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Abstract: Climate change is a major factor influencing the species distribution and population diver-
sity of living creatures. In this study, the ecological niche model (ENM) MaxEnt was used to evaluate
habitat suitability and predict potential habitats of two sympatric fig species, i.e., Ficus squamosa
and F. heterostyla, in the Xishuangbanna region of China. Results indicated that mean diurnal range,
isothermality, cation exchange capacity (at pH 7), and temperature seasonality were key variables
influencing habitat suitability for F. squamosa. However, temperature seasonality and precipitation of
the driest quarter showed the greatest contributions to F. heterostyla distribution. During the current
period, the habitat suitability distributions of both Ficus species were considerably higher than known
occurrences. In the future, potentially suitable distribution areas for both species will reduce overall
across the whole study area, although some expansion may occur by 2070. Niche overlap of suitable
areas for both species was initially high and then declined in the current period and future epochs
in the RCP 2.6 scenario, but increased in the RCP 8.5 scenario. In short, the responses of both Ficus
species to climate change differed. Thus, specific actions such as ex situ conservation and assisted
migration may be needed to conserve both species.

Keywords: ecological niche model; Indo-Burma; sympatric species; habitat suitability; MaxEnt

1. Introduction

Global climate change poses a serious threat to natural ecosystems and biodiversity in
tropical and temperate climate zones [1–3]. Habitat loss and fragmentation due to anthro-
pogenic disturbance and activities can also impact biodiversity and isolation of geographic
areas [4–7]. Ecological niche models (ENMs) can be used to investigate the effects of envi-
ronmental change on the species distributions across extended timescales, using sampling
occurrence and the environmental factors to predict the potential habitats of species. More-
over, the ENMs can more accurately predict species distributions when they incorporate
information on population genetic structure and, concomitantly, local adaptation [8,9].
Under changing climates, species generally respond by adaptation or extinction, with
15–37% of species predicted to go extinct by 2050 [10–12]. Hence, conservation strategies
are critical for slowing the rate of species loss [11].

The Indo-Burma region is a hotspot of geographic diversity, covering southern China,
Laos, Myanmar, Vietnam, Cambodia, and Thailand. The region supports a variety of
habitats spanning 0–6000 m in elevation and experiences strong seasonal climates. Notably,
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in summer, the southern and western parts are dominated by the southwest monsoon
and the northeastern part is dominated by the northeast monsoon, with drier conditions
prevailing throughout much of the region in winter [13]. The region supports 15,000–25,000
species of flora and more than 2000 species of fauna [14–16], and new species continue to be
discovered. Under the influence of climate change, it is predicted that 1.9–40.5% of endemic
plant and vertebrate species in this region will go extinct over the next century [17].

Of the approximately 800 Ficus species recognized worldwide, most are distributed
in tropical regions. Fig trees provide nutrients, microclimates, and predator protection for
the organisms living within them (e.g., pollinator and parasitic wasps, ants, mites, and
nematodes) [18]. Fig trees and pollinating fig wasps (Agonidae) exhibit species-specific
mutualistic relationships, with one Ficus species allowing one specific agonid species to
enter the syconium to complete pollination [19–21]. However, several recent studies have
reported a breakdown of the one-to-one rule in the fig–fig wasp breeding system, whereby
one Ficus species is pollinated by more than one fig wasp species, or two Ficus species could
share the same pollinator [22–27]. For example, the closely related dioecious Ficus squamosa
and Ficus heterostyla share a pollinating fig wasp species in overlapping distribution areas
of the Indo-Burma region [28,29], despite different habitats. Ficus squamosa is a small
riparian shrub species. Its figs grow along branches close to the ground, which are often
submerged during the rainy season, and seeds are primarily dispersed by water [30]. In
contrast, F. heterostyla is a small deciduous species [31] that grows in forest, secondary
forest, and along roadsides. Its figs are located in rooting stolons near or under the soil,
where soil moisture and temperature influence fruit development. Both Ficus species show
complementary fruiting phenologies in the Xishuangbanna region, which facilitates the
sharing of a single pollinator fig wasp species [28]. Ecological niche overlap of the two
sympatric Ficus species and the change in potential distribution under climate change are
worth studying to better understand fig and fig wasp mutualism.

