).
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The degree at which land use and climate change influence C. bulbosa may depend on the
spatial scale at which land use change impacts manifest, as well as on the baseline climatic
conditions in the area. Species with low dispersal ability, such as C. bulbosa, may be more
vulnerable to changes that occur in their close vicinity than those with higher dispersal
ability and thus greater potential to rescue populations and recolonize after local extinctions
(Brown & Kodric-Brown, 1977; Saccheri et al., 1998), although the evidence for such
differences between weak and strong dispersers remains limited (Martin et al., 2023).
Furthermore, climatic changes may have more severe impacts on species at sites where
baseline climatic conditions are already close to their environmental tolerance limits
(Deutsch et al., 2008). Conversely, at sites where climatic conditions are close to the species’
environmental optimum, populations may remain stable despite equally pronounced
climatic changes (Deutsch et al., 2008).

To assess the interactive impacts of land use change and climate (baseline and
change) on the decline of C. bulbosa, we use a unique dataset consisting of 1006 C. bulbosa
occurrence sites located in Finland, historical aerial images, and climatic data spanning the
last 60 years. We expect forest loss to increase the extinction probability of C. bulbosa while
higher baseline and increasing thermal accumulation and lower baseline and decreasing
snow during early spring would increase, and higher baseline and increasing rainfall
decrease extinction probability. In addition to these individual effects, we anticipate forest
loss to impact the microclimatic buffering capacity of the forest, manifesting as interactive
effects of land use and climate on the extinction probability of C. bulbosa. In particular, we
expect greater baseline and increase in thermal accumulation and lower baseline and
greater decrease snow cover to have exacerbating interactive effects on extinction
probability together with land use, while greater baseline and increased rainfall would have
an ameliorating interactive effect, provided that the conditions are not becoming overly
wet. Finally, we expect forest loss at the site-scale to have a more important impact on C.
bulbosa in comparison to forest loss at the landscape-scale.
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2. METHODS

2.1 Study species

Calypso bulbosa (L.) Oakes (Orchidaceae) (Fig. 1A) is a perennial herb with a circumboreal
distribution (Hultén & Fries 1986). In Finland, it usually grows in shady old-growth
coniferous forests with high soil calcium concentration (Abeli et al., 2013; Tuomi et al.,
2015). The species flowers soon after snow melt, usually in late May or the beginning of
June (Alexandersson & Agren, 2000). The reproductive stage of the species forms one flower
which can produce thousands of small, wind-dispersed seeds (Alexandersson & Agren, 2000;

Boyden, 1982). Like other orchids, C. bulbosa relies on relatively complex biotic interactions:
it obtains organic carbon from its mycorrhizal partner (Currah et al., 1988; Hadley, 1982)
and is pollinated by bumblebee queens (Ackerman, 1981; Alexandersson & Agren, 1996;
Boyden, 1982; Mosquin, 1970).

100 km Leva1]

Extinct
@ Extant

bulbosa (photograph by S. Koivusaari). Panel B shows the locations of the extant (black) and extinct
(white) study sites in Finland.

2.2 Data

2.2.1 Species occurrence data

We obtained species occurrence data from the databases of the Finnish Environment
Institute (HERTTA) and Parks & Wildlife Finland (LajiGIS, Silvia). The data are available from
the Finnish Biodiversity Information Facility (FinBIF, 2023; collection ID MX.40083). The
species data were downloaded in 2020 and 2023. The data consisted of occurrence records
based on visitations at known occurrence sites of C. bulbosa across Finland. At each visit, the
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status of the occurrence site was recorded to be either extant, extinct, or uncertain. An
uncertain status was assigned when an occurrence site that was previously confirmed as
extant was not detected during the current field visit, and the available evidence was
insufficient to conclude that the species had become locally extinct. If an occurrence site
received a different status in different years, we assigned it according to the most recently
recorded status. We omitted occurrence sites for which the status remained uncertain.

For the extinct sites, we also determined the year when the extinction likely
occurred. If an occurrence site had been recorded as extinct in the species data, the year of
extinction was usually reported at an accuracy of one to two decades. For 19 sites, however,
no year of extinction was provided. For these sites, we determined a window of extinction
based on the notes made by the observers. These notes often contained information on
when the species was last observed at the occurrence site (even though these intermediate
observations had not always been added as separate visits to the database), and when it
was first observed as extinct. After this, we assigned the year of extinction by either
assigning a mid-decade year for decadal-level data (e.g. if the occurrence site was recorded
to have gone extinct in the 1990’s, we set the extinction year to 1995) or a mean year for
extinction time window information (e.g. if the extinction window was 2004-2010, we set
the extinction year to 2007). As our climatic data started in 1961 (see Section 2.2.4) and to
allow estimating climatic trends over a minimum of 15 years, we excluded occurrence sites
for which the last observation year (if extant) and extinction year (if extinct) occurred prior
to 1975.

