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Abstract: Suitable habitat is vital for the survival and restoration of a species. Understanding the suitable habitat range for lycophytes 

and ferns is prerequisite for effective species resource conservation and recovery efforts. In this study, we took Athyrium brevifrons as an 

example, predicted its suitable habitat using a Maxent model with 67 occurrence data and nine environmental variables in Northeast 

China. The area under the curve (AUC) value of independent test data, as well as the comparison with specimen county areal distribu-

tion of A. brevifrons exhibited excellent predictive performance. The type of environmental variables showed that precipitation contrib-

uted the most to the distribution prediction, followed by temperature and topography. Percentage contribution and permutation impor-

tance both indicated that precipitation of driest quarter (Bio17) was the key factor in determining the natural distribution of A. brevi-

frons, the reason could be proved by the fern gametophyte biology. The analysis of high habitat suitability areas also showed the habitat 

preference of A. brevifrons: comparatively more precipitation and less fluctuation in the driest quarter. Changbai Mountains, covering 

almost all the high and medium habitat suitability areas, provide the best ecological conditions for the survival of A. brevifrons, and 

should be considered as priority areas for protection and restoration of the wild resource. The potential habitat suitability distribution 

map could provide a reference for the sustainable development and utilisation of A. brevifrons resource, and Maxent modelling could be 

valuable for conservation management planning for lycophytes and ferns in Northeast China. 
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1  Introduction 

Suitable habitat provides necessary conditions for sur-
vival and reproduction of species. Predicting the distri-
bution of suitable habitats for species has become in-
creasingly important in many fields especially in con-
servation biology (Manel et al., 2001; Balbontín, 2005). 
To develop effective conservation strategies, prediction 
of suitable habitats is widely used and applied for nu-
merous species conservation studies with different taxa 

and regions (Davies et al., 2008; Galparsoro et al., 2009; 
Giordano et al., 2010; Amici et al., 2015; Li et al., 2016, 
2019). Identifying suitable habitat for a species can fo-
cus the search extent as well as map out potential sites 
for population restoration, maximise survival of the spe-
cies, and conserve and manage the native habitats in a 
rational manner (Li et al., 2015; Campbell and Hilder-

brand, 2017). French et al. (2018) quantified habitat 
suitability of Atlantic halibut and linked the suitability to 
stock abundance and distribution: this is a significant 
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step for future management of the fishery for this spe-
cies. Cook et al. (2010) re-evaluated suitable habitat for 
reintroducing the eastern barred bandicoot and sug-
gested that limited resources be focussed on the most 
suitable sites. Priority areas for species reintroduction 
and habitat restoration can be located by predicting 
suitable habitats for species in conservation biology, and 
this provides a good way to make decisions and maxi-
mise the cost-effectiveness of restoration work (Benito 
Garzón et al., 2006; Olsson and Rogers, 2009). 

Species distribution models (SDMs) are popular 
methods for predicting geographical distribution and 
exploring the habitat preference of species. Multiple 
types of SDMs have been developed (bioclimatic enve-
lope (BIOCLIM), domain distance (DOMAIN), gener-
alized linear models (GLMs), generalised additive mod-
els (GAMs), genetic algorithm for rule-set production 
(GARP), etc.) and applied in the prediction of species 
distribution with different research purposes (MacKenzie 
et al., 2002; Zaniewski et al., 2002; Gu and Swihart, 
2004; Pearce and Boyce, 2006; Carnaval and Moritz, 
2008; Baldwin, 2009; Nieto-Lugilde et al., 2015). An 
array of SDM methods for modelling presence-only data 
has been developed (Elith et al., 2011), and among them 
the Maximum entropy (Maxent) model (Phillips et al., 
2006; Phillips and Dudik, 2008) is widely used (Ra-
dosavljevic and Anderson, 2014; West et al., 2016). 
Maxent has been applied extensively, from finding cor-
relates between species occurrences, mapping current 
distributions, predicting climate change impact on the 
distributions of species, to large-scale biodiversity map-
ping applications for both government and non-gov-
ernment organisations (Elith et al., 2011; Zhang et al., 
2014). In recent years, there are many applications of 
Maxent in the prediction of plants’ suitable habitats, such 
as Trioza erytreae (Richard et al., 2018), Picea smithiana 
(Zhang, et al., 2011), medicinal plants (Yi et al., 2016; 
Shen et al., 2017) and so on, but it is seldom used in 
lycophyte and fern habitat prediction.  