In recent years, maximum entropy model (MaxEnt) software has been widely used to
understand fluctuations in the distribution of species impacted by climate change [32–36].
In this study, MaxEnt was used to model habitat suitability of the two sympatric Ficus
species in the Indo-Burma region. We aimed to answer the following questions: (1) What
are the suitable distribution ranges of both species under the current environment? (2) How
has species distribution changed since the Last Glacial Maximum (LGM), and how will
habitat availability change in the future (2050 and 2070)? (3) Does suitable habitat overlap
between the two species?

2. Materials and Methods
2.1. Study Area and Collection of Species Occurrence Data

Ficus squamosa Roxb. (Subgenus Sycomorus, Section Sycocarpus) is distributed in Nepal,
Bhutan, Sikkim, north-east India, Myanmar, Laos, and China (Yunnan), while F. heterostyla
Merr. (Subgenus Sycomorus, Section Hemicardia) is distributed in Thailand, Vietnam, Laos,
and Cambodia [37]. Both Ficus species show overlapping distributions in the Xishuang-
banna region of China and share an undescribed pollinating fig wasp (Ceratosolen sp.) [28].
From 2008 to 2018, we conducted several field surveys and sample collections in China,
Laos, Myanmar, Vietnam, Cambodia, and Thailand (98.5◦ E–109.5◦ E and 9.5◦ N–26.5◦ N).
We investigated the distributions of both species referring to the Flora of Thailand [37]
and Flora of China [38], as well as other potential parts of their ranges. We recorded
143 occurrences for F. squamosa and 257 occurrences of F. heterostylla in natural conditions,
during April of 2008, April of 2014, and February of 2018 in China, June of 2013 in Vietnam,
April of 2015 in Cambodia, October of 2016 in Myanmar, January of 2012, July of 2013,
August of 2014, and March and October of 2018 in Thailand, and October of 2018 in Laos.
We also downloaded the distribution data of both species from the Global Biodiversity
Information Facility (GBIF) website (https://doi.org/10.15468/dl.m8cqz7, accessed on 21
August 2022), including 16 records for F. squamosa and nine records for F. heterostyla. All
data obtained were exported to ArcGIS v10.5, with and duplicate presence data within

https://doi.org/10.15468/dl.m8cqz7
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1 km removed, involving 104 points for F. squamosa and 199 points for F. heterostyla. Finally,
the distribution data of the two sympatric species included 55 records of F. squamosa and
67 records of F. heterostyla (the source and distribution of all records are provided in Figure 1
and Table S1 in Supplementary Materials). We retained these records to match climate
variables for further model analysis.
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Figure 1. Study area covering habitat of F. squamosa and F. heterostyla.

2.2. Environmental Variables

Before modeling species distributions, we tried to consider the variables that impacted
on species distributions and could limit distributions at key periods. To model the habitat
of target species, 19 bioclimatic and 13 other environmental variables were obtained from
WorldClim (http://www.worldclim.org/, accessed on 21 August 2022), soilgrids250, and
Global Forest Change [39]. To encompass forest cover (also important for seed dispersers),
we included two parameters, tree height [40] and canopy cover [41]. These variables
included 11 soil variables, forest canopy, and forest cover at 30 s resolution. Pearson
correlation analysis was performed on the 19 bioclimatic variables at a threshold of 0.85
to exclude highly correlated variables. However, we tried to retain at least a maximum,
minimum, mean/annual, and seasonality variable for both temperature and precipitation
to determine limiting factors across the year. Using this criterion, nine bioclimatic variables
and seven other environmental variables were selected to generate the model (Table 1).
Elevation, whilst a useful variable for contemporary analysis, cannot be used for analysis
over extended timescales, as it is a correlate of climate and not a direct driver, and using
it for projective analysis would preclude the ability of projections to track climate across
altitudes (as whilst their climate zone may shift upslope, a model using elevation as a
direct driver would limit this shift). This would artificially limit species projections over
time. This means that elevation would bias models of future movement, by restricting the
ability of species to track climate, as well as falsely truncating species climate niches due to
clearance of habitat at lower elevational bands. Furthermore paleo-elevation is notoriously
challenging and risks introducing artifacts into analysis, especially in hindcast analysis,
which would be hard to particularly capture across the then emergent Sunda shelf. Thus,
different variables were used for contemporary and temporal analysis.

http://www.worldclim.org/
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Table 1. Environmental variables selected for modeling.