To improve the spatial resolution of the data, we excluded records with coordinate
accuracy of >10 meters. Furthermore, to avoid pseudoreplication, we retained only one
occurrence site per 20 x 20 m cell. This spatial filtering was done simultaneously for extant
and extinct sites, because all the 20 x 20 m cells contained either occurrences deemed as
extant or extinct, and not both types of states. After this data processing, the data
contained 2575 unique occurrence sites, of which 84 were recorded as extinct and 2491
extant.

2.2.2 Connectivity data

To capture the spatial structure of the studied C. bulbosa occurrence sites, we used the
measure of population connectivity described by Hanski (1994). This measure accounts for
distance from each occurrence site to all potential source populations and the population
size of all potential source sites, and can be defined through the following equation:

Si = Yjzi exp(-adj)N; (Eg. 1)
where S;is a measure of connectivity for population ‘i’ to other potential source populations

‘I'; a scales the effect of distance to migration; dj is the distance (in kilometers) from
patch i to j; and N; is the population size of the potential source population.
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The method assumes that the data contains information on all populations of the species.
However, to calculate the measure of connectivity, we used occurrence data containing
2575 unique occurrence sites filtered based on the rules described in Section 2.2.1. In these
data, abundance was recorded at least once for 1901 of the sites, allowing us to calculate
mean abundance across years per occurrence site to indicate population size. Both the unit
and format of abundance data varied across records. For most records, the unit was the
count of individuals or sprouts, but for some records, it was defined as the total individual
count or the count of flowering individuals or sprouts/tufts. For most records the
abundance value was given as a numerical value, but for 16 sites, abundance was given as a
verbal description, such as “multiple” or “a few”. Furthermore, in 34 sites, abundance was
recorded as 0 at all visits. In cases where the unit was something else than individuals or
sprouts and the abundance value was reported verbally, we assigned a value for abundance
based on the description (e.g. a few was translated to 5 individuals). To handle occurrence
sites with missing or zero mean abundance, we used two alternative methods: we assigned
these occurrence sites 1) a random mean abundance value within the range of the most
common mean abundance values (within 2.5 and 97.5 % quantiles), and 2) a mean
abundance value of 1. Using mean abundance data constructed with these two alternative
approaches, we calculated connectivity according to Equation 1, with a set to 1 based on
the estimation of dispersal ability of C. bulbosa (Lososova et al., 2023) and compared the
results obtained via both approaches (Section 3.2).

2.2.3 Land use change data
To assess land use changes in the study sites, we used historical aerial images provided by
the National Land Survey of Finland. For each year for which an aerial image was available
for an occurrence site, we visually estimated the percentage of area covered by older forest
(i.e. forest with continuous canopy and no signs of management, e.g. forestry machinery
tracks ) out of the total land area within a 250 m radius from the occurrence site. We then
calculated the change in the older forest cover for each time interval (i.e. % mature forest in
year; - % mature forest in yeari.1). Finally, we summed the differences across all time
intervals to obtain a measure of cumulative change in the forest cover. For the extant sites,
we included information extracted from aerial images taken during the years before the
occurrence site had been visited for the last time (varying between 1987-2022) and from
the next year after the last visit for which aerial images were available. For the extinct sites,
we included information from the years before the occurrence site was deemed extinct
(ranging between 1975-2019; see Section 2.2.1 on how the extinction year was
determined), and from the next year after the extinction event for which aerial images were
available. Based on this filtering process, two to 14 aerial images per occurrence site were
included in the analyses.

