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A B S T R A C T

Elaeagnus angustifolia L. has considerable ecological value and plays an important role in windbreak and sand
fixation, soil and water conservation, vegetation restoration and afforestation in Asia. Understanding the po-
tential distribution and the limiting climatic factors is the first step for sustainable use of this species at regional
scale. Here, we simulated the potential distribution of E. angustifolia and evaluated its limiting climatic factors
using a maximum entropy model (MaxEnt) and geographical information system (GIS) in China, based on 190
occurrence grid cells and 13 climatic variables in China. The results show that: (1) annual range of temperature
(ART), annual mean temperature (AMT), humidity index (HI), and coldness index (CI) are the dominant climatic
factors limiting its potential distribution range; (2) low temperature is an important climatic factor that limits
both southern and northern distribution boundaries, and high rainfall is another climatically limiting factor for
the southern boundary, and (3) the potential distribution areas are mainly located in the warm temperate and
middle temperate zone with cold and dry winters, and in the arid and semi-arid regions of China between 30°N
and 50°N. The simulating results can improve our understanding of the geographical and ecological char-
acteristics of E. angustifolia, and provide references for the introduction of this species for control and restoration
of degraded land in China.

1. Introduction

Elaeagnus angustifolia L, also known as Russian olive or oleaster, is a
deciduous small arbor or large multi-stemmed shrub, which is a
member of the family Elaeagnaceae (Heywood, 1993), and is native to
southern Europe, central and eastern Asia (Katz and Shafroth, 2003). It
is a species with multiple traits of economic, ornamental, and high
ecological value. Its branches, leaves, flowers, fruits, and juice extracts
are widely used in food, medicine, papermaking, forage, wood, and
furniture (Huang et al., 2005). Its oval crowns, silver leaves, fragrant
flowers, and delicate fruits, as well as its distinct ability of resisting cold
and drought stress, make it an excellent landscape tree species, espe-
cially in cold and arid areas (Asgarzadeh et al., 2014). Moreover, given
its nitrogen-fixing ability (Khamzina et al., 2009; Shah et al., 2010) and
saline-alkali tolerance (Liu et al., 2014), it is used as an excellent tree
species for windbreak and sand fixation, soil and water conservation,
vegetation restoration and afforestation not only in many native
countries, but has also been introduced to non-native countries in poor

soil for drought-resistant ornamental plant, such as United States and
Canada (Collette and Pither, 2015a,b). Now, it has been the frequently
occurring and the most dominant riparian tree species in all western
United States and southern Canadian provinces (Friedman et al., 2005),
where it has already been regarded it as an invasive plant because of
concerns about its potential negative impacts, such as replacing native
vegetation and altering stream nutrient dynamics (Katz and Shafroth,
2003; Collette and Pither, 2015b). This, however, does not prevent it
from being widely used as an excellent plant for afforestation and land
rehabilitation in native countries, such as China (Fu, 2016), Turkey
(Yildiz et al., 2017) and Uzbekistan (Dubovyk et al., 2016).

In China, one of its native regions, E. angustifolia has been widely
cultivated in the arid and semi-arid land since the 1980s, as an im-
portant pioneer tree species for afforestation. Currently, there are a
large number of shelterbelts and windbreaks made by E. angustifolia in
the arid and semi-arid regions in the Northwest of China. Furthermore,
some economic forests are established by farmers in Ningxia, Qinghai,
and Gansu provinces. Besides, it has also been cultivated massively in
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sandy wastelands and saline-alkali lands in the Northeast of China (Yu
and Yan, 2009). Currently, there have been many explorations from the
perspective of its germplasm resources and economic value (Guo and
Wang, 2008), morphological and ecological characteristics (Sun and
Lin, 2010), resistance physiology (Liu et al., 2014), and so forth. Re-
cently, the environmental constraints of this species have been well
studied in United States and Canada (Nagler et al., 2011; Friedman
et al., 2005; Guilbault et al., 2012; Collette and Pither, 2015a), but
these predictions were not informed by occurrence records from native
countries. Whether their results is necessarily in line with China is still
unknown. Therefore, the efforts to estimate the potentially distribution
areas based on a wide range of occurrences data is still needed for
widespread planting and afforestation management of this species at
the national and provincial scale in China.