Category Variable Abbreviation Source

Soil variables

Bulk density * bdod *

SoilGrids250m

Cation exchange capacity (at pH 7) cec
Coarse fragments cfvo

Clay content * clay *
Nitrogen nitrogen

Organic carbon density * ocd *
Soil organic carbon stock ocs

Soil pH ph
Sand * sand *
Silt * silt *

Soil organic carbon soc

Habitat variables
Tree height * canopy *

[40,41]Forest cover cover

Bioclimatic variables

Annual mean temperature * bio1 *

WORLDCLIM

Mean diurnal range (mean of monthly (max temp −min temp)) bio2
Isothermality (BIO2/BIO7) (×100) bio3

Temperature seasonality (standard deviation ×100) bio4
Max temperature of warmest month * bio5 *
Min temperature of coldest month * bio6 *

Temperature annual range (BIO5–BIO6) bio7
Mean temperature of wettest quarter bio8
Mean temperature of driest quarter bio9

Mean temperature of warmest quarter * bio10 *
Mean temperature of coldest quarter * bio11 *

Annual precipitation bio12
Precipitation of wettest month * bio13 *
Precipitation of driest month * bio14 *

Precipitation seasonality (coefficient of variation) bio15
Precipitation of wettest quarter * bio16 *

Precipitation of driest quarter bio17
Precipitation of warmest quarter bio18 *
Precipitation of coldest quarter * bio19 *

* Variables excluded in final model simulation.

The LGM and Mid-Holocene warm period (Mid-Hol) were predicted using the nine
selected bioclimatic variables (based on the assessment for redundancy detailed below)
using the calibrated global climate model (GCM) data based on the Community Climate
System Model ‘CCSM4’, while current and future periods (2050 and 2070 in the RCP 2.6
and RCP 8.5 scenario) were predicted with 16 (current) and 15 (future) environmental
variables. The mask was created for the last glacial maximum by calculating exposed land
for that period, using a bathymetric layer, and calculating the land exposed by subtracting
111 m and then classifying the area still above that level [42]. The future periods included
Representative Concentration Pathway 2.6 (RCP 2.6) and Representative Concentration
Pathway 8.5 (RCP 8.5) to represent both optimistic and pessimistic scenarios [43]. We used
the default settings in MaxEnt, with fivefold replicates with bootstrap validation; we then
used the average of the five models. Final model outputs were exported and analyzed in
ArcGIS v. 10.5 (ESRI, Redlands, CA, USA).

2.3. Ecological Niche Model

MaxEnt v-3.4.0 [44] was used to model changing distributions of the species from the
Last Glacial Maximum (LGM) to 2070 including two different scenarios. Spatial rarefication
of localities was performed using the buffer and intersect in ArcGIS to reduce autocorre-
lation between the points at each grid cell (size 1 × 1 km). Removal of clustered points
left 122 locations which were retained and used for subsequent analyses. Overlap between
sites of both species was evaluated using the indices of equivalence (D) and similarity (I)
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according to the tests proposed by Warren et al. [45]. In ecology, Schoener’s index (D) is
used to evaluate ecological niche and microhabitat overlap, while Hellinger’s index (I) is
derived from distance, based on the comparison of probability distributions. Both indices
range from 0 (no overlap) to 1 (models are identical). The potential habitats in 2050 and
2070 were determined to evaluate the future risk of species status [46].