In addition to the percentage of area covered by older forest within the 250 m buffer
area, we recorded information on whether the exact location of the occurrence site was
covered by continuous forest. This information was also collected based on visual inspection
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of aerial images. We then estimated linear change in the presence of mature forest by
calculating Sen’s slope (Sen, 1968) separately for each occurrence site using the sens.slope
function in the ‘trend’ R package (Pohlert, 2023). To make sure that the slope captures the
potential changes that have led to the extinction of the occurrence sites as accurately as
possible, we included only information from 1) the previous available year before the final
observation year (if extant) or the year of extinction the recorded event (if extinct), and 2)
the next year after the final observation year or year of extinction event for which aerial
images were available. We classified the slope values into four classes based on how
suitable the class was expected to be for C. bulbosa (in the order from least suitable): 1) loss
of forest; 2) no forest over the examined temporal span; 3) gain of forest; and 4) continuous
forest over the examined temporal span. We assumed class 1 to be the least suitable for this
species, given that it reflects a disturbance. Class 2 was expected to be more suitable given
that, in some cases, it is possible that the populations occur in less suitable, undisturbed
conditions. Class 3 was assumed to be more suitable for the species, given that mature
forest would have developed, while class 4 was assumed to describe the most suitable
conditions as it reflected situations where forest had been continuously present at the site.

We assessed aerial images for all extinct occurrence sites for which there was aerial
image data available, and for a sample of extant sites. The sample was based on a random
selection of locations, with priority given to locations with <80-year-old forest cover to
reduce age-related sampling bias and improve the geographic representation of sites across
the two main study areas. As a result, we obtained land use change data for 83 extinct and
924 extant sites, totaling 1006 sites.
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Figure 2. lllustration of the land use change data. Panel A shows an example of an aerial
image series used to assess changes in land use. The study occurrence site is shown with a
white point in the center of each aerial image. The estimated % of forest cover is given after
the year for each image. Panel B shows values obtained for cumulative change in forest
cover within a 250 m buffer area (%). Panel C shows linear change in the presence of forest
in the exact location of the study occurrence site (A). Class 1 refers to the loss of forest, class

2 to no forest cover at all, class 3 to the gain of forest, and class 4 to continuous forest
cover.
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2.2.4 Climate data

To assess changes in the climatic conditions, we used daily gridded climate data at 1 x 1 km
spatial resolution provided by the Finnish Meteorological Institute (Aalto et al., 2016). We
selected three variables to use in our analyses: 1) rainfall (mm); 2) growing degree days
above 5 °C (GDDS5; sum of temperatures exceeding +5 °C); and 3) mean snow depth (cm).
Rainfall and GDD5 were calculated annually for 1961-2019 as the mean of accumulated
rainfall and degree days over April-June, representing average late spring-month rainfall and
GDDS5, respectively. Mean snow depth, in turn, was calculated annually for 1961-2020 as the
mean snow depth during April and May. Here, June was excluded to avoid bias caused by
the large number of zero-values (the average site had no snow cover in June during 59 of
the 60 years). Overall, for the climatic variables, these late-spring months were considered
the most relevant for the ecology of the study species, given that it flowers during spring
and early summer. To match the spatial resolution of climatic data to that of the species
data, we resampled the climatic data to a 20 x 20 m resolution using a bilinear interpolation
method and the function project in ‘terra’ R package (Hijmans, 2025).

We estimated linear trends in the climate variables over 1961-2019 (2020 for snow
depth) by calculating Sen’s slope (Sen, 1968) separately for each of the 1007 occurrence
sites for which we also had land use change data, using the sens.slope function in the ‘trend’
R package (Pohlert, 2023). For the extant sites, Sen’s slope was calculated starting from the
first year of available climatic data (1961) to the final observation year, whereas for the
extinct sites, it was calculated until the year when the population was deemed extinct.
Similarly for forest cover data, the last observation year varied between 1987-2022 for
extant occurrence sites while the extinction designation varied between 1975-2019. The
mean number of years used to estimate climatic trends across all occurrence sites was 50.84
years, while the mean across extant and extinct occurrence sites was 40.01 and 51.21 years,
respectively. We removed one occurrence site where the change in the amount of rainfall
fell clearly outside the range of all other values (i.e. was an outlier or an error in the data),
totaling 82 extinct and 924 extant occurrence sites.

In addition to estimating change in the climatic variables over time, we calculated
the occurrence site-specific average value of each climatic variable across the first 30 years
of the study period (1961-1990). This was done to allow controlling for occurrence site-
specific baseline climatic conditions in subsequent analyses and thus to make sure the
potential effect observed from the slope of the linear change would in fact reflect the
impact of change in climatic conditions rather than differences in baseline climatic
conditions between the sites.

