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Abstract: Danxiaorchis yangii, a newly discovered fully mycoheterotrophic orchid. It relies on Lysi-
machia alfredii and Dufourea spp. for pollination, and environmental factors closely influence the
growth and distribution of these pollinators, which in turn directly affects the growth and reproduc-
tion of D. yangii. Climate change threatens the suitable habitats for these three species, emphasizing
the need to understand D. yangii’s response. This study comprehensively utilized the field distribu-
tion of D. yangii and related climatic data, along with future climate predictions from global models,
to predict the climate suitability areas of D. yangii under two greenhouse gas emission scenarios
(SSP245 and SSP370) using species distribution models (SDMs), which encompassed a random forest
(RF) model. Additionally, we selected the optimal ensemble model (OEM) for Dufourea spp. and
applied generalized boosted models (GBMs) and RF for L. alfredii in our predictions. The study
found that precipitation of the driest quarter plays a pivotal role in determining the distribution of
D. yangii, with an optimal range of 159 to 730 mm being most conducive to its growth. Comparative
analysis further indicated that precipitation exerts a greater influence on D. yangii than temperature.
Historically, D. yangii has been predominantly distributed across Jiangxi, Hunan, Zhejiang, and the
Guangxi Zhuang Autonomous Region, with Jiangxi Province containing the largest area of highly
suitable habitat, and this distribution largely overlaps with the suitable regions of its pollinators.
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1. Introduction

Climate change is an ongoing and cyclical phenomenon influenced by Milankovitch
cycles, atmospheric disturbances from volcanic activity, and significant shifts in photo-
synthetic biomass throughout Earth’s history [1]. In the face of rapidly changing climate
conditions, species can respond in various ways: through acclimation or adaptation, mi-
gration and range modification, or extinction [2]. For species with discontinuous or highly
fragmented habitats, particularly rare species, the risks of migration challenges and extinc-
tion are heightened. Species distribution models (SDMs), also known as environmental
or ecological niche modeling, integrate species locality data and other biological diversity
attributes with environmental predictors, employing statistical and machine learning tech-
niques to produce empirical descriptions and spatial predictions of species—environment
relationships [3,4]. Currently, SDMs are widely utilized to analyze the impact of climate
change on potential species distributions, with model simulations predicting changes in
suitable habitats across different climate scenarios [5]. It is widely recognized that species
distribution and abundance are not only determined by abiotic factors but also by other
ones [6]. Using species distribution models (SDMs) without considering biotic interactions,
such as plant—pollinator relationships in Ophrys argolica and O. delphinensis [7], or trophic
interaction in Nucifraga caryocatac [8], may overestimate suitable areas for species that
rely on others. Therefore, biotic interactions are increasingly incorporated into SDMs or
combined with their outcomes.
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Members of Orchidaceae are long-lived perennials, with generation times exceeding
100 years in some cases, and are globally distributed [9]. Orchids produce large numbers
of wind-dispersed “dust” seeds per fruit [10] that lack endosperm and constitute little
more than air-filled casings around the embryo. Orchid seeds exhibit extremely low
germination rates because only a small portion of the large number of seeds will land
on a suitable substrate and eventually germinate, and throughout their life cycle, orchid
plants depend not only on the induction and symbiosis of specific fungal groups but
also on stringent environmental conditions to support their normal growth [11,12]. In
addition to these challenges, numerous species within this family are declining globally
due to habitat loss, climate change, and shifts in species distributions pollinated by specific
pollinators. Consequently, their distribution is influenced not only by climate and site
characteristics (e.g., geology) but also by interactions with biotic factors (e.g., mycorrhizal
fungi, pollinators) [13].

Danxiaorchis (Calypsoinae, Epidendreae, Epidendroideae), a recently described fully
mycoheterotrophic orchid genus, was characterized by a distinct Y-shaped callus in its
labellum [14]. Species of the Danxiaorchis genus lack both leaves and roots, making them
unable to obtain the necessary nutrients for growth through photosynthesis. Instead, they
sustain themselves by drawing nutrients from fungi in their surrounding environment,
with which they have a mutually beneficial and interdependent relationship. Due to their
extreme reliance on these fungi, they find it very difficult to survive when transplanted to
other locations. Only three species of Danxiaorchis have been described so far: Danxiaorchis
singchiana [15], Danxiaorchis yangii [16], and Danxiaorchis mangdangshanensis [17]. D. yangii,
a holomycotrophic new species from Jinggang Mountain National Nature Reserve, western
Jiangxi, eastern China. In previous work, we found that D. yangii employs Batesian
mimicry, imitating the floral morphology of Lysimachia alfredii to attract Dufourea spp. for
pollination [18]. Our field investigations revealed that D. yangii prefers steep slopes with
high canopy closure and cool, moist conditions, often forming small clusters scattered
across multiple areas of the same mountain range. However, the specific environmental
factors and biotic factors that influence the distribution of D. yangii remain unknown.

Based on this background, the aim of this study was to explore how D. yangii’s
potential distribution was affected by plant—pollinator interactions under current and
future climatic conditions, utilizing high-resolution environmental data at 30 arc-seconds
and the flexible SDMs package Biomod?2, in conjunction with ArcGIS software (Version 10.8).
The major objectives were the following: (1) to predict the current and future distribution
of the potential suitable growth areas of D. yangii; (2) to explore the impact of dominant
environmental factors and its unique pollinators on the distribution of D. yangii, providing
a scientific basis for ecological protection and resource utilization.

