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Abstract

Climate change is one of the most serious challenges facing mankind. Sphagnum moss plays an important role in the carbon

sink of peatland. Understanding the potential distribution of Sphagnum moss under climate change scenarios is critical for

the conservation and rational exploitation of it. In this study, we divided the Hengduan Mountains (HDM) into east (EHDM)

and west (WHDM) parts to see the difference between the whole and the parts, and understand the effects of integrity and

connectivity of the landscape on species distribution. Since no enough occurrence data in EHDM, we applied the occurrence

data in WHDM. Then, MaxEnt model was employed to predict the potential distribution of Sphagnum moss and computed

the migratory paths of the distribution center points. We found precipitation in the coldest quarter, daily range of average

temperature, isothermality and slope were the main factors affecting the suitable habitat for Sphagnum moss in HDM and

WHDM. In HDM, the current potential suitable habitat is 2.6×104 km2, and will increase over 8 times and tend to shift

northeastward and higher elevations in the future. In WHDM, the suitable area is 1.06×104 km2, but will decline exceeds 70%

under most future climate scenarios, and tend to shift southward and lower elevations. Landscape integrity and connectivity

have a great impact on the distribution of HDM Sphagnum moss species. Overall, our findings provide a reference for the

conservation and management of Sphagnum moss.
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Key Points: 17 

• Precipitation in the coldest quarter is the most important factor affecting Sphagnum moss 18 
distribution in HDM and WHDM. 19 

• Sphagnum moss will expand and shift northeastward and higher elevation in HDM, but 20 
shrink and  shift southward and lower elevation in WHDM. 21 

• Landscape integrity and study scale do impact significantly the modeling results about 22 
distribution of Sphagnum moss in HDM.  23 



 

 

Abstract 24 

Climate change is one of the most serious challenges facing mankind. Sphagnum moss plays an 25 
important role in the carbon sink of peatland. Understanding the potential distribution of 26 
Sphagnum moss under climate change scenarios is critical for the conservation and rational 27 
exploitation of it. In this study, we divided the Hengduan Mountains (HDM) into east  (EHDM) 28 
and west (WHDM) parts to see the difference between the whole and the parts, and understand 29 
the effects of integrity and connectivity of the landscape on species distribution. Since no enough 30 
occurrence data in EHDM, we applied the occurrence data in WHDM. Then, MaxEnt model was 31 
employed to predict the potential distribution of Sphagnum moss and computed the migratory 32 
paths of the distribution center points. We found precipitation in the coldest quarter, daily range 33 
of average temperature, isothermality and slope were the main factors affecting the suitable 34 
habitat for Sphagnum moss in HDM and WHDM. In HDM, the current potential suitable habitat 35 
is 2.6×104 km2, and will increase over 8 times and tend to shift northeastward and higher 36 
elevations in the future. In WHDM, the suitable area is 1.06×104 km2, but will decline exceeds 37 
70% under most future climate scenarios, and tend to shift southward and lower elevations. 38 
Landscape integrity and connectivity have a great impact on the distribution of HDM Sphagnum 39 
moss species. Overall, our findings provide a reference for the conservation and management of 40 
Sphagnum moss. 41 

Plain language summary 42 

Sphagnum moss, as the engineer of peatland ecosystem, plays an important role in the carbon 43 
sink of peatland. Global changes and disturbances with human activities can affect species 44 
distribution in general. We used MaxEnt model to predict the potential distribution of Sphagnum 45 
moss in the Hengduan Mountains (HDM) and West Hengduan Mountains (WHDM). The results 46 
showed that the most important environmental factor affecting the distribution of Sphagnum 47 
moss species in HDM and WHDM was precipitation in the coldest season (Bio 19). As the 48 
climate warms, Sphagnum moss tended to shift northeastward and higher elevations in HDM, 49 
while tended to shift to southward and lower elevations in WHDM. Comparing the results of 50 
these two regions, we found that landscape integrity and connectivity have a great impact on the 51 
distribution of HDM Sphagnum moss species. 52 

1. Introduction 53 

Current and future climate warming is having and anticipated to continue influencing 54 
the natural environment and human well-being. Climate warming can lead to rapid 55 
changes in ecological communities, altering their interactions, ecosystem functions, 56 
and services (Beck et al., 2011; Gauthier et al., 2015; Jassey et al., 2013). The 57 
Intergovernmental Panel on Climate Change (IPCC) released the latest assessment 58 
report that climate change is getting faster than expected (IPCC, 2021). There is no 59 
doubt that temperature will continue to rise, and extreme climate events, such as heat 60 
extremes, stronger or longer-lasting droughts, and heavy precipitation events, may will 61 
become more frequent, severe, and even change the nature of extremes (IPCC, 2021; 62 
Schar et al., 2004). The impact of climate change on alpine regions is particularly 63 
pronounced compared to other regions of globe (IPCC, 2021; Ma et al., 2011; 64 
Wilmking and Juday, 2005). Boreal forests, tundra, and peatlands are the dominant 65 
terrestrial ecosystems across these regions, all of which are undergoing and will 66 



 

 

continue to experience dramatic changes as a result of climate warming (Bjorkman et 67 
al., 2018; Boulanger et al., 2017; Dise, 2009).    68 

Boreal peatlands are one of the most important ecosystems on Earth, providing various 69 
important ecosystem functions, e.g., regulating and maintaining the hydrological cycle 70 
as well as carbon storage (Limpens et al., 2008). In China, most of the peatlands are 71 
mainly distributed in the northeast and southwest regions such as Lesser Khingan 72 
Mountains, Changbai Mountains and peripheral areas of the Sichuan Basin, while the 73 
Hengduan Mountains region (HDM) is one of the main peatland distribution areas in 74 
the southwest region, which is located in the southeast of the Qinghai-Tibet Plateau 75 
(Liu et al., 2020; Sun et al., 1998). In HDM, the area of peatland is about 4914 km2, mainly 76 
included the Zoige peatlands (4605.3 km2), Western Yunnan peatlands (103.9 km2), Seda-Shiqu 77 
peatlands (96.5 km2), Maerkang-Liangshan peatlands (17.5 km2), Sanjiang peatlands (19.1 km2) 78 
and Litang-Daocheng peatlands (71.9 km2) (Liu et al., 2020; Sun et al., 1998). Sphagnum plants are 79 
widely distributed in HDM and play a special role in swamp forming and carbon production (Sun 80 
et al., 1998). The HDM is divided into east and west parts by the so called “mid-ridge” 81 
Shaluli Mountains, which stretch across the central part from upper north to down 82 
south. Its western part is mainly affected by the Indian summer monsoon, while the 83 
eastern is mainly influenced by the westerlies and the East Asian monsoon (Liu et al., 84 
2020; Ono and Irino, 2004; Overpeck et al., 1996). Their complex hydroclimatic 85 
conditions and atmospheric circulation may lead to an extremely sensitive response to 86 
climate change in the HDM.  87 