Lycophytes and ferns are spore-bearing vascular 
plants which are significant groups in the evolutionary 
history of land plants (Zhang et al., 2013), and have 
important and unique values for food, medicine, garden, 
industry, agriculture, and so on. Diversity conservation 
of lycophytes and ferns is an important aspect of biodi-
versity conservation. Due to their susceptibility to envi-
ronment change, the current situation of the lycophytes 

and ferns is not so optimistic: Brummitt et al. (2015; 
2016) assessed 972 species randomly selected from all 
lineages of lycophyte and fern diversity from Interna-
tional Union for Conservation of Nature (IUCN), and 
indicated that 16% of lycophyte and fern species are 
globally threatened with extinction. Dong et al. (2017) 
evaluated the extinction risk of 1372 species of lyco-
phytes and ferns in China according to IUCN criteria, 
and found that 13.27% of the species are threatened with 
extinction. In recent years, the conservation of lyco-
phytes and ferns has focused more on the suitability of 
habitats. Bruni et al. (2013) evaluated the extinction risk 
for the aquatic fern Marsilea quadrifolia, indicated ac-
tive conservation strategies (such as relocation and rein-
troduction) needing to be implemented to improve the 
survival rate thereof. To a species on the edge of extinc-
tion such as island endemic fern Anogramma ascen-
sionis, Baker et al. (2014) proposed rehabilitation of 
areas suitable for reintroduction as an important step in 
an integrated conservation plan, and invasive species 
will be eradicated from potential sites as part of the 
preparatory work, therefore, the research on suitable 
habitats is prerequisite for the effective conservation and 
utilisation of lycophyte and fern species. 

Athyrium brevifrons Nakai ex Tagawa is a perennial 
herb of the family Athyriaceae, which mainly distributed 
in Northeast China and its surrounding areas (Fu, 1995; 
Wang et al., 1999; Wu et al., 2013). It is one of the most 
popular edible wild herbs exported abroad all year round 
(Dong and Wang, 1991; Liu and Li, 1995). It is also a 
traditional Chinese herbal medicine. Modern medical 
studies have confirmed that A. brevifrons not only has 
an anti-inflammatory effect to prevent pneumonia (Han 
et al., 2018), but also is a promising agent with 
anti-cancer properties which significantly suppressed 
tumour growth (Qi et al., 2015, 2017). Another study 
has isolated nine new compounds from A. brevifrons for 
the first time in recent years (Liu et al., 2016). These 
compounds may contribute to the medical effects of A. 
brevifrons, however, due to the sensitivity of lycophytes 
and ferns to environmental change, along with increas-
ing of market demand and habitat destruction, the wild 
A. brevifrons resource has gradually decreased. It is 
necessary to conserve and enlarge the distribution extent 
of A. brevifrons, therefore we take A. brevifrons as an 
example to make the conservation planning for lyco-
phytes and ferns resources in Northeast China. When 
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taking measures to protect and reintroduce of A. brevi-
frons resource, two questions should be addressed first: 
1) what is the most suitable area for A. brevifrons dis-
tribution in Northeast China? 2) What environmental 
factors have the greatest influence on the distribution of 
A. brevifrons? To answer these questions, a Maxent 
model was used to predict the suitable habitat of A. bre-
vifrons and to determine the key factors affecting its 
distribution, providing a theoretical basis for the protec-
tion and restoration of wild A. brevifrons resource in 
Northeast China. 