2. Materials and Methods
2.1. Collection of Distribution Points

D. yangii was first discovered and described in 2017 from the Jinggang Mountain
National Nature Reserve, Jiangxi Province, China [16], and was also found in Hunan
Province. D. yangii typically grows at an altitude of 300-750 m on the edges of subtropical
evergreen broadleaf forests and in mixed forests of shrubs and bamboo. Currently, there
are no other recorded distributions of D. yangii. All distributions used in this study were
provided by our lab investigations. Additionally, we collected the natural distribution of
Dufourea spp. and L. alfredii to analyze the relationship between D. yangi and its pollina-
tors. The distribution data for Dufourea spp. and L. alfredii were primarily sourced from
the Chinese Virtual Herbarium (accessed on 6 July 2024; http://www.cvh.ac.cn/), Na-
tional Specimen Information Infrastructure Teaching Specimen Resource Sharing Platform
(accessed on 6 July 2024; http://mnh.scu.edu.cn), Chinese Natural Specimen Resource
Platform (accessed on 6 July 2024; http:/ /www.cth.ac.cn/), National Specimen Information
Infrastructure (accessed on 6 July 2024; http:/ /www.nsii.org.cn/), Chinese Plant Photo
Bank (accessed on 6 July 2024; http:/ /ppbc.iplant.cn/), Global Biodiversity Information
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Facility (https://www.GBIF.org (accessed on 5 July 2024) GBIF Occurrence Download
https://doi.org/10.15468 /dl.cuz38w; GBIFE, https:/ /www.GBIF.org (accessed on 5 July
2024) GBIF Occurrence Download https://doi.org/10.15468/dl.u9vfdc) [19], as well as
relevant books such as the Flora of China, Flora of Yunnan, and other related research
literature [20]. Only distribution points recorded after 1970 were retained, and for records
without coordinates, latitude and longitude data were assigned via Google Earth (accessed
on 7 July 2024; http:/ /ditu.google.cn/) [21]. Misidentified specimen points were verified
and removed, and duplicate points too close together were eliminated using the dist_mat
command in R, retaining only one point per 30 arc-seconds (approximately 1 km) grid [22].
Finally, we obtained 10 distribution points for D. yangii, 43 for Dufourea spp., and 217 for
L. alfredii in China.

2.2. Environmental Data Preprocessing

In our study, climate is considered a key variable to explore the potential impacts of
climate change on D. yangii from historical (near-current) times to the end of the century. We
used 19 bioclimatic variables from the WorldClim database (http://www.worldclim.org/,
accessed on 1 August 2024) as the main factors for SDM to predict the distribution patterns
of D. yangii, Dufourea spp., and L. alfredii [23]. Since elevation differences at the same
latitude affect temperature and precipitation, influencing the distribution of plants and
their pollinators, we also used elevation data from WorldClim to examine the relationship
between elevation and distribution patterns [24]. Before use, we screened the environmental
variables by importing the 19 bioclimatic variables and species distribution data into ArcGIS
V10.4. Climate data corresponding to the distribution points were extracted, and correlation
analysis was conducted in R v4.4.1 [25]. Variables with a correlation coefficient r > 10.8 |
were excluded [26]. The remaining climatic factors were retained for further modeling.

Historical (1970-2000) and future climate data were obtained from the WorldClim2.1
dataset based on CMIP6, with projections for four periods: 2021-2040 (2030s), 2041-2060
(2050s), 2061-2080 (2070s), and 2081-2100 (2090s) under two climate scenarios, SSP245
and SSP370. The WorldClim2.1 dataset includes up to 25 global climate models; for
this prediction, we selected the EC-Earth3-Veg model (the European Community Earth-
system model version 3.3 for vegetation) developed by the European Centre for Medium-
Range Weather Forecasts, due to its superior performance in predicting precipitation in
China [27,28] (Table 1). All environmental variables were masked and extracted for the
Chinese region using ArcGIS 10.4, with a uniform resolution of 30 arc-seconds and the
WGS1984 coordinate system, saved as .TIF files for use in Biomod2 modeling.

Table 1. Environmental variables (variables in bold are used for modeling D. yangii).

Environmental Variables (Code) Units
Mean annual air temperature (biol) °C
Mean diurnal range (bio2) °C
Isothermality (bio3 = (biol/bio7) x 100) -
Variation of temperature seasonlity (bio4) CofV
Maximum temperature of warmest month (bio5) °C
Minimum temperature of coldest month (bio6) °C
Temperature annual range (bio?) °C
Mean temperature of wettest quarter (bio8) °C
Mean temperature of driest quarter (bio9) °C
Mean temperature of warmest quarter (bio10) °C
Mean temperature of coldest quarter (bioll) °C
Mean annual precipitation (bio12) mm
Precipitation of wettest month (bio13) mm
Precipitation of the driest month (bio14) mm
Variation of precipitation seasonlity (bio15) CofV
Precipitation of wettest quarter (bio16) mm
Precipitation of driest quarter (biol7) mm
Precipitation of warmest quarter (bio18) mm

Precipitation of coldest quarter (bio19) mm
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2.3. Construction and Validation of the SDM

Biomod?2, a modeling platform based on R software, was developed in 2003 [29,30].
It is an R package that includes the following species distribution modeling algorithms:
generalized linear models (GLM), generalized boosted models (GBM), generalized addi-
tive models (GAM), classification tree analysis (CTA), artificial neural networks (ANN),
surface range envelope (SRE), flexible discriminant analysis (FDA), multivariate adaptive
regression splines (MARS), random forest (RF), and maximum entropy models (MaxEnt),
of which GBM and RF were finally used in our study.

Following the ODMAP (overview, data, model, assessment, and prediction) protocol,
we sequentially constructed the ecological niche model workflow from five parts: overview,
data, model, assessment, and prediction [31]. In our study, the ENMeval package [29] was
used to optimize two key parameters of the MaxEnt model at the species level in order to
minimize overfitting and sampling bias while improving predictive accuracy. Subsequently,
ten individual models were run in the Biomod2 package, and models meeting the selection
criteria were re-integrated to form ensemble models. The most suitable model for the target
species was then selected for subsequent suitable region simulation. It is necessary to
optimize two key MaxEnt parameters using the ENMeval 2.0 package [32]: regularization
multiplier (RM) and feature combination (FC). RM values range from 0.5 to 4, in increments
of 0.5. FCs are combinations of five features: linear (L), quadratic (Q), hinge (H), product (P),
and threshold (T), resulting in combinations such as L, LQ, LQH, H, LQHP, and LQHPT. By
cross-pairing the 8 RMs and 6 FCs, 48 parameter combinations are formed. Subsequently;,
the ENMeval test is performed, and the parameter combination with the lowest AICc
increment (delta.AICc), typically zero, and a high AUC value (AUC > 0.9) is selected to
optimize MaxEnt [33]. In addition to the parameter tuning required for MaxEnt, other
single models such as GLM, GAM, GBM, CTA, ANN, SRE, FDA, MARS, and RF use default
parameters. Using Biomod4.1-2, optimal ensemble models for D. yangii, Dufourea spp.,
and L. alfredii are constructed through the following main steps: First, single models and
the full ensemble model (FEM) are used to model the target species, and the evaluation
metrics of the models are output. Next, high-accuracy single models are selected based
on these metrics and recombined to form the optimal ensemble model (OEM), which is
then evaluated. Finally, by comparing the evaluation metrics of each model, the one with
the best predictive ability is selected to simulate suitable regions under both historical and
future scenarios [21].