3. Results
3.1. Model Performance

According to Pearson correlation analysis, nine of the 19 bioclimatic variables were
significant for constructing the ENMs for F. squamosa and F. heterostyla. The models were
validated using AUC values, with all models showing an AUC >0.9, thus being considered
excellent [47]. Following these criteria, all habitat suitability models of F. squamosa and
F. heterostyla were excellent. In the current period MaxEnt model, the Boyce index for
F. squamosa and F. heterostyla was 0.842 and 0.875, respectively. For the 2050 and 2070
prediction models, the Boyce index for F. squamosa and F. heterostyla in different emission
scenario was greater than 0.8 (Table S2).

3.2. Environmental Variable Importance

According to variable importance, both species had specific areas of suitable habi-
tats based on percentage contribution and permutation importance estimated by MaxEnt
(Table 2). The jackknife test for regularized training gain indicated that temperature season-
ality (Bio4) and isothermality (Bio3) showed the highest contribution to the prediction of
suitable habitats for F. squamosa and F. heterostyla (Figure S1). Interestingly, other variables
contributing to the prediction of suitable habitat included mean diurnal range (Bio2) and
cation exchange capacity (at pH 7) for F. squamosa and precipitation of driest quarter (Bio17)
for F. heterostyla (Table 2).

Table 2. Percentage contribution and permutation importance of environmental variables in predict-
ing species distribution.

Abbreviation Variable Definition
Ficus squamosa Ficus heterostyla

Contribution (%) Permutation Contribution (%) Permutation

cec Cation exchange capacity (at pH 7) 10.9 13.4 1.3 1.3
cfvo Coarse fragments 4.9 3 3.1 2.4

nitrogen Nitrogen 0.2 0.5 4.8 4.7
ocs Soil organic carbon stock 0.7 3.5 1.3 2.2
ph Soil pH 3.5 2.9 1 0.7
soc Soil organic carbon 0.8 0.9 1.9 1.4

cover Forest cover 0.3 0.6 7.3 3.8

bio2
Mean diurnal range (mean of monthly

(max temp −min temp))
33.9 40.5 1.2 1.6

bio3 Isothermality (BIO2/BIO7) (×100) 17.4 0 7.6 1

bio4
Temperature seasonality (standard

deviation ×100)
5.4 9.6 23.6 40.9

bio7
Temperature annual range

(BIO5–BIO6)
5.3 0.5 17.8 0.6

bio8 Mean temperature of wettest quarter 3.2 4.2 0.1 0.8
bio9 Mean temperature of driest quarter 1.3 1.9 3.9 0.6

bio12 Annual precipitation 2.8 11 0.3 0.1

bio15
Precipitation seasonality (coefficient

of variation)
3.6 2.2 8.9 0.7

bio17 Precipitation of driest quarter 5.8 5.4 15.8 37.5

Note: Variables with more than 5% contribution and permutation are highlighted in bold.

The bioclimatic ranges of nine variables for both species are shown in Table 3, showing
that drivers varied between species; F. heterostyla could tolerate higher daily tempera-
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ture fluctuations than F. squamosa, which was distributed in areas with smaller annual
temperature fluctuations.

Table 3. Bioclimatic ranges for F. squamosa and F. heterostyla. Key factors are noted in bold.

Environmental Variable
F. squamosa F. heterostyla

Suitable Ranges Most Suitable Value Suitable Ranges Most Suitable Value

Mean diurnal range (◦C) >9.69 12.04 >3.53 12.04
Isothermality 43.47–74.97 51.48 46.97–78.92 58.40

Temperature seasonality (C of V) 10.29–48.82 24.68 6.24–37.58 14.56
Temperature annual range (◦C) 14.56–27.50 21.99 9.92–23.43 15.30

Mean temperature of wettest quarter (◦C) 14.29–29.43 25.64 >18.85 25.86
Mean temperature of driest quarter (◦C) 3.90–28.46 22.07 >15.05 21.70

Annual precipitation (mm) <2525.67 1 129.60 >905.74 \
Precipitation seasonality (C of V) 0.49–1.19 0.78 0.57–1.22 0.76

Precipitation of driest quarter (mm) 8.06–161.52 37.06 20.46–132.17 37.65

3.3. Predicting Suitable Habitats

Past, current, and future predictions of suitable habitat for F. squamosa and F. heterostyla
are shown in Figures 2 and 3, respectively. The ten-percentile training presence cog-log
threshold was used to delineate unsuitable from suitable habitats. The distribution of
suitable habitat for both species in the current period was considerably higher than known
occurrences, as indicated by collected data and existing records.

