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Abstract: Rare and endangered plant species (REPs) are important in biodiversity conservation,
and some REPs with narrow habitats are facing serious challenges from climate change. Encalypta
buxbaumioidea T. Cao, C, Gao & X, L. Bai is an endangered bryophyte species that is endemic to China.
To explore the consequences of climate change on the geographic distribution of this endangered
species, we used maximum entropy to predict the potential distribution of this species in China under
current and three future scenarios (RCP 2.6, RCP 4.5, and RCP 8.5) of two time periods (2050 and 2070)
in China and assessed its conservation gaps. Twelve species occurrence sites and nine environmental
variables were used in the modeling process. The results show that E. buxbaumioidea distribution is
affected mainly by the annual mean temperature, isothermality, precipitation of the coldest quarter,
and NDVI. According to species response curves, this species preferred habitats with annual mean
temperature from —3 to 6 °C, precipitation of the coldest quarter from 14 to 77 mm, isothermality of
more than 70%, and NDVI in the second quarter from 0.15 to 0.68. Currently, the most suitable habitat
for this species is mainly distributed in the Qinghai-Tibet plateau, which is about 1.97 x 105 km?2. The
range would sharply reduce to 0.13-0.56% under future climate change. Nature reserves overlap with
only 7.32% of the current distribution and would cover a much less portion of the area occupied by the
species in the future scenarios, which means the current protected areas network is insufficient. Our
results show that endangered bryophyte species are susceptible to environmental stress, especially
climate change; therefore, the habitats of bryophytes should be taken into account when it comes to
setting up protected areas.
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1. Introduction

Climate change strongly impacts the geographical distribution of species. Rare and
endangered plants (REPs) are more sensitive to environmental change and are at higher risk
of extinction due to their low abundance, narrow geographical distributions, and highly
specific habitat requirements [1,2]. Conservation of REPs is a prerequisite and basis for
biodiversity conservation. The establishment of nature reserves is currently the main form
of biodiversity conservation and the primary available strategy for protecting endangered
species [3-5]. Therefore, it is necessary to evaluate the current geographical distribution
patterns and the effect of climate change on the geographical distributions of REPs in order
to develop effective conservation strategies.
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Species distribution models (SDMs), one of the most common methods of modeling
in ecology, evolution, and conservation [6] relating species distribution data with their
environmental conditions, facilitate the understanding of the correlation between species
and environments. SDMs can also predict the potential distributions of species at present
and under specific environmental change scenarios. MaxEnt (Maximum Entropy), a pow-
erful algorithm method for modeling species even with few available occurrence records or
inaccurate locations of species [7], has been commonly used for predicting the potential
distribution areas of rare and endangered species, habitat conservation, and prioritizing
protected areas under changing climates [8-10].

As the second largest group of land plants, bryophytes are an essential part of the
Earth’s biodiversity [11] and are highly sensitive to minute changes in environmental
conditions because of their morphological features, e.g., monolayer leaf cells and no true
roots [12,13]. In the coming decade, bryophyte diversity and distribution patterns can be
expected to be significantly affected by climate change, especially for species inhabiting high
altitudes or high latitudes [14-17]. Therefore, bryophytes, especially rare and endangered
species that are more vulnerable to being threatened, need to be considered in biodiversity
conservation plans under global warming [18,19]. In situ conservation may be the most
feasible way for biodiversity conservation in China [20]. Therefore, it is necessary to assess
the geographical distribution and conservation status of endangered species under climate
change in order to develop effective conservation strategies.

Encalypta buxbaumioidea T. Cao, C. Gao & X, L. Bai is one of the endemic species in
China [21,22]. The plants are about 6 to 8 mm high. The leaves are long and ovate-triangular
with a long, hyaline hair-point and emergent costa. The capsule is 1.6-2 mm long and
0.5 mm wide with an undifferentiated annulus and without peristomal teeth. The calyptra
is large, bell-shaped, and about 2.4 mm. The seta is about 2 mm long, erect, and reddish.
The spores are 31-34 pm in diameter with large, warty papillae on the distal surface. The
plants mainly grow on the soil surface in shaded habitats [22,23]. To date, E. buxbaumioidea
has been recorded in the Inner Mongolian plateau and the Qinghai-Tibet plateau. It is
listed as an ‘endangered’ species based on its few occurrences, narrow distribution areas,
and small population size [24,25].

