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Abstract. Setyawan AD, Sutarno, Sugiyarto, Sunarto, Nursamsi I, Budiharta S, Supriatna J, Pradhan P. 2025. Climate-induced habitat 

contraction and elevational redistribution of Selaginella willdenowii and S. intermedia in Southeast Asia. Asian J For 9: 440-455. 

Climate change is increasingly recognized as a major threat to tropical biodiversity, particularly for moisture-dependent cryptogams 

with narrow environmental requirements. This study assessed the current and future habitat suitability of Selaginella willdenowii and 

Selaginella intermedia across Southeast Asia using Maximum Entropy (MaxEnt) modeling. A total of 726 occurrence records for S. 

willdenowii and 679 records for S. intermedia were compiled from field surveys conducted across Java Island, Indonesia and verified 

records obtained from the Global Biodiversity Information Facility (GBIF). Models were developed using climatic, edaphic, 

topographic, and UV-B radiation variables and projected under four Representative Concentration Pathway (RCP) scenarios (RCP 2.6, 

4.5, 6.0, and 8.5) for 2030, 2050, and 2080. The models showed high predictive performance, with AUC values exceeding 0.93 and TSS 

values exceeding 0.87. Annual precipitation, temperature, elevation, and UV-B radiation were identified as the most influential 

predictors of habitat suitability. Current suitable habitats were concentrated in mainland and maritime Southeast Asia, particularly in 

Indonesia, Peninsular Malaysia, and the Philippines. Java Island emerged as a major regional hotspot, supporting 57.7% and 48.9% 

suitable habitat coverage for S. willdenowii and S. intermedia, respectively. Future projections consistently indicated habitat contraction 

under all climate scenarios, with greater losses occurring under higher emission pathways and later projection periods. By 2080, suitable 

habitat was projected to decline by 16.9-23.4% for S. willdenowii and 27.3-33.2% for S. intermedia accompanied by pronounced 

upslope redistribution toward montane environments. The greater habitat loss predicted for S. intermedia reflects its stronger 

dependence on elevational gradients and narrower climatic niche. These findings identify montane landscapes as critical climate refugia 

and emphasize the importance of maintaining elevational connectivity to support the long-term persistence of tropical understory 

cryptogams under climate change. 
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INTRODUCTION 

Selaginella willdenowii (Desv.) Bak. and Selaginella 

intermedia (Bl.) Spring. are lycophytes belonging to the 

family Selaginellaceae. Both species have long been used 

as traditional medicines and edible plants in Indonesia and 

other parts of Southeast Asia (Setyawan 2009). Selaginella 

willdenowii contains phenolic compounds, flavonoids, and 

other antioxidant constituents and is traditionally used to 

treat wounds, fever, gastric disorders, urinary tract infections, 

menstrual pain, and skin diseases (Setyawan 2009). 

Selaginella intermedia is used for stomach disorders and 

asthma, and its medicinal properties have been associated 

with tannins and flavonoids exhibiting antioxidant activity 

(Winter and Jansen 2003). These uses underscore the 

ecological, cultural, and ethnobotanical significance of 

Selaginella species throughout Southeast Asia. 

Both species commonly occur in forests, agroforests, 

and shaded gardens, particularly in humid habitats such as 

forest floors, stream banks, and waterfall surroundings 

characterized by low light intensity and high humidity 

(Sartika et al. 2021). Their dependence on moist and 

thermally stable environments suggests high sensitivity to 

climatic change. In addition to habitat degradation caused 

by deforestation, agricultural expansion, logging, and 

infrastructure development, future changes in temperature 

and precipitation may substantially affect their habitat 

suitability and long-term persistence. 

Climate change is widely recognized as a major driver 

of biodiversity loss worldwide (Beckage et al. 2008). 

Rising temperatures and altered precipitation regimes are 

expected to modify environmental conditions that 

determine species distributions, leading to habitat 

contraction, distributional shifts, population declines, and 

elevated extinction risk (Thomas et al. 2004; Thuiller et al. 

2008; IPCC 2014). These impacts may be particularly 

severe for species with narrow environmental requirements 
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and limited tolerance to climatic variability. 

Southeast Asia is considered one of the regions most 

vulnerable to climate change because of its exceptional 

biodiversity, extensive tropical ecosystems, and strong 

dependence on natural resources (Loo et al. 2015). The 

region is characterized by monsoonal climatic systems that 

regulate rainfall seasonality and ecosystem productivity. 

Projected increases in temperature and changes in 

precipitation regimes are expected to affect ecological 

processes throughout the region and may result in habitat 

contraction, distributional shifts, altered phenology, and 

reduced reproductive success in many plant species 

(Thuiller et al. 2008; Brummitt and Bachman 2010). 

Understanding species responses to climate change has 

therefore become a major priority in biodiversity 

conservation. Ecological Niche Modeling (ENM), also 

known as Species Distribution Modeling (SDM), is widely 

used to evaluate potential responses to environmental 

change by relating species occurrences to environmental 

predictors (Guisan and Thuiller 2005; Elith and Leathwick 

2009). Among available approaches, Maximum Entropy 

(MaxEnt) is one of the most widely applied methods 

because of its strong predictive performance with presence-

only data and its ability to project species distributions 

under future climate scenarios (Phillips et al. 2006; Merow 

et al. 2013). 

Despite growing interest in climate-change impacts on 

biodiversity, cryptogams remain underrepresented in 

regional-scale vulnerability assessments. This gap is 

particularly evident in tropical Asia, where studies of 

Selaginella have focused primarily on taxonomy, ecology, 

distribution, and ethnobotanical uses, whereas assessments 

of future habitat vulnerability remain scarce. Consequently, 

little is known about how climate change may affect the 

distribution and habitat availability of S. willdenowii and S. 

intermedia across Southeast Asia. 

Given the strong dependence of both species on humid 

and thermally stable environments, we hypothesized that 

climate change will reduce the extent of climatically 

suitable habitats and drive an upward redistribution of 

suitable areas toward higher elevations. We further 

hypothesized that S. intermedia would experience greater 

habitat contraction than S. willdenowii because of its 

stronger association with montane environments and 

narrower elevational niche. Accordingly, this study 

addressed three questions: (i) Which environmental 

variables most strongly determine the current distribution 

of both species? (ii) How will habitat suitability change 

under alternative climate scenarios through 2080? and (iii) 

To what extent will climate change alter the elevational 

distribution and potential refugial habitats of these species 

across Southeast Asia and Java Island? 

This study aimed to model the climatically suitable 

habitats of S. willdenowii and S. intermedia across 

Southeast Asia under future climate scenarios. Using 

MaxEnt, we evaluated habitat suitability based on species 

occurrence records and climatic, edaphic, topographic, and 

UV-B radiation variables. Future projections were 

generated under four Representative Concentration 

Pathway (RCP) scenarios for 2030, 2050, and 2080. 

Particular attention was given to Java Island, an important 

habitat center for both species and the primary source of 

field-occurrence data used in model development. By 

quantifying habitat contraction and elevational 

redistribution under projected climate conditions, this study 

provides a regional assessment of climate-related 

vulnerability in two ecologically and ethnobotanically 

important Selaginella species. 

MATERIALS AND METHODS 

Study area 

Southeast Asia as the regional study area 

The study was conducted across Southeast Asia (SEA), 

extending from approximately 23.5°N to 10°S latitude and 

97°E to 141°E longitude, covering about 4,687,481 km² of 

land area. Southeast Asia comprises eleven countries and is 

commonly divided into mainland Southeast Asia 

(Cambodia, Laos, Myanmar, Peninsular Malaysia, 

Thailand, and Vietnam) and maritime Southeast Asia 

(Indonesia, the Philippines, Malaysian Borneo, Brunei 

Darussalam, Singapore, and Timor-Leste) (United Nations 

Statistics Division 2015). China geographically bounds the 

region to the north, India to the west, New Guinea to the 

east, and Australia to the south. 

The climate of Southeast Asia is predominantly humid 

tropical and strongly influenced by monsoonal circulation, 

resulting in distinct wet and dry seasons and considerable 

spatial variation in precipitation (Aldrian and Susanto 

2003). Most areas experience high temperatures and 

humidity throughout the year, whereas subtropical climatic 

conditions occur only in limited high-elevation regions of 

northern Vietnam and the Myanmar Himalayas (NIC 

2009). Southeast Asia has experienced substantial climatic 

changes over the past century, with average annual surface 

temperatures increasing by approximately 0.5-1.1°C 

between 1901 and 2005 (NIC 2009). Climate projections 

further indicate continued warming and increasing climatic 

variability throughout the twenty-first century (IPCC 

2014). 

Java Island as a focal assessment region 

Although the analysis was conducted at the Southeast 

Asian scale, Java Island received particular attention 

because it contributed the majority of primary occurrence 

records used in model development and represents one of 

the most environmentally heterogeneous regions within the 

study area. Java contains strong elevational gradients, 

diverse forest ecosystems, and a wide range of climatic 

conditions that support the occurrence of numerous 

Selaginella populations. Furthermore, the island has 

experienced extensive land-use change and habitat 

fragmentation, making it an important region for evaluating 

potential climate-related changes in habitat suitability. 

Consequently, a separate assessment of current and future 

habitat suitability was conducted for Java Island to provide 

a finer-scale interpretation of habitat contraction and 

elevational redistribution patterns (Figure 1). 
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Figure 1. Current predicted distribution of suitable habitats for Selaginella willdenowii and S. intermedia across Southeast Asia, 

highlighting Java Island, Indonesia, as a focal assessment region. Basemap source: Google Physical Maps (2014) 

 

 

Species occurrence data 

Field surveys in Java Island 

Occurrence records of Selaginella willdenowii and S. 

intermedia were obtained from two complementary 

sources. The primary dataset was derived from field 

surveys conducted throughout Java Island between 2007 

and 2014. During these surveys, species identification was 

performed using major taxonomic treatments of Selaginella 

from Java and the Lesser Sunda Islands (Alston 1935b), 

Sumatra (Alston 1937), Celebes and the Moluccas (Alston 

1940), Peninsular Malaysia (Wong 1982, 2010), the 

Philippines (Alston 1935a), Thailand (Tagawa and 

Iwatsuki 1979), Vietnam (Pham-Hoang 1991), Taiwan 

(Tsai and Shieh 1994), and China (Zhang et al. 2013b). 

Species identification and distributional information were 

further supported by previous investigations conducted in 

Banten (Setyawan 2015a), West Java (Harli 2013), Central 

Java (Panjaitan 2013), Yogyakarta (Setyawan et al. 2015a), 

southern West Java (Setyawan 2015b), southern Central Java 

(Setyawan 2012; Setyawan et al. 2016), Mount Merapi 

(Setyawan et al. 2012), Mount Lawu (Setyawan et al. 