2  Materials and Methods 

2.1  Study area 
The study area is located in Northeast China and covers 
three provinces (Heilongjiang Province, Jilin Province, 
and Liaoning Province) and the eastern part of Inner 
Mongolia (Hulunbuir City, Tongliao City, Chifeng City, 
and Hinggan League). There are three main mountain 
ranges running from west to east in the area 
(38°43′N–53°33′N and 115°31′E–135°5′E, Da Hinggan 
Mountains, Xiao Hinggan Mountains, and Changbai 
Mountains, Fig. 1). In winter the weather is cold and dry, 
and is often controlled by the Mongolian high. In summer 
the weather is hot and rainy, and is affected by oceanic air 
masses (Xu, 1986). With the change in temperature con-
dition from south to north, the vegetation types therein 
are quite different. Deciduous broad-leaved forest occurs 
in the warm temperate zone, mixed coniferous 
broad-leaved forest in the temperate zone, and coniferous 
forests in the cold temperate zone. These forests provide 
good potential sites for lycophytes and ferns to grow. 

 

Fig. 1  The study area showing mountain ranges in Northeast 
China 

2.2  Occurrence data processing 
The occurrence data are also called presence-only data 
which are effective for modelling species distribution 
for many species in various regions (Elith et al., 2006). 
The occurrence data of A. brevifrons were obtained in 
two ways: the field investigation data during 2008– 
2012, and herbarium data (Northeast Biological Her-
baria of Institute of Applied Ecology, Chinese Academy 
of Sciences). We took two steps to process these data: 
firstly, we utilized the  ‘Baidu coordinate pick-up 
system’ (http://api.map.baidu.com/lbsapi/getpoint/index. 
html) to extract and verify the latitude and longitude co-
ordinates of each fern record according to the description 
of distribution location, and discarded those with incom-
plete or uncertain descriptions of their distribution loca-
tions. Secondly, because co-located or nearby records are 
often spatially auto-correlated samplings (Phillips et al., 
2017), to meet the IPP’s (Inhomogeneous Poisson Proc-
ess) assumption  of independent samples for Maxent, 
records within 10 km of each other were removed ran-
domly (Boria et al., 2014). In the end, 67 occurrence re-
cords (33 herbarium records and 34 investigated records) 
remained for further analysis and 64 occurrence records 
were excluded. 

2.3  Environmental variable selection and proc-
essing 
Considering the biological meanings and topographic 
effects on the distribution of A. brevifrons, 22 environ-
mental variables were chosen in the research, including: 
1) 19 bioclimatic variables (Fick and Hijmans, 2017) 
with 30″ spatial resolution (Version 2.0) were obtained 
from WorldClim website (www.worldclim.org), which 
represent annual trends, seasonality, and extreme or 
limiting environmental factors with more biological 
meanings. Bioclimatic variables, which became 
available since 1984, are the most common source for 
SDMs studies especially for Maxent (Booth et al., 
2014; Booth, 2018) and, 2) elevation (Digital Eleva-
tion Model, DEM) with 30 m resolution was 
downloaded from the Geospatial Data Cloud website 
(www.gscloud.cn). The DEM data were used to gen-
erate slope and aspect using ArcGIS 10.2. Topog-
raphic variables (elevation, slope and aspect) were 
resampled to the same 30″ spatial resolution as for 
bioclimatic variables. 

To avoid the impact of high cross-correlations, principal  
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component analysis (PCA) and multi-collinearity test 
were used for selecting the variables involved in model 
operation. PCA was applied to 19 bioclimatic variables 
(Appendix 1) to get the loading coefficients of each 
variable (Cui et al., 2018). The multi-collinearity test 
(IBM SPSS Statistics 24) was performed on the 22 
variables (Appendix 2). Only those variables with 
higher loading coefficients were included in the model 
when the absolute Pearson correlation coefficient |r| ≥ 
0.8 (Yang et al., 2013; Jia et al., 2017). Finally, nine en-
vironmental variables, including six bioclimatic vari-
ables (Bio1 (annual mean temperature), Bio3 (isother-
mality), Bio5 (max temperature of warmest month), 
Bio7 (temperature annual range), Bio15 (precipitation 
seasonality) and Bio17 (precipitation of driest quarter)) 
and three topographic variables (elevation, slope and as-
pect) were selected for Maxent prediction (Appendix 2). 