The model evaluation metrics used include true skill statistic (TSS) and the area under
the ROC curve (AUC). TSS values range from [—1, 1], with values closer to 1 indicating
higher model accuracy [34]. An AUC > 0.95 signifies an excellent model [35]. These
metrics are employed to select the best comprehensive model. For Dufourea spp., since
the evaluation results did not meet the criteria for excellence, the threshold was adjusted
to AUC > 0.8 to select satisfactory models [35]. All operations were performed in R, with
100 random background points generated for D. yangii and 500 for Dufourea spp. and
L. alfredii. The distribution data were split, with 75% used for training and 25% for testing,
and the model was run five times [21,36].

2.4. Visualization Analysis

In constructing the models, weights were assigned according to TSS values, with
higher TSS values corresponding to higher weights for the respective model [37]. The
“get_variables_importance” command in R was used to generate box plots, illustrating the
importance of each variable in the model [29,30]. The “bm_PlotResponseCurves” command
was employed to draw bivariate response curves, setting environmental variables to median
values to assess the species’ response under moderate environmental conditions. The
projection results for each period, simulated by the optimal ensemble model (OEM), were
visualized in ArcGIS 10.4 using the reclassification tool to divide the suitability into four
categories: no suitability (grid value = 0), low suitability (0 < grid value < 0.4), medium
suitability (0.4 < grid value < 0.6), and high suitability (0.6 < grid value < 1) [20]. The
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binary suitability threshold was determined using the maximized TSS principle, and binary
distribution maps were created accordingly. Using the SDM toolbox v2.5 plugin [38],
regions of expansion, contraction, stability, and centroid migration trajectories for the
species under future climate scenarios were generated.

To avoid the confounding effects of multiple environmental factors on the climatic
impact, we used only temperature and precipitation-related variables in the modeling
process. However, in the actual environment, we found that topographical and biological
factors also significantly affect the life history of D. yangii. Therefore, we examined in
detail the relationships between key environmental factors, including elevation, slope,
aspect, pollinators, and their foraging plants, in different levels of suitable regions for
D. yangii under historical climates. Key environmental factors were extracted from the
binary distribution maps to analyze the changes in environmental variables within suitable
regions and their relationships [39,40].

3. Results
3.1. Model Optimization and Selection

Before modeling D. yangii, Dufourea spp., and L. alfredii, MaxEnt’s key parameters were
optimized. The optimal parameter combinations for RM and FC were [4, LQ)], [1, LQHPT],
and [1, LQHP], respectively. For Dufourea spp. modeling, the default parameters were
already the optimal combination. Taking D. yangii as an example (Figure 1), the default
parameters resulted in a delta.AICc of 29.68, whereas the optimized parameter combination
achieved a delta.AICc of 0, indicating no model increment and the best performance.
Notably, D. yangii also had a delta. AICc of 0 with the [4, LQH] combination, but the [4, LQ]
model was simpler. In selecting the parameter combination for modeling, we found that
the optimized MaxEnt surpassed previous evaluation metrics, prompting us to choose
the best-performing model for further simulations. In the D. yangii simulation, the OEM
performed well but was slightly less effective than the RF model: RF had a TSS value of
0.9968, which was 0.080 higher than OEM, and an AUC value of 0.9984, exceeding OEM
by 0.024. Given RF’s simplicity, we opted to use it directly for D. yangii predictions across
various scenarios. For Dufourea spp. and L. alfredii, we selected the OEM based on GLM,
GBM, MARS, RE, MaxEnt.2, and GBM, RE, respectively, for predictions.

100
FC:
H
L
75 1 —-— LQ
-~ LQH
-~ LQHP
o LQHPT
&
<
s 50
S FQELQHP
délta. AI{c=29. 68
FC=LQ/LQH,
25 | delta. AICc=0
\/' FC=L
delta. AICc=0. 44
N i
0.5 1 1.5 2 2.5 3 3.5 4
RM

Figure 1. Model accuracy for D. yangii under 48 parameter combinations.
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3.2. Analysis of Suitable Regions Under Historical Climate

The prediction results show that D. yangii historically thrived in a broad area within
Jiangnan, China, with a suitable habitat covering approximately 37.26 x 10* km?. This
included the entire Jiangxi Province, parts of southeastern Hunan, southern Zhejiang
Province, northeastern Guangxi Zhuang Autonomous Region, and even northeastern
Taiwan, all exhibiting favorable climatic conditions for D. yangii growth (Figure 2). Among
these, 38.3% of this region was classified as highly suitable for D. yangii, predominantly
located in three areas: one in the northeastern part of Guilin and central Yongzhou, another
comprising central Yichun, extending across central and eastern Xinyu, Ji’an, and northern
Ganzhou—considered the main historical distribution area of D. yangii. The last area was
covered in central and southern Quzhou and northwestern Lishui City of Hunan Province.
The moderately suitable regions (48.3%) formed a belt connecting these highly suitable
zones, with notable concentrations in Zhejiang, Jiangxi, Hunan, and Guangxi provinces.
Additionally, these moderately suitable regions also extended to the northern and eastern
coastal regions of Taiwan. Lastly, 13.4% of the region was deemed lowly suitable, forming
an expansion outward from the moderately suitable zones.