Previous studies were limited to taxonomy, and we know little about its ecological
requirements, geographical distribution, and response to climate change. In this study, we
examined the type specimen of E. buxbaumioidea and built a MaxEnt model based on the
information from herbarium records and 10 specimens obtained from our field surveys.
Our objectives were to (1) quantify the relationship between E. buxbaumioidea presence
and the selected environmental variables; (2) predict the current and future geographical
distribution of E. buxbaumioidea in China; and (3) identify its conservation gaps to help
provide a comprehensive picture of environmental prerequisites for the threatened species.

2. Materials and Methods
2.1. Species Occurrences Data

Our fieldwork was conducted from July to September in the period from 2012 to
2020 in the covered arid, semi-arid, semi-humid, and humid regions of Tibet that included
as many vegetation types as possible. A total of 22 E. buxbaumioidea specimens were
collected, including 10 specimens from Tibet and 12 specimens from 4 domestic herbariums.
To avoid sampling bias and reduce the risk of spatial autocorrelation, the locations of
specimens that were separated by at least 1 km were considered for modeling. Finally,
12 sets of location data were involved in the modeling (Table 1). Only two geographical
populations were considered (Figure 1): one distribution in the Qinghai-Tibet plateau
and the other location in the Inner Mongolian plateau. The two plateaus possess different
environmental characteristics, and the environmental conditions of the species’ occurrences
were assessed (Table 2).
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Table 1. Sample information of Encalypta buxbaumioidea.

Specimen Number Longitude (°) Latitude (°) Altitude (m) Matrix Source
2019P110Y001 87.44 28.95 5209 Soil BAU
20200808SSL.097 97.60 29.48 4442 Soil BAU
202008085WZ065 96.85 29.39 4147 Soil BAU
20200811SGL025 96.76 29.57 4213 Soil BAU
20200811SSL031 96.04 29.37 4128 Soil BAU
20200812SGL018 97.29 30.15 4505 Soil BAU
20200812SWZ002 97.46 28.66 4357 Soil BAU

5291 98.00 29.04 5080 Soil on the rock surface PE

2015037 116.24 42.60 1598 Soil IMNU
3881 116.07 43.91 993 Soil MU
70 117.53 43.59 1444 Soil IMU

98775-a 114.60 41.80 - Soil HBNU

Notes: BAU: Herbarium of China Agriculture University; PE: Herbarium of Institute of Botany, Chinese Academy
of Sciences; IMNU: Herbarium of Inner Mongolia Normal University; IMU: Herbarium of Inner Mongolia
University; HBNU: Herbarium of Hebei Normal University.
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Figure 1. Study area and locations of the occurrence records of Encalypta buxbaumioidea used in the
species distribution models.

Table 2. Environmental conditions of Encalypta buxbaumioidea’s localities.

Localities
Environmental Conditions
Qinghai-Tibet Plateau Mongolian Plateau
Annual mean temperature (°C) —3-10 0-6
Mean diurnal range (°C) 10-15 11-14
Microhabitats Soil surface in a shaded habitat Soil surface in a shaded habitat
Altitude (m) 4128-5209 About 1600
Temperature annual range (°C) 25-32 46-52

Vegetation Thicket; grassland; alpine vegetation; coniferous forest Grassland; cultivated vegetation
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In the Qinghai-Tibet plateau, we included eight specimens, most of which were found
in Nyingchi and Qamdo in the southeastern regions, and only one specimen was collected
in Shigatse in the southwestern part of Tibet. Four specimens from the Mongolian plateau,
which were mainly distributed in the eastern regions in the mid-latitude prevailing subpolar
westerlies with abundant wind energy resources, were used in the model. Compared with
the habitats of occurrences distributed in the Mongolian plateau, localities of the species in
the Qinghai-Tibet plateau had a higher altitude, a slightly lower annual temperature, and
more vegetation types. Annual mean temperature and mean diurnal ranges were similar.
The microhabitats were similar, which were mainly soil surfaces in shaded environments
such as the shade under shrubs or trees, the slanting bottom of a stone, and the sidewall of
a slope.

