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Abstract: Ostrya rehderiana is a famous plant species with extremely small populations. With ongoing
global climate change, the extremely small populations would face more uncertainties and risks,
including the loss of genetic diversity and extirpation. Thus, assessing the impact of climate change on
suitable habitat of O. rehderiana is particularly important for its conservation and restoration. Here, we
built niche models with climate variables and soil and human footprint variables. Furthermore, new
methods were applied to avoid confounding effects between climate and soil and human footprint
variables to simulate the potential habitats of O. rehderiana in current and future climates. We found
that the Hargreaves climatic moisture deficit, degree-days below 0 ◦C, chilling degree-days, and
the temperature difference between mean warmest month temperature and mean coldest month
temperature, or continentality, were the most important climate factors. The topsoil USDA texture
classification, topsoil cation exchange capacity of (clay), and topsoil sodicity (ESP) were the key soil
factors determining the suitable distribution of O. rehderiana. Compared with soil factors, human
footprint has less influence on the suitable distribution of O. rehderiana. The niche range of this species
was projected to expand and shift to north in the Representative Concentration Pathway (RCP) 4.5
scenario for the 2050s. Our study results could be referenced in further extremely small populations
ecological restoration studies and provide the scientific strategies for the conservation and restoration
of O. rehderiana.

Keywords: Ostrya rehderiana Chun; MaxEnt; climate change; soil; suitable habitat

1. Introduction

Climate is a key ecological factor determining species range distribution; thus, the
anticipated suitable habitat shift (latitude and/or elevation) in response to climate change
is imminent [1–3]. During the Quaternary glaciation to the Last Glacial Maximum, the
global temperature dropped sharply, and most terrestrial plants migrated from north
to south, occupying suitable environmental spaces [4]. By the middle Holocene, the
temperature rose, and tree populations returned to higher latitudes [5]. In recent years,
as affected by climate warming, the population size of plants with narrow distribution
ranges are shrinking, reaching an alarming rate as some species’ were reduced to less
than 10 remaining individuals and are on the verge of extinction [6]. According to China’s
State Forestry Administration regulations, species are designated as “Plant Species with
Extremely Small Populations (PSESP)” if their census number is less than 500 individuals [7].
Characterized by small remaining populations, restricted habitat, and extremely high
risk of extinction, PSESPs have been identified as a conservation priority in the fields of
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conservation biology and restoration ecology [8]. Additionally, soil has been proven to play
a key role in the contemporary distribution of extremely small population size endangered
species [9]. Indeed, disregarding soil variables in fine-scale models has led to inaccurate
predictions of species potential distribution areas under climate change [10]. Concurrently,
the spatial mapping of human footprint is also significantly related to species extinction
risk [11]. O. rehderiana endangerment was associated with human selective logging, field
husbandry, and livestock breeding [12]. Therefore, understanding human activities related
pressures is essential for the correct predicting of species distribution and determining
where appropriate nature reserves should be allocated [13,14]. Considering soil and human
footprint during modeling of species suitable habitats prediction produced better results
to those solely based on climate variables [15] as they provide better a framework for
understanding the complex impacts of environmental change on PSESPs [16,17].

Ostrya rehderiana Chun, Betulaceae, is a narrow endemic species to Zhejiang Province
(Tianmu Mountain, Southeast China) and is catalogued as a PSESP [18]. The species bears
a great significance and unique value in Paleo flora studies [19]. O. rehderiana wood is used
for furniture and building materials; however, the number of reproductive individuals has
significantly decreased and currently suffers from a lack of recruitment caused by climate
change [20]. Therefore, finding suitable cultivation conditions along with determining the
spatial distribution of suitable habitat for this species under the current and future climate
are of an immense importance.

Species Distribution Models (SDMs) represent the main tools for predicting the spatial
distribution of environmental suitability for species [21,22], yet the SDMs of PSESPs have
not received much attention. The MaxEnt model is one of the best SDM techniques suitable
for species with narrow distribution ranges. It can obtain good accuracy when the samples
are more than five [23,24] and can predict species occurrence probability under current,
past, and future climate conditions [25,26].