2013), Bromo Tengger Semeru National Park (Setyawan 

and Sugiyarto 2015), the Dieng Plateau (Setyawan et al. 

2015c), and the Sewu Karst region (Setyawan et al. 2015b). 

Field sampling was designed to encompass a broad 

range of environmental conditions across western, central, 

and eastern Java in order to capture the climatic variability 

of the island and reduce potential geographic sampling 

bias. A total of 205 occurrence records of S. willdenowii 

and 161 occurrence records of S. intermedia were obtained 

from field observations. Geographic coordinates were 

recorded using Global Positioning System (GPS) devices, 

and no additional coordinate correction was applied 

because the expected telemetry error was considered 

negligible relative to the spatial resolution used for 

modeling (Montgomery et al. 2011). 

Occurrence records from GBIF 

Additional occurrence records were obtained from the 

Global Biodiversity Information Facility (GBIF 2024; 

http://www.gbif.org). All downloaded records were 

carefully examined to identify potential geographic and 

taxonomic inconsistencies. Coordinate errors were verified 

and corrected using Google Earth Pro, whereas records 

lacking geographic coordinates were georeferenced using 

Biogeomancer Workbench based on the locality 

descriptions provided for each specimen. Records with 

ambiguous or insufficient locality information that could 

not be reliably georeferenced were excluded from 

subsequent analyses. The GBIF dataset contributed 521 

occurrence records of S. willdenowii and 518 occurrence 

records of S. intermedia. These records were subsequently 

combined with the field-survey dataset, resulting in an 

initial database of 726 occurrence records for S. 
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willdenowii and 679 occurrence records for S. intermedia 

across Southeast Asia. To reduce spatial sampling bias and 

spatial autocorrelation, occurrence records were subsequently 

filtered using a minimum nearest-neighbor distance of 5 

km. After spatial filtering, 560 unique occurrence records 

of S. willdenowii and 498 occurrence records of S. 

intermedia were retained for model development and 

subsequent analyses. 

Spatial filtering and sampling bias correction 

Occurrence datasets are often affected by spatial 

sampling bias because records tend to be concentrated in 

accessible or frequently surveyed locations, potentially 

influencing model predictions and ecological interpretation 

(Fourcade et al. 2013). To reduce these effects, two bias-

correction procedures were implemented. First, spatial 

filtering was applied using a 5-km thinning distance, 

retaining a single occurrence record within each 

neighborhood to reduce spatial clustering while preserving 

geographic representation. This procedure was performed 

in QGIS version 2.18.16 (QGIS Development Team 2017). 

Second, a bias file was incorporated into MaxEnt to 

account for uneven sampling intensity. Because survey-

effort data were unavailable, a Gaussian kernel density 

surface was generated from occurrence locations using 

SDMToolbox in ArcGIS and rescaled from 1 to 20 

following Fourcade et al. (2014). The resulting bias layer 

was used to guide background-point selection and reduce 

the influence of spatially uneven sampling effort (Elith et 

al. 2010; Phillips et al. 2017). Model calibration and 

projection were restricted to the Southeast Asian region 

using political boundaries obtained from the Global 

Administrative Areas (GADM) database (www.gadm.org) 

Environmental variables 

Environmental variables were selected based on their 

potential influence on Selaginella distribution reported in 

previous studies (Mod et al. 2016; Setyawan et al. 2016, 

2017). Initially, 26 predictors were compiled, including 19 

bioclimatic variables, two edaphic variables (soil pH and 

soil organic carbon), elevation, and four UV-B radiation 

variables. Bioclimatic variables and elevation data were 

obtained from WorldClim version 2.0 (Fick and Hijmans 

2017), soil variables from the International Center for 

Tropical Agriculture (CIAT), and UV-B radiation variables 

(UVB1-UVB4) from the glUV database (Beckmann et al. 

2014). All environmental layers were resampled, clipped to 

the study area, and standardized using QGIS version 

2.18.14 (QGIS Development Team 2017). 

To reduce multicollinearity and improve model 

interpretability, pairwise correlations among predictors were 

evaluated using Spearman’s rank correlation coefficient. 

Variables with correlation coefficients greater than 0.95 

were excluded following Bedia et al. (2013). Correlation 

analysis and variable selection were performed using SDM 

Toolbox version 2.0 (Brown 2014) within ArcGIS version 

10.3. Following the variable-selection procedure, 13 

environmental predictors were retained for model 

development, comprising six bioclimatic variables (bio_1, 

bio_2, bio_3, bio_4, bio_12, and bio_19), two edaphic 

variables (soil_carbon and soil_ph), altitude (Alt), and four 

UV-B radiation variables (UVB1–UVB4). These variables 

were subsequently used as predictors in all MaxEnt models 

(Table 1). 

Future climate scenarios 

Future climate projections were used to evaluate the 

potential effects of climate change on the distribution of 

climatically suitable habitats for Selaginella willdenowii 

and S. intermedia. Climate data were obtained from the 

CGIAR Research Program on Climate Change, 

Agriculture, and Food Security (CCAFS) database and 

were based on the HadGEM2-CC Global Climate Model 

developed by the Hadley Center, United Kingdom (Collins 

et al. 2011). This model participated in the Coupled Model 

Intercomparison Project Phase 5 (CMIP5) and was among 

the most widely used climate datasets available when the 

analyses were conducted. 

Future habitat suitability was projected under four 

Representative Concentration Pathway (RCP) scenarios 

(RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5) for three time-

horizons: 2030, 2050, and 2080 (Moss et al. 2010; Riahi et 

al. 2011). Because future projections were unavailable for 

soil pH, soil organic carbon, UV-B radiation variables 

(UVB1–UVB4), and elevation, these predictors were 

assumed to remain constant across all scenarios, while 

climatic variables were allowed to vary. 

 

 

Table 1. Environmental variables used in MaxEnt modeling 
 

Code Name Unit Source  

Alt Altitude m asl WorldClim v2.0 

bio_1 Annual mean temperature °C×10 WorldClim v2.0 

bio_2 Mean diurnal range °C×10 WorldClim v2.0 

bio_3 Isothermality ×100 WorldClim v2.0 

bio_4 Temperature seasonality ×100 WorldClim v2.0 

bio_12 Annual precipitation mm WorldClim v2.0 

bio_19 Precipitation of coldest quarter mm WorldClim v2.0 

soil_carbon Soil organic carbon g kg-¹ CIAT 

soil_ph Soil pH pH CIAT 

UVB1 Annual mean UV-B J m-² day-¹ glUV 

UVB2 UV-B seasonality J m-² day-¹ glUV 

UVB3 Mean UV-B of highest month J m-² day-¹ glUV 

UVB4 Mean UV-B of lowest month J m-² day-¹ glUV 
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To reduce uncertainties associated with Global Climate 

Models, bias-corrected climate datasets provided by 

CGIAR-CCAFS were used. These datasets incorporate 

Bias Correction, Change Factor, and Quantile Mapping 

procedures to improve agreement between projected and 

observed climate conditions (Thrasher et al. 2012). The 

resulting climate layers were subsequently incorporated 

into MaxEnt to estimate future habitat suitability, quantify 

habitat contraction, and evaluate elevational redistribution 

of S. willdenowii and S. intermedia across Southeast Asia 

under alternative climate scenarios. 

Species distribution modeling 

Species distribution models were developed using 

MaxEnt version 3.4.1 (Phillips et al. 2017), a machine-

learning algorithm widely used for ecological niche 

modeling based on presence-only occurrence data and 

environmental predictors (Phillips and Dudík 2008; Merow 

et al. 2013). MaxEnt was selected because of its strong 

predictive performance and suitability for assessing 

climate-driven changes in species distributions (Johnston et 

al. 2012; Duan et al. 2016). 

Model settings were adjusted to improve predictive 

performance and reduce overfitting. Maximum iterations 

were set to 5,000, the convergence threshold to 1 × 10-⁶, 

and model performance was evaluated using ten-fold cross-

validation, in which 90% of occurrence records were used 

for model training and 10% for testing in each replicate. 

Final predictions were generated from the average of ten 

replicated runs. 

Only hinge features were enabled to produce smoother 

response curves and improve model interpretability, while 

the regularization multiplier was doubled from the default 

value to accommodate the broad geographic extent of 

occurrence records and improve transferability to future 

climate scenarios (Merow et al. 2013; Radosavljevic and 

Anderson 2014). Current models were subsequently 

projected onto future climate scenarios using the MaxEnt 

projection function to evaluate habitat contraction, 

persistence, and elevational redistribution of S. willdenowii 

and S. intermedia under climate change (Van der Wal et al. 

2009). 

Model evaluation and data analysis 

Model outputs were generated in logistic format, 

producing habitat suitability values ranging from 0 to 1 for 

each grid cell. To facilitate quantitative comparisons, 

continuous suitability maps were converted into binary 

suitable–unsuitable habitat classes using the “maximum 

training sensitivity plus specificity” threshold, which 

provides a balanced compromise between omission and 

commission errors and is appropriate for widespread 

species (Liu et al. 2016). 

Binary habitat maps were used to quantify current and 

future habitat extent, habitat contraction, and persistence 

under different climate scenarios. Spatial analyses, area 

calculations, and map production were conducted using 

QGIS version 2.18.16 (QGIS Development Team 2017). 

The relative contribution of environmental variables was 

extracted from MaxEnt outputs, and predictor importance 

was further evaluated using jackknife analysis to identify 

variables with the greatest independent explanatory power 

(Phillips et al. 2009) (Table 2; Figure 2). Elevational 

distributions of suitable habitats were also quantified under 

current and future climates to assess potential upslope 

shifts and habitat redistribution (Table 3; Figures 5 and 8). 

Model performance was evaluated using the Area 

Under the Receiver Operating Characteristic Curve (AUC) 

and the True Skill Statistic (TSS). AUC assesses the 

discriminatory ability of the model (Araújo et al. 2005), 

whereas TSS provides a prevalence-independent measure 

of agreement between observed and predicted distributions 

(Allouche et al. 2006). Both metrics were used to assess the 

predictive performance and reliability of the final MaxEnt 

models. 

RESULTS AND DISCUSSION 

Environmental drivers and model performance 

Following spatial filtering, 560 unique occurrence 

records of Selaginella willdenowii (77.1% of the original 

dataset) and 498 records of S. intermedia (73.3% of the 

original dataset). These data were retained for model 

construction and evaluation. 