At present, the common method to study potentially species dis-
tribution and environmental suitable habitats is to use species dis-
tribution models (SDMs) (Hirzel and Le Lay, 2008; Elith and Leathwick,
2009; Booth et al., 2014; Booth, 2016). SDMs explore the niche re-
quirements and potential distribution range of a species using specimen
records from museums and a series of environmental variables
(Khamzina et al., 2009; Li et al., 2014; Booth, 2016). The popular
species distribution models include ecological niche factor analysis
(ENFA), genetic algorithm for rule-set production (GARP) and max-
imum entropy (MaxEnt), among others. Each model has its own ad-
vantages and disadvantages. Nevertheless, several comparative studies
show that MaxEnt has better prediction ability than most other models
and it is considered as a robust modelling approach that incorporates
statistical models and machine learning for characterizing probability
distributions from incomplete information and determining the current
and/or projected potential distribution of different species (Elith et al.,
2006; Phillips et al., 2006; Pearson et al., 2007; Wisz et al., 2008). For
example, Phillips et al. (2004, 2006) found that MaxEnt outperformed
GARP on observational data for North American breeding birds and two
Neotropical mammals (Bradypus variegatus and Microryzomys minutus).
Furthermore, the ability of mapping the limiting factor and similar
surface for range-shifting species, which expanded in the MaxEnt model
by Elith et al. (2010), make it especially suitable for predicting potential
species distributions and interrogate the causes behind predictions.

Many environmental variables are used to simulate the species ni-
ches with MaxEnt. Among them, climatic factors are widely used as the
predictive variables, because they are thought to play a much more
important role in determining the potential distribution of a species
than soil and topographical factors with coarse resolution, and at a
large scale (global or national) (Toledo et al., 2011; Guisan et al., 2013;
Li et al., 2016a,b). Previous studies have also shown that climatic fac-
tors have a significant effect on the distribution of on E. angustifolia
(Nagler et al., 2011) and its occurrence frequency is closely related to
low temperature (Friedman et al., 2005; Guilbault et al., 2012) in
western USA and Canada. Therefore, our goal was to identify the po-
tential distribution of E. angustifolia, and climatic constraints in China
using MaxEnt and geographic information system (GIS). This study
mainly focused on the following two questions: (1) Whether the cli-
matic limiting factors determining the range of E. angustifolia in China
are similar as that of in exotic ranges? (2) Where are the climatically
suitable habitats of this species in China? These two questions may help
to better understand the geographical and ecological characteristics of
E. angustifolia in China, which could serve as a reference for policy
makers and planners for afforestation using this species in China.

2. Materials and methods

2.1. Study area

The study area is located in China, which covers a land area of
approximately 9.6 million km2 (3°52′–53°33′N, 73°40′–135°2′E) and its
topography descends in a three-step staircase-like manner from west to

east (Hou, 1983). The hydrothermal condition of China is strongly af-
fected by the monsoon climate and the continental climate (Fang et al.,
2002). There are a large areas of desertification in northwest of China
(Zhu, 1998). Therefore, a number of desertification control initiatives
have launched since late 1970s, such as the Three-North Shelterbelt
Development Program (1979–2050, widely known as the Great Green
Wall), National Program on Combating Desertification (1991–2000),
and Croplands to Forests or Grasslands Program (2000–2010). During
the implementation of these initiatives, many plants with the char-
acteristics of drought resistance and saline-alkaline tolerance, among
which E. angustifolia is considered an important candidate plant, were
used for revegetation and afforestation in arid and semi-arid deserts,
saline-alkali wastelands, and bare mineral substrates. The current dis-
tribution of E. angustifolia with deserts in China is shown in
Supplementary Material Fig. S1.