Climate-induced changes (e.g., temperature, precipitation, soil O2 availability, and pH) 88 
in vegetation phenology and composition of peatland would affect peatlands expansion 89 
and carbon sink function (Antala et al., 2022; Bragazza et al., 2016; Larmola et al., 90 
2013; Oke and Hager, 2020). Bryophytes are an important part of peatland ecosystems 91 
and are very sensitive to changing climatic conditions, and studying their distribution 92 
in relation to climate can help predict the potential impact of global warming on 93 
peatland ecosystems (Ma et al., 2022; Weston et al., 2015). Sphagnum moss is 94 
keystone species in northern peatlands, comprise up to 90% of peat (Hajek et al., 95 
2011), and play a crucial role in carbon sequestration and maintaining the stability and 96 
resilience of peatlands (Turetsky et al., 2012). Therefore, the response of peat moss to 97 
climate change is closely related to the changes in future carbon fluxes and stability of 98 
peatland ecosystems. 99 

The genus of Sphagnum is the only representative genus of Sphagnaceae, which 100 
consists of 250-450 species (Shaw et al., 2016), and there are currently 49 species in 101 
China (Zhu, 2022). They are a kind of moss with unique morphological, physiological, 102 
biochemical and developmental characteristics, known as the “ecosystem engineers” 103 
of peatlands, with special and irreplaceable ecological value, essential for ecosystem 104 
maintenance and global climate regulation (Beike et al., 2015; Freeman et al., 2001; 105 
Raghoebarsing et al., 2005). Although they have small individuals, they covered 1% of 106 
the Earth’s land area (1.5×106 km2), and more than half of the peat worldwide comes 107 
from Sphagnum moss (Beike et al., 2015; Whitaker and Edwards, 2010). Sphagnum 108 
moss has very special hyaline cells (i.e., water cells) with hydathodes and spiral 109 
thickened cell walls, which have the functions of water storage, water conduction and 110 
support (Kostka et al., 2016). Because of its strong water-holding capacity and 111 
capillary action, it is able to accumulate moisture more than 20-40 times of its own dry 112 



 

 

weight, and is known as a “super sponge”, which has a great impact on the ecosystem 113 
(Tveit et al., 2020; Zhu, 2022). In addition, it can provide a living place for the 114 
symbiosis of microorganisms such as methane anaerobes and cyanobacteria (Kostka et 115 
al., 2016). Sphagnum moss can fix carbon dioxide through photosynthesis like other 116 
plants, and  effectively recover the greenhouse gas methane released from peatlands by 117 
methane anaerobic oxidation bacteria (Kostka et al., 2016; Zhu, 2022). Simulation 118 
experiments have shown that peat moss can reduce methane emissions by 93% in 119 
rewetting peatlands (Kostka et al., 2016; Kox et al., 2021). Furthermore, Sphagnum 120 
moss produces phenolic compounds and uronic acids, which are the two major 121 
secondary metabolites and have a strong inhibitory effect on the decomposition of 122 
organic matter, thus facilitating peat accumulation (Verhoeven and Toth, 1995; Zhu, 123 
2022). The accumulation of peat alters the local hydrology and biogeochemistry of 124 
pore water, making environmental conditions generally more conducive to Sphagnum 125 
moss. However, due to the absence of stomata and water-conducting tissues, 126 
environmental factors such as temperature and water table depth (Carrell et al., 2019; 127 
Robroek et al., 2007a), can very easily affect Sphagnum moss. Any change in 128 
environmental factors caused by climate change is likely to alter the existing 129 
distribution pattern of Sphagnum moss and its feedback function to peatland 130 
ecosystems. So, there is a need for predicting the potential distribution changes of 131 
Sphagnum moss under different climatic scenarios, which is crucial for linking 132 
peatland responses to climate change with dominant plants distribution. 133 

Warming-induced distributional shifts in plant species and communities have been 134 
proved by many studies, for example, some species tend to shift to higher latitudes 135 
and/or elevations (Bugmann, 2001; Naudiyal et al., 2021; Shi et al., 2022; Sun et al., 136 
2020; Xiaodan et al., 2011). This is a great challenge for those cold-adapted species, 137 
especially in HDM with complex climate and topography. Warming is leading to 138 
changes in species distribution patterns and community composition, which are 139 
relevant to the fate of peatland ecosystems, especially in the boreal peatlands. Previous 140 
studies have shown that Sphagnum moss was influenced by the future climate 141 
scenarios, however, due to different scales, the results of changes in suitable 142 
distribution area existed differences (Campbell et al., 2021; Cerrejón et al., 2020; Cong 143 
et al., 2020; Ma et al., 2022; Oke and Hager, 2017). Due to the climatic differences 144 
between regions, the distribution pattern of Sphagnum moss in one local region may 145 
not adapted to others. Meanwhile, human activities have led to severe habitat loss and 146 
fragmentation, resulting in reduced landscape connectivity and the viability of species 147 
within the landscape (Fischer and Lindenmayer, 2007; Wu and Liu, 2014). Studies 148 
have shown that many native plants experience severe habitat loss and fragmentation, 149 
which is a major driver of plant species extinction (Ceballos et al., 2015; Fahrig, 2003; 150 
Huang, 2011; Lenoir et al., 2010). Hence, it is necessary to study the suitable 151 
distribution of Sphagnum moss in different size areas. 152 

In this study, we used the MaxEnt model to forecast the potential suitable habitats of 153 
Sphagnum moss and assess its potential distribution change under different climate 154 
scenarios in HDM (Figure 1). Our aims were to (1) explore the key environmental 155 
factors that limiting the current and future potential distribution of sphagnum moss; (2) 156 
predict the trends and extent of changes in the distribution of potentially suitable 157 
habitats for Sphagnum moss under future climate scenarios and clarify the migration 158 



 

 

paths of central distribution points; and (3) to explore the effects of landscape integrity 159 
in HDM and its western part on species and migration under future climate scenarios. 160 