2.4  Modelling procedure 
Maxent (Phillips et al., 2018) was chosen to predict suit-
able habitat for A. brevifrons. Maxent is a powerful ma-
chine learning technique requiring only occurrence data 
and environmental layers for modelling. We chose cross- 
validation in the settings and the number of replicate runs 
was set to 10. The jack-knife test was chosen and other 
parameters set to their default values. Variable importance 
was estimated by two heuristic tests (percentage contribu-
tion and permutation importance) and the jack-knife test 
in Maxent (Phillips et al., 2006; Elith et al., 2011; Phipps 
et al., 2017). In the end, the prediction result from Maxent 
was reclassified in ArcGIS according to arbitrarily de-
fined probability classes (Khafaga et al., 2011; Lu et al., 
2012; Remya et al., 2015). 

2.5  Evaluation of model performance 
The objective of model evaluation is to assess model 
generality, and cross-validation is preferable based on 
the predictive accuracy in applications of Maxent 
(Merow et al., 2013; Estallo et al., 2018). Ten-fold cross 
validation was used to partition the occurrence data 
randomly into ten equal-size ‘folds’ for training and 
testing, and models were created by leaving out each 
fold in turn, then the left-out folds were used for test 
evaluation (Li et al., 2016; Lathrop, et al, 2018). Train-
ing accuracy refers to the goodness of fit of the model, 
while testing refers to the capability of the model 
prediction of the occurrence data not used in training,  

and is considered as an independent means with which 
to evaluate model performance (Estallo et al., 2018). 
The area under the curve (AUC) of Receiving Operating 
Characteristic (ROC) curves has been widely used in 
Maxent as a measure of model accuracy performance 
(Merow et al., 2013). AUC ranks between 0 and 1; AUC ≤ 
0.5 shows that the model prediction is no better or worse 
than random; 0.5–0.7 indicates poor performance; 
0.7–0.9 represents moderate/excellent performance; and > 
0.9 demonstrates exceptional performance (Wang et al., 
2007; Peterson et al., 2011; Vilar et al., 2016; West et 
al., 2016). Finally, we sorted out the distribution range 
of A. brevifrons county area according to the herbarium 
specimen collections which were not used in the predic-
tion, and compared it with the predicted result, which 
could be used as an alternative for evaluating the predic-
tion performance of the model. 

3  Results 

3.1  Analysis of AUC and variables’ contributions 
The average AUC was 0.901 ± 0.066 (mean ± SD) with 
ten-fold cross-validation, showing the model’s good 
performance in the prediction of suitable habitat for A. 
brevifrons (Fig. 2).  

Our results showed the most important environmental 
variables affecting the distribution of A. brevifrons were 
related to precipitation (60.6% contribution, 63.3% 
permutation importance), followed by temperature-related 
variables and topography-related variables according to 
the heuristic tests (Table 1). Three environmental vari-
ables (Bio17 (precipitation of driest quarter), Bio3  

 

Fig. 2  The value of the area under the curve (AUC) with repli-
cate runs for A. brevifrons in Northeast China 
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Table 1  The mean contributions of environmental variables using heuristic tests (percentage contribution and permutation importance) 
to the prediction of suitable habitat 

Contribution (%) Permutation importance (%) 
Type Variable 

Variable Type Variable Type 

Precipitation Bio17 58.6 56.6 

 Bio15 2.0 
60.6 

6.7 
63.3 

Temperature Bio3 22.2 13.2 

 Bio7 6.5 9.8 

 Bio5 5.1 9.3 

 Bio1 2.3 

36.1 

3.3 

35.6 

Topography Aspect 1.5 0.6 

 Elevation 1.1 0.1 

 Slope 0.7 

3.3 

0.4 

1.1 

Notes: ‘Bio1’ is ‘annual mean temperature’; ‘Bio3’ is ‘isothermality’ ; ‘Bio5’ is ‘max temperature of warmest month’ ; ‘Bio7’ is ‘temperature annual range’; 
‘Bio15’ is ‘precipitation seasonality’ ; ‘Bio17’ is ‘precipitation of driest quarter’ 

 

(isothermality), and Bio7 (temperature annual range)) 
together contributed 87.3 % to contribution and 79.6 % 
to permutation importance. Precipitation of driest quar-
ter (Bio17) contributed 58.6 % (56.6 % permutation 
importance) to the prediction, and was the key variable 
in determining suitable habitat. 