2.2. Environment Data

Climate data were taken from WorldClim (https://www.worldclim.org/) (accessed
on 5 July 2021), including 19 bioclimatic variables in current and future scenarios. Current
climatic data represent the average climatic conditions between 1970 and 2000. Future sce-
narios represent projected climatic conditions for 2050 and 2070. All future scenarios follow
the Representative Concentration Pathway (RCPs), including RCP 2.6, RCP 4.5, and RCP 8.5,
which represent the lowest, median, and highest emission scenarios, respectively [26], with
the global climate models of CCSM4 (Community Climate System Model, version 4) [27].
All the climate layers were downloaded at a 1 km resolution and extracted by ArcGIS
10.2. To reduce the multicollinearity of these variables, Pearson correlation was used to
analyze the 19 bioclimatic variables, and 1 of the pairs of variables with high correlation
was removed (Irl > 0.9). The maximum value of the satellite-derived Normalized Differ-
ence Vegetation Index (NDVI) for four quarters was downloaded from the Resource and
Environment Science and Data Center (https:/ /www.resdc.cn/data.aspx?DATAID=255)
(accessed on 24 March 2021) [28]. The 20-year average of quarterly NDVI data (2000-2019)
was calculated. NDVI in the second quarter (NDVI2) was selected based on Pearson correla-
tion. In the end, nine variables (Table 3) were chosen based on an adequate characterization
of the bioclimate niche of E. buxbaumioidea.

Table 3. Nine environmental factors used to build the MaxEnt model of Encalypta buxbaumioidea

in China.

Variable Description Unit
Biol Annual mean temperature °C
Bio2 Mean diurnal range °C
Bio3 Isothermality %
Bio7 Temperature annual range °C
Bio9 Mean temp. of driest quarter °C
Biol5 Precipitation seasonality (coefficient of variation) %
Biol8 Precipitation of warmest quarter mm
Bio19 Precipitation of coldest quarter mm

NDVI2 NDVI in the second quarter /

2.3. MaxEnt Model

Species distribution was predicted by Maximum Entropy Modelling (MaxEnt). A total
of 25% of the occurrence data were used for model testing and 75% for model training.
The recommended default values were used for the convergence threshold (107°) and
maximum iterations (500), while 10,000 background points were accepted (Phillips et al.,
2006). Suitable features and regulation values used can reduce model overfitting and
complexity. Feature combinations L, Q, LQ, LOQH, LQHP, and LQHPT were practiced with
regularizations of 0.5, 1, and 1.5 to select the optimal settings of features and regularization.
Features and regularization were selected on the basis of the sample size corrected Akaike
information criteria (AICc) [29].
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Both threshold-independent and threshold-dependent methods were used to evaluate
the predictive accuracy of the models. The threshold-independent method considered
the area under the curve (AUC), which is a dominant tool in evaluating the accuracy
of models. The AUC results ranged from 0 to 1, with >0.9 signifying excellent model
performance. The true skill statistic (TSS), a threshold-dependent method, was also used to
avoid overestimation of species presence probability by ROC [30]. The TSS values range
from —1 to 1, with 1 indicating a perfect fit and 0 or less indicating a performance no
better than the random model [31]. The two evaluation statistics were carried out by using
the Presence-Absence package in R software [32]. The output of MaxEnt was continuous
variables ranging from 0 to 1, and two thresholds were chosen [33] that divided the habitat
suitability into three categories: unsuitable habitat (0-33%), moderately suitable habitat
(33-67%), and highly suitable habitat (67-100%).

2.4. Gap Analysis

Conservation gaps were calculated by the overlap of nature reserves and species distri-
butions based on the following three scenarios: current conservation gaps—the proportion
of current species distribution that overlapped with nature reserves; future conservation
gaps without dispersal restriction—the proportion of future distribution that overlapped
with nature reserves; and future conservation gaps with dispersal restriction—the propor-
tion of stable distribution that occurred both in current and future scenarios overlapping
nature reserves. The spatial data of nature reserves were obtained from the China Nature
Reserve Biospecimen Resource Sharing Platform (http:/ /www.papc.cn/html/folder /9468
95-1.htm) (accessed on 27 July 2021), and we adopted the nature reserves belonging to the
list of national nature reserves downloaded from the Ministry of Ecology and Environment
of the People’s Republic of China. The analysis was conducted in ArcGIS 10.2.