 161 
Figure 1. The conceptual framework of the study 162 

2. Materials and Methods 163 

2.1 Study area 164 

The HDM lies between 24°40′ N to 34°00′ N and 96°20′ E to 104°30′ E, which is located 165 
in the southeastern Qinghai-Tibet Plateau, covering about 500,000 km2 and consisting of 166 
a series of mountains and rivers running north-south (Li et al., 2014). From west to east, 167 
seven mountain chains (Boxoila Ling Mountains, Nu Mountains, Mangkang Mountains, 168 
Shaluli Mountains, Daxue Mountains, Qionglai Mountains, Minshan Mountains) and six 169 
rivers (Nu River, Lancang River, Jinsha River, Yalong River, Dadu River, Minjiang 170 
River) make up the main geographical features of this region (Li, 1987).The HDM is 171 
mainly controlled by two major climate systems, one of which is the westerly 172 
circumfluence, which carries less water vapor, and the other is the monsoon system, 173 



 

 

including the southwest monsoon from the Bay of Bengal, the southwest monsoon in the 174 
Indian Ocean and the southeast monsoon from the western Pacific, which bring the major 175 
precipitation (Niu et al., 2017). In addition, the plateau monsoon is also the main local 176 
circumfluence influencing the region (Niu et al., 2017). The barrier effect of the north-177 
south mountains and the channel effect of the deep valleys make the precipitation 178 
variation and distribution characteristics in this region more complex (Cao et al., 2005). 179 
Generally, from mid-May to mid-October is the wet season, the precipitation accounts for 180 
more than 85% of the whole year, and mainly concentrated in June, July and August 181 
(Zhang, 1989). From mid-October to mid-May of the next year is the dry season, with 182 
less rainfall, long sunshine and large evaporation (Zhang, 1989). Furthermore, the climate 183 
has obvious vertical change. The average annual temperature of the plateau surface is 184 
14~16℃, the coldest month is 6~9℃, and the average annual temperature of the valley 185 
can reach more than 20℃ (Yu et al., 2001). 186 

The HDM is the richest in plant diversity with a vascular flora of about 12,000 species, 187 
and is the core of the south-central China biodiversity hotspot (Boufford, 2014; Myers et 188 
al., 2000; Xing and Ree, 2017). This region supports a high diversity of vegetation types 189 
due to complex geographic isolation, tectonic uplift, climate change, strong microhabitat 190 
divergence, and different migration and evolutionary history (Li and Li, 1993; Wu and 191 
Wang, 1983; Zhang et al., 2021). Due to the combined effects of Neogene cooling, 192 
orogeny and monsoon evolution, the vegetation of HDM not only has rich diversity, but 193 
also has obvious vertical zonality (Zhang et al., 2021). Generally, along the elevation 194 
from low to high, the typical vegetation includes evergreen broad-leaved forest, 195 
coniferous forest, alpine scrub, meadows and sparse vegetation zones. Alpine plants 196 
usually grow above treelines and below the nival belt, and scree slopes start at 197 
approximately 4400 m above the treeline (Li et al., 2014). We divided the entire study 198 
area into two sub-regions based on the boundaries of the mid-ridges (the Shaluli 199 
Mountains) and the influence of different monsoon systems: East Hengduan Mountains 200 
(EHDM) and West Hengduan Mountains (WHDM) (Figure 2). 201 



 

 

 202 

Figure 2. The presence points of Sphagnum moss in the study area 203 

2.2 Data preparation 204 

2.2.1 Species occurrence data 205 

Species distribution data were obtained from (1) Global Biodiversity Information Facility 206 
(GBIF.org, https://www.gbif.org/), (2) Chinese Virtual Herbarium (CVH, 207 
http://www.cvh.ac.cn/), and (3) related published literature ((China National Knowledge 208 
Infrastructure, CNKI, https://www.cnki.net/; Web of Science, 209 
https://www.webofscience.com/). All 75 data points were carefully evaluated to exclude 210 
those that were out of the study area and duplicates based on ArcGIS 10.8, and then 211 
validated by Google Earth to eliminate possible errors. We also retained only one 212 
distribution point within the 1 km buffer according to the resolution of the environmental 213 
variable (30 arc-seconds) to avoid overfitting. Eventually, 50 distribution points were 214 
used for modeling, of which, 20, 15, and 15 presence points were located in grassland, 215 
shrub, and forest ecosystems, respectively. Regarding the two sub-regions, we found 41 216 
presence points were located in WHDM totally, of which, 16, 11, and 14 presence points 217 
were located in grassland, shrub, and forest ecosystems, respectively. Only 9 distribution 218 
points were found in EHDM, since inadequate numbers of distribution points will cause 219 
the model with poor prediction accuracy and unreliable results, this study does not 220 
analyze the EHDM this sub-region. 221 

2.2.2 Environmental data 222 



 

 

The environmental factors that would influence the distribution of Sphagnum moss are as 223 
follows: (1) 19 bioclimatic variables (30 arc-seconds) (Booth et al., 2014) and 3 224 
topographical variables were obtained from the WorldClim dataset (version 2.0, 225 
https://www.worldclim.org), (2) 18 top soil factors were downloaded from Harmonized 226 
World Soil Database (version 1.2, https://www.fao.org/), (3) 1 human influence variable 227 
was derived from National Aeronautics and Space Administration (NASA, 228 
https://sedac.ciesin.columbia.edu/). 229 

For future climate scenarios, we selected the shared socioeconomic pathways (SSPs) of 230 
Coupled Model Intercomparison Project (CMIP6) which are considered more reasonable 231 
than the representative concentration pathway of CMIP5 (Eyring et al., 2015; Su et al., 232 
2021). Future climatic information was obtained from the data of BCC-CSM2-MR, 233 
involved in four climate scenarios, namely, ssp1-2.6 (low forcing scenario with radiative 234 
forcing up to 2.6 W/m2), ssp2-4.5 (moderate forcing scenario with radiative forcing up to 235 
4.5 W/m2), ssp3-7.0 (moderate to high forcing scenario with radiative forcing up to 7.0 236 
W/m2), ssp5-8.5 (high forcing scenario, radiative forcing up to 8.5 W/m2). In addition, 237 
current climatic conditions were the average for 1970-2000, and future climate data for 238 
average years 2021-2040, 2041-2060, 2061-2080, and 2081-2100. 239 

What’s more, to ensure consistent spatial resolution, all environment variables are 240 
resampled at a resolution of 30 arc-seconds. To eliminate multicollinearity between 241 
environmental factors and improve the prediction accuracy of the model, we used 242 
Pearson correlation analysis to retain the variables with a correlation lower than 0.8, and 243 
among the environmental factors with correlation coefficients higher than 0.8, only one 244 
factor with higher contribution was retained of the two factors. Finally, a total of 20 245 
environmental variables, including 7 bioclimatic variables, 3 topographic variables, 9 soil 246 
variables and 1 human influence variable were selected for SDMs (Table 1). 247 