MaxEnt models identified climatic and radiation-related 

variables as the primary determinants of habitat suitability 

for both species, although the most influential predictors 

differed between them (Table 2). For S. willdenowii, annual 

precipitation (22.3%), annual mean UV-B radiation 

(17.1%), and annual mean temperature (16.8%) 

collectively explained 56.2% of the model contribution. In 

contrast, S. intermedia was mainly influenced by altitude 

(32.9%), annual precipitation (15.0%), and UV-B 

seasonality (11.3%), accounting for 59.2% of total 

contribution and indicating a stronger dependence on 

elevational gradients. Jackknife analysis showed that UV-B 

seasonality (UVB2) contained the greatest independent 

information for both species, whereas mean diurnal 

temperature range (bio_2) contributed the most unique 

information when omitted (Figure 2). Model performance 

was excellent, with AUC values of 0.948 for S. willdenowii 

and 0.936 for S. intermedia, and TSS values of 0.89 and 

0.87, respectively, confirming the reliability of the models 

for predicting current and future habitat suitability. 

Environmental response of Selaginella willdenowii 

Response curves indicated that annual precipitation, 

annual mean UV-B radiation, and annual mean temperature 

were the most influential environmental predictors of 

habitat suitability for S. willdenowii (Figure 3). Habitat 

suitability was highest in areas receiving approximately 

3,100-4,200 mm of annual rainfall, with annual mean UV-

B radiation ranging from 4,700 to 4,800 J m-² day-¹ and 

annual mean temperatures between 23°C and 27°C 

(Figures 3.A-C). These results suggest that S. willdenowii 

is strongly associated with humid, moderately warm 

tropical environments and exhibits a relatively narrow 

tolerance to variation in both temperature and UV-B 

radiation. 
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Table 2. Relative contribution (%) of environmental variables to the MaxEnt models for Selaginella willdenowii and S. intermedia 

 

Variables Description 
Contribution (%) 

S. willdenowii S. intermedia 

Alt Altitude 1.5 32.9 

bio_1 Annual mean temperature  16.8 7.3 

bio_2 Mean diurnal range 12.2 5.1 

bio_3 Isothermality 4.1 5.6 

bio_4 Temperature seasonality 2.9 4.7 

bio_12 Annual precipitation 22.3 15 

bio_19 Precipitation of coldest quarter 7.5 1.0 

soil_carbon Soil organic carbon 1.4 0.4 

soil_ph Soil pH 3.9 5.4 

UVB1 Annual mean UV-B 17.1 0.8 

UVB2 UV-B Seasonality 9.6 11.3 

UVB3 Mean UV-B of lightest month 0.6 3.5 

UVB4 Mean UV-B of lowest month 0.1 7.0 

  

 

 
 

Figure 2. Jackknife test of environmental variable importance for Selaginella willdenowii and S. intermedia 

 

  

Environmental response of Selaginella intermedia 

The response curves indicated that altitude, annual 

precipitation, and UV-B seasonality were the most 

influential predictors of habitat suitability for S. intermedia 

(Figure 4). Habitat suitability was highest at elevations of 

approximately 700-1,500 m asl, in areas receiving 3,000-

4,000 mm of annual rainfall, and under UV-B seasonality 

values ranging from 0.45 × 10⁵ to 0.65 × 10⁵ J m-² day-¹ 

(Figures 4.A-C). These results indicate that S. intermedia is 

primarily associated with humid submontane and lower 

montane environments and may be sensitive to variations in 

both hydroclimatic conditions and seasonal UV-B radiation. 

Current habitat suitability across Southeast Asia 

Regional distribution of suitable habitat 

Using 560 occurrence records of Selaginella 

willdenowii and 498 records of S. intermedia, the MaxEnt 

models predicted extensive suitable habitats across 

Southeast Asia (Figure 1). Suitable habitat for S. 

willdenowii covered approximately 982,246 km² (21% of 

the regional land area) and was distributed from 100 to 

3,233 m asl, with major concentrations in southern 

Thailand, Peninsular Malaysia, Sumatra, Java, Sulawesi, 

and the southern Philippines. For S. intermedia, suitable 

habitat covered approximately 1,068,808 km² (22% of the 

regional land area) and occurred between 700 and 2,994 m 

asl. Its distribution was broadly similar but extended more 

widely across southern Peninsular Malaysia and included 

additional suitable areas in Borneo and Papua.  

Altitudinal distribution of suitable habitat 

A separate analysis revealed distinct elevational 

preferences between the two species (Figure 5). Suitable 

habitats of S. willdenowii were concentrated between 400 

and 2,200 m asl, accounting for 87.9% of the total suitable 

area, indicating a strong association with low- to mid-

elevation humid environments. In contrast, S. intermedia 

exhibited a narrower and higher elevational distribution, 

with 85.9% of suitable habitat occurring between 800 and 

1,600 m asl and a greater proportion extending above 1,600 

m asl. These results indicate that S. intermedia is more 

strongly associated with submontane and montane 

environments, providing an important baseline for 

evaluating future climate-driven elevational shifts. 

Current habitat suitability in Java Island 

Distribution of suitable habitat in Java Island 

Java Island emerged as a major center of habitat 

suitability for both Selaginella species in Southeast Asia 

due to its high environmental heterogeneity and extensive 

occurrence records. Suitable habitat for S. willdenowii was 

widely distributed across the island, particularly in mountainous 

and upland areas from western to eastern Java (Figure 1). A 

similar pattern was observed for S. intermedia, although its 

distribution was more strongly associated with upland and 

montane environments, reflecting the greater influence of 
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elevation on habitat suitability. Despite these differences, 

both species exhibited substantial overlap in suitable 

habitats, especially within the major mountain systems of 

western, central, and eastern Java. 

Relative habitat availability in Java Island 

The model predicted that 57.7% of Java Island 

(77,370.1 km²) provides suitable habitat for S. willdenowii, 

while 48.9% (65,508.6 km²) is suitable for S. intermedia. 

These proportions are substantially higher than those 

predicted across Southeast Asia as a whole, highlighting 

Java as a major regional stronghold for both species. The 

extensive habitat availability, high environmental 

heterogeneity, and importance of Java as a source of 

occurrence records further emphasize its value as a focal 

region for assessing future climate-induced habitat 

contraction and elevational redistribution. 

Future habitat contraction across Southeast Asia 

Changes in suitable habitat under future climate scenarios 

Future climate projections consistently predicted habitat 

contraction for both Selaginella willdenowii and S. intermedia 

across Southeast Asia (Figure 6), with losses increasing 

through time and under higher emission scenarios. By 

2030, habitat reductions ranged from 2.2-7.5% for S. 

willdenowii and 6.2-12.3% for S. intermedia. Habitat loss 

became more pronounced by 2050, particularly under RCP 

8.5, with declines of approximately 14% and 24%, 

respectively. The greatest reductions were projected for 

2080, reaching 16.9-23.4% for S. willdenowii and 27.3-

33.2% for S. intermedia. Major habitat losses were 

concentrated in southern Cambodia, Thailand, Java, 

Sulawesi, and Papua. Across all scenarios, S. intermedia  

consistently experienced greater habitat contraction than S. 

willdenowii, indicating higher vulnerability to future 

climate change. The results suggest a progressive reduction 

in climatically suitable habitats throughout Southeast Asia 

under continued warming. 
 

 

 
 

Figure 5. Current elevational distribution of suitable habitat for 

Selaginella willdenowii and S. intermedia across Southeast Asia. 

Values indicate the proportion of suitable habitat occurring within 

each elevational band 
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Figure 3. Response curves of the three most influential environmental variables affecting habitat suitability of Selaginella willdenowii: 

A. Annual precipitation (bio_12), B. Annual mean UV-B radiation (UVB1), and C. Annual mean temperature (bio_1) 

 

   
A B C 

 

Figure 4. Response curves of the three most influential environmental variables affecting habitat suitability of Selaginella intermedia: 

A. Altitude, B. Annual precipitation (bio_12), and C. UV-B seasonality (UVB2) 
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Figure 6. Projected distribution of suitable habitats for Selaginella willdenowii and S. intermedia across Southeast Asia under four 

Representative Concentration Pathway (RCP) scenarios (2.6, 4.5, 6.0, and 8.5) for 2030, 2050, and 2080. Colors indicate areas suitable 

for both species, only S. willdenowii, or only S. intermedia 

 

 

Future habitat contraction in Java Island 

Habitat loss under RCP 2.6-8.5 scenarios 

Future climate projections indicated progressive habitat 

loss for both S. willdenowii and S. intermedia in Java Island 

under all emission scenarios, with reductions increasing 

through time and under higher greenhouse-gas trajectories. 

By 2080, suitable habitat for S. willdenowii was projected to 

decline by 15.6%, 16.3%, 17.9%, and 21.6% under RCP 2.6, 

4.5, 6.0, and 8.5, respectively. Corresponding habitat losses 

for S. intermedia were greater, reaching 20.0%, 22.9%, 

25.4%, and 27.2%. These results indicate that climate 

change is likely to substantially reduce habitat availability 

across Java Island, with S. intermedia consistently exhibiting 

higher vulnerability than S. willdenowii.  

Comparison between Selaginella willdenowii and S. intermedia 

Across all climate scenarios, S. intermedia consistently 

exhibited greater habitat losses than S. willdenowii, 
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indicating higher vulnerability to future climate change 

(Figure 7). This difference likely reflects the broader 

environmental tolerance of S. willdenowii and the more 

restricted elevational niche of S. intermedia. Despite these 

differences, both species showed a similar pattern of 

progressive habitat contraction under future warming. 

These findings highlight Java Island as an important region 

for monitoring climate-driven habitat changes and 

developing conservation strategies for climate-sensitive 

forest understory cryptogams. 

Elevational redistribution under climate change 

Elevational shifts in Southeast Asia 

Future climate projections indicated that both S. 

willdenowii and S. intermedia will experience upslope 

redistribution of suitable habitats across Southeast Asia 

(Table 3; Figure 8). Suitable habitats at lower elevations 

progressively declined, whereas those at higher elevations 

increased under all climate scenarios. For S. willdenowii, 

habitat suitability shifted from low- and mid-elevation 

zones toward higher elevations, while S. intermedia 

exhibited a more pronounced upward shift from its current 

core distribution of 800-1,600 m asl. This trend became 

stronger over time and under higher-emission scenarios, 

resulting in suitable habitats becoming increasingly 

concentrated within mountain systems and upland regions 

throughout Southeast Asia. 

Elevational shifts in Java Island 

Java Island exhibited a clear pattern of climate-driven 

elevational redistribution, with suitable habitats for both 

species shifting toward higher elevations under future 

climate scenarios (Figure 8). For S. willdenowii, habitat 

losses occurred mainly at low and mid elevations, while 

montane areas remained relatively suitable, suggesting a 

potential refugial role of mountain ecosystems. The shift 

was more pronounced in S. intermedia, which experienced 

greater habitat losses at lower elevations and increasing 

restriction to higher-altitude environments. Under the RCP 

8.5 scenario, suitable habitats for both species became 

concentrated in the highest mountain systems of Java, 

indicating that future persistence may depend heavily on 

the availability and connectivity of montane habitats. 