3. Results
3.1. Model Performance and Important Environmental Variables

According to the AICc, the model with LQ features and regulation of 0.5 was selected.
This model showed good performance in capturing the environmental variables at the
localities of E. buxbaumioidea using the AUC value (0.9140 £ 0.0017) and TSSmax value
(0.6008 + 0.0031).

The jackknife test was performed to determine important variables influencing species’
distributions (Figure 2). The result showed that climate variables obtained higher gains
than the gains from NDVI, which reflected that climate conditions may be critical to
E. buxbaumioidea and strongly influence habitat suitability. Among the climatic variables
involved in the model, annual mean temperature (Biol), isothermality (Bio3), and pre-
cipitation of coldest quarter (Bio19) had high training gains when used in isolation, and
possessed training gains of 0.38, 0.20, and 0.21, respectively.. As Biol was omitted in the
variables, it would be maximum decreased in gains. NDVI in the second quarter (NDVI2)
possessed training gains of 0.15 when used in isolation, which indicated that this variable
also had some predictive ability.

Response curves showed quantitative relationships between the logistic probability
of species presence and environmental variables, which enhanced our understanding of
species’ ecological niches by illustrating the effects of variables on species (Figure 3). The
response curves of Biol and Biol9 were both single-peaked. When Biol was —3-6 °C
and Biol9 was 14-77 mm, the presence probability of species could reach 0.5. The habitat
suitability responded positively to Bio3. When the variable was more than 37%, the
presence probability of species could reach 0.5. When NDVI2 was 0.15-0.68, the presence
probability of species could reach 0.5.
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Figure 2. Analysis of the importance of environmental variables based on the jackknife test. Notes:
Biol: Annual mean temperature; Bio2: Mean diurnal range; Bio3: Isothermality; Bio7: Temperature
annual range; Bio9: Mean temp. of driest quarter; Biol5: Variation of precipitation seasonality;
Bio18: Precipitation of warmest quarter; Biol9: Precipitation of coldest quarter; NDVI2: NDVI in the
second quarter.
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3.2. Species Distribution of Current Climate Scenario

The current distribution of E. buxbaumioidea is divided into three categories (Figure 4).
This endemic species has a moderately suitable habitat of 1.02 x 10 km?, which is 10.64% of
China’s land area, and is mainly distributed in the Qinghai-Tibet plateau, Inner Mongolian
plateau, northeastern region, and northern Xinjiang province. Its highly suitable habitat
is about 1.97 x 10° km?2, which accounts for 2.05% of China’s land area. Highly suitable
habitat is mainly distributed in the Qinghai-Tibet plateau, though some is found in the
northeastern region and southern Yunan-Guizhou plateau.

Suitable index

0 135270 540

\:‘ Unsuitable habitat

- Moderately suitable habitat
B Highly suitable habitat

O e a—— Km

Current

810 1080 4

), . J

Figure 4. Simulate the suitable areas of Encalypta buxbaumioidea based on current data in China.

3.3. Species Distribution Change under Future Scenarios

The distribution of E. buxbaumioidea was predicted to contract sharply with climate change
(Figure 5). The quantitative analysis of potential distribution changes for E. buxbaumioidea is
shown in Figure 6. Its moderately suitable habitat was predicted to reduce to 1.09-5.22%,
and its highly suitable habitat would slump to 0.13-0.56%. With rising GHG concentration
and the passage of time, the reduction in distribution became increasingly significant.
However, the moderately suitable area in 2070 would be larger than that in 2050 under the
climate scenario of RCP 2.6, and the highly suitable area in 2070 would be larger than that
in 2050 under the climate scenario of RCP 4.5. When greenhouse gas emissions were the
lowest or median, the reduction rate of species” habitats had the potential to slow down.
Overall, the distribution ranges of E. buxbaumioidea would continue with climate change.
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Figure 5. Maps showing the suitable area of Encalypta buxbaumioidea in China from six different

model scenarios.