 

 

Table 1. Environmental factors used in this study and their contribution rate to the model outputs for Sphagnum moss 248 

Region Variable type Variable code Environment variable unit Percent contribution 

HDM 

Climate variable 

Bio19 Precipitation of coldest quarter mm 45% 
Bio12 Annual precipitation mm 25.6% 
Bio2 Mean diurnal range ℃ 11.4% 
Bio3 Isothermality ℃ 6.5% 
Bio4 Temperature seasonality ℃ 1.4% 

Bio15 Precipitation seasonality mm 1.2% 
Bio5 Max temperature warmest month ℃ 0.8% 

Terrain variable 
slo Slope ° 3.3% 
asp Aspect ° 0.7% 
alt Altitude m 0.2% 

Soil variable 

T_PH_H2O Topsoil pH (H2O) -log(H+) 1.1% 
T_ESP Topsoil sodicity (ESP) % 0.8% 
T_OC Topsoil organic carbon % weight 0.4% 

T_REF_BULK_D
ENSITY 

Topsoil reference bulk 
density kg/dm3 0.3% 

T_SILT Topsoil silt fraction % wt. 0.2% 
T_CLAY Topsoil clay fraction % wt. 0.1% 
T_ECE Topsoil salinity (Elco) dS/m 0.1% 

T_GRAVEL Topsoil gravel content %vol. 0.1% 
AWC_CLASS AWC range Code 0.1% 

Human variable FHP Human influence index — 0.5% 

WHDM Climate variable 
Bio19 Precipitation of coldest quarter mm 50.6% 
Bio2 Mean diurnal range ℃ 12.7% 

Bio13 Precipitation of wettest month mm 12.7% 



 

 

Bio3 Isothermality ℃ 6% 
Bio11 Mean Temperature of coldest quarter ℃ 4% 
Bio14 Precipitation of driest month mm 3.2% 
Bio4 Temperature seasonality ℃ 0.5% 

Bio15 Precipitation seasonality mm 0.3% 

Terrain variable 
Slp Slope ° 5.1% 
Alt Altitude m 0.1% 
Asp Aspect ° 0.1 % 

Soil variable 

T_GRAVEL Topsoil gravel content %vol. 0.9% 
T_ECE Topsoil salinity (Elco) dS/m 0.5% 
T_ESP Topsoil sodicity (ESP) % 0.3% 
T_OC Topsoil organic carbon %weight 0.3% 

AWC_CLASS AWC range code 0.2% 
T_CEC_SOIL Topsoil CEC (soil) cmol/kg 0.1% 

T_CEC_CLAY Topsoil CEC (clay) cmol/kg 0.1% 
T_BS Topsoil base saturation % 0.1% 

T_GRAVEL Topsoil gravel content %vol. 0.9% 

Human variable FHP Human influence index — 2.2% 



 

 

2.3 Species distribution modeling 249 

In this study, maximum entropy model (Maxent 3.4.4, http://www.cs.princeton.edu/) was 250 
used to predict the distribution region of Sphagnum moss in HDM. 75% of species 251 
occurrence records were randomly selected for model training, and the remaining 25% as 252 
the test set to validating the model. We set the maximum number of iterations to 10,000 253 
and leave the other values as defaults to ensure that the model has adequate time to 254 
converge, and the model was performed 10 replications to assess the average results. 255 

The area under the receiver operating characteristic (ROC) curve (AUC) was used to 256 
evaluate the accuracy of the model, which ranges from 0 to 1, with values closer to 1 257 
indicating better model performance. According to the value of AUC, the model 258 
performance can be categorized as fair (0.6-0.7), good (0.7-0.8), very good (0.8-0.9), and 259 
excellent (>0.9) (Merow et al., 2013). The jackknife test was applied to identify the 260 
relative importance of the variables. The suitable habitat predictions were regrouped 261 
based on the logistic output, the threshold values below 0.3 were considered unsuitable, 262 
between 0.3 and 0.5 were low suitable, between 0.5 and 0.7 were moderate suitable, and 263 
greater than 0.7 were high suitable. By using the SDMtool tool, the centroid was 264 
calculated for the present and future four periods. 265 

3. Results 266 

3.1 Model performance and key environmental factors 267 

The average test AUC ranging from 0.93 ~ 0.935 in HDM and 0.913 ~ 0.92 in EHDM in 268 
the current and future periods, indicating that the models were performed good and 269 
generated excellent evaluations. 270 

The model results revealed that precipitation in the coldest quarter (45%), annual 271 
precipitation (25.6%), daily range of average temperature (11.4%) and isothermality 272 
(6.5%) were the dominant factors in Sphagnum species distribution in HDM. In addition 273 
to bioclimatic variables, slope (3.3%) also plays an important role in determining the 274 
distribution of Sphagnum (Table1). Since the cumulative contribution of these five 275 
predictors reached 91.8%, it is reasonable to assume that they provide the most important 276 
and useful information for predicting the distribution of Sphagnum in HDM. However, 277 
soil factors and human influence index have little effect on model output, the cumulative 278 
contribution rate of nine soil variables was 3.1%, while the contribution rate of human 279 
influence index was only 0.5%. A logical output value of environmental variables greater 280 
than 0.3 indicates that it is favorable for the growth of Sphagnum moss. According to the 281 
response curves of the key factors (Figure 3), it can be observed that when the logic 282 
output value is 0.3, the coldest quarter precipitation is 46.50 mm and the annual 283 
precipitation is 622.61 mm. With the greater precipitation, the probability of species 284 
existence increased. The mean diurnal temperature range is 6.83 ~ 11 °C and the range of 285 
isothermality is 26 ~ 51 °C (×100), whose increase led to the species presence probability 286 
an upward and then downward trend (Figure 3A). Gentle slope is beneficial to the 287 
survival of Sphagnum, in other words, the greater the slope, the lower the probability of 288 
its existence (Figure 3A). 289 



 

 

 290 

Figure 3. The main environmental factors in HDM (A) and WHDM (B) 291 



 

 