Despite this upslope redistribution, the overall extent of 

suitable habitat is projected to decline substantially. 

Discussion 

Climatic determinants of Selaginella distribution 

The results indicate that climatic variables are the 

primary determinants of habitat suitability for S. 

willdenowii and S. intermedia across Southeast Asia. 

Precipitation, temperature, altitude, and UV-B radiation 

accounted for most of the variation in habitat suitability 

(Table 2; Figures 2-4), reflecting the strong association of 

Selaginella species with humid environments, shaded 

understory habitats, and stable microclimatic conditions. 

Similar patterns have been reported for many lycophytes 

and ferns, whose distributions are strongly regulated by 

hydrothermal conditions because adequate moisture is 

essential for growth, reproduction, and physiological 

functioning (Kessler et al. 2011; Testo and Sundue 2016). 

Consequently, even modest changes in temperature and 

precipitation can alter habitat suitability and distribution 

patterns (Setyawan et al. 2017). The high predictive 

performance of the MaxEnt models (AUC > 0.93; TSS > 

0.87) indicates that these environmental variables 

effectively captured the major ecological gradients 

influencing both species. The projected habitat contractions 

under all future climate scenarios further suggest that both 

species occupy relatively narrow climatic niches and may 

be particularly vulnerable to future environmental change 

across Southeast Asia.  
 

 

 
  

Figure 7. Projected suitable habitat area (km²) of Selaginella 

willdenowii and S. intermedia under current and future climate 

scenarios (RCP 2.6-8.5) for 2030, 2050, and 2080. Bars represent 

absolute habitat area rather than percentage change.  

 

 

Table 3. Projected elevational changes (%) in suitable habitat of 

Selaginella intermedia and S. willdenowii under RCP 2.6 and 

RCP 8.5 scenarios in 2080 

 

Elevation 

(m) 

S. intermedia  S. willdenowii  

RCP 2.6 

(%) 

RCP 8.5 

(%) 

RCP 2.6 

(%) 

RCP 8.5 

(%) 

2500 57.27 103.74 92.22 168.10 

2400 52.30 95.69 90.37 160.06 

2300 47.33 87.65 89.98 87.09 

2200 42.36 79.60 88.93 82.12 

2100 37.39 71.55 87.17 77.15 

2000 32.42 63.51 83.33 72.18 

1900 27.46 55.46 75.54 67.21 

1800 22.49 47.42 73.47 52.30 

1700 17.52 39.37 70.21 47.33 

1600 12.55 31.32 68.78 42.36 

1500 7.58 23.28 67.60 37.39 

1400 2.61 15.23 67.01 32.42 

1300 -2.36 7.19 66.70 27.46 

1200 -7.33 -0.86 65.52 22.49 

1100 -12.30 -5.71 65.42 17.52 

1000 -17.27 -8.90 61.71 12.55 

900 -22.24 -20.17 51.49 7.58 

800 -29.79 -24.46 30.04 7.19 

700 -29.90 -56.11 -20.17 2.61 

600 -36.53 -61.31 -24.46 -0.86 

500 -40.54 -67.21 -53.34 -5.71 

400 -47.70 -69.75 -57.61 -8.90 

300 -53.34 -73.91 -61.31 -20.17 

200 -57.61 -75.15 -67.21 -24.46 

100 -61.40 -77.78 -69.75 -56.11 
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S. intermedia S. willdenowii

(meter) RCP 2.6 (%) RCP 8.5 (%) RCP 2.6 (%) RCP 8.5 (%)

2500 57.27 103.74 92.22 168.10

2400 52.30 95.69 90.37 160.06

2300 47.33 87.65 89.98 87.09

2200 42.36 79.60 88.93 82.12

2100 37.39 71.55 87.17 77.15

2000 32.42 63.51 83.33 72.18

1900 27.46 55.46 75.54 67.21

1800 22.49 47.42 73.47 52.30

1700 17.52 39.37 70.21 47.33

1600 12.55 31.32 68.78 42.36

1500 7.58 23.28 67.60 37.39

1400 2.61 15.23 67.01 32.42

1300 -2.36 7.19 66.70 27.46

1200 -7.33 -0.86 65.52 22.49

1100 -12.30 -5.71 65.42 17.52

1000 -17.27 -8.90 61.71 12.55

900 -22.24 -20.17 51.49 7.58

800 -29.79 -24.46 30.04 7.19

700 -29.90 -56.11 -20.17 2.61

600 -36.53 -61.31 -24.46 -0.86

500 -40.54 -67.21 -53.34 -5.71

400 -47.70 -69.75 -57.61 -8.90

300 -53.34 -73.91 -61.31 -20.17

200 -57.61 -75.15 -67.21 -24.46

100 -61.40 -77.78 -69.75 -56.11  
 

Figure 8. Projected elevational redistribution of suitable habitat 

for Selaginella willdenowii and S. intermedia under RCP 2.6 and 

RCP 8.5 climate scenarios in 2080. Positive values indicate gains 

and negative values indicate losses of suitable habitat relative to 

current conditions within each 100-m elevational interval. 

 

Effects of precipitation and temperature 

Precipitation was one of the most influential predictors 

for both species and the most important climatic variable 

for S. willdenowii, with optimal habitat suitability 

occurring in areas receiving more than 3,000 mm of annual 

rainfall (Figure 3; Table 2). This pattern reflects the strong 

dependence of Selaginella on moist environments, as water 

availability regulates photosynthesis, nutrient transport, 

growth, and reproduction (Thuiller et al. 2008). 

Experimental studies have also shown that dehydration can 

substantially reduce physiological performance in 

Selaginella (Deeba et al. 2009), explaining the close 

relationship between habitat suitability and precipitation 

observed in this study. 

Temperature was likewise a major determinant of 

habitat suitability. Selaginella willdenowii responded 

strongly to annual mean temperature, whereas S. 

intermedia was more influenced by elevation-associated 

temperature gradients (Table 2; Figures 3-4). Both species 

exhibited relatively narrow thermal niches, suggesting 

sensitivity to climatic warming. Because increasing 

temperatures can elevate evapotranspiration and reduce 

environmental humidity, future habitat losses are likely 

driven by the combined effects of warming and altered 

precipitation regimes rather than by either factor alone. 

This interpretation is consistent with studies identifying 

hydrothermal balance as a key driver of plant distribution 

shifts under climate change (Parmesan and Yohe 2003; 

Thuiller et al. 2008). 

Ecological significance of UV-B radiation 

A notable finding of this study is the importance of UV-

B radiation in shaping habitat suitability for both species. 

Annual mean UV-B radiation (UVB1) was among the most 

influential predictors for S. willdenowii, while UV-B 

seasonality (UVB2) contributed strongly to the S. 

intermedia model and provided the greatest independent 

information in the jackknife analysis (Table 2; Figure 2). 

UV-B radiation affects numerous physiological processes, 

including photosynthesis, growth, secondary metabolism, 

and stress responses (Caldwell et al. 1998). The relatively 

narrow optimum UV-B ranges identified in the response 

curves suggest that both species are adapted to specific 

radiation environments associated with humid and shaded 

forest habitats. Previous studies have also shown that light 

conditions strongly influence the physiology and 

distribution of Selaginella species (Eickmeier 1986). 

Because UV-B radiation is closely linked to canopy cover, 

temperature, and humidity, it may serve as an integrated 

indicator of habitat quality rather than acting as an isolated 

environmental factor. Nevertheless, the mechanisms 

underlying UV-B responses in tropical lycophytes remain 

poorly understood and warrant further investigation.  

Current habitat suitability patterns in Southeast Asia 

Mainland Southeast Asia. Mainland Southeast Asia 

provides extensive suitable habitat for both S. willdenowii 

and S. intermedia, particularly in southern Thailand, 

southern Cambodia, southern Vietnam, and parts of 

Myanmar (Figure 1). These regions are characterized by 

high rainfall, relatively stable temperatures, and extensive 

forest cover, corresponding closely with the environmental 

conditions identified as important by the MaxEnt models 

(Table 2; Figures 3-4). The predicted distributions are 

consistent with documented occurrence records of both 

species in Thailand (Tagawa and Iwatsuki 1979) and 

Vietnam (Pham-Hoang 1991; Kalyuzhnyi et al. 2024), 

indicating that the models successfully captured their broad 

ecological requirements and regional distribution patterns. 

The fragmented distribution of suitable habitats across the 

mainland likely reflects the region’s pronounced climatic 

and topographic heterogeneity, where mountain systems, 

complex geological history (Woodruff 2010), monsoonal 

climatic dynamics that shape biodiversity patterns (Sodhi et 

al. 2004), and extensive land-use change (Corlett 2014) 

have produced a mosaic of favorable and unfavorable 

environments. 

Maritime Southeast Asia (Malesia region). Maritime 

Southeast Asia represents the principal center of suitable 

habitat for both species, with extensive climatically suitable 

areas predicted across Peninsular Malaysia, Singapore, 

Sumatra, Java, Sulawesi, parts of Borneo, the southern 

Philippines, and Papua for S. intermedia (Figure 1). These 

regions contain some of the wettest tropical environments 

in the world and support extensive rainforest ecosystems 

characterized by high rainfall and relatively stable climatic 

conditions. The predicted distributions correspond closely 

with documented occurrence records of both S. willdenowii 

and S. intermedia from Java (Alston 1935b), Sumatra 

(Alston 1937), Peninsular Malaysia (Alston 1934; Wong 
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1982, 2010), Singapore (Tan et al. 2014; Lindsay et al. 

2022), and the Philippines (Alston 1935a). In addition, S. 

intermedia has also been reported from Sulawesi (Alston 

1940), further supporting the predicted suitability of this 

island within the species’ potential distribution range. 

Among these areas, Java emerged as a particularly 

important habitat center, supporting suitable habitat across 

57.7% and 48.9% of its land area for S. willdenowii and S. 

intermedia, respectively. This high suitability likely reflects 

the island’s exceptional environmental heterogeneity, 

including strong gradients in elevation (Setyawan et al. 

2015c), rainfall and humidity (Setyawan 2012), geology 

(Setyawan and Sugiyarto 2015), and vegetation structure 

across different regions of the island (Setyawan 2009; 

Setyawan et al. 2015a, b). The concentration of suitable 

habitats in maritime Southeast Asia highlights the 

importance of humid tropical islands and mountain systems 

as regional refugia for climate-sensitive cryptogams. 

Java Island as a regional hotspot for Selaginella 

Environmental heterogeneity and habitat availability. 