This study is aimed at predicting the distribution of O. rehderiana suitable habitat
under current and future climates using the MaxEnt model. To enhance the reliability
of model predictions, we incorporated climate, soil, and human footprint variables into
predicting the species suitable habitats. Our objectives were to: (1) build climate, soil, and
human footprint niche models and integrate their predictions; (2) quantify climate, soil, and
human footprint variables contributions in explaining the resulting species distributions;
(3) predict current areas where species distribution ranges; (4) project future areas where
species suitable cultivation distribution ranges. We expected that the inclusion of soil and
human footprint factors in this study would produce more accurate and realistic predictions
of species distributions. Our predictions are expected to be crucial for the protection and
reintroduction of potentially suitable habitats of rare endangered plants.

2. Materials and Methods
2.1. Data Collection

O. rehderiana is an endangered and rare species, and we only identified 15 O. rehderiana
distribution points in this study (Figure 1). We collected them from three sources, including
a global database (Global Biodiversity Information Facility, GBIF, https://doi.org/10.154
68/dl.x777jg, accessed on 18 November 2021), the National Specimen Information Infras-
tructure (NSII, http://www.nsii.org.cn, accessed on 18 November 2021), and the Chinese
Virtual Herbarium (CVH, http://www.cvh.ac.cn/, accessed on 18 November 2021).

https://doi.org/10.15468/dl.x777jg
https://doi.org/10.15468/dl.x777jg
http://www.nsii.org.cn
http://www.cvh.ac.cn/
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Figure 1. Distribution of observed occurrences of O. rehderiana.

We used ClimateAP software (Available online: http://ClimateAP.net/default.aspx,
accessed on 18 November 2021) to obtain 16 climate predictors (Table 1). ClimateAP
is a standalone MS Windows software application that extracts and downscales grid-
ded monthly climate data for the reference normal period (1961–1990) from PRISM and
WorldClim to scale-free point locations [27]. These climatic variables expressed 11 tem-
perature and 5 precipitation metrics at about a 4 × 4 km grid resolution. We used the
IPCC fifth assessment report (IPCC, 2014) based on the General Circulation Models (GCMs)
of the Coupled Model Intercomparison Project (CMIP5) [28]. The reference climate (also
referred to as the current climate) data were the average for 1961–1990, and future cli-
mate data were for the 2050s (2041–2070) and 2080s (2071–2100). We used the (RCP)
4.5 climate change scenario for 2050s. RCP 4.5 is a climate change scenario under govern-
ment intervention regarded as an intermediate solution. Soil variables were derived from
16 basic soil indicators (HWSD, Table 1) of the Harmonized World Soil Database (HWSD,
http://www.iiasa.ac.at/web/home/research/researchPrograms/water/HWSD.html, ac-
cessed on 18 November 2020), containing a soil raster data layer with 30 arc seconds spatial
resolution [29]. The human footprint index was procured from the Center for International
Earth Science Information Network (CIESIN, http://www.ciesin.org/, accessed on 8 Oc-
tober 2020), reflecting the degree of human activities (Table 1). The human footprint (HF)
index data were obtained from: (1) built environments; (2) population density; (3) electric
infra-structure; (4) croplands; (5) pasture lands; (6) roads; (7) railways; and (8) naviga-
ble waterways [30]. Among them, we eliminated independent variables with a variance
inflation factor (VIF) less than 10, for the climatic variables, and the soil&HF variables [31].

http://ClimateAP.net/default.aspx
http://www.iiasa.ac.at/web/home/research/researchPrograms/water/HWSD.html
http://www.ciesin.org/


Forests 2022, 13, 129 4 of 12

Table 1. Climate, soil, and human footprint index variables used for the MaxEnt model.