110°E 115°E 120°E

25°N

Z
0 -
o
w
z 81 - Danx.iaorchis yangii
37 [ Unsuitable region
[ Lowly suitable region /
Z i . e = M_oderatel_y suitablg? region
S Jous z0 o [ Highly suitable region (. B

L ) )
80°E 100°E 120°E

Figure 2. Potential distribution and actual distribution points of D. yangii under the historical
environmental condition.

The map highlights Jiangxi Province as the key area for protecting D. yangii, given
that the climate in most parts of the province is highly suitable for its survival. This
area also contains the original habitat of D. yangii, making it essential for conservation
efforts. For future reintroduction efforts, priority can be given to the highly suitable regions
within Jiangxi, especially in areas like central Yichun, Ji’an, eastern Xinyu, and northern
Ganzhou. Additionally, the other two highly suitable regions—northeastern Guilin and
central Yongzhou, and central and southern Quzhou and northwestern Lishui—should
also be considered to expand the protection and potential recovery of D. yangii in the wild.

3.3. Environmental Factors Analysis

We found that different models exhibited varying sensitivity to the climatic factors
affecting the distribution of D. yangii. However, it is evident that the precipitation of
the driest quarter (biol7) was the most prominent factor across all models, followed
by precipitation seasonality (biol5) and the precipitation of the wettest quarter (bio16)
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(Figure 3). In our modeling, we selected three environmental variables, each related to
temperature and precipitation. All models showed a preference for precipitation-related
factors, which had a significant impact on the distribution of D. yangii. From a topographical
perspective, the moderately and highly suitable regions for D. yangii are surrounded by the
Xuefeng, Nanling, and Wuyi mountain ranges. The three main highly suitable regions are
located between the southern side of the Xuefeng Mountains and the northern side of the
Nanling Mountains, the northern side of central Wuyi Mountains, and the northern side
of the northern Wuyi Mountains. In the context of gradual global warming, the suitable
region for D. yangii is expected to expand rather than decrease, likely due to the strong
topographical heterogeneity of the surrounding mountains. This heterogeneity causes
the southeast and southwest monsoons to bring precipitation that remains in these areas,
forming microclimates that provide refuges for D. yangii [38,39].

ANN

CTA

FDA GAM GBM GLM MARS MaxEnt.1 MaxEnt2 RF  SRE OEM
Figure 3. Importance of environmental factors evaluated by each model.

The response curves of environmental factors (Figure 4) provide insights into the
relationship between environmental variables and habitat suitability for the target species.
When the contribution rate of an environmental factor exceeds 0.5, it indicates that the
corresponding variable range is most favorable for the target species’ survival [37]. The
response curve for biol7 (precipitation of the driest quarter), which has the highest contri-
bution rate, shows a sharp increase in its contribution rate to 0.0249 when the precipitation
of the driest quarter exceeds 158.2 mm, peaking at 171.7 mm, and then fluctuating with a
decreasing trend, reaching 0.4817 at 191.0 mm.

We extracted biol7 for each suitable region level and obtained the following results: in
China, the precipitation of the driest quarter ranges from [0, 764]. Specifically, biol7 in the
lowly suitable region ranges from [0, 397], in the moderately suitable region from [159, 764],
and in the highly suitable region from [159, 320]. This is consistent with the results of
the environmental response curve mentioned above, indicating that a precipitation of the
driest quarter exceeding 159 is more favorable for the survival of D. yangii. Upon extracting
elevation data, we found that the elevation in the lowly suitable region for D. yangii ranges
from [—153, 7200], in the moderately suitable region from [4, 3510], and in the highly
suitable region from [33, 2265]. The variation in elevation across different suitable region
levels is maximal, with D. yangii primarily concentrated below 3500 m and thriving best
below 2300 m. Additionally, we analyzed aspect and slope data and found that D. yangii
prefers to grow on steeper slopes but shows no particular preference for aspect.

By predicting the suitable regions for L. alfredii and Dufourea spp. under historical
climate conditions (Figures 5 and 6), we found that the suitable region for D. yangii largely
overlaps with the suitable regions of these two species. This suggests that the suitable
region of D. yangii falls within the range of its pollinators and the plants on which these
pollinators feed. Under historical climate conditions, the distribution of the pollinator
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Dufourea spp. was the most extensive, covering central southwestern China, southeastern
northwest, and southern central and eastern China. L. alfredii was primarily distributed
across southern China, southern central China, southeastern China, and southwestern
China. In contrast, D. yangii was mainly concentrated in southern central and southeastern
China. When the suitable regions of the three species were overlaid (Figure 5), it became
evident that D. yangii is located at the intersection of the ranges of L. alfredii and Dufourea
spp- Given the pollination requirements of D. yangii [18], this overlap suggests that the
availability of its pollinators might be a key factor limiting its distribution range.
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Figure 4. Response curves for important environmental factors.
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Figure 6. Prediction of potential suitable region.

3.4. Changes in Suitable Regions Under Future Climates

As shown in Figure 6, the future climate is projected to be more suitable for the survival
of D. yangii compared to historical climates. The total area of suitable regions is expected to
increase, reaching its maximum in the 2050s under the SSP245 pathway. Under the SSP370
pathway, both moderately and highly suitable regions in the 2050s will be maximized across
all future scenarios, second only to the SSP245 pathway for the same period. Regardless
of how the climate changes, the overall trend shows that the total suitable regions for
D. yangii will increase, peaking in the 2050s, before gradually decreasing. Among the
pathways, the SSP245 pathway is the most favorable for D. yangii, as it will lead to the
highly suitable regions gradually converging and forming a large, continuous area in the
central and northern parts of Jiangxi Province. Comparing this to the distribution patterns
under historical climates, it is clear that the central part of Jiangxi Province consistently
exhibits higher suitability (Figure 6).

Furthermore, regardless of climate changes, the centroid of D. yangii’s suitable region
will generally remain near Ji’an City and Fuzhou City in Jiangxi Province. Under historical
climates, the centroid is located in Jishui County. By the 2030s, under SSP245 and SSP370,
the centroid will shift 29.5 km to the northwest and 24.7 km to the east, respectively. Despite
variations in the centroid during the 2050s and 2070s, it will eventually return to its 2030s
position by the 2090s (Figure 7).