Java Island emerged as a major habitat center for S. 

willdenowii and S. intermedia, supporting 57.7% and 

48.9% of its land area as suitable habitat, respectively, 

compared with only 21-22% across Southeast Asia as a 

whole (Figure 1). This high habitat availability likely 

reflects the island’s exceptional environmental 

heterogeneity, including steep elevational gradients, 

volcanic mountain systems, diverse soils, variable rainfall 

regimes, and a mosaic of forests, agroforests, and shaded 

anthropogenic habitats. Such conditions create numerous 

humid microhabitats favorable for forest-floor cryptogams 

and are consistent with previous records of Selaginella 

diversity across Java, including island-wide surveys 

(Setyawan 2009), studies in southern Central Java 

(Setyawan 2012), Bromo Tengger Semeru National Park 

(Setyawan and Sugiyarto 2015), Yogyakarta and the Sewu 

Karst region (Setyawan et al. 2015a, b), and the Dieng 

Plateau (Setyawan et al. 2015c). Despite extensive human 

modification, montane forests, riparian corridors, forest 

fragments, and traditional agroforestry systems continue to 

provide suitable microclimatic conditions, where canopy 

cover helps maintain humidity (Testo and Sundue 2016), 

topographic complexity generates diverse microhabitats 

(Kessler et al. 2011), and remnant habitats may persist 

within modified tropical landscapes (Corlett 2014). 

Importance of Java-derived occurrence records. 

Java Island was also methodologically important because it 

contributed the primary field-occurrence dataset used for 

model development, comprising 205 records of S. 

willdenowii and 161 records of S. intermedia. These field-

verified records strengthened model calibration and 

provided high-confidence occurrence data based on direct 

observations and taxonomic verification. Beyond sampling 

intensity, Java offers a broad range of climatic and 

elevational conditions within a relatively small area, 

allowing occurrence records to capture substantial 

ecological niche variation from lowland to montane 

environments. This environmental breadth makes Java an 

effective focal region for assessing climate-related habitat 

changes. Nevertheless, because sampling effort was greater 

in Java than in other parts of Southeast Asia, model 

predictions may partly reflect the environmental conditions 

represented on the island. The use of spatial filtering and 

bias-correction procedures helped minimize this effect, 

although additional surveys in Borneo, Sulawesi, the 

Philippines, Papua, and mainland mountain systems would 

further improve model robustness. 

Conservation significance of montane landscapes in 

Java. The conservation importance of Java becomes more 

evident when current habitat availability is considered 

alongside future climate projections. Although the island 

currently supports extensive suitable habitats, climate 

change is projected to reduce habitat availability by 15.6-

21.6% for S. willdenowii and 20.0-27.2% for S. intermedia 

by 2080. Despite these declines, Java is likely to remain an 

important habitat center for both species. The projected 

upslope redistribution of suitable habitats suggests that 

montane landscapes may function as climate refugia, where 

cooler and moister conditions persist under future warming 

(Lenoir et al. 2008; Chen et al. 2011). However, the 

effectiveness of these refugia depends on habitat integrity 

and elevational connectivity, which are increasingly 

threatened by forest fragmentation, agriculture, settlements, 

and tourism development. Protecting montane forests, 

riparian corridors, and other humid habitats is therefore 

essential to facilitate species persistence and dispersal. 

Given their sensitivity to changes in canopy cover and 

microclimatic conditions, S. willdenowii and S. intermedia 

may also serve as useful indicators of forest understory 

health, reinforcing the importance of Java as a priority 

landscape for Selaginella conservation and climate-change 

monitoring. 

Climate-induced habitat contraction 

Regional patterns of habitat loss. The results 

consistently indicate that climate change will reduce 

suitable habitats for Selaginella willdenowii and S. 

intermedia across Southeast Asia, with habitat losses 

increasing through time and under higher emission 

scenarios. By 2080, suitable habitat is projected to decline 

by 16.9-23.4% for S. willdenowii and 27.3-33.2% for S. 

intermedia, indicating substantial reductions even under 

relatively optimistic climate pathways. These projections 

are consistent with expectations of continued warming, 

altered precipitation regimes, and increasing climatic 

variability in Southeast Asia (IPCC 2014). Habitat losses 

were particularly pronounced in southern Cambodia, 

Thailand, Java, Sulawesi, and Papua, suggesting that 

several current habitat strongholds may become 

increasingly vulnerable. Similar climate-driven range 

contractions have been documented for many plant species 

worldwide, with studies reporting projected habitat losses 

(Thuiller et al. 2008), biodiversity declines under future 

climate change (Bellard et al. 2012), and broad-scale 

redistribution of species ranges across ecosystems (Pecl et 

al. 2017). Beyond reducing geographic range size, habitat 

contraction may also decrease population connectivity and 

dispersal opportunities, potentially lowering the long-term 
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resilience of Selaginella populations to ongoing 

environmental change. 

Species-specific vulnerability. Although both species 

are projected to lose suitable habitat under future climate 

scenarios, S. intermedia consistently exhibited greater 

habitat losses than S. willdenowii, indicating higher climate 

vulnerability. This difference is likely related to the 

stronger dependence of S. intermedia on elevation, which 

contributed 32.9% to its model compared with only 1.5% 

for S. willdenowii (Table 2). In addition, S. intermedia 

occupies a narrower elevational range (approximately 700-

1,500 m asl), whereas S. willdenowii occurs across a much 

broader gradient. Species with restricted climatic niches are 

generally more sensitive to environmental change and often 

experience greater range contractions under future climate 

scenarios, as demonstrated by projections of habitat loss 

under climate change (Thuiller et al. 2008), theoretical and 

empirical analyses of species vulnerability (Araújo and 

Peterson 2012), global assessments of climate-change 

sensitivity (Pacifici et al. 2015), and documented patterns 

of climate-driven range redistribution across taxa (Pecl et 

al. 2017). The narrower environmental tolerance of S. 

intermedia may therefore limit its ability to persist under 

changing climatic conditions. Furthermore, habitat 

fragmentation may hinder dispersal toward newly suitable 

areas, causing realized future distributions to be more 

restricted than model projections suggest (Chen et al. 2011; 

Corlett and Westcott 2013). These findings suggest that S. 

intermedia warrants particular conservation attention, 

although both species are likely to be adversely affected by 

future climate change. 

Elevational redistribution and climate refugia 

Upslope migration trends. A consistent finding of this 

study is the projected upslope redistribution of suitable 

habitats for Selaginella willdenowii and S. intermedia 

under future climate scenarios. Although total habitat area 

is expected to decline, the remaining suitable habitats 

become increasingly concentrated at higher elevations, 

particularly under RCP 6.0 and RCP 8.5. This pattern is 

consistent with one of the most widely documented 

biological responses to climate warming, whereby species 

track suitable climatic conditions through climate-driven 

range shifts (Parmesan and Yohe 2003), particularly by 

moving toward higher elevations (Lenoir et al. 2008), as 

part of broader species redistributions observed across 

ecosystems worldwide (Pecl et al. 2017). The trend is 

especially pronounced in S. intermedia, which occupies a 

narrower elevational range and exhibits stronger 

dependence on altitude than S. willdenowii. Increasing 

temperatures and evapotranspiration may reduce habitat 

suitability at lower elevations, forcing moisture-dependent 

species toward cooler and wetter montane environments, as 

documented by studies of climate-driven range shifts 

(Walther et al. 2002), habitat contraction (Thuiller et al. 

2008), and biodiversity vulnerability (Bellard et al. 2012). 

However, because land area generally decreases with 

elevation, upslope migration may alleviate climatic stress 

while simultaneously reducing available habitat, a 

phenomenon known as the “escalator to extinction” 

(Colwell et al. 2008; Freeman et al. 2018). 

Potential refugia in montane environments. The 

concentration of future suitable habitats in mountain 

regions suggests that montane environments may function 

as important climate refugia for both Selaginella species 

(Keppel et al. 2012; Morelli et al. 2016). Across Southeast 

Asia, suitable habitats persisted mainly in the mountainous 

landscapes of Peninsular Malaysia, Sumatra, Java, 

Sulawesi, Borneo, and Papua, where strong elevational 

gradients, high rainfall, and relatively stable microclimates 

may buffer the effects of future warming. Java appears 

particularly important, as the remaining suitable habitats 

increasingly became concentrated within its volcanic 

mountain systems. Previous studies have shown that 

montane environments often provide microclimatic refugia 

through topographic complexity (Dobrowski 2011), 

microclimatic buffering (Maclean et al. 2015), and the 

persistence of cool, moist habitats in cloud forests and 

shaded ravines (Greiser et al. 2020). For moisture-

dependent understory species such as Selaginella, these 

habitats may facilitate persistence despite regional climatic 

change. However, the effectiveness of such refugia 

depends on habitat integrity and landscape connectivity, 

both of which are increasingly threatened by habitat loss 

(Sodhi et al. 2004), land-use change (Corlett 2014), and 

deforestation (Hughes 2017) in Southeast Asia. 

Consequently, protecting montane forests and maintaining 

elevational connectivity should be prioritized to support 

long-term species persistence under climate change. 

Implications for forest biodiversity conservation 

Vulnerability of forest understory cryptogams. The 

projected habitat contraction and upslope redistribution of 

Selaginella willdenowii and S. intermedia have broader 

implications for tropical forest biodiversity because these 

species represent moisture-dependent understory 

cryptogams that contribute to nutrient cycling (Cornelissen 

et al. 2007), microhabitat formation (Patiño and 

Vanderpoorten 2018), and ecosystem functioning and 

biodiversity maintenance (Sabovljević et al. 2022). 

Cryptogams are particularly sensitive to environmental 

change because their growth and survival depend strongly 

on moisture availability (Proctor 2000), climate (Kessler et 

al. 2011), and canopy-regulated forest microclimates (Testo 

and Sundue 2016). Consequently, even moderate climatic 

shifts may alter their distribution and population dynamics. 

These risks may be intensified by forest degradation and 

fragmentation, which reduce humidity and increase 

temperature fluctuations within forest understories 

(Laurance et al. 2011; Haddad et al. 2015). Because the 

present models do not explicitly incorporate future land-use 

change or habitat degradation, actual population declines 

may exceed those predicted from climate scenarios alone, 

owing to interactions between climate change and habitat 

loss (Brook et al. 2008), ongoing land-use impacts on 

biodiversity (Newbold et al. 2015), and multiple 

anthropogenic pressures identified in global assessments 

(IPBES 2019). 
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Protected areas and elevational connectivity. The 

projected upslope redistribution of suitable habitats 

highlights the importance of protected mountain landscapes 

for the long-term persistence of Selaginella populations. As 

lower-elevation habitats become less suitable, montane 

protected areas may serve as critical refugia by maintaining 

cooler and wetter environmental conditions. Many 

protected areas in Southeast Asia already encompass 

extensive elevational gradients that can facilitate local 

climate-driven range shifts. However, the effectiveness of 

these areas depends not only on protection status but also 

on elevational connectivity. Species responding to climate 

change often require continuous habitat corridors to 

facilitate range shifts (Heller and Zavaleta 2009), enhance 

landscape connectivity (Krosby et al. 2010), and enable 

movement across elevational gradients (Nuñez et al. 2013). 