10
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Figure 3. lllustration of the climatic data. In each panel, the black line shows temporal fluctuations in
climatic conditions across the study period, averaged across all study sites, while the grey areas
show standard deviation in climatic conditions across all study sites. The blue dashed lines show
baseline climatic conditions across the first 30 years of the study period and the blue solid line shows
the linear temporal trend, both averaged across all study sites. The temporal span used to calculate
linear change was adjusted per study occurrence site (see Section 2.2.4). The values in the panels
show change in each climatic variable per year across study sites. The maps in the right side of each
panel show the spatial distribution of climatic conditions in Finland, averaged across the first 30
years in the climatic data (1961-1990). The locations of the study occurrence sites are shown as 20 x
20 km grid squares in the smaller maps.
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2.3 Statistical analyses
All analyses were conducted in R version 4.5.1 (R Core team 2025).

2.3.1 Model fitting

We used Generalized Linear Models (GLMs) with a binomial error distribution and logit link
function to model the binary status (extinct = 1, extant = 0) of the 1006 occurrence sites of
C. bulbosa. The models were implemented with the g/im function from the ‘stats’ R package
(R Core Team, 2025). To assess the additive and interactive effects of land use and climate
on the extinction probability of C. bulbosa, we fitted four different models that varied in
their main predictors: 1) land use change only; 2) climate only; 3) land use and climate; and
4) land use change, climate, and their interactions (Table 1). The climate component always
included both baseline climatic conditions and changes in them. In all models, we included
connectivity to capture the spatial structure of the data, and in model 4. Two alternative
sets of models were fitted using connectivity data calculated with two methods (see Section
2.2.2). The fit of the models with different main predictors, as well as different connectivity
data were compared using AIC and Nagelkerke R? values. Given the large range of
connectivity values in comparison to the other explanatory variables, connectivity was
square-root transformed prior to modeling. In model 4 (the interaction model), we initially
included all possible interactions between land use change and climate, and land use change
and connectivity, and climate and connectivity. Then, we used a backward-selection
approach to exclude non-significant (p > 0.05) interactions.

Table 1. The structure of the models and their usage in terms of interpreting the impacts of land use
and climate on the extinction probability of C. bulbosa. In all models, connectivity, estimated with
two alternative approaches, was included to capture the spatial structure of the data. LUC = land use
change, C = climate (baseline and change).

Model Predictors Usage

Number

1 Used to interpret models 3 and 4.

2 C Used to interpret models 3 and 4.

3 LUC+C Used to assess whether land use change and climate (baseline

and change) have additive effects, i.e. whether including both
land use change and climate improves model fit compared to
models including only one of them. This also implied assessing
whether their effects remained significant when controlling
for the other.

This model was also used to interpret model 4.

4 LUC+ C+ LUC:C Used to assess whether land use change and climate (baseline
and change) have interactive effects, i.e. whether the impacts
(or explanatory power of the model) of land use change or
climate is stronger or weaker under different land use change
and climate conditions.

12
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2.3.2 Model assessment

We assessed multicollinearity of our predictors using the Variance Inflation Factor (VIF). The
VIF values, which were calculated based on model 3 (see Table 1) to exclude influence of the
interaction terms, were generally low (below 1.7), but for baseline GDD5 and baseline
rainfall, the VIF values indicated moderate multicollinearity (VIF = 4.02 and 5.48,
respectively using connectivity approach 1 and 5.07 and 6.13, respectively using
connectivity approach 2). This multicollinearity was taken into account with cautious
interpretation of the model estimates for these two variables. To assess residual spatial
autocorrelation, we used the testSpatialAutocorrelation function from the ‘DHARMa’ R
package (Hartig, 2024) with residuals simulated with the simulateResiduals function. The
test, performed on model 4, did not reveal spatial autocorrelation in the residuals (Moran's |
=0.01, p = 0.43 using connectivity approach 1 and Moran's | =0.01, p = 0.52 using
connectivity approach 2). To assess the performance of the models, we used the Receiver
Operating Characteristic (ROC) curve and Area Under the Curve (AUC) value produced with
the roc and auc functions from the ‘pROC’ R package (Robin et al. 2011), as well as QQ-plots
and residuals vs. fitted values plots (Fig. S1) created with the plot function and simulated
residuals from the ‘DHARMa’ R package. The ROC curve and AUC values indicated excellent
discriminatory performance (Fig. S2). The QQ-plots and residuals vs. fitted values plots did
not indicate deviations from the normality of residuals and homogeneity of variances
assumptions (Fig. S2). We used the ggpredict function from the ‘ggeffects’ R package
(Ludecke, 2018) to plot partial effects of all variables used in the best performing models
(i.e. those with the lowest AIC and highest R? value).