During the LGM, both species had larger distribution areas than during the Mid-Hol
and current period, as large portions of the now submerged Sunda shelf were suitable.
Future projections for 2050 and 2070 suggested that regions from southern China to north-
ern Thailand would still exhibit high habitat suitability potential for F. squamosa and
F. heterostyla, but habitat suitability for both species would reduce overall across the whole
study area, although some expansions may occur in 2070.

3.4. Niche Overlap and Distribution Area for Both Species

For the two species, the niche overlap of suitable areas was initially high and then
declined in the current period and future epochs in they RCP 2.6 scenario, but they increased
in the RCP 8.5 scenario, exceeding that under RCP 2.6 (Table 4, Figure 4). Suitable habitats
for both species were found in southern China and Southeast Asia in the different time
periods, with the overlapping area decreasing in the RCP 2.6 scenario and increasing in
RCP 8.5 scenario (Table 5).

Table 4. Ecological niche overlap of suitable habitat between F. squamosa and F. heterostyla in current,
RCP 2.6 2050, RCP 2.62070, RCP 8.5 2050, and RCP 8.5 2070 periods, as indicated by equivalence (D)
and similarity (I) parameters.

Niche Overlap Schoener’s Parameter (D) Hellinger’s-Based Parameter (I)

Current epoch 0.7030 0.9253
RCP2.6 2050 0.7168 0.9332
RCP2.6 2070 0.6979 0.9259
RCP8.5 2050 0.7336 0.9376
RCP8.5 2070 0.7941 0.9625
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Figure 2. From past to current (red areas indicate areas previously suitable and lost by the present
period) and from current to future (red areas indicate areas currently suitable which will be lost), the
expanded and contracted range of F. squamosa. (A) Last Glacial Maximum (LGM), (B) Mid-Holocene,
(C) future (RCP 2.6 2050), (D) future (RCP 2.6 2070), (E) future (RCP 8.5 2050), and (F) future (RCP
8.5 2070).
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Figure 3. From past to current (red areas indicate areas previously suitable and lost by the present
period) and from current to future (red areas indicate areas currently suitable which will be lost), the
expanded and contracted range of F. heterostyla. (A) Last Glacial Maximum (LGM), (B) Mid-Holocene,
(C) future (RCP 2.6 2050), (D) future (RCP 2.6 2070), (E) future (RCP 8.5 2050), and (F) future (RCP
8.5 2070).
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Figure 4. Overlapping maps of F. squamosa and F. heterostyla for current period and future. Gray refers
to unsuitable areas for both species; yellow refers to areas only suitable for F. squamosa; blue refers
to areas only suitable for F. heterostyla; green refers to areas suitable for both species. (A) Current,
(B) future (RCP 2.6 2050), (C) future (RCP 2.6 2070), (D) future (RCP 8.5 2050), and (E) future (RCP
8.5 2070).

Table 5. The percentage of suitable habitats in the study area for F. squamosa and F. heterostyla in
different periods.

Species
Area (%)

LGM Mid Current RCP 2.6 2050 RCP 2.6 2070 RCP 8.5 2050 RCP 8.5 2070

F. squamosa 31.76% 7.80% 12.49% 10.28% 9.10% 12.34% 17.69%
F. heterostyla 29.97% 16.54% 18.91% 17.37% 17.49% 12.71% 19.11%

Overlap N.D. N.D. 7.57% 7.09% 6.43% 6.55% 12.05%
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4. Discussion