This issue is particularly relevant in densely populated 

regions such as Java, where many mountain forests are 

increasingly isolated by agriculture and urban 

development. Maintaining connectivity among montane 

forests, riparian corridors, and other humid habitats may 

enhance dispersal opportunities (Hannah et al. 2007), 

promote climate adaptation through landscape connectivity 

(Corlett and Westcott 2013), and facilitate species tracking 

of shifting environmental conditions (Costanza and 

Terando 2019). 

Conservation priorities under climate change. The 

results highlight several priorities for biodiversity 

conservation under future climate change. First, montane 

forests should be prioritized because they are projected to 

retain the largest proportion of suitable habitat for both S. 

willdenowii and S. intermedia. Second, conservation 

planning should incorporate future habitat projections 

(Araújo et al. 2005), climate refugia (Morelli et al. 2016), 

and anticipated distributional shifts under climate change 

(Hannah et al. 2014), as suitable habitats may not coincide 

with current distribution centers. Third, maintaining habitat 

connectivity across elevational gradients is essential to 

facilitate natural range shifts and dispersal. Long-term 

ecological monitoring should also be strengthened because 

Selaginella species are sensitive to changes in temperature, 

moisture, and canopy conditions and may serve as useful 

indicators of climate-driven changes in forest understory 

environments (Chen et al. 2011; Steinbauer et al. 2018). 

Overall, protecting montane refugia, maintaining 

elevational connectivity, and integrating climate 

projections into conservation planning will be critical for 

safeguarding Selaginella populations and associated 

understory biodiversity in Southeast Asia. 

 Study limitations and future directions 

Several limitations should be considered when 

interpreting the results of this study. First, the models were 

developed using CMIP5 climate projections and 

Representative Concentration Pathway (RCP) scenarios 

because these datasets were the most comprehensive and 

widely available at the time the analyses were conducted. 

In addition, future projections were based on a single 

Global Climate Model (HadGEM2-CC); therefore, 

uncertainty associated with alternative climate models was 

not evaluated and may influence the magnitude of 

projected habitat changes. Second, future projections 

assumed that soil properties, UV-B radiation variables, and 

elevation remained unchanged due to the limited 

availability of reliable future datasets. Third, the models 

primarily incorporated climatic and environmental 

predictors and did not explicitly account for future land-use 

change, habitat fragmentation, biotic interactions, or 

dispersal constraints. Consequently, realized future 

distributions may differ from the projected climatically 

suitable habitats. Future research should utilize updated 

CMIP6 and Shared Socioeconomic Pathway (SSP) 

scenarios, incorporate multiple GCMs to better characterize 

projection uncertainty, incorporate land-use and forest-

cover dynamics, and evaluate dispersal limitations and 

population connectivity. Long-term monitoring and 

ecophysiological studies are also needed to better 

understand the mechanisms underlying climate sensitivity 

and adaptive responses of tropical Selaginella species. 

In conclusion, climate change is projected to 

substantially alter the distribution of climatically suitable 

habitats for Selaginella willdenowii and S. intermedia 

across Southeast Asia. Habitat suitability was primarily 

determined by precipitation, temperature, elevation, and 

UV-B radiation, reflecting the strong dependence of both 

species on humid and environmentally stable conditions. 

The MaxEnt models showed high predictive performance 

(AUC = 0.948 and 0.936; TSS = 0.89 and 0.87 for S. 

willdenowii and S. intermedia, respectively), providing 

robust estimates of current and future habitat suitability. 

Suitable habitats currently cover approximately 982,246 

km² for S. willdenowii and 1,068,808 km² for S. intermedia, 

with Java Island representing a major regional habitat 

center. Future projections consistently indicated habitat 

contraction under all climate scenarios, reaching 16.9-

23.4% for S. willdenowii and 27.3-33.2% for S. intermedia 

by 2080. Both species are also expected to undergo upslope 

redistribution, resulting in an increasing concentration of 

suitable habitats within montane environments. These 

findings identify mountain ecosystems as important climate 

refugia and highlight the need to conserve montane forests 

and maintain elevational connectivity to support the long-

term persistence of climate-sensitive tropical cryptogams 

under future environmental change. 

REFERENCES 

Aldrian E, Susanto RD. 2003. Identification of three dominant rainfall 
regions within Indonesia and their relationship to sea surface 

temperature. Intl J Climatol 23 (12): 1435-1452. DOI: 

10.1002/joc.950. 
Allouche O, Tsoar A, Kadmon R. 2006. Assessing the accuracy of species 

distribution models: Prevalence, kappa and the True Skill Statistic 

(TSS). J Appl Ecol 43 (6): 1223-1232. DOI: 10.1111/j.1365-
2664.2006.01214.x.  

Alston AHG. 1934. The genus Selaginella in the Malay Peninsula. Gard 
Bull Straits Settl 8 (1): 41-58. 

Alston AHG. 1935a. The Philippine species of Selaginella. Philipp J Sci 

58: 359-382. 

Alston AHG. 1935b. The Selaginellae of the Malay Islands I. Java and the 

Lesser Sunda Islands. Bull Jard Bot Buitenzorg III 13: 432-442. 

https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1111/j.1365-2664.2006.01214.x


SETYAWAN et al. – Climate-induced elevational shifts of Selaginella in Southeast Asia 

 

453 

Alston AHG. 1937. The Selaginellae of the Malay Islands II. Sumatra. 

Bull Jard Bot Buitenzorg III 14: 175-186. 

Alston AHG. 1940. The Selaginellae of the Malay Islands III. Celebes and 
the Moluccas. Bull Jard Bot Buitenzorg III 16: 343-350. 

Araújo MB, Pearson RG, Thuiller W, Erhard M. 2005. Validation of 

species-climate impact models under climate change. Glob Change 
Biol 11 (9): 1504-1513. DOI: 10.1111/j.1365-2486.2005.01000.x. 

Araújo MB, Peterson AT. 2012. Uses and misuses of bioclimatic envelope 

modeling. Ecology 93 (7): 1527-1539. DOI: 10.1890/11-1930.1. 
Beckage B, Osborne B, Gavin DG, Pucko C, Siccama T, Perkins T. 2008. 

A rapid upward shift of a forest ecotone during 40 years of warming 

in the Green Mountains of Vermont. Proc Natl Acad Sci USA 105 
(11): 4197-4202. DOI: 10.1073/pnas.0708921105. 

Beckmann M, Václavík T, Manceur AM, Šprtová L, von Wehrden H, 

Welk E, Cord AF. 2014. glUV: A global UV-B radiation dataset for 
macroecological studies. Methods Ecol Evol 5 (4): 372-383. DOI: 

10.1111/2041-210X.12168. 

Bellard C, Bertelsmeier C, Leadley P, Thuiller W, Courchamp F. 2012. 
Impacts of climate change on the future of biodiversity. Ecol Lett 15 

(4): 365-377. DOI: 10.1111/j.1461-0248.2011.01736.x.  
Brook BW, Sodhi NS, Bradshaw CJ. 2008. Synergies among extinction 

drivers under global change. Trends Ecol Evol 23 (8): 453-460. DOI: 

10.1016/j.tree.2008.03.011.  

Brown JL. 2014. SDMtoolbox: A Python-based GIS toolkit for landscape 
genetic, biogeographic, and species distribution model analyses. 

Methods Ecol Evol 5 (7): 694-700. DOI: 10.1111/2041-210X.12200. 

Brummitt N, Bachman S. 2010. Plants Under Pressure: A Global 
Assessment. The First Report of the IUCN Sampled Red List Index 

for Plants. Natural History Museum, London. 

Caldwell MM, Björn LO, Bornman JF, Flint SD, Kulandavelu G, 
Teramura AH, Tevini M. 1998. Effects of increased solar ultraviolet 

radiation on terrestrial ecosystems. J Photochem Photobiol B 46 (1-3): 

40-52. DOI: 10.1016/S1011-1344(98)00184-5. 
Chen IC, Hill JK, Ohlemüller R, Roy DB, Thomas CD. 2011. Rapid range 

shifts of species associated with high levels of climate warming. 

Science 333 (6045): 1024-1026. DOI: 10.1126/science.1206432. 

Collins WJ, Bellouin N, Doutriaux-Boucher M, Gedney N, Halloran P, 

Hinton T, Hughes J, Jones CD, Joshi M, Liddicoat S, Martin G, 
O'Connor F, Rae J, Senior C, Sitch S, Totterdell I, Wiltshire A, 

Woodward S. 2011. Development and evaluation of an Earth-system 

model-HadGEM2. Geosci Model Dev 4: 1051-1075. DOI: 
10.5194/gmd-4-1051-2011. 

Corlett RT. 2014. The Ecology of Tropical East Asia. Oxford University 

Press, Oxford, UK. DOI: 
10.1093/acprof:oso/9780199681341.001.0001. 

Cornelissen JHC, van Bodegom PM, Aerts R et al. 2007. Global negative 

vegetation feedback to climate warming responses of leaf litter 
decomposition rates in cold biomes. Ecol Lett 10: 619-627. DOI: 

10.1111/j.1461-0248.2007.01051.x. 

Costanza JK, Terando A. 2019. Landscape connectivity planning for 
adaptation to future climate and land-use change. Curr Landscape 

Ecol Rep 4 (1): 1-13. DOI: 10.1007/s40823-019-0035-2. 

Deeba F, Pandey V, Pathre U, Kanojiya U. 2009. Proteome analysis of 
detached fronds from a resurrection plant, Selaginella bryopteris: 

Response to dehydration and rehydration. J Proteomics Bioinform 2 

(2): 108-116. DOI: 10.4172/jpb.1000068. 
Dobrowski SZ. 2011. A climatic basis for microrefugia: The influence of 

terrain on climate. Glob Change Biol 17: 1022-1035. DOI: 

10.1111/j.1365-2486.2010.02263.x.  
Duan RY, Kong XQ, Huang MY, Varela S, Ji X. 2016. The potential 

effects of climate change on amphibian distribution, range 

fragmentation, and turnover in China. PeerJ 4: e2185. DOI: 
10.7717/peerj.2185. 

Eickmeier WG. 1986. The correlation between high-temperature and 

desiccation tolerances in a poikilohydric desert plant. Can J Bot 64 
(3): 611-617. DOI: 10.1139/b86-082. 

Elith J, Kearney M, Phillips S. 2010. The art of modeling range-shifting 

species. Methods Ecol Evol 1 (4): 330-342. DOI: 10.1111/j.2041-
210X.2010.00036.x. 

Elith J, Leathwick JR. 2009. Species distribution models: Ecological 

explanation and prediction across space and time. Annu Rev Ecol 
Evol Syst 40: 677-697. DOI: 

10.1146/annurev.ecolsys.110308.120159. 