The distribution of the species existing in current and future climate scenarios is and
will mainly be in the Qinghai-Tibetan plateau. Except for the Qinghai-Tibet plateau, the
moderately or highly suitable habitat in other regions would turn out to be unsuitable in the
future. The suitability of these regions will be much lower than that of the Qinghai-Tibet
plateau, and the habitat with high altitude in the plateau will be more appropriate for
E. buxbaumioideq.
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Figure 6. Future suitable habitats for three future scenarios of climate change (RCP 2.6, RCP 4.5, and
RCP 8.5) and two time periods (2050 and 2070) as a percentage of current suitable habitat.

3.4. Conservation Gaps

UNESCO had set a conservation target that aimed to conserve at least 17% of terrestrial
and inland water areas through effective and equitable management by 2020 (Aichi Biodi-
versity target; No.11 https:/ /www.cbd.int/sp/targets/) (accessed on 27 August 2021). In
our study, both highly suitable habitats and moderately suitable habitats were considered
suitable habitats.

The suitable habitat of E. buxbaumioidea in nature reserves was about 7.32%, which
was far below the conservation target (Figure 7a). Under the future scenarios with the
dispersion of E. buxbaumioidea, only in the 2070-RCP 8.5 scenario did the area of the nature
reserves meet the conservation target (22.65%). However, in other scenarios, the suitable
habitats in the nature reserves were below the target (<13.65%). When the dispersal ability
of E. buxbaumioidea was ignored, the field protection of any climatic scenarios was far
below the conservation target (<4.54%). The lowest level of protection, which was 3.51%,
was predicted in the 2070-RCP 2.6 scenarios without dispersion, in which most of the
distribution fell outside of the nature reserves (Figure 7b).

20 25

= — 2
=) @ S
T T T

Distribution overlapping NR (%)
m
T

Distribution overlapping NR (%)

Figure 7. Percentage of species distributions that overlap with nature reserves (NR) based on current
and future climatic scenarios with dispersion (a) or without dispersion (b). The dashed line represents
17% protection, which is the criterion used by our study and stipulated under Aichi Biodiversity
target No. 11.
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4. Discussion
4.1. Environmental Variables Affecting the Distribution of E. buxbaumioidea

According to the results of the MaxEnt model, the currently suitable habitats of
E. buxbaumioidea are mainly distributed in high altitude and high latitude areas in China, in-
cluding the Qinghai-Tibet Plateau, Inner Mongolia Plateau, northern Xinjiang Autonomous
Region, and Northeast China (Figure 4). These areas were characterized as experiencing
cold, dry winters and significant temperature variations. The jackknife test results showed
that Biol, Bio3, Biol9, and NDVI2 were the main factors affecting the distribution of
E. buxbaumioidea (Figure 2). The response curve further revealed that E. buxbaumioidea
preferred more arid and cold habitats with moderate and low levels of NDVI in summer.

Environmental factors (e.g., temperature and precipitation) affect the survival, growth,
and distribution of bryophytes [14,34]. Meanwhile, bryophytes also show strong morpho-
logical adaptability to environmental changes [35-37]. We observed and measured the
morphological characteristics of E. buxbaumioidea specimens distributed on the Qinghai-
Tibet Plateau and the Inner Mongolia Plateau in China. We found that the lengths of the
leaves, capsules, and setae in the species distributed in Tibet are longer than those of the
species distributed in Mongolia, which was consistent with the morphological observations
of Mielichhoferia mielichhoferiana [38]. Species develop a short seta and a long calyptra to
protect the tiny capsule more effectively when living in Inner Mongolia with abundant
wind energy resources, and this condition alleviates the hazards of gale and helps maintain
the growth and development of sexual reproductive organs. Small leaves can reduce water
transpiration, which enhances tolerance to harsh environments. In Tibet, the surface area
of leaves is large, which helps plants obtain nutrients quickly and store more water. A long
seta also helps the dispersal of spores, which is favorable for reproduction in the extreme
environment of the alpine. Our results reveal that the spore size of E. buxbaumioidea was
always large, which may improve the survival probability of the next generation in extreme
environments. Large spores seem heavy with regard to dispersal, and a size of 2025 um is
usually considered an important maximum limit [39]. However, in extreme environments,
such as above 4100 m in Qinghai-Tibetans plateau or Mongolia plateau with abundant
wind resources, large spore size may improve the spores’ resistance to environmental
disturbances, which may contribute to the reproduction of E. buxbaumioidea in cold and
arid environments.