On the other hand, the main environmental factors affecting the distribution of Sphagnum 292 
species were precipitation in the coldest quarter (50.6%), daily range of average 293 
temperature (12.7%), precipitation in the wettest month (12.7%), isothermality (6%) and 294 
slope (5.1%) in WHDM (Table1). The accumulative contribution rate of these five 295 
environmental variables was 87.1%, indicating that they occupied dominant position for 296 
the distribution in WHDM. The results of model outputs showed that other factors such 297 
as soil and human activities have less influence on the distribution of Sphagnum moss. 298 
We can observe from the response curves of the variables that when the logical output 299 
value is 0.3, the coldest quarter precipitation is 45.61 mm and the wettest month 300 
precipitation is 150.97 mm, and there is an increasing trend in the probability of species 301 
presence with increasing precipitation (Figure 3). The daily range of average temperature 302 
suitable for the survival of Sphagnum moss ranged from 7.62 to 10.57℃, and the 303 
isothermality ranged from 32.54 to 51℃ (×100). In this range, the probability of the 304 
presence of Sphagnum moss appears to decrease sharply when the temperature reaches a 305 
certain critical value (Figure 3B). Similar to the condition in HDM, steep slopes are not 306 
conducive to the survival of Sphagnum moss in WHDM (Figure 3B). 307 

We noticed that climate is the dominant factor affecting the potential distribution of 308 
Sphagnum species, followed by topography, soil and human activity factors (Table 1). 309 
Among all the factors, precipitation was the most important climatic factor affecting the 310 
potential distribution of Sphagnum species, followed by temperature. Comparing the 311 
model results in HDM and WHDM, we found that the most important factors were the 312 
precipitation in the coldest quarter, and only one factor (annual precipitation in HDM, 313 
precipitation of wettest month in WHDM) was different. 314 

3.2 Potential habitats of Sphagnum under multiple climate scenarios 315 

In HDM, the potential suitable habitats of Sphagnum are mainly distributed in the 316 
northwest of Yunnan Province near Gaoligong Mountain and Nu Mountain, and a small 317 
part is located in the Min River and Dadu River basin in Sichuan Province and the Nu 318 
River basin in southeastern Tibet under current climate scenario (Figure 4A). The total 319 
suitable habitat for Sphagnum is 2.6×104 km2, which is about 7.51% of the total area. 320 
Among them, the area with high suitability is only 3.4×103 km2, which accounts for less 321 
than 1%. The medium and low suitable habitat are slightly larger, but only 7.0×103 km2 322 
and 1.6×104 km2, accounting for 1.98% and 4.57%, respectively (Figure 4A). 323 

In WHDM, Sphagnum moss is mainly distributed near Gaoligong Mountain and Nu 324 
Mountain in the northwest of Yunnan Province under current climate scenario (Figure 325 
4B). The total suitable area is 1.06×104 km2, accounting for 5.8% of the total area. The 326 
high suitable area is very small, only 1.3×103 km2, accounting for 0.7%. The middle 327 
suitable area is 2.95×103 km2, accounting for 1.6%, and the low suitable area is 6.38×103 328 
km2, accounting for 3.5 % (Figure 4B). 329 



 

 

 330 

Figure 4. Potential distribution of Sphagnum under current climate scenarios in HDM (A) and 331 
WHDM (B) 332 

In HDM, the suitable habitat of Sphagnum showed the tendency of expansion under 333 
different future climate scenarios, and the expansion area is greater than 8 times of the 334 
current suitable area, and the high suitable area is mainly concentrated in northeastern 335 
Yunnan Province (Figure 5). What’s more, the area of medium and high suitable habitats 336 
accounted for more than 43% of the total suitable habitats, and the maximum area 337 
accounted for 81% under future climate scenarios (Figure 6A). We also found that the 338 
area of medium and high suitable habitat increased by 9.1 to 23.97 times compared to the 339 
current situation (Figure 6B). In 2061-2080 and 2081-2100, the highly suitable areas of 340 
Sphagnum gradually migrated northward. The area of medium to high suitable habitat has 341 
been increasing over time until it shrinks in period of 2081-2100 under three climate 342 
scenarios of ssp126, ssp245 and ssp370. Unexpectedly, under the high emission scenario, 343 
the area of medium to high suitable habitat for Sphagnum moss showed an increasing 344 
trend and had the largest area with 2.3×105 km2 in period of 2081-2100 (Figure 6). 345 

However, we observed that there is a decreasing trend of suitable habitat for Sphagnum 346 
under future climate change scenarios in WHDM, and the area with high suitability was 347 
mainly located near Gaoligong Mountains (Figure 7). Worryingly, the area of suitable 348 
habitat decline exceeds 70% under most future climate scenarios, and accounting for less 349 
than 2% of the WHDM area (Figure 7). Regardless of the period, the suitable habitat for 350 
Sphagnum was eventually significantly reduced in the high emission scenario (ssp585). 351 
In the further future (2081-2100), the suitable habitat for Sphagnum moss increases as the 352 
emission scenario intensifies and peaks the area with 1.48×104 km2 under ssp370 353 
scenario, and shrinks sharply the area with 2.49×103 km2 as the emission scenario 354 
intensifies further (Figure 7, 8).In general, the medium and high suitable habitats 355 
accounted for less than 20% of the total suitable habitat area (Figure 8A). Compared with 356 
the current climate scenarios, the medium and high suitable habitats showed a significant 357 



 

 

decline trend except for the moderate emission scenario (ssp370) in 2081-2100, and most 358 
of the declines were greater than 80% (Figure 8B). 359 

 360 

Figure 5. Potential distribution of Sphagnum under future climate change scenarios and the rate of 361 
area change for a suitable habitat in HDM 362 
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 369 

Figure 8. Area of potential suitable habitat for Sphagnum and its proportion (A) and the rate of 370 
change of area of medium and high suitable habitat (B) under future climate scenarios in WHDM 371 

3.3 Impacts of climate change on centroid and altitude 372 

In HDM, the future potential centroids of Sphagnum moss would shift northeastward 373 
173.77 km, 274.40 km and 260.63 km under climate scenarios of ssp126, ssp245 and 374 
ssp585 in 2021-2040, as time goes by, the potential centroids position would only shift in 375 
a a very small area. However, under scenario of ssp370, the centroid would shift 124.35 376 
km south in period of 2021-2040, and then 385.68 km to the northeast in period of 2041-377 
2060, finally, the centroid location remains almost constant in next future (Figure 9A). In 378 
WHDM, the potential distribution centroids would shift noticeably northeastward and 379 
near Nu rivers. Under climate scenarios of ssp126 and ssp370, the centroids shift 380 
southward along the Nu rivers in period of 2021-2080 and then migrate northward. Under 381 
ssp245 and ssp585, the centroid migration is slightly different. It migrates southward 382 
during 2021-2060 and then shifts northward towards the river in 2061-2100 (Figure 9B). 383 
In general, changes in the distribution centroid showed that Sphagnum moss under 384 
different future climate scenarios would mainly shift northeastward in HDM, while in 385 
WHDM, mainly shift southward (Figure 9). 386 