Fick SE, Hijmans RJ. 2017. WorldClim 2: New 1-km spatial resolution 
climate surfaces for global land areas. Intl J Climatol 37 (12): 4302-

4315. DOI: 10.1002/joc.5086. 

Fourcade Y, Engler JO, Besnard AG, Rödder D, Secondi J. 2013. 

Confronting expert-based and modeled distributions for species with 

uncertain conservation status: A case study from the Corncrake (Crex 
crex). Biol Conserv 167: 161-171. DOI: 

10.1016/j.biocon.2013.08.009. 

Fourcade Y, Engler JO, Rödder D, Secondi J. 2014. Mapping species 
distributions with MaxEnt using a geographically biased sample of 

presence data: A performance assessment of methods for correcting 

sampling bias. PLoS One 9 (5): e97122. DOI: 
10.1371/journal.pone.0097122. 

GBIF. 2024. GBIF Occurrence Download. DOI: 10.15468/dl.ywhpmz. 

Google Physical Maps. 2014. Royal Roads University. Retrieved from 
https: 

//www.google.com/maps/d/viewer?mid=ziZA4YH0pTUs.ktJc02G0F

O4&ie=UTF8&oe=UTF8&msa=0. 
Greiser C, Ehrlén J, Meineri E, Hylander K. 2020. Hiding from the 

climate: Characterizing microrefugia for boreal forest understory 

species. Glob Change Biol 26 (2): 471-483. DOI: 10.1111/gcb.14874.  
Guisan A, Thuiller W. 2005. Predicting species distribution: Offering 

more than simple habitat models. Ecol Lett 8 (9): 993-1009. DOI: 

10.1111/j.1461-0248.2005.00792.x. 
Haddad NM, Brudvig LA, Clobert J et al. 2015. Habitat fragmentation and 

its lasting impact on Earth's ecosystems. Sci Adv 1 (2): e1500052. 

DOI: 10.1126/sciadv.1500052. 
Hannah L, Flint L, Syphard AD, Moritz MA, Buckley LB, McCullough 

IM. 2014. Fine-grain modeling of species' response to climate change: 

Holdouts, stepping-stones, and microrefugia. Trends Ecol Evol 29: 
390-397. DOI: 10.1016/j.tree.2014.04.006. 

Hannah L, Midgley G, Andelman S, Araújo M, Hughes G, Martinez-

Meyer E, Pearson R, Williams P. 2007. Protected area needs in a 
changing climate. Front Ecol Environ 5: 131-138. DOI: 

10.1890/1540-9295(2007)5[131:PANIAC]2.0.CO;2. 

Heller NE, Zavaleta ES. 2009. Biodiversity management in the face of 
climate change: A review of 22 years of recommendations. Biol 

Conserv 142 (1): 14-32. DOI: 10.1016/j.biocon.2008.10.006. 

Hughes AC. 2017. Understanding the drivers of Southeast Asian 

biodiversity loss. Ecosphere 8 (1): e01624. DOI: 10.1002/ecs2.1624. 

IPBES (2019): Summary for policymakers of the global assessment report 
on biodiversity and ecosystem services of the Intergovernmental 

Science-Policy Platform on Biodiversity and Ecosystem Services. In: 

Díaz S, Settele J, Brondízio ES et al. (eds.). IPBES secretariat, Bonn, 
Germany. 56 pages. 

IPCC. 2014. Climate Change 2014: The Physical Science Basis. 

Contribution of Working Group I to the Fifth Assessment Report of 
the Intergovernmental Panel on Climate Change. Cambridge 

University Press, Cambridge. 

Johnston KM, Freund JA, Schmitz OJ. 2012. Projected range shifting by 
montane mammals under climate change: Implications for Cascadia 

National Parks. Ecosphere 3 (11): 97. DOI: 10.1890/ES12-00072.1. 

Kalyuzhnyi SS, Plugatar YV, Shalimov AP. 2024. Modern taxonomic list 
of pteridophytes (including Lycopodiopsida class) for the Socialist 

Republic of Vietnam. Indian Fern J 41 (1): 53-75. 

Keppel G, Van Niel KP, Wardell-Johnson GW et al. 2012 Refugia: 
Identifying and understanding safe havens for biodiversity under 

climate change. Glob Ecol Biogeogr 21: 393-404. DOI: 

10.1111/j.1466-8238.2011.00686.x.  
Kessler M, Kluge J, Hemp A, Ohlemüller R. 2011. A global comparative 

analysis of elevational species richness patterns of ferns. Glob Ecol 

Biogeogr 20: 868-880. DOI: 10.1111/j.1466-8238.2011.00653.x. 
Krosby M, Tewksbury J, Haddad N, Hoekstra JM. 2010. Ecological 

connectivity for a changing climate. Conserv Biol 24 (6): 1686-1689. 

DOI: 10.1111/j.1523-1739.2010.01585.x. 
Laurance WF, Camargo JL, Luizao RCC, Laurance SGW, Pimm SL, 

Bruna EM, Stouffer PC, Williamson GB, Benítez-Malvido J, 

Vasconcelos HL, Van Houtan KS, Zartman CE, Boyle SA, Didham 
RK, Andrade A, Lovejoy TE. 2011. The fate of Amazonian forest 

fragments: A 32-year investigation. Biol Conserv 144 (1): 56-67. 

DOI: 10.1016/j.biocon.2010.09.021. 
Lenoir J, Gégout JC, Marquet PA, de Ruffray P, Brisse H. 2008. A 

significant upward shift in plant species optimum elevation during the 

twentieth century. Science 320 (5884): 1768-1771. DOI: 
10.1126/science.1156831. 

Lindsay S, Middleton DJ, Ho BC, Chong KY, Turner IM. 2022. Ferns and 

lycophytes of Singapore: An updated checklist. Gard Bull Sing 74 
(Suppl. 1): 55-129. DOI: 10.26492/gbs74(suppl.1).2022-01. 

https://doi.org/10.1073/pnas.0708921105
https://doi.org/10.1111/2041-210X.12168
https://doi.org/10.1111/2041-210X.12168
https://doi.org/10.1111/2041-210X.12200
https://doi.org/10.1016/S1011-1344(98)00184-5
https://doi.org/10.1126/science.1206432
https://doi.org/10.5194/gmd-4-1051-2011
https://doi.org/10.5194/gmd-4-1051-2011
https://doi.org/10.4172/jpb.1000068
https://doi.org/10.7717/peerj.2185
https://doi.org/10.7717/peerj.2185
https://doi.org/10.1139/b86-082
https://doi.org/10.1111/j.2041-210X.2010.00036.x
https://doi.org/10.1111/j.2041-210X.2010.00036.x
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1002/joc.5086
https://doi.org/10.1016/j.biocon.2013.08.009
https://doi.org/10.1016/j.biocon.2013.08.009
https://doi.org/10.1371/journal.pone.0097122
https://doi.org/10.1371/journal.pone.0097122
https://doi.org/10.15468/dl.ywhpmz
https://doi.org/10.1111/j.1461-0248.2005.00792.x
https://doi.org/10.1111/j.1461-0248.2005.00792.x
https://doi.org/10.1126/sciadv.1500052
https://doi.org/10.1890/ES12-00072.1
https://doi.org/10.1126/science.1156831
https://doi.org/10.1126/science.1156831


ASIAN JOURNAL OF FORESTRY 9 (2): 440-455, December 2025 

 

454 

Liu C, Newell G, White M. 2016. On the selection of thresholds for 

predicting species occurrence with presence-only data. Ecol Evol 6 

(1): 337-348. DOI: 10.1002/ece3.1878. 
Loo YY, Billa L, Singh A. 2015. Effect of climate change on seasonal 

monsoon in Asia and its impact on the variability of monsoon rainfall 

in Southeast Asia. Geosci Front 6 (6): 817-823. DOI: 
10.1016/j.gsf.2014.02.009. 

Maclean IMD, Hopkins J, Bennie J, Lawson CR. 2015. Microclimates 

buffer the responses of plant communities to climate change. Glob 
Ecol Biogeogr 24 (11): 1340-1350. DOI: 10.1111/geb.12359.  

Merow C, Smith MJ, Silander JA Jr. 2013. A practical guide to MaxEnt 

for modeling species' distributions: What it does, and why inputs and 
settings matter. Ecography 36 (10): 1058-1069. DOI: 10.1111/j.1600-

0587.2013.07872.x. 

Mod HK, Scherrer D, Luoto M, Guisan A. 2016. What we use is not what 
we know: Environmental predictors in plant distribution models. J 

Veg Sci 27 (6): 1308-1322. DOI: 10.1111/jvs.12444. 

Montgomery RA, Roloff GJ, Millspaugh JJ. 2011. Implications of 
ignoring telemetry error on inference in wildlife resource use models. 

J Wildl Manag 75 (3): 702-708. DOI: 10.1002/jwmg.95. 

Morelli TL, Daly C, Dobrowski SZ, Dulen DM, Ebersole JL, Jackson ST , 
Lundquist JD, Millar CI, Maher SP, Monahan WB, Nydick KR, 

Redmond KT, Sawyer SC, Stock S, Beissinger SR. 2016. Correction: 

Managing climate change refugia for climate adaptation. PLOS ONE 
12 (1): e0169725. DOI: 10.1371/journal.pone.0169725. 

Moss RH, Edmonds JA, Hibbard KA, Manning MR, Rose SK, van 

Vuuren DP, Carter TR, Emori S, Kainuma M, Kram T, Meehl GA, 
Mitchell JFB, Nakicenovic N, Riahi K, Smith SJ, Stouffer RJ, 

Thomson AM, Weyant JP, Wilbanks TJ. 2010. The next generation of 

scenarios for climate change research and assessment. Nature 463: 
747-756. DOI: 10.1038/nature08823. 

Newbold T, Bentley LF, Hill SLL, Edgar MJ, Horton M, Su G, 

Şekercioğlu ÇH, Collen B, Purvis A. 2020. Global effects of land use 
on biodiversity differ among functional groups. Funct Ecol 34: 684-

693. DOI: 10.1111/1365-2435.13500. 

NIC. 2009. The Impact of Climate Change to 2030: Commissioned 

Research and Conference Reports. National Intelligence Council, 

Washington, DC.  
Nuñez TA, Lawler JJ, McRae BH, Pierce DJ, Krosby MB, Kavanagh DM, 

Singleton PH, Tewksbury JJ. 2013. Connectivity planning to address 

climate change. Conserv Biol 27 (2): 407-416. DOI: 
10.1111/cobi.12014. 

Pacifici M, Foden WB, Visconti P et al. 2015. Assessing species 

vulnerability to climate change. Nat Clim Change 5 (3): 215-224. 
DOI: 10.1038/nclimate2448.  