Abbreviation Variables Description Abbreviation Variables Description

MAT Mean Annual Temperature DD > 5 Degree-days above 5 ◦C, Growing
Degree-days

MWMT Mean Warmest Month
Temperature DD < 0 Degree-days below 0 ◦C, Chilling

Degree-days

MCMT Mean Coldest Month
Temperature NFFD The Number of Frost-free Days

TD
Temperature Difference

between MWMT and MCMT,
or Continentality

PAS
Precipitation as Snow (mm)

between August in Previous Year
and July in Current Year

MAP Mean Annual Precipitation EMT Extreme Minimum Temperature
over 30 years

EXT Extreme Maximum
Temperature over 30 years Eref Hargreaves reference evaporation

AHM Annual Heat:Moisture index
(MAT + 10)/(MAP/1000) CMD Hargreaves Climatic

Moisture Deficit
DD < 18 Degree-days below 18 ◦C DD > 18 Degree-days above 18 ◦C

T_USDA_TEX_CLASS Topsoil USDA Texture
Classification T-CEC-CLAY Topsoil CEC (clay)

T-GRAVEL Topsoil Gravel Content T-CEC-SOIL Topsoil CEC (soil)
T-SAND Topsoil Sand Fraction T-BS Topsoil Base Saturation
T-SILT Topsoil Silt Fraction T-TEB Topsoil TEB

T-CLAY Topsoil Clay Fraction T-CACO3 Topsoil Calcium Carbonate
T_BULK_DENSITY Topsoil Bulk Density T-CASO4 Topsoil Gypsum

T-OC Topsoil Organic Carbon T-ESP Topsoil Sodicity (ESP)
T-PH-H2O Topsoil pH (H2O) T-ECE Topsoil Salinity (Elco)

T_REF_BULK_DENSITY Topsoil Reference Bulk
Density HF Human Footprint Index

2.2. Model Setting and Evaluation

We used the MaxEnt (version 3.4.1, Princeton University, Princeton, NJ, USA) to
build niche-based models using climate variables and the combination of soil and human
footprint variables, respectively. The geographical location combined with 16 climate
variables, 16 soil variables, and 1 human footprint index were imported into MaxEnt. We
randomly selected 75% of data points to build the model and used the remaining 25% of
the data points for model validation. We used 16 climate variables to pre-build the model
and ran it 3 times in a row to abandon climate variables that did not contribute to the
model (<10%). We repeated the operation 15 times and took average values to reduce the
uncertainty from training and validation sets splitting in the final model process [32]. We
set the Max number of background points to 10,000.

The MaxEnt model ranked the importance of the environmental variables through
the contributions of each variable to the overall model accuracy gain. We evaluated
the models’ accuracy using the area under the receiver operating characteristic curve
(AUC) [32] to measure the quality of a ranking of sites [33]. It is the probability that a
randomly chosen presence site would be ranked above a randomly chosen absence site.
AUC values range from 0 to 1, with values closer to 1 indicating good-performance models,
stronger correlation between environmental variables, and the geographical distribution of
predicted species [34].

2.3. Model Predictions

The outputs of the MaxEnt models were the cumulative probability for each pixel on
the scale of 0 to 100% [35]. The logical output results generated using MaxEnt software were
expressed in probability and ranged between zero and one. The modeled results were clas-
sified into 3 levels with the probability of 0.1–0.3, 0.3–0.5, and 0.5–1 being considered low-,
medium-, and high-suitability, respectively, using the Reclassify tool of ArcMap 10.6 [36,37].
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Due to the fragile nature of O. rehderiana and the difficulty to quantify economic costs of
conservation, we integrated various relevant factors to avoid the impact of interactions
among them on the prediction performance. We used Feng et al. 2020′s [21] two-step ap-
proach to consider the effects of three types of variables (climate, soil, and human footprint).
First, we established a climatic model to predict the baseline of suitable habitat, then used
the soil and human footprint model to predict additional restraints within the baseline
(filtered the climate habitat by soil and human footprint habitat). The filtered habitat was
used to represent the suitable habitat for climate, soil, and human footprint conditions.
Second, because the soil type and human footprint data are imperceptible on the time scale,
there are no future projections available. Thus, we considered soil and human footprint
variables as constants in projecting the suitable habitat for the future period [38].

3. Results
3.1. Prediction Accuracy of O. rehderiana Suitability

The average AUC values for MaxEnt models were 0.976 and 0.841 for the climate and
the soil and human footprint models, respectively, suggesting that the MaxEnt models
could provide accurate predictions of habitat suitability for O. rehderiana cultivation.