In future climate change scenarios, the mean elevation, minimum elevation and 387 
maximum elevation of suitable habitat for distribution of Sphagnum would shift upward, 388 
and the elevational range is extended in HDM (Table 2). Nevertheless, in WHDM, the 389 
results showed that the mean elevation is likely to shift downward, and in some future 390 
climate change scenarios, Sphagnum would like to inhabit a narrower elevational range 391 
as compared to its distribution under current climate scenario (Table 2). This is different 392 
from the distribution of Sphagnum moss in HDM. 393 



 

 

 394 

 395 
Figure 9. Centroid changes in the distribution of Sphagnum under future climate scenarios in HDM 396 
(A) and WHDM (B). The arrows indicate the magnitude and direction of predicted distribution change 397 
through time. 398 
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Table 2. Model projections for distribution in elevation (m±SD) among multiple climate scenarios in 403 
different periods for Sphagnum 404 

Region Periods Gcm Minimu
m  Maximu

m Mean  SD 

HDM 

Current 709  4109 2632  716 

2021-
2040 

ssp126 1380  5181 3215 ↑ 992 
ssp245 771  4985 3254 ↑ 923 
ssp370 963  4816 3031 ↑ 904 
ssp585 940  4831 3325 ↑ 973 

2041-
2060 

ssp126 1011  5847 3471 ↑ 1059 
ssp245 826  4961 3269 ↑ 912 
ssp370 1449  5259 3598 ↑ 945 
ssp585 957  5027 3360 ↑ 1017 

2061-
2080 

ssp126 1188  5339 3690 ↑ 949 
ssp245 1783  5156 3717 ↑ 835 
ssp370 1401  5295 3636 ↑ 954 
ssp585 730  5455 3728 ↑ 964 

2081-
2100 

ssp126 1085  5371 3072 ↑ 1055 
ssp245 990  5346 3694 ↑ 978 
ssp370 1018  5297 3580 ↑ 924 
ssp585 1415  5406 3744 ↑ 879 

WHDM 

Current 1340  3873 2489  699 
2021-
2040 ssp126 737  5530 1589  614 

 ssp245 749 ↔ 2300 1598  333 
 ssp370 938  5482 1673  504 
 ssp585 1006 ↔ 1884 1523  286 

2041-
2060 ssp126 841 ↔ 2202 1446  253 

 ssp245 668 ↔ 2097 1225  375 
 ssp370 976 ↔ 1922 1274  164 
 ssp585 685  3685 1330  520 

2061-
2080 ssp126 694  5586 1867  1303 

 ssp245 686 ↔ 2169 1338  368 
 ssp370 − − − − − − 
 ssp585 − − − − − − 

2081-
2100 ssp126 1079 ↔ 2674 1736  325 

 ssp245 721  5528 1838  592 
 ssp370 708  3124 1847  537 
 ssp585 707  5561 1343  672 

↔ Narrow range as compared with current range 405 
↑Increase in elevation compared with current mean elevation 406 



 

 

4. Discussion 407 

Undoubtedly, the genus of Sphagnum species is one of the most important plant groups 408 
on earth, not just scarce ecological resources, with multi-functional and diverse service 409 
values, but value-added economic assets. As the climate warming and intensive human 410 
activities, the structure and function of terrestrial ecosystems have been disturbed 411 
severely. Peatland is a fragile natural wetland ecosystem, which is also special and 412 
irreplaceable. The negative effects of its degradation and destruction are alarming, such 413 
as intensifying greenhouse effects and leading to irreversible water loss and soil erosion 414 
(Cong et al., 2020). Sphagnum moss is very sensitive to climate change because of its 415 
simplistic gametophyte (Bates et al., 2005; Toet et al., 2006), and it is also a major 416 
component of peatland, so it is particularly vulnerable to be affected by climate change. 417 
In this study, the suitable habitat of Sphagnum moss was analyzed in detail, which is an 418 
important step in developing a feasible conservation strategy. 419 

4.1 Climate preference of Sphagnum moss 420 

The geographic distribution of species is influenced by a variety of environmental 421 
factors, such as climate, topography, soil, historical distribution, and human disturbance. 422 
Although human disturbance can have a great impact on the distribution of species, the 423 
human activity factors involved in this study only contain human activity footprints, 424 
which may not be enough to express the impact of human activities. Therefore, among 425 
the 20 environmental variables adopted in this model, precipitation in the coldest quarter 426 
(bio19) made the greatest contribution to the distribution model for Sphagnum moss both 427 
in whole HDM and WHMD, which means the factor plays a key role in its distribution. 428 
In addition, mean diurnal range (bio2) and isothermality (bio3) were two dominant 429 
variables affecting the habitat suitability of Sphagnum moss in a spatial range of different 430 
sizes. The previous studies at different regional and global scales have shown that the 431 
distribution of Sphagnum moss is mainly influenced by water and temperature (Ma et al., 432 
2022; Oke and Hager, 2017). The reason why precipitation in the coldest season is the 433 
most important limiting factor may be that thicker snow in winter can protect spores from 434 
frost damage, and increased snow cover in combination with summer warming to 435 
improve soil water content (Jones et al., 1998), in addition, thicker snow has better 436 
adiabatic effect, and the soil temperature under it is less affected by air temperature 437 
fluctuations (Cline, 1997), so it can maintain non-freezing state in most of the winter, and 438 
soil microorganisms can carry out vigorous life activities, and finally promote nutrient 439 
mineralization (Brooks and Williams, 1999; Williams et al., 1998), thus providing 440 
sufficient water and nutrient for the growth and development of Sphagnum moss in the 441 
coming growing season (Bowman, 1992; Dorrepaal et al., 2004). Climate change 442 
radically alters the seasonal patterns of precipitation and temperature in northern latitudes 443 
(Fischer and Knutti, 2016; Santer et al., 2018; Wang et al., 2017), potentially affecting 444 
plant phenology and physiology (Sytiuk et al., 2022). Sphagnum moss prefers wet 445 
climate in general, because their photosynthesis can only be passively dependent on 446 
tissue water content, although they can store water, they cannot control its loss (Rydin 447 
and Jeglum, 2013; Titus et al., 1983; Weston et al., 2015). A suitable wet climate is 448 
achieved by reducing evaporation at low temperatures (Campbell et al., 2021). 449 
Nevertheless, precipitation variation from climate warming is bound to break this 450 