Our result of jack-knife testing regularised training 
gains (Fig. 3) showed precipitation of driest quarter 
(Bio17) was the key variable affecting prediction of 
suitable habitat for A. brevifrons, followed by Bio15. 
Bio17 contributed the highest gain when used in isola-

tion, and thus reduced it the most when omitted. 

3.2  Assessment of habitat suitability of A. brevi-
frons 
The result of Maxent occurrence probability of A. brevi-
frons was reclassified into four classes according to 
arbitrarily defined probability classes in ArcGIS 10.2 
(Fig. 4). The high and medium habitat suitability classes 
occupied 5.73% and 3.99% respectively (119 787 rasters 

and 83 507 rasters) of the whole study area. The low 
habitat suitability class accounted for 23.68% (495 005  

 

Fig. 3  Results of jack-knife analysis of environmental variable importance for the distribution of A. brevifrons in Northeast 
China .‘Bio1’ is ‘annual mean temperature’; ‘Bio3’ is ‘isothermality’ ; ‘Bio5’ is ‘max temperature of warmest month’ ; ‘Bio7’ is ‘tem-
perature annual range’; ‘Bio15’ is ‘precipitation seasonality’ ; ‘Bio17’ is ‘precipitation of driest quarter’; ‘Eleva’ refers to elevation 
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Fig. 4  Predicted distribution of suitable habitat for A. brevifrons 
in Northeast China 

 

rasters), while the very low class covered 66.60% (1 392 297 
rasters). The distributions of suitable areas (high habitat 
suitability, medium habitat suitability, and low habitat 
suitability) were mainly clustered on the Changbai 
Mountains and Xiao Hinggan Mountains: southern parts 
of the Changbai Mountains contained highly, and mod-
erately, suitable habitats making it the best area for 
natural distribution of A. brevifrons.  

Variable means and coefficients of variations (CV) are 
listed in Table 2. The key environmental variable (Bio17) 
and the other three variables (Bio15, Bio3, and Bio7) 
were chosen according to the results of heuristic tests and 
the jack-knife test (Table 1, Fig. 3). Generally, means of 
Bio17 and Bio3 in high and medium suitability classes 
were higher than in low and very low suitability classes, 
while means of Bio15 and Bio7 show the opposite ten-
dency. The changes of each variable’ means were differ-
ent in four habitat suitability classes. From the lowest 
mean (10.46) to the highest mean (26.27), the percentage 
of Bio17 increased 151%, but the mean percentage increase 
or decrease in three variables (Bio15, Bio3, and Bio7)  

was much smaller compared with Bio17. The suitability 
class was affected more by Bio17 than other variables 
(Bio15, Bio3, and Bio7). The analysis indicated that 
Bio17 was the key environmental variable controlling the 
spatial distribution pattern of habitat suitability. The 
smallest CVs of four variables all appeared in high suit-
ability class areas, which showed that the fluctuations 
therein were the smallest among the four suitability 
classes. 

4  Discussion 

4.1  Model performance evaluation 
AUC analysis is an important measure of model predic-
tion performance: it is the probability that a randomly 
chosen presence site is ranked above a random back-
ground site (Phillips et al., 2006). Models with values 
above about 0.75 are considered potentially useful 
(Elith, 2000; Phillips and Dudik, 2008). Studies also 
have shown that the AUC values of species with broad 
distribution scope tend to be lower (Evangelista et al., 
2008; Yang et al., 2013). In our study, independent test 
data were used to assess model prediction, and Maxent 
provided an excellent performance (Fig. 2). 