4.2. Analysis of Environmental Threats in Future Scenarios

The MaxEnt model predicted that the area of potentially suitable habitat for E. buxbaumioidea
will decrease dramatically in either 2050 or 2070 (Figures 5 and 6). Climate change may
cause habitat extinction in most areas, while the suitable habitat has only slightly expanded
in Southwest Tibet (Figures 3 and 5). Bryophyte distributions are affected by two important
aspects: the dispersal ability of species and environmental conditions. It was shown that
bryophytes are predicted to be negatively impacted by future climate change despite
having efficient wind dispersal capabilities [40]. The future potential distributions of
E. buxbaumioidea may experience many more threats than our predicted results when
considering factors other than climatic variables. The increased intensity of human activities
has dramatically reshaped many parts of the plateau [41]. Human disturbance is distributed
mainly in the southern and eastern parts of the plateau [42], which overlaps the primary
distributions of E. buxbaumioidea in the current and future scenarios. With global warming,
planted crops will expand to higher latitudes and altitudes [43]. Heavy grazing is believed
to lead to severe rangeland degradation or even desertification [44]. These factors will
further lead to the loss of suitable habitats for E. buxbaumioidea. The conflict between
human activities and the future habitats of E. buxbaumioidea may pose a significant threat to
its survival.
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4.3. Endangered Rank of E. buxbaumioidea

The evaluation criteria for listing a species as threatened are population size, geo-
graphic range, and the species’ probabilities of extinction. After several years of flora
surveys, the number of localities of E. buxbaumioidea has increased to eight. However, ma-
ture individuals may not reach up to 1000. Species distribution may be more extensive than
its recorded range of occurrences. According to the distribution area and the number of
specimens, the population number is conservatively speculated to be slightly growing, and
its threat status may change from Endangered (EN) to Vulnerable (VN) [24]. However, in
future scenarios, the suitable habitat of E. buxbaumioidea may face severe challenges. Thus,
its threat status may upgrade in the future, which indicates that the protective measure for
E. buxbaumioidea should be considered.

4.4. Protection Area

Red-listed species are rare and threatened species that would experience higher spatio-
temporal dynamics than non-red-listed species [45]. These narrowly distributed species,
that is, species with small range sizes, low population densities, or occurring in small,
widely-spaced patches, are more vulnerable than widespread species [46]. Narrowly
distributed species are also not likely to occur in protected areas [47]. Endangered species
face a more difficult situation with climate change than other species due to their population
structures. In this article, the present system of nature reserves in China fails to protect
E. buxbaumioidea adequately in all scenarios. In future climate change scenarios, the vast
majority of the severely contracted distributions failed to locate in the nature reserves. The
stable, suitable areas of E. buxbaumioidea, which are mainly distributed in the Qinghai-Tibet
plateau, also show significant gaps.

Nature reserves in the Qinghai-Tibet plateau and China are not scarce. There are
nearly 60 nature reserves at and above the provincial level in the Qinghai-Tibet plateau
(http:/ /www.gov.cn/guoqing /2019-04 /09 /content_5380702.htm) (accessed on 30 January
2023), and there are also a large number of lower-ranked nature reserves. We should
monitor changes in the distribution continuously and regularly upgrade the nature reserves
that overlap with the distribution of E. buxbaumioidea.

5. Conclusions

In this study, we explored the consequences of climate change on the geographic
distribution of E. buxbaumioidea and assessed its conservation gaps. Our investigations
showed that its distribution is affected mainly by the annual mean temperature, isother-
mality, precipitation of the coldest quarter, and NDVI. Currently, the highly suitable habitat
of this species is mainly distributed in the Qinghai-Tibet plateau, and the range would
sharply reduce under future climate change. The nature reserves rarely overlapped with
the distribution in either scenario, which means the current protected areas network is
insufficient. These results are helpful for understanding the susceptibleness of endangered
bryophyte species to climate change, and we need to take the habitat of bryophytes into
account when setting up protected areas.
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