2.2. Species data and climate variables

The occurrence records of E. angustifolia in continental China were
retrieved from the Chinese Virtual Herbarium (CVH, http://www.cvh.
ac.cn/, last accessed on 20 February 2017), Chinese Academy of
Sciences Node of Global Biodiversity Information Facility (GBIF-CAS,
http://www.gbifchina.org, last accessed on 20 February 2017), and
published literatures. CVH integrated the herbarium data from 35 in-
stitutes in China, including the leading and important museums of
China, and more than 45,000 data records. GBIF-CAS was established in
2013, through which, one can visit the National Specimen Information
Infrastructure (NSII) to access more than 8 million specimen records in
China. The published literatures mainly included the relevant papers
searched with the keyword of ‘Elaeagnus angustifolia’ from the China
National Knowledge Internet (CNKI http://www.cnki.net/) and
Wanfang Data Knowledge Service Platform (http://www.wanfangdata.
com.cn). We compiled the species location data from the above sources
for a period spanning 1960 to 2016. During data collection, the dis-
tribution data for E. angustifolia var. orientalis, as a synonym of E. an-
gustifolia (Sun and Lin, 2010), were also collected. The location data
were accurate at the county level. Records without the location in-
formation, as well as the repetitive data, were deleted. Records in parks,
botanical gardens and orchards were also removed, because there
would be regular or irregular human maintenance management in these
places, which can not reflect the adaptability of the species themselves
to the environment. Then the remaining location data were converted
to points by digitising the centroid of each county. The occurrence data
of those points were located on a map of China with a grid cell spacing
of 10 arc min. We assumed that a grid cell was suitable for E. angusti-
folia survival, if one or more specimens were present in the grid cell.
Then, a binary grid map (presence/absence map) with a 10 arc min
spatial resolution was converted into points by using the “raster-to-
point” function in ArcGIS 9.3 (ESRI, Redlands, CA, USA). Finally, a total
of 190 occurrences were identified (shown in Supplementary Material
Fig. S2). The latitude and longitude coordinates for each record were
stored in an Excel database for MaxEnt model building.

A set of climatic variables compiled from Bioclim system (http://
www.worldclim.org/), Kira system (Kira, 1945) and Holdridge life zone
system (Holdridge, 1947) was adopted to characterize the climatic
niche of the species, which consisted of 13 climatic variables: annual
mean temperature (AMT), max temperature of warmest month
(MTWM), min temperature of coldest month (MTCM), annual range of
temperature (ART=MTWM−MTCM), annual precipitation (AP),
precipitation of driest month (PDM), precipitation of wettest month
(PWM), precipitation of seasonality (PSD=Monthly coefficient of
variation of precipitation), annual biotemperature (ABT= ∑T/12,
0 °C < T < 30 °C, T is the mean monthly temperature), potential
evapotranspiration rate (PER=58.93×ABT/AP), coldness index
(CI=−∑(5− T), T > 5 °C), warmth index (WI= ∑(T− 5),
T > 5 °C), humidity index (HI=AP/WI). The first eight variables were
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initially used on the BIOCLIM package (the first SDM model), which are
generally used in ecological or other studies to evaluate the effect of
climate on species distribution such as plant, pathogens, insect, etc. The
remaining five variables were used in Holdridge life zone system and
Kira index system, which are climate-vegetation models to describe the
vegetation belts in the world and East Asia separately. These variables
have been used to simulate the climatically suitable areas of other
plants (Platycladus orientalis, Pinus tabulaeformis, Robinia Pseudoacacia
L.) globally and nationally (Li et al., 2014, 2016a,b). All climatic layers
were sourced directly or indirectly from the WorldClim database
(http://www.worldclim.org/) at a spatial resolution of 10 arc-min,
which were generated using thin-plate smoothing splines with latitude,
longitude, altitude, and monthly temperature and precipitation records
of 50-year averages (1950–2000) from climate stations around the
world (Hijmans et al., 2005).

2.3. Modeling methods and statistical analysis

We implemented MaxEnt using version 3.3.3 k of the software de-
veloped by Phillips et al. (Phillips et al., 2006; Phillips and Dudik,
2008). It was downloaded for free from the website of Princeton Uni-
versity (http://www.cs.princeton.edu/~schapire/maxent/). MaxEnt
expresses the suitability of a grid cell as a function of the environmental
or climatic layers at that grid cell in a landscape, together with a set of
sample locations, where the plant species has been observed. The
suitability distribution is estimated by the equation (Merow et al., 2013;
Li et al., 2014; Li et al., 2016a): P(x)= exp
(c1× f1(x)+ c2× f2(x)+ c3× f3(x) …)/Z. Here c1, c2, c3, … are con-
stants, f1, f2, f3, … are the features, and Z is a scaling constant that
ensures that P sums to 1 over all grid cells, with 0 being the lowest
probability and 1 being the highest.