3. RESULTS

3.1 Land use and climate change

The cover of forest in the landscape surrounding the occurrence sites decreased (within the
timespan that was adjusted per site), on average, by 32 % (Table 2). Across sites, changes
ranged from a 100% decrease to an 80% increase. The categorical changes in the presence
of forest cover at the exact location of the occurrence site varied between loss of forest
cover, no change (forest cover was either continuously present or absent), and gain of forest
cover. Specifically, in 6.95 % of sites, forest had disappeared, in 20.18 % of sites forest cover
was not present during the entire study period, in 6.46 % of sites forest had recovered
during the study period, and in 66.40 % of sites it was continuously present. Rainfall
increased on average by 0.18 mm per year (-0.74 - +0.43 mm per year), while snow depth
decreased on average by 0.17 cm per year (-0.43 - +0.31 cm per year), and GDD5 increased
on average by 0.57 days per year (-0.99 - +1.77 °C per year).

13
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Table 2. Summary statistics of the explanatory variables. Status = the status of the occurrence site
(extant/extinct), CMP = change in mature forest presence, CMC = change in mature forest cover, CRF
= change in rainfall, CGDD = change in GDD5, CSD = change in snow depth, MRF = baseline rainfall,
MGDD = baseline GDD5, MSD = baseline snow depth, CON1 = connectivity method 1, CON2 =
connectivity method 2.

Variable Min Mean Median Max SD
Status 0 0.08 0 1 0.27
CMP 1 3.32 4 4 1.02
cMC -100 -31.53 -30 80 35.65
CRF -0.14 0.18 0.20 0.43 0.08
CSD -0.43 -0.17 -0.17 0.31 0.08
CGDD -0.99 0.57 0.60 1.77 0.29
BRF 29.56 37.36 36.02 47.94 3.32
BGDD 219.34 291.12 293.71 435.79 31.81
BSD 10.16 31.62 33.92 45.99 6.56
CON1 0 1808.68 969.77 6290.77 1909.68
CON2 0 432.08 359.41 3273.91 437.8

3.2 Comparison of models fitted with different connectivity-calculation approaches

Based on a comparison of AIC values, models fitted using the two different approaches to
estimate connectivity values did not significantly differ in their performance (AAIC < 2; Table
3; Table S1). Similarly, there were only minor differences in the amount of variation
explained by the models (R> = 0.58 and R? = 0.57 for approach 1 and 2, respectively).
However, as we only wanted to include one connectivity estimate, we chose to use
approach 2 given its slightly better performance in terms of AIC (Table 3) and our
assumption that it was more ecologically meaningful than approach 1, which was more
likely to produce unrealistically high connectivity values given that a random mean
abundance value was given to all sites with 0 or NA mean abundance.

3.3 Comparison of models with different main predictor set

The model that included both land use change and climate (baseline and change), in
addition to connectivity, explained a greater proportion of variation in extinction probability
(R? = 0.50; Table 3) than the models including only land use change (R? = 0.30) or climate (R?
= 33), in addition to connectivity (Table 2). However, extinction probability was best
explained by the model that included also the significant interaction between land use
change, climate, and connectivity (R? = 0.57). This model performed the best also based on
the comparison of AIC values (AAIC < 2; Table 3). Thus, this model was used for inference.

3.4 The effects of land use change, climate, and connectivity

The baseline growing degree days above 5 °C (GDD5), as well as temporal change in GDD5
were associated with extinction probability on their own. Extinction probability was greatest
at sites characterized by higher baseline GDD5 and greater decrease in GDD5 (Est. = 0.03, p
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< 0.05; and Est. =-1.24, p < 0.05 for baseline and change in GDD5, respectively; Table 3). Yet,
the effect of baseline GDD5 should be inferred with caution due to the moderate
multicollinearity it showed in the models. Interactive effects, in turn, were found among
forest loss, changes in rainfall, baseline rainfall, and baseline snow depth. Extinction
probability was greatest at occurrence sites that had experienced forest loss and the
smallest increase in the amount of rainfall (Est. = -8.60, p < 0.001). Furthermore, extinction
probability was greatest for occurrence sites that had experienced forest loss and were
characterized by the highest baseline rainfall (Est. = -0.30, p < 0.01) and lowest snow depth
conditions (Est. = 0.13, p < 0.01). Similarly to baseline GDD5, the effect of baseline rainfall
should be inferred with caution due to the moderate multicollinearity it showed in the
models. Connectivity was weakly associated with extinction probability in interaction with
climate: extinction probability was greatest for occurrence sites that had the highest
connectivity and the highest baseline snow depth (Est. =0.01, p < 0.001). However, in all
other models (land use change only, climate only, land use change and climate, Table 1),
connectivity decreased extinction probability (Esti. = -0.07, p < 0.001; -0.11, p < 0.001; -0.07,
p <0.01 for LUC, C, and LUC + C models respectively).