Compared to the suitable regions under historical climates, the reduction in suitable
regions for D. yangii in the future will primarily occur at the edges of the lowly suitable
regions, with minimal impact on the moderately and highly suitable regions (Figure 8).
Under the SSP245 pathway, there will be a significant increase in the total area of suitable
regions by the 2050s, characterized by an expansion in all directions. Moreover, the overall
change in suitable regions compared to historical climates will be relatively minor, with
only slight losses in the southwestern part of the suitable regions and small gains at the
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eastern and northern edges. This suggests that the core areas for D. yangii, particularly the
moderately and highly suitable regions, will remain largely intact and may even expand
under future climate conditions, while only marginal areas at the periphery of its range

will experience some reduction.
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4. Discussion
4.1. Prospective Changes in D. yangii’s Suitable Habitat

Rapid climate change is currently outpacing the ability of many plant species to adapt,
creating mismatches between the climatic conditions and the preferences of species within
a community [40]. Environmental factors play a crucial role in driving species growth [34],
and with rising global temperatures and shifting precipitation patterns, it is vital to simu-
late the potential distribution of plants for effective ecological and practical management
of species and forest ecosystems. Identifying the environmental factors that shape and
maintain the geographic distribution of species is essential from both evolutionary and
ecological perspectives [41]. Numerous studies have shown that temperature and precip-
itation are the most direct and critical factors affecting vegetation [42]. Precipitation is
the most significant climatic variable shaping the environmental conditions of a region,
influencing hydrological hazards like floods and droughts as well as determining species
distribution and growth conditions [43]. Mithilasri et al. (2024) revealed that among bio-
climatic variables, the annual temperature range (Bio 7) contributes the most (31.44%) to
the distribution of Bulbophyllum acutiflorum, followed by precipitation seasonality (Bio 15)
at 25.44%, indicating that this species may tolerate varying temperatures and prefer habi-
tats with distinct wet and dry seasons [44]. In this study, the key environmental factors
influencing the growth and distribution of D. yangii were identified as the precipitation
of the driest quarter (Biol7), precipitation seasonality (Biol5), and precipitation of the
wettest quarter (Bio16) (Table 1), suggesting that D. yangii prefers habitats with sufficient
precipitations. In future climate scenarios, the suitable habitat for D. yangii will continue to
expand until the 2070s and then gradually decline. However, the central region of Jiangxi
Province (Ji’an City and Fuzhou City) will remain a highly suitable habitat and should
be prioritized for conservation. This is likely due to the fact that the preferred habitat for
D. yangii is primarily concentrated in warm and humid climates, fertile soils, and moderate
light conditions, which closely align with the climatic and topographical conditions of
Ji’an and Fuzhou in Jiangxi Province. Mountainous regions of suitable habitat with high
topographic diversity may provide refuge by buffering disturbances due to the presence of
microhabitats.

4.2. Strengths and Limitations of the Study

While we used Biomod? for the first time to model the potential habitat of D. yangii in
China under present and future scenarios (55P245 and SSP370) for the 2030s, 2050s, 2070s,
and 2090s, there are still some limitations. (1) The sample data of D. yangii only covers
Jiangxi Province. The limited and dispersed distribution points increased uncertainty in our
model, potentially leading to discrepancies from the actual suitable areas. The resolution of
the environmental data used may not adequately capture microhabitat variations that are
crucial for the survival of D. yangii, possibly resulting in an oversimplified prediction. (2) In
our study, the environmental variables that may significantly influence the distribution of
D. yangii were divided into two categories: one consisting of temperature and precipitation
factors for modeling purposes, and the other comprising topographical and pollination-
related biotic factors, which were used for a comprehensive analysis of the modeling results.
This method of categorizing and analyzing environmental factors not only helps to avoid
the issue of multiple environmental variables intertwining and overshadowing the role of
climatic factors but also allows for a clearer understanding of the importance of each type of
environmental variable and the specific environmental requirements for the distribution of
D. yangii. The biotic interactions, ultraviolet irradiation, and plateau meteorology were not
included in this study because of a lack of accurate data on these variables. Limitations in
spatial data, and the assumption that species could migrate to climate-friendly areas under
climate change, have led to uncertainty in species distribution projections [45]. (3) Previous
studies have extensively explored temperate European orchids, analyzing the biotic and
abiotic factors that influence their presence, abundance, and distribution [46—48]. Orchids
form mycorrhizal symbioses with fungi in natural habitats, affecting their seed germination,
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protocorm growth, and nutritional acquisition [49]. Fungal symbionts are essential as they
provide carbon and minerals to the dust-like, reservoir-less orchid seeds during early
development [50]. The distribution of orchids is intricately linked to their reliance on
specific mycorrhizal fungi for nutrient acquisition, which poses several limitations. Factors
such as soil type, moisture levels, and overall ecosystem health determine the presence
and abundance of these mycorrhizal fungi. For instance, Pica et al. (2024) examined the
current and potential future distribution of three forest orchids (Cephalanthera, Epipactis, and
Limodorum) in a protected area of the Northern Apennines, using habitat suitability models
based on presence-only data and the MaxEnt model, finding that precipitation-related
variables (BIO04, BIO11, BIO14, BIO15, BIO18) and soil variables (the bulk density of the
fine earth fraction (SOIL1), the volumetric fraction of coarse fragments (SOIL3), and the
proportion of clay particles in the fine earth fraction (SOIL4)) significantly influenced their
distribution [51]. Additionally, Smallwood et al. (2022) found that edaphic conditions
significantly influence the distribution of six Cypripedium spp. due to their role in supporting
obligate mycorrhizal symbionts, suggesting that range modifications of terrestrial orchids
in response to climate change may only be feasible if multiple co-occurring species respond
similarly [2].