 The regional information recorded in the specimens 
can reflect the approximate distribution of plants. 
Therefore, specimens of A. brevifrons in Northeast Bio-
logical Herbaria of Institute of Applied Ecology, Chi-
nese Academy of Sciences were collated, and using 
‘county’ as an index we plotted the distribution range 
map of the specimen collections. The county area dis-
tribution of A. brevifrons can generally reflect the natu-
ral distribution of A. brevifrons in Northeast China 
(Fig. 5). In our study, the predicted distribution range of 
suitable habitat (Fig. 4) for A. brevifrons with 30" spatial 
resolution was consistent with the county area distribu-
tion (Fig. 5) of A. brevifrons, evincing the high accuracy 
of the prediction.  

 
Table 2  Four variables’ mean and coefficient of variation (CV) within each habitat suitability class of A. brevifrons in Northeast China 

Very low Low Medium High Environmental variables 
(Unit) Mean CV Mean CV Mean CV Mean CV 

Bio17 (mm) 10.46 53.25 17.40 25.69 23.00 31.13 26.27 23.79 

Bio15 (%) 112.75 9.20 101.85 5.31 99.54 5.96 100.46 3.36 

Bio3 (%) 23.76 9.68 23.88 5.86 24.43 4.22 25.26 4.12 

Bio7 (℃) 52.48 7.83 53.00 8.36 49.00 6.41 47.00 4.43 

Notes: ‘Bio3’ is ‘isothermality’ ; ‘Bio7’ is ‘temperature annual range’; ‘Bio15’ is ‘precipitation seasonality’ ; ‘Bio17’ is ‘precipitation of driest quarter’ 
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Fig. 5  Distribution of counties with specimen collection of A. 
brevifrons in Northeast China 

4.2  The impact of chief variables on natural dis-
tribution 
The type of environmental variables showed that pre-
cipitation contributed the most to the distribution pre-
diction, followed by temperature, and topographic con-
tribution the least. Topographic variables may affect the 
distribution of plants over a smal-scale landscape, but 
on a large scale, they may be minimal, the reason could 
be that topographic variables exert their influences on 
plants indirectly (Vormisto et al., 2004; Nettesheim et 
al., 2014). The high habitat suitability areas have com-
paratively more precipitation and with less fluctuation in 
the driest quarter, but very low habitat suitability areas 
showed the opposite tendency.  

The study shows that among all the bioclimatic vari-
ables related to the natural distribution of A. brevifrons, 
precipitation-related variables are more important than 
temperature-related variables, and precipitation of driest 
quarter (Bio17) is the key factor in determining the dis-
tribution. A. brevifrons is less drought-resistant than 
other common ferns in North China (Wu et al., 2014). 
Its life cycle alternates between two generations, sporo-
phyte generation and gametophyte generation (Shef-
field, 1994; Banks, 1999). Water plays a key role in the 
gametophyte generation from the germination of spores 
to the formation of juvenile sporophytes on gameto-
phytes. The gametophyte has only small rhizoids which 
increase the risk when exposed to water stress. We be-
lieve that precipitation of driest quarter determines the 

survival probability of gametophytes on a large-scale 
landscape. Peck et al. (1990) revealed that the greatest 
mortality of gametophytes was related to increased ex-
posure to drought. Therefore, the colonizing stages of 
ferns (gametophyte and juvenile sporophyte) have much 
greater risks of mortality than mature sporophytes (Peck 
et al., 1990; Greer and McCarthy, 2000). Gametophyte 
generation plays the central role in the life cycle, for the 
sporophyte ultimately owes its existence to gameto-
phytes (Testo and Watkins, 2013). Sato (1992) investi-
gated the population mortality of overwintered gameto-
phytes of A. brevifrons, analysed the main environ-
mental factors and a safe-microsite for gametophyte 
establishment in nature. The results showed that spring 
mortality was highly correlated with water stress. With 
the decrease of soil moisture content after snow-melt in 
spring, the overwintering gametophytes were sensitive 
to water stress even a short drought period, and the 
mortality increased significantly. The gametophytes are 
not sufficiently drought-tolerant to survive the spring in 
the immature stage. Therefore, he suggested that spring 
desiccation might be a factor in reducing or limiting the 
natural distribution of gametophyte populations. Our 
results are consistent with those of Sato and those in the 
aforementioned empirical literature. 