All occurrence points of E. angustifolia and 13 climatic variables
were uploaded into the MaxEnt software. The feature parameters were
settled as linear, quadratic, product, threshold and hinge in order to
build non-linear response curves which were used to interpret how
individual variables affect the probability of presence of this species.
The regularization multiplier was set to 1 to prevent over-complexity
and/or reduce overfitting by controlling the intensity of the chosen
feature classes used to build the model (Elith et al., 2010). The method
of 10-fold cross-validation was selected to evaluate the performance of
MaxEnt. That is, the data were randomly divided into 10 subsamples,
one of which was taken as the test data, and the remaining nine sub-
samples were taken as the training data; the program was then re-
plicated 10 times. The prediction accuracy of the model was assessed by

an area under the receiver operating characteristic curve (AUC), based
on the 10-fold cross-validation method. Larger the average AUC value,
higher is the prediction accuracy of the model. AUC values can range
between 0.5 and 1.0, which could be divided into five classes (Swets,
1988): 0.5–0.6 (fail), 0.6–0.7 (poor), 0.7–0.8 (fair), 0.8–0.9 (good), and
0.9–1.0 (excellent).

The jackknife test (systematically leaving out each variable) were
used to measure which were the dominant climatic factors determining
potential distribution of the species (Phillips et al., 2006; Li et al.,
2016a). Limiting factor mapping were also applied to explore spatially
how the climatic factors most influencing predictions vary across study
area. The limiting factor mapping is firstly described by Elith et al.
(2010) and then has been successed used in case study of Platycladus
orientalis around the world (Li et al., 2016a). A final distribution model
was obtained based on the average logistic outputs of 10 replicated
runs, which is used to estimate the probability of presence between 0
(not likely to occur) and 1 (most likely to occur) (Phillips et al., 2006).
The threshold rule of maximum sensitivity plus specificity was chosen
to change the probability map to binary map, which found a high de-
gree of support when evaluated against other methods and was re-
garded as ‘stringent’ (Bystriakova et al., 2014). We have calculated the
optimal threshold in the simulation process of this study (range from
0.279 to 0.421 with a mean value of 0.330 and standard deviation of
0.039). In order to preserve the maximum amount of forecast in-
formation and facilitate further analysis, we divided the habitat suit-
ability in the map with four levels: unsuitable habitat (0–0.3), lowly
suitable habitat (0.3–0.5), moderately suitable habitat (0.5–0.7), and
highly suitable habitat (0.7–1).

3. Results

3.1. Model performance and the importance of climatic factors

The mean AUC values of test data and training data were 0.89 and
0.84, respectively, indicating that the model performed better than
random and had good accuracy. The AUC values of 10-fold cross-vali-
dation are shown in descending order by the test AUC value (Fig. 1),
and the coefficient of variation in the test AUC values was 3.7% among
the 10 model simulations, indicating that the 10-fold cross-validation
method hardly affected the predicted performance of the MaxEnt
model. The simulated potential distribution of E. angustifolia was found
to be similar with its occurrence points (as shown in Supplementary
Material Fig. S3).

The relative contribution of each climatic factor was evaluated by a

Fig. 1. Areas under the receiver operating characteristic
curve (AUC) value of training data and test data, based on
10-fold cross-validation in descending order by the test
AUC value. X-axis label 1–10 represents the model code.
The mean training AUC value is 0.89 and the mean test
AUC value is 0.84.

Fig. 2. Percent contribution rates for the climate factors
affecting the distribution of Elaeagnus angustifolia. ART
(annual range of temperature, °C), AMT (annual mean
temperature, °C), HI (humidity index, mm/°C), CI (coldness
index, °C), PDM (precipitation of the driest month, mm),
PER (potential evapotranspiration rate, °C/mm), AP (an-
nual precipitation, mm), MTCM (minimum temperature of
coldest month, °C), PWM (precipitation of the wettest
month, mm), PSD (precipitation of seasonality, %), MTWM
(maximum temperature of warmest month, °C), WI
(warmth index, °C), ABT (annual biotemperature, °C).