The percentage contribution of six climate variables were CMD (45.3%), DD < 0 (39%),
TD (14.7%), NFFD (0.6%), MWMT (0.2%), and MAP (0.1%) (Table 2). The contribution per-
centages of 11 soil and 1 human footprint index combinations were T_USDA_TEX_CLASS
(76.1%), T-CEC-CLAY (10.3%), T-ESP (6.3%), T-SAND (2.5%), T-GRAVEL (1.1%), T-CACO3
(1%), T-OC (0.7%), HF (0.7%), T_BULK_DENSITY (0.5%), T-SILT (0.4%), T-CASO4 (0.2%),
and T_REF_BULK_DENSITY (0.1%) (Table 2).

Table 2. Contributions of the environmental variables to the MaxEnt model.

Category Variable Contribution (%)

Climate

CMD 45.3
DD < 0 39.0

TD 14.7
NFFD 0.6

MWMT 0.2
MAP 0.1

Soil + HF

T_USDA_TEX_CLASS 76.1
T-CEC-CLAY 10.3

T-ESP 6.3
T-SAND 2.5

T-GRAVEL 1.1
T-CACO3 1.0

T-OC 0.7
HF 0.7

T_BULK_DENSITY 0.5
T-SILT 0.4

T-CASO4 0.2
T_REF_BULK_DENSITY 0.1

Variable response curves showed the suitable ranges of three important climatic vari-
ables were 0–50 mm for CMD, 0–50 days for DD < 0, and 3–24 ◦C for TD (Figure 2). Suitable
ranges of the three most significant soil variables were 0–5 for T_USDA_TEX_CLASS, 0–30
for T-CEC-CLAY, and 0–4 for T-ESP (Figure 2).
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Figure 2. Response curves of the three most important climate (a–c) and the three most significant
soil variables (d–f) in the MaxEnt climate model. Maximum entropy logistic output (also known
as habitat suitability) is represented by the vertical Y-axis and the variable by the horizontal X-axis.
When the logistics output value is greater than 0.5, the probability of species presence is higher than
the ‘typical’ condition, indicating that condition is suitable for tree species. The red curves shown are
the averages over 15 replicate runs; blue margins show ±1 standard deviation (SD) calculated over
15 replicates (See Table 1, for variables code).

3.2. Predicted O. rehderiana Contemporary Suitable Habitats

The predicted present potential distributions of O. rehderiana under current climatic
conditions showed that its suitable habitat would spread out throughout the 30◦ N
(Figure 3a). The highly suitable habitat was mainly distributed in the border of Jiangsu and
Zhejiang, the southern part of Anhui and Hubei, and the northern part of Hunan, with an
area of 23.4 × 105 km2. The medium- and low-suitable habitats were distributed along the
high-suitable habitats, with areas of 22.5 × 105 and 45.3 × 105 km2, respectively (Table 3).

Table 3. Contemporary (1960–1990) and future habitat suitability distribution areas of O. rehderiana
in China (areas in × 105 km2).

Classes Low-Suitable Medium-Suitable High-Suitable

Climatic habitats 45.3 22.5 23.4
Soil + HF habitats 537.8 47.0 76.2

2050s—RCP4.5 43.3 23.5 24.3
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Figure 3. Distributions of the contemporary (1970–2000) suitable habitats of O. rehderiana: (a) climatic
habitats, (b) soil and HF habitats, and (c) climatic habitats filtered by the soil and HF habitats.

The soil–human footprint combination model has a wider suitable habitat than the
climatic model (Figure 3b), with high- and medium-suitable habitats mostly found between
22◦ N and 35◦ N, with areas of 76.2 × 105 and 47.0 × 105 km2, respectively. However, the
low-suitable habitat has the most widely distributed area, with 537.8 × 105 km2 (Table 3).

After the climatic habitats were filtered by the soil and human footprint habitats,
the climate suitable habitat was reduced by approximately 55% to 23.4 × 105 km2, and
only occupied 19% of the suitable habitats of soil and human footprint (Figure 3c and
Tables 3 and 4).

Table 4. Predicted suitable habitat area (above 0.3) of O. rehderiana under current and different climate
change scenarios.