Consequently, any changes in the environment—such as climate change, habitat de-
struction, or pollution—can impact fungal populations, thereby restricting the growth and
reproductive success of orchids. Additionally, the specificity of some orchids to particular
fungal partners means that the loss of these fungi could lead to local extinctions of these
orchids. Furthermore, the geographic distribution of orchids and their associated fungi
is often limited by environmental factors such as altitude, temperature, and precipitation,
which can create microhabitats suitable for one but not the other. Therefore, we suggest
that future studies should collect more detailed data by increasing field investigations and
supply missing impact factors, such as fungal distribution data, to enhance the precision
and reliability of the predictive outcomes.

5. Conclusions

In this study, we explored the response of D. yangii to climate change in China by
predicting the potential distribution of suitable niches using the Biomod2 model based on
distribution records. Our findings reveal several key points: (1) The main environmen-
tal variables constraining the distribution include the precipitation of the driest quarter
(Bio17), precipitation seasonality (Biol5), and precipitation of the wettest quarter (Bio16);
(2) currently, suitable niches for D. yangii are primally located in Jiangxi Province, with
highly suitable areas concentrated in Ji’an City and Fuzhou City. Notably, under historical
climate conditions, the distribution of D. yangii largely overlaps with the suitable regions of
its pollinators (L. alfredii and Dufourea spp.); (3) under future climate scenarios, the potential
suitable regions are expected to expand significantly before the 2070s, particularly with a
notable increase in highly suitable areas in central Jiangxi Province. This study is the first
to predict the suitable habitat distribution of D. yangii based on environmental factors in
conjunction with its pollinators under current and future climate scenarios, and we hope
our findings will provide new insights for its conservation.

Author Contributions: Software, X.L. and C.G.; Formal analysis, X.L.; Investigation, G.Y. and B.Y,;
Resources, B.Y.; Writing—original draft, X.L. and C.G.; Writing—review & editing, X.L. and G.Y.;
Supervision, G.Y.; Funding acquisition, G.Y. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.



Plants 2024, 13, 3101 13 of 14

References

1.  Eliseev, A.V.,; Mokhov, LI. Influence of volcanic activity on climate change in the past several centuries: Assessments with a
climate model of intermediate complexity. Izv. Atmos. Ocean. Phys. 2008, 44, 671-683. [CrossRef]

2. Smallwood, P.A.; Trapnell, D.W. Species distribution modeling reveals recent shifts in suitable habitat for six north American
Cypripedium spp. (Orchidaceae). Diversity 2022, 14, 694. [CrossRef]

3. Franklin, J.; Miller, J.A. Mapping Species Distributions: Spatial Inference and Prediction; Cambridge University Press: Cambridge, UK,
2009; ISBN 0521876354.

4. Franklin, J. Species distribution modelling supports the study of past, present and future biogeographies. J. Biogeogr. 2023, 50,
1533-1545. [CrossRef]

5. Zhang, H.; Zhao, H.X.; Wang, H. Potential geographical distribution of Populus euphratica in China under future climate change
scenarios based on Maxent model. Acta Ecol. Sin 2020, 40, 6552—-6563.

6.  Aratjo, M.B.; Luoto, M. The importance of biotic interactions for modelling species distributions under climate change. Glob.
Ecol. Biogeogr. 2007, 16, 743-753. [CrossRef]

7. Tsiftsis, S.; Djordjevié, V. Modelling sexually deceptive orchid species distributions under future climates: The importance of
plant—pollinator interactions. Sci. Rep. 2020, 10, 10623. [CrossRef] [PubMed]

8.  Engelhardt, E.K,; Neuschulz, E.L.; Hof, C. Ignoring biotic interactions overestimates climate change effects: The potential response
of the spotted nutcracker to changes in climate and resource plants. . Biogeogr. 2020, 47, 143-154. [CrossRef]

9. Nicole, E; Brzosko, E.; Till-Bottraud, I. Population viability analysis of Cypripedium calceolus in a protected area: Longevity,
stability and persistence. J. Ecol. 2005, 93, 716-726. [CrossRef]

10. Dressler, R.L. The Orchids: Natural History and Classification; Harvard University Press: Cambridge, MA, USA, 1981.

11.  Zhang, G.Q.; Liu, KW,; Li, Z; Lohaus, R.; Hsiao, Y.Y,; Niu, S.C.; Wang, ].Y,; Lin, Y.C.; Xu, Q.; Chen, L.]J.; et al. The Apostasia
genome and the evolution of orchids. Nature 2017, 549, 379-383. [CrossRef]

12.  Barthlott, W.; Grole-Veldmann, B.; Korotkova, N. Orchid seed diversity. Englera 2014, 32, 1-245.

13.  McCormick, M.K,; Jacquemyn, H. What constrains the distribution of orchid populations? New Phytol. 2014, 202, 392-400.
[CrossRef]

14. Zhai, ].W.; Zhang, G.Q.; Chen, L.J.; Xiao, X.J.; Liu, KW.,; Tsai, W.C.; Hsiao, Y.Y.; Tian, H.Z.; Zhu, ].Q.; Wang, M.N_; et al. A new
orchid genus, Danxiaorchis, and phylogenetic analysis of the tribe Calypsoeae. PLoS ONE 2013, 8, e60371. [CrossRef] [PubMed]

15. Lee, S.Y.; Meng, K.; Wang, H.; Zhou, R; Liao, W.; Chen, F; Zhang, S.; Fan, Q. Severe plastid genome size reduction in a
mycoheterotrophic orchid, Danxiaorchis singchiana, reveals heavy gene loss and gene relocations. Plants 2020, 9, 521. [CrossRef]

16. Yang, B.; Xiao, S.; Jiang, Y.; Luo, H.; Xiong, D.; Zhali, J.; Li, B.O. Danxiaorchis yangii sp. Nov. (Orchidaceae: Epidendroideae), the
second species of Danxiaorchis. Phytotaxa 2017, 306, 287-295. [CrossRef]

17.  Zhang, M.; Zhang, X.-H.; Ge, C.-L.; Chen, B.-H. Danxiaorchis mangdangshanensis (Orchidaceae, Epidendroideae), a new species
from central Fujian Province based on morphological and genomic data. PhytoKeys 2022, 212, 37-55. [CrossRef]