Table 3. Model comparison results for two sets of four models fitted using connectivity data either
estimated with approach 1 or 2. In connectivity estimation approach 1, random mean abundance
values were given to occurrence sites with NA and 0 mean abundances, and in connectivity
estimation approach2, a mean abundance value of 1 was given to these sites. LUC = land use change,
C = climate (baseline and change).

Connectivity method Model R2 AIC AAIC
1 LUC 0.27 449.38 135.27
1 C 0.25 467.70 153.59
1 LUC+C 0.48 355.69 41.58
1 LUC + C + LUC:C 0.58 314.11 0.00
2 LUC 0.30 434.55 122.19
2 C 0.33 428.43 116.07
2 LUC+C 0.50 345.95 33.59
2 LUC + C+ LUC:C 0.57 312.36 0.00
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Table 4. Summary statistics for the four models used to understand the independent, additive, and

interactive effects of land use and climate on the extinction probability of C. bulbosa. LUC = land use

change, C = climate (baseline and change). CMP = change in mature forest presence, CMC = change

in mature forest cover, CRF = change in rainfall, MRF = baseline rainfall, CGDD = change in GDD5,

MGDD = baseline GDD5, CSD = change in snow depth, MSD = baseline snow depth, CON =

connectivity.

Model Term Estimate  Std. Error Statistic p-value
LUC (Intercept) 1.48 0.43 3.46 <0.01
CMP -1.06 0.13 -7.92 <0.001

CcMC 0.00 0.00 -0.06 >0.1

CON -0.07 0.02 -3.82 <0.001

C (Intercept) 8.00 3.13 2.55 0.011
CRF -10.64 1.74 -6.10 <0.001

CGDD -1.10 0.45 -2.47 <0.05

CSD 2.28 1.79 1.28 >0.1

BRF -0.23 0.06 -3.85 <0.001

BGDD 0.01 0.01 0.87 >0.1

BSD 0.01 0.05 0.16 >0.1

CON -0.11 0.02 -6.19 <0.001

LUC+C (Intercept) 8.06 3.81 2.12 <0.05
CMP -1.28 0.17 -7.56 <0.001

CMC 0.00 0.00 -0.02 >0.1

CRF -14.11 2.17 -6.50 <0.001

CGDD -0.54 0.48 -1.11 >0.1

CSD 2.79 1.83 1.52 >0.1

BRF -0.10 0.07 -1.42 >0.1

BGDD 0.01 0.01 0.65 >0.1

BSD -0.04 0.06 -0.70 >0.1

CON -0.07 0.02 -3.00 <0.01

LUC + C + LUC:C (Intercept) -18.17 9.44 -1.92 <0.1
CMP 7.11 2.44 2.92 <0.01

CMC 0.00 0.00 -0.26 >0.1

CRF 3.22 4.42 0.73 >0.1

CGDD -1.24 0.53 -2.35 <0.05

CSD 1.12 1.80 0.62 >0.1

BRF 0.75 0.27 2.79 <0.01

BGDD 0.03 0.01 2.37 <0.05

BSD -0.51 0.14 -3.71 <0.001

CON -0.50 0.13 -3.98 <0.001

CMP:CRF -8.60 2.09 -4.11 <0.001

CMP:BRF -0.30 0.09 -3.45 <0.01

CMP:BSD 0.13 0.04 2.97 <0.01

BSD:CON 0.01 0.00 3.51 <0.001
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Figure 4. Predicted extinction probabilities across the observed ranges of the land use change,
climate change, and connectivity variables. Predictions are based on the model with the lowest AIC
and highest R? values, which included all land use change and climate variables (baseline and
change), connectivity, and their significant interactions (LUC + C + LUC:C). p < 0.001 = *** p < 0.01
** p < 0.5 * The actual values of the variable in the x-axis are shown as lines in the bottom of the x-
axis.
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4. DISCUSSION