Scenarios Soil and HF Habitats Climate-Soil and HF
Overlap Habitats

Overlap Habitats as a
Percentage of Climate

Overlap Habitats as a
Percentage of Soil + HF

(×105 km2) (×105 km2) (%) (%)

Current climatic
habitats 45.8 123.1 55 19

2050s-RCP4.5 47.8 123.1 57 21

3.3. O. rehderiana Potential Distribution under Different Climate Change Scenarios

In the 2050s, our quantitative investigations showed that areas of high-, medium-,
and low-suitable habitats under the RCP4.5 scenario were 24.3 × 105, 23.5 × 105, and
43.3 × 105 km2, respectively (Table 4). These future suitable habitats are mainly distributed
in Jiangsu, Zhejiang, Shanghai, Anhui, Jiangxi, Hunan, Hubei, and Chongqing provinces
(Figure 4). Overall, the suitable habitats for the two climate scenarios presented an increas-
ing trend over time.
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In the 2050s, and after filtering for soil and human footprint habitats, the dual suitable
habitat under RCP4.5 scenario was 25.3 × 105 km2, accounting for 57% of the climate-
suitable habitat. However, this only accounts for 21% of the soil and human footprint
suitable habitat (Table 4). The double suitable habitat is mainly distributed in Jiangsu,
Zhejiang, Anhui, Jiangxi, Hubei, and Hunan near 30◦ N (Figure 4 a,b). Overall, O. rehderiana
benefited from the effects of climate change through expanding its original niche.

4. Discussion

Saving natural plants with extremely small populations is an essential endeavor for
ecological, economic, and human health reasons and is gaining increased attention in
international conservation biology and restoration ecology [39]. Here, we used MaxEnt
model to simulate O. rehderiana potential suitable habitats distribution for this extremely
small population after the concurrent integrating of both climate, and soil and human
footprint variables, the first of its kind without compromising the contribution of climate
variables. Our results showed that the suitability geographic distribution of O. rehderiana
would expand under predicted levels of climate change. The climate niche model, and soil
and human footprint combination niche model output reached an accurate level with AUC
values of 0.976 and 0.841, respectively [40]. Furthermore, climate (Hargreaves climatic
moisture deficit, degree-days below 0 ◦C (chilling degree-days), and temperature differ-
ence between MWMT and MCMT, or continentality) and soil (the topsoil USDA texture
classification, topsoil cation exchange capacity (clay), and topsoil sodicity (ESP)) were the
most important soil variables for the distribution areas of O. rehderiana, indicating that the
species appears to prefer warm and humid climate and alkaline clay soil geographical envi-
ronment. Therefore, this study advanced our understanding of the potential distribution of
O. rehderiana under current and future conditions, and the factors regulating this potential.
This information is expected to provide directions for the conservation and reintroduction
of this extremely small endangered species populations.

4.1. Key Environmental Factors Determining the O. rehderiana Distribution

Climate was the predominant determining factor in regulating species distributions
at large spatial and temporal scales [41]. Here, climatic variables including CMD, DD < 0,
and TD were greatly influenced O. rehderiana distribution. More specifically, CMD was the
most important climate variable limiting O. rehderiana distribution as it effects plant growth
and yield [42]. Similar to C. oblongifolia and C. tientaiensis, two endangered species, with
the same niche, the distribution of O. rehderiana was limited by moisture deficit [43]. In
addition, low temperatures and temperature differences are also climate factors limiting
O. rehderiana distribution. Consistent with the conclusion of O. rehderiana physiological
ecology study, the temperature was an important filter on trees. Low temperature influ-
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enced population renewal through its effect on seed germination [44]. Large temperature
differences will create seed germination difficulty and reduced plant growth as well as
increased mortality [15,45].