In this study, ENMs were used to accurately predict the habitat suitability of two
Ficus species [48]. On the basis of climatic variables, the MaxEnt model indicated that
the distribution of both species has declined from past to current. The predicted future
distributions exhibit high habitat suitability potential for F. squamosa and F. heterostyla, from
southern China to northern Thailand, but habitat suitability for both species would reduce
overall across the whole study area, although some expansions may occur in 2070. The seed
dispersal would be key for this expansion to occur (which with the loss of larger bodied
fruitbats due to hunting may be improbable). The two species showed considerable overlap
in suitable habitat, which would decrease in the future. These results are consistent with the
changes in area percentage for F. squamosa and the potential of F. heterostyla to better adapt to
the changing environments [49], confirming that different species can detect changes in the
climate and respond differently [50]. The two species showed large overlap in suitable area
in the current model, indicating that they coexist in a large area. How do these coexisting
species avoid competition? One explanation is their preference for different microhabitats,
i.e., F. squamosa is a riparian species while F. heterostyla grows in forest, secondary forest, and
along roadsides. In addition, a short overlap in flowering time, which reflects the timing of
specific resource requirements by plants, in coexisting species may reduce competition for
pollinator resources [51]. The primary region of overlapping distribution for both species
is located toward the northern edge of tropical Asia with a highly seasonal climate. In
response to seasonality, both Ficus species exhibit complementary flowering phenologies
to facilitate the sharing of a single pollinator fig wasp species [28], thus supporting the
temporal niche partitioning in the coexistence of plant species in the community. Previous
studies have reported that climate change will affect the patterns of precipitation and
temperature, especially in lowland ecosystems [52–55], with warmer surface water in
concert with higher air temperatures [55]. Temperature (Bio4, Bio3) may have a stronger
influence on the lowland species F. squamosa. In addition, for forest-distributed F. heterostyla,
precipitation of the driest quarter (Bio17) may also significantly affect suitable niche range.

Previous research found that the 11 sympatric species of Zaluzania in Mexico show
low values of overlap, suggesting that the species evolved in divergent environments [49].
However, our results indicated a high percentage of niche interactions between the sym-
patric species, with both influenced by similar variables, including temperature (Bio4, Bio3)
and elevation. Notably, F. heterostyla can tolerate higher daily temperature fluctuations than
F. squamosa, which is distributed in areas with smaller annual temperature fluctuations,
and this may enable to allow the two species to co-exist [56,57]. In species-specific fig–fig
wasp mutualism, pollinating fig wasps will influence the distribution of Ficus hosts, and
those with short life cycles may be more sensitive to climate change. Thus, the response
and adaptation of fig–fig wasp mutualism to climate change deserve further study.

The two species continue to overlap for both Ficus species in the past, current, and
future (next five decades). These results suggest that F. heterostyla and F. squamosa will
continue to coexist in the same areas as long as their shared pollinator can also survive
in the region. Volatile organic compounds (VOCs) released by receptive figs play crucial
roles in attracting pollinators and are sensitive to climate change [58]; thus, they are
worthy of further study. Our results suggested that the distribution range of the two Ficus
species is narrow and influenced by specific variables, facilitating targeted conservation
efforts [59–62].

5. Conclusions

Both F. squamosa and F. heterostyla are distributed along the northern edge of tropi-
cal Asia, with the high seasonality in Xishuangbanna leading to the sharing of a single
pollinator species. Both Ficus species are predominantly influenced by temperature and
isothermality. In the future, the potential suitable distribution area of F. squamosa will
decrease, while that of F. heterostyla will increase slightly but become increasingly frag-
mented. The niche overlap of suitable habitat of both species was high but decreased in the
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future. Both Ficus species show large responses to climate change, but their survival will
be dependent on the presence of pollinating fig wasps and negatively impacted by human
disturbance, while expansions may be contingent on the spread of fruit via vertebrate
species which are also threatened.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/f13091420/s1: Table S1. The occurrence data of Ficus squamosa
and Ficus heterostyla used for the ENM analysis; Table S2. Predictive performance of ensemble
ENMs for F. squamosa and F. heterostyla; Figure S1. Jackknife test for regularized training gain of
environmental variable importance for (A) F. squamosa and (B) F. heterostyla; blue bars are relative to
all environmental variables; the red bar indicates the MaxEnt model.
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