The ecology of lycophytes and ferns is complex 
given the reliance on independent gametophytes and 
sporophytes with unique habitat requirements 
(Canestraro et al., 2014). The biological features make 
lycophytes and ferns more sensitive to the environ-
mental variables. Understanding gametophyte biology is 
critical to understanding fern sporophyte distributions 
(Watkins et al., 2007). Lycophytes and ferns in North-
east China are mesotherm and have many ecological 
types according to the classification by Lu and Chen 
(2013); because of their different ecological types, the 
environmental variables affecting the distribution of 
lycophytes and ferns might be different. So, it is valu-
able to consider both generations of the life cycle in the 
studies for further analysis of the impact of environ-
mental variables on their natural distribution. 

4.3  Suitable habitat assessment and conservation 
A. brevifrons is a fern with homology of food and tradi-
tional Chinese medicine. With increasing demand in 
domestic and foreign markets, large-scale mass harvest-
ing has led to a decrease in the distribution of wild A. 
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brevifrons resources. Especially in recent years, the local 
villagers have dug up whole rhizomes in mountainous 
areas with an abundant A. brevifrons distribution, and 
transplanted them in greenhouses. The rhizomes were 
discarded after picking all the edible petioles. Normally, 
a productive plant is 10–100 years old, however, after 
open acquisition and years of successive digging, the 
productivity is extremely low, resources are signifi-
cantly depleted, and A. brevifrons has withered in sig-
nificant numbers (Dong and Wang, 1991).  

Protective development of the wild A. brevifrons re-
source is urgent, because the extensive exploitation of 
resources has been exacerbating the fierce conflict be-
tween ecological protection and economic development 
(He and Yu, 2016). The application of models provides 
an effective technical means for protective development. 
As with the widely-applied SDMs, the Maxent model 
can evaluate the potential distribution range of a species 
(West et al., 2016) and promising results were even ob-
tained for endangered species with limited occurrence 
data (Pearson et al., 2007; Kumar and Stohlgren, 2009; 
Zhang et al., 2011). Our model results show the spatial 
habitat suitability of A. brevifrons, which is in line with 
the actual distribution (Fig. 5) of A. brevifrons. Our 
habitat suitability map of A. brevifrons could aid the 
conservation and restoration of A. brevifrons. From the 
regional-scale prediction of habitat suitability distribu-
tion for A. brevifrons, we find that Changbai Mountains 
provide the best ecological conditions for the survival of 
A. brevifrons as mountain areas with conifer-broadleaf 
forest and broadleaf forest provide the appropriate un-
der-canopy environment. Therefore, we suggest that 
ecological conservation of the population in this area 
should be enhanced. In addition, under-canopy cultiva-
tion in medium or even low suitability habitats should 
be implemented to restore the A. brevifrons population. 
The cultivation not only improves ecological efficiency, 
reduces the harvest of wild A. brevifrons resources, but 
also increases the economic benefits of forests and the 
income of forest farmers.  

Understanding the overall geographical distribution 
and suitable habitat range of species is prerequisite to 
effective species conservation, management, and recov-
ery efforts (Pearce and Boyce, 2006; Lu et al., 2012). 
Firstly, the conservation efficiency can be improved by 
considering the centralized protection of species distrib-
uted in the most suitable habitat when formulating poli-