18. Luo, H; Xiao, H.; Liang, Y.; Liu, N.; Turner, C.; Tan, S.; Chen, X.; Xiong, D.; Yang, B. Batesian mimicry in the nonrewarding
saprophytic orchid Danxiaorchis yangii. Ecol. Evol. 2021, 11, 2524-2534. [CrossRef]

19. gtipkové, Z.; Tsiftsis, S.; Kindlmann, P. Is the GBIF appropriate for use as input in models of predicting species distributions?
Study from the Czech republic. Nat. Conserv. Res. 2024, 9, 84-95. [CrossRef]

20. Xu, Y.; Huang, Y.; Zhao, H.; Yang, M.; Zhuang, Y.; Ye, X. Modelling the effects of climate change on the distribution of endangered
Cypripedium japonicum in China. Forests 2021, 12, 429. [CrossRef]

21. Gao, C,; Guo, S.; Ma, C; Yang, J.; Kang, X; Li, R. Impact of climate change on the potential geographical distribution patterns of
Luculia pinceana Hook. £. since the Last Glacial Maximum. Forests 2024, 15, 253. [CrossRef]

22. Hijmans, R. Geosphere: Spherical Trigonometry, R package version 1.5-18; R Foundation for Statistical Computing: Vienna, Austria,
2022; Available online: https:/ /CRAN.R-project.org/package=geosphere (accessed on 1 September 2024).

23. Almeida, A.M.; Ribeiro, M.M.; Ferreira, M.R.; Roque, N.; Quintela-Sabaris, C.; Fernandez, P. Big data help to define climate
change challenges for the typical mediterranean species Cistus ladanifer L. Front. Ecol. Evol. 2023, 11, 1136224. [CrossRef]

24. Pant, G.; Maraseni, T.; Apan, A.; Allen, B.L. Predicted declines in suitable habitat for greater one-horned rhinoceros (Rhinoceros
unicornis) under future climate and land use change scenarios. Ecol. Evol. 2021, 11, 18288-18304. [CrossRef] [PubMed]

25. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2022; Available online: https:/ /www.R-project.org/ (accessed on 1 September 2024).

26. Jiang, Y.; Wang, T.; Wu, Y.;; Hu, R.; Huang, K.; Shao, X. Past distribution of epiphyllous liverworts in China: The usability of
historical data. Ecol. Evol. 2018, 8, 7436-7450. [CrossRef] [PubMed]

27.  Zhu, H, Jiang, Z.; Li, L. Projection of climate extremes in China, an incremental exercise from CMIP5 to CMIP6. Sci. Bull. 2021, 66,
2528-2537. [CrossRef]

28. Yang, X.; Zhou, B.; Xu, Y.; Han, Z. CMIP6 evaluation and projection of temperature and precipitation over China. Adv. Atmos. Sci.
2021, 38, 817-830. [CrossRef]

29. Thuiller, W. BIOMOD-optimizing predictions of species distributions and projecting potential future shifts under global change.
Glob. Change Biol. 2003, 9, 1353-1362. [CrossRef]

30. Thuiller, W.; Lafourcade, B.; Engler, R.; Aratdjo, M.B. BIOMOD—A platform for ensemble forecasting of species distributions.

Ecography 2009, 32, 369-373. [CrossRef]


https://doi.org/10.1134/S0001433808060017
https://doi.org/10.3390/d14090694
https://doi.org/10.1111/jbi.14617
https://doi.org/10.1111/j.1466-8238.2007.00359.x
https://doi.org/10.1038/s41598-020-67491-8
https://www.ncbi.nlm.nih.gov/pubmed/32606363
https://doi.org/10.1111/jbi.13699
https://doi.org/10.1111/j.1365-2745.2005.01010.x
https://doi.org/10.1038/nature23897
https://doi.org/10.1111/nph.12639
https://doi.org/10.1371/journal.pone.0060371
https://www.ncbi.nlm.nih.gov/pubmed/23593204
https://doi.org/10.3390/plants9040521
https://doi.org/10.11646/phytotaxa.306.4.5
https://doi.org/10.3897/phytokeys.212.91534
https://doi.org/10.1002/ece3.7193
https://doi.org/10.24189/ncr.2024.008
https://doi.org/10.3390/f12040429
https://doi.org/10.3390/f15020253
https://CRAN.R-project.org/package=geosphere
https://doi.org/10.3389/fevo.2023.1136224
https://doi.org/10.1002/ece3.8421
https://www.ncbi.nlm.nih.gov/pubmed/35003673
https://www.R-project.org/
https://doi.org/10.1002/ece3.4274
https://www.ncbi.nlm.nih.gov/pubmed/30151161
https://doi.org/10.1016/j.scib.2021.07.026
https://doi.org/10.1007/s00376-021-0351-4
https://doi.org/10.1046/j.1365-2486.2003.00666.x
https://doi.org/10.1111/j.1600-0587.2008.05742.x

Plants 2024, 13, 3101 14 of 14

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Mainali, K.P.; Warren, D.L.; Dhileepan, K.; McConnachie, A.; Strathie, L.; Hassan, G.; Karki, D.; Shrestha, B.B.; Parmesan, C.
Projecting future expansion of invasive species: Comparing and improving methodologies for species distribution modeling.
Glob. Change Biol. 2015, 21, 4464-4480. [CrossRef]

Kass, ].M.; Muscarella, R.; Galante, PJ.; Bohl, C.L.; Pinilla-Buitrago, G.E.; Boria, R.A.; Soley-Guardia, M.; Anderson, R.P. ENMeval
2.0: Redesigned for customizable and reproducible modeling of species’ niches and distributions. Methods Ecol. Evol. 2021, 12,
1602-1608. [CrossRef]

Fan, Z.; Zhou, B.; Ma, C.; Gao, C.; Han, D.; Chai, Y. Impacts of climate change on species distribution patterns of Polyspora sweet in
China. Ecol. Evol. 2022, 12, €9516. [CrossRef]

Sharma, M.K,; Ram, B.; Chawla, A. Ensemble modelling under multiple climate change scenarios predicts reduction in highly
suitable range of habitats of Dactylorhiza hatagirea (D.Don) Soo in Himachal Pradesh, western Himalaya. S. Afr. ]. Bot. 2023, 154,
203-218. [CrossRef]