Meanwhile, recently it has been proposed that modeling without considering soil
factors may overestimate the suitable habitat area, and soil factors might outweigh the
effect of climate factors on species and ecosystem at the finer scales [21,46]. Our findings
identified that O. rehderiana suitable habitat has been limited by some soil variables, includ-
ing T_USDA_TEX_CLASS, T-CEC-CLAY, and T-CEC-SOIL, which were found to effectively
contribute modeling the species distribution. Soil texture is the basis for physical and chem-
ical soil processes affecting plants with dominating soil moisture and nutrient retention,
the stability of soil structure, and the degree of soil erosion [47], while T-CEC-CLAY affects
soil fertility, pH and structural stability, and nutrient effectiveness [44,48]. Meanwhile,
T-CEC-SOIL influences soil chemistry, and a proper range of topsoil sodicity can maintain
soil nutrient balance and facilitate plant development [49]. Thus, they were unquestionably
important factors in our model.

4.2. O. rehderiana Predicted Changes to Climatic Suitable Habitat

Our results showed that the climate model predicted a narrower range than the com-
bined soil and human footprint model, indicating that climatic variables are the main
determinant limiting the distribution of O. rehderiana. Results, confirming previous stud-
ies demonstrating that species with narrow distribution are more sensitive to climate
change [50]. The existing natural O. rehderiana are rare, suffering from low genetic diversity,
and close to nonexciting regeneration ability, so the species ability to adapt to variation or
track changing climatic conditions is limited [51]. Furthermore, our findings confirmed that
considering only climate factors would overestimate the distribution range of O. rehderiana.
In addition to dynamic climate variables, the determinants of species distribution should
also include other static variables, such as soil types and human footprint, which should be
considered as independent explanatory variables to improve the reliability of the derived
model(s) [38].

We concluded that O. rehderiana’s future suitable habitats will benefit from climate
change under RCP4.5. The suitability distribution of O. rehderiana in the RCP4.5 scenario
expanded more widely and had a trend of northward migration as compared to contem-
porary. Future climate change is mainly reflected in the escalating temperature increase
caused by greenhouse gases, which will promote the migration of warm temperate tree
species to the boreal forests [52]. O. rehderiana is a subtropical species that prefers warmth
and humidity, therefore, in the highest greenhouse gas emissions scenario, high-latitude
regions will provide greater space for O. rehderiana distribution.

4.3. Implications for O. rehderiana Conservation

Although our results showed that future climate change would be favorable to
O. rehderiana distribution, the natural distribution of O. rehderiana is currently under threat.
Despite several global restoration projects attempts, including studying rates of pollen
germination [53], establishing tissue culture induction and re-differentiation systems [54],
developing molecular marker technology and genome sequencing technology to improve
our species understanding [55,56], the species’ future remains in great danger as systematic
and scientific ecological restoration planning is lacking. The distribution map of potentially
suitable habitats provided by the model can be used as a reference to determine the priority
of the species restoration strategy and to more effectively protect and restore its natural
habitat [57].

Future projections suggested that O. rehderiana range of climate suitable habitats would
expand from 35 to 40◦ N. Therefore, we suggest that these regions be used as the priority
areas for species introduction and cultivation [58]. However, in recent years, urbanization
and rapid population expansion in the Yangtze River basin has intensified the pressure
on the natural environment. To avoid the conflict between protection actions and human
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activities leading to increased economic costs [59], we propose establishing conservation
botanical gardens in priority cultivation areas or transforming O. rehderiana into urban
landscape vegetation. This will protect endangered species while improving urban forest
ecology [6,60]. We also identified future suitable stabilization distribution areas, such
as near 30◦ N. We recommend adaptive measures close to the in situ conservation sites
to ensure that native habitats are stable and protected, including establishing protected
areas and developing pest-resistant varieties using breeding and genetic improvement
technologies [61]. In summary, we advocate a combination of macro- and micro- approaches
to improve O. rehderiana adaptability to climate change [62], selecting appropriate locations
to develop effective protection and restoration management strategy.

5. Conclusions

Here, we used a climate niche model to predict the baseline suitable habitat and a
combined soil and human footprint model to predict additional restraints with the baseline
to generate O. rehderiana current and future potential distribution maps. This approach
has improved our model reliability. Our conclusions showed that future suitable habitats
for O. rehderiana are expected to increase, and that there would be a trend of high-latitude
migration. Based on the current study and the status of O. rehderiana, we suggest that
endangered species should take macroscopic influences into account in combination with
ecological niche modeling techniques.
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