Understanding how land use and climate change jointly influence the persistence of boreal
forest species is increasingly important as these pressures intensify simultaneously
(Gauthier et al., 2015). Here, we examined their individual, additive, and interactive effects
on a declining boreal forest orchid, Calypso bulbosa, using a 60-year dataset spanning 1006
occurrence sites across Finland. Our results provide evidence that both baseline climatic
conditions and climatic changes modify the effect of forest loss on the persistence of the
species. More specifically, we find that the strength of the negative effect of forest loss on
the persistence of the species is different at sites with different rainfall and snow conditions.
These results highlight that the consequences of habitat loss and degradation cannot, in this
case, be understood independently of climatic conditions, and vice versa. These results are
consistent with the idea that the loss and deterioration of forests is likely to modify the
exposure of species to changing climatic conditions (Zellweger et al., 2020). We also find
that the effects of forest loss originate mainly from the local rather than the landscape
scale. This result aligns with the general understanding that the effects of habitat loss and
degradation are often scale-dependent (Banks-Leite et al., 2020).

4.1 Rainfall can ameliorate or exacerbate the effect of forest loss on species persistence
We found that greater temporal increases in rainfall ameliorated the negative effect of
forest loss on C. bulbosa persistence. This finding was in line with our hypothesis, and could
indicate that increasing rainfall compensates for the loss of microclimatic buffering
associated with forest loss. Several studies, including one focusing on the occurrence sites of
C. bulbosa specifically (Koivusaari et al., 2026), have shown that forests can provide
different microclimates compared to ambient conditions due to forest structural elements
that regulate, e.g., the amount of solar radiation and rainfall penetrating the canopy (Chen
et al., 1993; Frey et al., 2016; Meeussen et al., 2021). When the area or quality of a forest is
reduced, this buffering capacity can decline and expose forest-inhabiting species to, e.g.,
drier soil moisture conditions (Chen et al., 1993; Kemppinen et al., 2024; Menge et al., 2023;
Senior et al., 2017). Increase in the amount of rainfall, however, could compensate for
reductions in the soil moisture level, as suggested by our results. These results highlight that
climatic changes may not simply add to the effects of habitat loss but can also modify the
ecological consequences of forest degradation. To our knowledge, such interaction has
received little attention in the context of plant species persistence in forest habitats.

On the other hand, we observed that greater baseline rainfall level exacerbated the
negative effect of forest loss on C. bulbosa persistence, although we acknowledge that the
effect of baseline rainfall should be inferred with caution given its moderate
multicollinearity with the other explanatory variables. These results suggest that although
increases in rainfall may, to a certain extent, have a positive effect on C. bulbosa populations
that experience drought due to forest degradation, there may be a threshold after which
exceedingly wet conditions start to reduce the survival of the species by causing flooding
and root suffocation (Hirabayashi et al., 2013; Irfan et al., 2010; Zhang et al., 2025). These
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results highlight that the ecological consequences of the interactive effects of land use and
climate change may also depend on how much climate is changing. When assessing the
interactive impacts of land use and rainfall, it is also noteworthy that the temporal trend in
rainfall varied across the sites of C. bulbosa. While most of the sites had experienced
increases in rainfall (987), rainfall decreased over time in 19 sites. It is therefore possible
that the interactive effects of rainfall and forest loss also depend on the direction of rainfall
change. However, our data was not sufficient to assess such bidirectional effects.
Nevertheless, these findings illustrate the complexity of the simultaneous efficacy of land
use and climatic changes, and the consequent need for ample data for predicting species
responses under such conditions.

4.2 Future reductions in snow cover may weaken buffering against the negative impacts of
forest loss

We found that deeper baseline snow cover ameliorated the negative impact of forest loss
on the persistence of C. bulbosa. Snow cover offers insulation for overwintering C. bulbosa
plants, and the result may indicate a buffering effect of deeper snow cover at sites
increasingly exposed to frost due to forest loss and weakened microclimatic buffering
(Orlander, 1993; Simons et al., 2010). Such a connection of baseline snow cover with the
impacts of forest loss could indicate potential future effects of climate change: greater
decreases in snow depth may have an exacerbating effect on the extinction probability of C.
bulbosa together with land use change. Thus, although our data did not reveal an effect of
temporal change in snow cover on extinction probability, we expect that accumulating data
with proceeding climate change may come to identify such effects. Our results, together
with e.g. Aalto et al. (2023) show that on average, snow depth is decreasing in many areas in
Finland, although there is regional variation in the direction of the trend. Thus, declining
snow depth appears to be an ongoing component of climate change in Finland, likely posing
increasing pressures on species that rely on snow.