 

 

balance. In peatland, the level of the water table will affect the microenvironment where 451 
sphagnum moss grows, because it has no conduit tissue and root system, it will store 452 
water to the head through water pores to meet the needs of life activities (Robroek et al., 453 
2007a). However, if the water table is too low, it will prevent the water transport to the 454 
head, resulting in changes in the ecosystem process (Robroek et al., 2007a; Robroek et 455 
al., 2009). More importantly, the water table is closely related to the precipitation, and 456 
changes in water table affect the hydrological cycle of peatland and aeration of surface 457 
peat soil. It has been shown that the reduction of peatland groundwater table will 458 
accelerate the decomposition and nutrient mineralization of peatland matrix, and 459 
eventually lead to the transformation of typical peatland plant communities into forests 460 
and serious degradation of peatland (Laiho et al., 1999; Robroek et al., 2007b; Sundstrom 461 
et al., 2000). 462 

As for temperature, our results suggest that suitable climate for Sphagnum moss falls 463 
within a narrow range (Figure 3), which means it is sensitive to temperature changes. The 464 
quantity of heat in the environment is biologically important because of its physiological 465 
constraints on plant growth and survival (Campbell et al., 2021; Franklin, 1995). There 466 
are indications that photosynthesis of Sphagnum is sensitive to temperatures within a 467 
certain temperature range, and begins to be affected by temperature above 35℃ (Hanson 468 
et al., 1999; Haraguchi and Yamada, 2011), but if the moss can maintain moisture, the 469 
cooling effect of evaporation allows it to survive at higher temperatures (Dyukarev et al., 470 
2009; Rydin, 1984), suggesting whose state of physiological function is related to the 471 
potential distribution range of Sphagnum moss (Weston et al., 2015). Nonetheless, 472 
Sphagnum moss productivity decreases as temperatures rise (Bragazza et al., 2016; 473 
Norby et al., 2019), and this decline is strongly associated with water availability (Jassey 474 
and Signarbieux, 2019). Additionally, warming also influences many primary and 475 
secondary metabolites of Sphagnum, such as polyphenols (Jassey et al., 2011; Sytiuk et 476 
al., 2022), which indirectly affects plant-microbial interactions, food web dynamics and 477 
nitrogen cycles within peatlands (Jassey et al., 2013), and these changes ultimately affect 478 
Sphagnum moss diffusion and distribution. 479 

Slope was another key topographic factor besides climatic factors that had a strong effect 480 
on the distribution of Sphagnum moss in our study area. Slope gradient directly or 481 
indirectly affects plant functional groups by changing ecological factors such as local 482 
water, heat, light intensity and soil nutrient properties. Firstly, slope gradient can 483 
redistribute the solar radiation and precipitation, and therefore alters the soil temperature 484 
and soil moisture. (Qu et al., 2011). Besides, slope gradient affects soil erosion intensity 485 
and nutrient loss rate, resulting in differences in soil nutrients and ultimately affecting the 486 
distribution pattern of plants (Marini et al., 2007; Zhang et al., 2012). Swanson et al 487 
found that slope gradient had a significant effect on the spatial distribution of vegetation 488 
(Swanson et al., 1988). In temperate regions, the sunshine duration and the total amount 489 
of solar radiation that can be received by the places with different slope gradient are 490 
different, which is very important for the distribution of species. Surface runoff is an 491 
important part of peatland hydrology, and the change of slope may affect the habitat by 492 
influencing the average velocity of surface runoff, which may affect the growth 493 
environment of Sphagnum moss (Holden et al., 2008). 494 



 

 

4.2 Changes of potential distribution for Sphagnum moss 495 

The prediction maps reflected that future climate change will expand suitable habitat for 496 
Sphagnum moss in HDM (Figure 5), which in accordance with some previous research 497 
results that some researchers also found that Sphagnum moss is expanding rapidly in 498 
Canada and some countries in Europe (Granlund et al., 2022; Magnan et al., 2022). 499 
However, the suitable habitat of Sphagnum moss in China will face a massive reduction 500 
in the future (Cong et al., 2020), and Norby et al. found that under experimental warming 501 
conditions, the Sphagnum moss community experienced the rapid decline with sustained 502 
warming (Norby et al., 2019). The latest research found that the suitable habitat of 503 
Sphagnum moss increased massively in the high-latitude boreal peatland and decreased 504 
beyond the high-latitude boreal peatland at global scale (Ma et al., 2022). The effects of 505 
climate change on the distribution of Sphagnum moss does not follow a fixed pattern may 506 
be because the distribution of Sphagnum moss is influenced not only by regional climate, 507 
but also by local biotic (community composition, interspecific relationship) and abiotic 508 
factors (topography, microclimate, and soil properties). Our results indicated that the 509 
Sphagnum moss will experience a large-scale expansion under future climate scenarios in 510 
HDM. The efficient vegetative reproduction of Sphagnum moss allows it to occupy a 511 
large area quickly, and its spores have the ability to spread over long distances, which 512 
makes it possible to expand large areas (Sundberg, 2013; Zhu, 2022). Given Sphagnum 513 
moss is cold origin and prefers cool and wet climate (Cong et al., 2020), it has strong 514 
high-temperature resistance (Hanson et al., 1999; Haraguchi and Yamada, 2011), to 515 
survive facing the warmer and drier climate tendency in HDM (Xu et al., 2018), let along 516 
melting glaciers and thawing permafrost replenish water for it to a certain extent. Whilst, 517 
excessive warming and drought can make peatland ecosystems vulnerable (Jassey and 518 
Signarbieux, 2019), and peatland vegetation especially bryophytes is very sensitive to 519 
this change, so whether Sphagnum moss can maintain its current distribution is a great 520 
challenge in the further future. 521 

For adapting to climate warming, the distribution area of many plant species generally 522 
tends to shift northward or higher elevations (Cong et al., 2020; Hanewinkel et al., 2013; 523 
Ma et al., 2022; Thuiller et al., 2006; Thurm et al., 2018). Consistently, our results 524 
showed that the potential distribution of Sphagnum moss shifted clearly northeastward 525 
and higher elevations in the future in HDM. Longer growing seasons, glacial ablation and 526 
thawing permafrost caused by climate warming are all likely to increase the growth and 527 
productivity of Sphagnum moss farther north or at higher elevations (Küttim et al., 2019; 528 
Magnan et al., 2018). Sphagnum moss as the ecosystem engineer of peatlands, its rapid 529 
growth can competitively inhibit the growth of other bryophytes and vascular plant 530 
seedlings (Granath et al., 2010; Udd et al., 2015; van Breemen, 1995), thus prompting the 531 
succession from fens to bogs (Singh et al., 2020; Väliranta et al., 2017). In comparison, 532 
bogs with Sphagnum moss as the dominant population are more efficient carbon sinks 533 
than the fens dominated by herbaceous plants because bogs have lower productivity, 534 
slower decay rates, and less methane emissions (Granath et al., 2010; Hornibrook and 535 
Bowes, 2007; Szumigalski and Bayley, 1996). Although the transition of fens to bogs 536 
induced by climate change may increase peat accumulation (Loisel and Yu, 2013; 537 
Magnan et al., 2022), specialized species in fens may be threatened. Therefore, it is 538 
crucial for taking measures to protect peatland to further protect threatened species. 539 