cies for species conservation; secondly, the suitable 
habitat is the best ecological condition for population 
restoration and expansion, and the analysis of habitat 
suitability can provide a reference for species ex-situ 
conservation and reintroduction; finally, the analysis of 
suitable habitats provides a clear range of species dis-
tribution, which forms the basic data and decision basis 
for resource surveys. Therefore, it is important to priori-
tise habitat suitability for conservation, evaluation, and 
utilisation of lycophytes and ferns. Our results showed 
the potential habitat suitability distribution map which 
could provide a reference for the sustainable develop-
ment and utilisation of the A. brevifrons resource. While 
the Maxent method is efficient, as used in this study for 
predicting suitable habitat and analysing the impact of 
chief variables, it could be applied to other lycophyte 
and fern species to evaluate their habitat suitability and 
allow conservation management planning thereof. We 
hope that this study could provide a reference for the 
utilisation and diversity conservation of lycophytes and 
ferns in Northeast China or even as a larger scale.  

5  Conclusions 

This study predicted the suitable habitat for A. brevi-
frons using a Maxent model with 67 occurrence data and 
nine environmental variables in Northeast China. The 
type of environmental variables showed that precipita-
tion contributed the most to the distribution prediction. 
Precipitation of driest quarter (Bio17) was the key factor 
in determining the natural distribution of A. brevifrons, 
the reason could be the greatest mortality of fern ga-
metophytes under water stress. The Changbai Moun-
tains, which covered almost all the high and medium 
habitat suitability areas, provided the best ecological 
conditions for the survival of A. brevifrons, should be 
considered as the priority area for protection and resto-
ration of the wild resource. 
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Appendix 1  Loading coefficients of principal component analysis (PCA) on 19 bioclimatic variables for A. brevifrons in Northeast 
China 

Principal component 
Variables 

PC1 PC2 PC3 PC4 

Bio17 0.93 0.27 0.09 −0.15 

Bio19 0.93 0.27 0.09 −0.15 

Bio14 0.92 0.16 0.21 −0.13 

Bio12 0.85 0.50 0.00 0.11 

Bio18 0.84 0.47 0.01 0.23 

Bio16 0.84 0.47 0.01 0.23 

Bio13 0.82 0.43 0.12 0.33 

Bio7 −0.45 −0.88 0.05 0.10 

Bio4 −0.50 −0.83 0.14 0.18 

Bio6 0.45 0.81 0.35 −0.09 

Bio2 −0.12 −0.81 −0.43 −0.18 

Bio9 0.45 0.79 0.39 −0.08 

Bio11 0.46 0.79 0.38 −0.08 

Bio5 0.10 0.03 0.97 0.01 

Bio10 0.11 0.24 0.96 0.10 

Bio8 0.12 0.24 0.95 0.11 

Bio1 0.35 0.62 0.70 −0.01 

Bio3 0.43 0.06 −0.68 −0.38 

Bio15 0.06 −0.11 0.22 0.93 

Contribution rate 36.05% 29.47% 23.47% 7.40% 

Cumulative contribution rate 36.05% 65.52% 88.99% 96.39% 

Notes: ‘Bio1’ is ‘annual mean temperature’; ‘Bio2’ is ‘mean diurnal range’ ; ‘Bio3’ is ‘isothermality’ ; ‘Bio4’ is ‘temperature seasonality’ ; ‘Bio5’ is ‘max tem-
perature of warmest month’ ; ‘Bio6’ is ‘min temperature of coldest month’ ; ‘Bio7’ is ‘temperature annual range’ ; ‘Bio8’ is ‘mean temperature of wettest quarter’ ; 
‘Bio9’ is ‘mean temperature of driest quarter’ ; ‘Bio10’ is ‘mean temperature of warmest quarter’ ; ‘Bio11’ is ‘mean temperature of coldest quarter’ ; ‘Bio12’ is 
‘annual precipitation’ ; ‘Bio13’ is ‘precipitation of wettest month’ ; ‘Bio14’ is ‘precipitation of driest month’ ; ‘Bio15’ is ‘precipitation seasonality’ ; ‘Bio16’ is 
‘precipitation of wettest quarter’ ; ‘Bio17’ is ‘precipitation of driest quarter’ ; ‘Bio18’ is ‘precipitation of warmest quarter’ ; ‘Bio19’ is ‘precipitation of coldest 
quarter’ 
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