4.3 Separate effects of climate were weak compared to the stronger interactive effects of
climate with forest loss

In addition to the interactive effects of land use change and climate, we found some
indications of separate effects of climate. Baseline GDD5 and temporal change in GDD5
were both associated with extinction probability, although the effects were relatively
statistically weak. Extinction probability was somewhat higher at sites with higher baseline
GDD5 and in sites with greater decrease in GDD5. Moreover, it should be acknowledged
that baseline thermal accumulation showed moderate multicollinearity, due to which its
effects should be inferred with caution. Notwithstanding, such opposing associations of
baseline GDD5 and its temporal change could be explained by increased drought effects at
sites with higher baseline thermal accumulation (Wu et al., 2025; Yan et al., 2025), whereas
greater decrease in thermal accumulation may negatively influence survival, e.g., through a
shorter growing season.
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4.4 The current impact of forest loss originated from local scale but landscape scale forest
loss may also matter

We only found significant effects of forest loss on the extinction probability of C. bulbosa at
the local, rather than the landscape scale. This result is in line with the general
understanding that the effects of habitat loss, fragmentation and degradation are scale-
dependent (Banks-Leite et al., 2020). This scale-dependent effect of forest loss suggests that
currently, forest loss is primarily influencing the persistence of C. bulbosa through the loss of
suitable microsites (Eriksson & Ehrlén, 1992). However, in the long run, forest loss could also
influence the species at the landscape-scale through seed limitation (Eriksson & Ehrlén,
1992). This is because landscape-scale forest loss may lead to the loss of neighboring
populations, and thus connectivity of the remaining populations. Reduced connectivity, in
turn, can influence the persistence of populations through reducing seed exchange between
populations and recolonization of suitable habitats (Moilanen & Hanski, 2001). This kind of a
negative effect of connectivity reduction on the persistence of C. bulbosa was supported by
our intermediate models (i.e. those that did not include interactions), showing that higher
connectivity decreased the extinction probability of C. bulbosa. In addition to this effect, we
also observed an interactive effect between baseline snow conditions and connectivity
(such that extinction probability was greatest in well-connected sites with deep baseline
snow cover). However, this effect is likely a spurious finding driven by a lack of observations
at the extreme ends of baseline snow depth. While interactions of connectivity with land
use and climate change remain inconclusive, our data indicates that connectivity can
independently increase the probability of the species to persist.

4.5 Additional factors that may explain extinction probability

Overall, our results highlight the importance of land use change and climate in explaining
variation in the extinction probability of C. bulbosa. At the same time, the results indicate
that several factors not considered in our analyses are likely to play a role in explaining the
extinction probability of this species. One such potentially important factor could be soil
composition, as C. bulbosa is known to favor soils with high calcium concentrations
(Hyvarinen et al. 2019). Others include factors connected to biotic interactions with
pollinators and symbiotic partners, as suggested by a previous analysis of the drivers of
occurrence and abundance patterns of C. bulbosa (Koivusaari et al., 2026). Finally, while we
focused on climatic conditions during and preceding the flowering season of C. bulbosa,
conditions during other seasons may also impact the species’ performance and viability. For
example, autumn leaf production and winter dormancy may affect its persistence over the
dormant period and thus its regenerative potential in spring. Future studies should assess
the effects of conditions throughout the year, interactions with other species, soil
conditions and their changes over time when assessing the extinction probability of C.
bulbosa.
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5. CONCLUSIONS

Land use and climate change are two of the greatest threats to biodiversity globally, but the
mechanisms by which they affect species persistence in boreal forests, a globally vital
ecosystem, remain poorly understood. Our results show that land use change, baseline
climate and climate change interact strongly in shaping extinction risk for a boreal forest
orchid, jointly explaining 57% of the variation in extinction probability. We also find that the
effects of forest loss are scale-dependent, originating mainly from the local rather than the
landscape-scale. These findings highlight that land use and climate change do not act in
isolation in driving biodiversity responses, and emphasizes the need to consider their
interactions when predicting species’ persistence under environmental change.
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