 

 

There is evidence that human activity is the most and powerful destructive driver of the 540 
collapse of the marshes and has dramatically altered the original ecological balance 541 
(Davis and Froend, 1999; Hartig et al., 2002). For instance, the shift from peat bogs to 542 
forestry production has changed them from carbon sinks to carbon sources in 543 
northeastern China (Xing et al., 2015). Our results showed that Sphagnum moss will 544 
undergo tremendous shrinkage in the most climate scenarios in EHDM. We divide HDM 545 
into two parts based on its mid-ridge and tested effects of the integrity and connectivity 546 
of the landscape, which pointed out habitat destruction or shrinkage leads to a decline in 547 
the viability of the species (Fischer and Lindenmayer, 2007; Wu and Liu, 2014). The 548 
existence of available areas or boundaries can affect them by limiting resources and 549 
impairing dispersion (Henriques et al., 2016). In WHDM, Sphagnum moss tends to shift 550 
southward and lower elevations in the future, which is contrast the tendency in HDM. 551 
Moreover, the suitable habitat for Sphagnum moss were mainly distributed in the 552 
southwestern of Yunnan province, where the warm and wet climate of low altitude river 553 
valleys and lakes is conducive to the development of peat bogs (Jiang, 2019; Sun et al., 554 
1998). From the figure 9B, we could find that Sphagnum moss moving southward but 555 
closer to the river system, because in the presence of sufficient water they can survive in 556 
the place with high air temperatures through the cooling effect of evaporation (Dyukarev 557 
et al., 2009; Rydin, 1984). The reduction of suitable habitat for Sphagnum moss in 558 
EHDM suggested that the overall habitat shrinkage causes changes in the spatial pattern 559 
of suitable habitat, and this change will affect the resource acquisition, migration and 560 
colonization of species, as well as the ecological process of ecosystem. So, maintaining 561 
landscape integrity is important for species to survive and disperse. 562 

4.3 Limitations and implications 563 

The simulation results of this study provide an important reference for the conservation 564 
and management of Sphagnum moss in HDM, whereas there may be several factors to 565 
limit our results. Primarily, the accuracy and completeness of species presence data may 566 
affect the certainty of the model (Rocchini et al., 2011), and this uncertainty did not take 567 
into account within the study. Secondly, we did not consider the effects of land use, 568 
biological interactions and other factors on species distribution. At last, we assume that 569 
Sphagnum moss is free from barriers and can migrate to any suitable area. Actually, 570 
Sphagnum moss is reproduced by spores spreading, which is dependent on water, 571 
therefore, dispersal limitation should be taken into consideration. When integrating these 572 
factors into the models, suitable habitats for Sphagnum moss may be declined in some 573 
areas. Anyway, this study does provide important information for Sphagnum moss 574 
potential suitable distribution under future climate change. 575 

Sphagnum moss not only has a strong carbon storage function, but also has unique 576 
anticorrosive properties, adsorption capacity, cation exchange capacity, antioxidant 577 
function and antibacterial properties, and provide diverse ecosystem services, moreover, 578 
it has been widely used in agriculture, horticulture, environmental monitoring, sewage 579 
treatment and medicine and health fields (Beike et al., 2015; Gaudig et al., 2013; Gaudig 580 
et al., 2017; Krebs et al., 2017; Ma et al., 2017). In addition to climate change, Sphagnum 581 
moss also affected by the intensive human activities, such as peatland drainage, burning, 582 
grazing, trampling, large-scale peat and Sphagnum moss mining (Whinam et al., 2003). 583 



 

 

Once they are destroyed, it is very difficult to restore them to their original state. So, it is 584 
shortsighted to sacrifice ecological resources for economic value. Given this, some 585 
Sphagnum species have been listed as protection directory (Zhu, 2022). Moreover, due to 586 
its sensitivity to the environment, in addition to in situ conservation, ex situ conservation 587 
is also necessary. It is suggested to establish a germplasm bank of Sphagnum moss to 588 
strengthen the priority conservation of Sphagnum moss genetic resources. Additionally, 589 
due to the lack of species diversity, distribution and ecological environment data, it is 590 
necessary to strengthen the comprehensive surveys of Sphagnum moss resource and 591 
environmental data. The most important thing is to stop human destruction immediately, 592 
and to and to meet the demand for products of Sphagnum moss in various fields, the 593 
screening and breeding of high quality of Sphagnum species should be carried out. 594 

5. Conclusions 595 

Climate change will greatly affect the distribution of plants. The present study explored 596 
the habitat assessment of Sphagnum moss and its spatial distribution under different 597 
climate change scenarios. The results suggest that Sphagnum moss presence is to a large 598 
extent governed by precipitation in the coldest quarter, and the potential suitable 599 
distribution areas of Sphagnum moss would increase and shift toward north and higher 600 
elevations in HDM, which is contrast to the tendency in WHDM. However, the 601 
expansion of Sphagnum moss in HDM does not mean it can always benefit from climate 602 
warming, there will be more serious challenges on longer time-scales. Suitable habitat for 603 
Sphagnum moss shrinkage in WHDM is indicated that its spatial distribution pattern is 604 
seriously affected by landscape integrity, and the distinct migration directions of 605 
Sphagnum moss in HDM and WHDM suggest that landscape fragmentation blocks the 606 
migration path to the most suitable habitat and instead moves to the more suitable areas 607 
within the landscape. It follows that the maintenance of landscape integrity is essential 608 
for species conservation. Furthermore, HDM has accumulated carbon for millennia, it 609 
risks turning from a carbon pool into a carbon source as human activity intensifies. To 610 
protect the peatlands and Sphagnum moss, anthropic destructive activities should stop at 611 
once. Finally, our study provides a scientific basis for the management and protection of 612 
Sphagnum moss. 613 
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