Resquin, F; Duque-Lazo, J.; Acosta-Mufioz, C.; Rachid-Casnati, C.; Carrasco-Letelier, L.; Navarro-Cerrillo, R.M. Modelling
current and future potential habitats for plantations of Eucalyptus grandis hill ex maiden and E. dunnii maiden in Uruguay. Forests
2020, 11, 948. [CrossRef]

Gao, X.; Bu, S.; Zheng, X. Integrating species distribution models to estimate the population size of forest musk deer (Moschus
berezovskii) in the central Qinling Mountains of Shaanxi. Diversity 2023, 15, 1071. [CrossRef]

Guo, K,; Jiang, X.; Xu, G. Potential suitable distribution area of Quercus lamellosa and the influence of climate change. Chin. J.
Ecol. 2021, 40, 2563.

Liu, S.; Chen, T.; Ye, D.; Chen, Q.; Ni, J.; Rao, M. Prediction of distributional patterns of four major Camellia oilseed species in
China under climate and land use changes. Ecol. Indic. 2023, 155, 110996. [CrossRef]

Gao, C,; Fan, Z.F; Ma, C.L.; Yang, ].X.; Guo, S.L. Modelling the suitable area of Camellia reticulata under climate change based on
the Biomod2. Chin. . Ecol. 2024, 1-13. Available online: https:/ /link.cnki.net/urlid /21.1148.00.20240314.1933.016 (accessed on
30 October 2024).

Hoffmann, A.A.; Sgr6, C.M. Climate change and evolutionary adaptation. Nature 2011, 470, 479-485. [CrossRef] [PubMed]
Gavilan, R.G. The use of climatic parameters and indices in vegetation distribution. A case study in the Spanish Sistema Central.
Int. ]. Biometeorol. 2005, 50, 111-120. [CrossRef]

Phillips, S.J.; Anderson, R.P; Schapire, R.E. Maximum entropy modeling of species geographic distributions. Ecol. Modell. 2006,
190, 231-259. [CrossRef]

Nashwan, M.S,; Shahid, S.; Chung, E.-S.; Ahmed, K.; Song, Y.H. Development of climate-based index for hydrologic hazard.
susceptibility. Sustainability 2018, 10, 2182. [CrossRef]

Mithilasri, M.; Shankar, S.M.; Parthiban, K.T. MaxEnt modelling for predicting influences of climate transformation on the suitable
habitat of Bulbophyllum acutiflorum A. Rich. An endangered orchid in Anaimalai, Western Ghats of Tamil Nadu. Int. J. Adv.
Biochem. Res. 2024, 8, 1332-1338. [CrossRef]

Engler, R.; Randin, C.E; Vittoz, P.; Czaka, T.; Beniston, M.; Zimmermann, N.E.; Guisan, A. Predicting future distributions of
mountain plants under climate change: Does dispersal capacity matter? Ecography 2009, 32, 34-45. [CrossRef]

Djordjevi¢, V.; Tsiftsis, S.; Lakusi¢, D.; Jovanovié, S.; Stevanovié, V. Factors affecting the distribution and abundance of orchids in
grasslands and herbaceous wetlands. Syst. Biodivers. 2016, 14, 355-370. [CrossRef]

Tsiftsis, S.; étl’pkové, Z.; Kindlmann, P. Role of way of life, latitude, elevation and climate on the richness and distribution of
orchid species. Biodivers. Conserv. 2019, 28, 75-96. [CrossRef]

Stipkova, Z.; Kindlmann, P. Factors determining the distribution of orchids—a review with examples from the Czech Republic.
Eur. J. Environ. Sci. 2021, 11, 21-30. [CrossRef]

Blakeman, ].P.; Mokahel, M.A.; Hadley, G. Effect of mycorrhizal infection on respiration and activity of some oxidase enzymes of
orchid protocorms. New Phytol. 1976, 77, 697-704. [CrossRef]

Favre-Godal, Q.; Gourguillon, L.; Lordel-Madeleine, S.; Gindro, K.; Choisy, P. Orchids and their mycorrhizal fungi: An insuffi-
ciently explored relationship. Mycorrhiza 2020, 30, 5-22. [CrossRef]

Pica, A.; Vela, D.; Magrini, S. Forest orchids under future climate scenarios: Habitat suitability modelling to inform conservation
strategies. Plants 2024, 13, 1810. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/gcb.13038
https://doi.org/10.1111/2041-210X.13628
https://doi.org/10.1002/ece3.9516
https://doi.org/10.1016/j.sajb.2022.12.026
https://doi.org/10.3390/f11090948
https://doi.org/10.3390/d15101071
https://doi.org/10.1016/j.ecolind.2023.110996
https://link.cnki.net/urlid/21.1148.Q.20240314.1933.016
https://doi.org/10.1038/nature09670
https://www.ncbi.nlm.nih.gov/pubmed/21350480
https://doi.org/10.1007/s00484-005-0271-5
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.3390/su10072182
https://doi.org/10.33545/26174693.2024.v8.i8q.1984
https://doi.org/10.1111/j.1600-0587.2009.05789.x
https://doi.org/10.1080/14772000.2016.1151468
https://doi.org/10.1007/s10531-018-1637-4
https://doi.org/10.14712/23361964.2021.3
https://doi.org/10.1111/j.1469-8137.1976.tb04663.x
https://doi.org/10.1007/s00572-020-00934-2
https://doi.org/10.3390/plants13131810

	Introduction 
	Materials and Methods 
	Collection of Distribution Points 
	Environmental Data Preprocessing 
	Construction and Validation of the SDM 
	Visualization Analysis 

	Results 
	Model Optimization and Selection 
	Analysis of Suitable Regions Under Historical Climate 
	Environmental Factors Analysis 
	Changes in Suitable Regions Under Future Climates 

	Discussion 
	Prospective Changes in D. yangii’s Suitable Habitat 
	Strengths and Limitations of the Study 

	Conclusions 
	References