Parmesan C, Yohe G. 2003. A globally coherent fingerprint of climate 

change impacts across natural systems. Nature 421: 37-42. DOI: 
10.1038/nature01286. 

Patiño J, Vanderpoorten A. 2021. Island biogeography: An avenue for 

research in bryology. Bryophyte Divers Evol 43 (1): 206-220. DOI: 
10.11646/bde.43.115.  

Pecl GT, Araújo MB, Bell JD. 2017. Biodiversity redistribution under 

climate change: Impacts on ecosystems and human well-being. 
Science 355: 6332. DOI: 10.1126/science.aai9214.  

Pham-hoang Ho. 1991. Cay Co Vietnam. Quyen I: Tap 1va 2. An 

Illustrated Flora of Vietnam. Mekong Printing, Santa Ana, Calif.  
Phillips SJ, Anderson RP, Schapire RE. 2006. Maximum entropy 

modeling of species geographic distributions. Ecol Model 190 (3-4): 

231-259. DOI: 10.1016/j.ecolmodel.2005.03.026. 
Phillips SJ, Dudík M, Elith J, Graham CH, Lehmann A, Leathwick J, 

Ferrier S. 2009. Sample selection bias and presence-only distribution 

models: Implications for background and pseudo-absence data. Ecol 
Appl 19 (1): 181-197. DOI: 10.1890/07-2153.1. 

Phillips SJ, Dudík M, Schapire RE. 2017. Maxent Software for Modeling 

Species Niches and Distributions, Version 3.4.1. Available at: 
http://biodiversityinformatics.amnh.org/open_source/maxent/. 

Phillips SJ, Dudík M. 2008. Modeling of species distributions with 

Maxent: New extensions and a comprehensive evaluation. Ecography 
31 (2): 161-175. DOI: 10.1111/j.0906-7590.2008.5203.x. 

Proctor MCF. 2000. The bryophyte paradox: Tolerance of desiccation, 

evasion of drought. Plant Ecol 151 (1): 41-49. DOI: 
10.1023/A:1026517920852. 

QGIS Development Team. 2017. QGIS Geographic Information System. 

Open-Source Geospatial Foundation. Available at: https://qgis.org. 

Radosavljevic A, Anderson RP. 2014. Making better Maxent models of 

species distributions: Complexity, overfitting and evaluation. J 

Biogeogr 41 (4): 629-643. DOI: 10.1111/jbi.12227. 
Riahi K, Rao S, Krey V, Cho C, Chirkov V, Fischer G, Kindermann G, 

Nakicenovic N, Rafaj P. 2011. RCP 8.5-A scenario of comparatively 

high greenhouse gas emissions. Clim Change 109 (1-2): 33-57. DOI: 
10.1007/s10584-011-0149-y. 

Sabovljević MS, Ćosić MV, Jadranin BZ, Pantović JP, Giba ZS, Vujičić 

MM, Sabovljević AD. 2022. The Conservation physiology of 
bryophytes. Plants 11 (10): 1282. DOI: 10.3390/plants11101282. 

Sartika D, Nasution J, Riyanto. 2021. Keberadaan Selaginella di Kawasan 

Gunung Sibuatan, Desa Nagalingga, Kecamatan Merek, Kabupaten 
Karo, Sumatera Utara. J Pembelajaran Biol Nukleus 7 (2): 264-271. 

DOI: 10.36987/jpbn.v7i2.2039. [Indonesian]  

Setyawan AD, Sugiyarto, Susilowati A, Widodo. 2015a. Diversity and 
distribution of Selaginella in the Province of Yogyakarta Special 

Region. Pros Sem Nas Masy Biodiv Indon 1 (5): 986-991. DOI: 

10.13057/psnmbi/m010503. 
Setyawan AD, Sugiyarto, Susilowati A, Widodo. 2015b. Diversity of 

Selaginella in the karstic region of Sewu Mountains, Southern Java. 

Pros Sem Nas Masy Biodiv Indon 1 (6): 1318-1323. DOI: 
10.13057/psnmbi/m010618. 

Setyawan AD, Sugiyarto, Widiastuti A. 2012. Species diversity of 

Selaginella in Mount Merapi National Park, the central part of Java. 
Proc Soc Indon Biodiv Int Conf 1: 102-106.  

Setyawan AD, Sugiyarto, Widiastuti A. 2015c. Species diversity of 

Selaginella in the Dieng Plateau, Central Java. Pros Sem Nas Masy 
Biodiv Indon 1 (5): 980-985. DOI: 10.13057/psnmbi/m010502. 

Setyawan AD, Sugiyarto. 2015. Diversity of Selaginella in the Bromo 

Tengger Semeru National Park, East Java. Pros Sem Nas Masy 
Biodiv Indon 1 (6): 1312-1317. DOI: 10.13057/psnmbi/m010617. 

Setyawan AD, Supriatna J, Darnaedi D, Rokhmatulloh, Sugiyarto. 2017. 

Impact of climate change on potential distribution of xero-epiphytic 
Selaginellas (Selaginella involvens and S. repanda) in Southeast Asia. 

Biodiversitas 18 (4): 1680-1695. DOI: 10.13057/biodiv/d180450. 

Setyawan AD, Supriatna J, Darnaedi D, Rokhmatulloh, Sutarno, 

Sugiyarto. 2016. Diversity of Selaginella across altitudinal gradients 

of the tropical region. Biodiversitas 17 (1): 384-400. DOI: 
10.13057/biodiv/d170155. 

Setyawan AD, Sutarno, Sugiyarto. 2013. Species diversity of Selaginella 

in Mount Lawu, Java, Indonesia. Biodiversitas 14 (1): 1-9. DOI: 
10.13057/biodiv/d140101. 

Setyawan AD. 2009. Traditionally, utilization of Selaginella: Field 

research and literature review. Nusantara Biosci 1 (3): 146-158. DOI: 
10.13057/nusbiosci/n010307. 

Sodhi NS, Koh LP, Brook BW, Ng PKL. 2004. Southeast Asian 

biodiversity: An impending disaster. Trends Ecol Evol 19 (12): 654-
660. DOI: 10.1016/j.tree.2004.09.006. 

Steinbauer MJ, Grytnes JA, Jurasinski G et al. 2018. Accelerated increase 

in plant species richness on mountain summits is linked to warming. 
Nature 556: 231-234. 

Tagawa M, Iwatsuki K. 1979. In: Smitinand T, Larsen K (eds.). Flora of 

Thailand, Vol. 3, part 1. Royal Forest Department, Bangkok.  
Tan BC, Ng-Chua LSA, Chong A, Lao C, Wee YC. 2014. The urban 

pteridophyte flora of Singapore. J Trop Biol Conserv 11 (1): 13-26. 

DOI: 10.51200/jtbc.v11i.258. 
Testo W, Sundue MA. 2016. A 4000-species dataset provides new insight 

into the evolution of ferns. Mol Phylogenet Evol 105: 200-211. DOI: 

10.1016/j.ympev.2016.09.003. 
Thomas CD, Cameron A, Green RE, Bakkenes M, Beaumont LJ, 

Collingham YC, Erasmus BFN, de Siqueira MF, Grainger A, Hannah 

L, Hughes L, Huntley B, van Jaarsveld AS, Midgley GF, Miles L, 
Ortega-Huerta MA, Peterson AT, Phillips OL, Williams SE. 2004. 

Extinction risk from climate change. Nature 427: 145-148. DOI: 

10.1038/nature02121. 
Thrasher B, Maurer EP, McKellar C, Duffy PB. 2012. Technical note: 

Bias correcting climate model simulated daily temperature extremes 

with quantile mapping. Hydrol Earth Syst Sci 16: 3309-3314. DOI: 
10.5194/hess-16-3309-2012. 

Thuiller W, Albert C, Araújo MB, Berry PM, Cabeza M, Guisan A, 

Hickler T, Midgley GF, Paterson J, Schurr FM, Sykes MT, 
Zimmermann NE. 2008. Predicting global change impacts on plant 

species distributions: Future challenges. Perspect Plant Ecol Evol Syst 

9 (3-4): 137-152. DOI: 10.1016/j.ppees.2007.09.004. 
Tsai J-L, Shieh W-C. 1994. Selaginellaceae. In: Huang T-C, Shieh W-C, 

Keng H, Tsai J-L, Hsieh C-F (eds.). Flora of Taiwan, 2nd ed. 1: 29-

https://doi.org/10.1002/ece3.1878
https://doi.org/10.1111/j.1600-0587.2013.07872.x
https://doi.org/10.1111/j.1600-0587.2013.07872.x
https://doi.org/10.1038/nature01286
https://doi.org/10.1038/nature01286
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1890/07-2153.1
http://biodiversityinformatics.amnh.org/open_source/maxent/
https://doi.org/10.1111/j.0906-7590.2008.5203.x
https://qgis.org/
https://doi.org/10.1111/jbi.12227
https://doi.org/10.13057/psnmbi/m010618
https://doi.org/10.13057/psnmbi/m010618
https://doi.org/10.1016/j.tree.2004.09.006
https://doi.org/10.1016/j.ppees.2007.09.004


SETYAWAN et al. – Climate-induced elevational shifts of Selaginella in Southeast Asia 

 

455 

44. Editorial Committee of the Flora of Taiwan, Second Edition, 

Taipei.  

United Nations Statistics Division. 2015. Standard Country or Area Codes 
for Statistical Use (M49 Standard). United Nations, New York. 

Walther GR, Berger S, Sykes MT. 2005. An ecological 'footprint' of 

climate change. Proc R Soc B 272: 1427-1432. DOI: 
10.1098/rspb.2005.3119. 

Winter WP de, Jansen PCM. 2003. Selaginella Pal. Beauv. In: de Winter 

WP, Amoroso VB (eds). Plant Resources of South-East Asia No. 15 
(2): Cryptogams-Ferns and Fern Allies. Backhuys Publishers, Leiden.  

Wong KM. 1982. Critical observations on Peninsular Malaysian 

Selaginella. Gard Bull Sing 35 (2): 107-135.  

Wong KM. 2010. Selaginella. In: Kiew R (eds.). Flora of Peninsular 

Malaysia, Series I: Ferns and Lycophytes. Forest Research Institute 

Malaysia (FRIM), Kepong, Selangor. 
Woodruff DS. 2010. Biogeography and conservation in Southeast Asia: 

How 2.7 million years of repeated environmental fluctuations affect 

today's patterns and the future of the remaining refugial-phase 
biodiversity. Biodivers Conserv 19: 919-941. DOI: 10.1007/s10531-

010-9783-3.  

Zhang XC, Nooteboom HP, Kato M. 2013. Selaginellaceae. In: Wu ZY, 
Raven PH, Hong DY. (eds.). Flora of China. Science Press, Beijing 

and Missouri Botanical Garden Press, St. Louis.  

 