X. Zhang et al. Ecological Engineering 113 (2018) 27–34

29

http
://

ir.
isw

c.a
c.c

n

http://www.worldclim.org/
http://www.cs.princeton.edu/~schapire/maxent/


jack-knife test, and the percent contribution rates are shown in Fig. 2
and Table S1. The relative contribution rates of ART and AMT were
16.4% and 14.6%, respectively, which yielded them the top two ranks.
They were followed by HI and CI, with contribution rates of 13.3% and
12.4%, respectively. These four factors (with individual contribution
rates> 10%) can be considered the dominant climate factors that affect
the potential distribution of E. angustifolia in China. The total con-
tribution of the last four factors (MTWM, PSD, WI, ABT) was less than
10%, therefore, their effects can be considered very small. The other
factors, in the decreasing order of contribution, were PER, MTCM, AP,
PDM, and PWM, affecting climatically suitable habitats of this species
to some extent.

The above results indicate that the distribution of E. angustifolia was
associated with both thermal (ART, AMT, CI, MTCM, MTWM, WI) and
hydrological climatic factors (HI, PER, AP, PDM, PWM, PSD). However,
among all factors, the cumulative contribution of the temperature-re-
lated climatic factors was 55.9%, being slightly larger than that of the
hydrology-related climatic factors (Fig. 2Table S1). For the first four
important factors, the cumulative contribution of the temperature-re-
lated climatic factors (ART, AMT, CI) was obviously larger compared to
the hydrology-related climatic factors (HI) (Fig. 2Table S1). Therefore,
the temperature-related climatic factors played a more important role
than the hydrology-related climatic factors in controlling the potential
distribution.

3.2. Response curves and limiting factors

Response curves to climatic suitability for the four dominant climate
factors are shown in Fig. 3 and that of the remaining nine climatic
factors are shown in Supplementary Material Fig. S4. Clearly, there
were unimodal relationships between the habitat suitability and ART or
AMT, and their response peaks were at 42.7 °C and 7.9 °C, respectively.
The relationship between the habitat suitability values and HI was best

described by exponential decay, and the response peak was at 1.3 mm/
°C. The relationship between the habitat suitability values and CI was
best described by exponential increase, and the response peak was at
−8.5 °C.

The areas outside the potential distribution range of E. angustifolia
were mainly shaped due to the limitation of CI, AMT, ART and PDM
(Fig. 4). CI limited the potential distribution of this species across
Northern China. Besides, it was also a limiting factor for Qinghai Tibet
Plateau in Western China, as well as AMT. ART limited the distribution
across Southern China. PDM was the main limiting factor both in
Northwestern and Southeastern China, though it was not included in
the four dominant climatic factors.

3.3. The potential distribution of E. angustifolia and climatic thresholds

Based on the average value of maps from 10-fold cross-validation, a
climatically suitable habitat map for E. angustifolia was created (Fig. 5).
The results showed that the climatically suitable habitats of E. angu-
stifolia were mainly distributed from 1000 to 2000m above sea level,
crossing the northern regions of Kunlun, Altyn, Qilian and Qinling
Mountains, including Funiu and Taihang Mountains and their sur-
rounding areas. The highly suitable area accounted for approximately
2.0% (0.2×106 km2) of the total land area and was mainly located in
nine provinces or autonomous regions: Gansu (GS), Xinjiang (XJ),
Ningxia (NX), Shaanxi (SAX), Inner Mongolia (NMG), Qinghai (QH),
Shanxi (SX), Hebei (HEB), and Henan (HN). The moderately suitable
areas accounted for approximately 10.2% (1.0× 106 km2) of the total
land area and extended to Shandong (SD), Liaoning (LN), Tibet (XZ),
Jiangsu (JS), and Anhui (AH). The lowly suitable areas accounted for
approximately 14.2% (1.4× 106 km2), and in addition to the above
provinces, there were also some small distribution areas in Hubei
(HUB), Jilin (JL), Heilongjiang (HLJ), and Sichuan (SC) provinces.
Other provinces or autonomous regions, mainly located in the very

Fig. 3. The response curves of climatic suitability for the four most important climatic factors, which were simulated by MaxEnt model. (A) annual range of temperature (ART, °C); (B)
annual mean temperature (AMT, °C); (C) humidity index (HI, mm/°C); (D) coldness index (CI, °C). Upward trends for variables indicated a positive relationship, while downward trends
represented a negative relationship. The magnitude of these trends indicated the strength of the relationship.
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northeast and the south of China, and the Qinghai Tibet Plateau, were
potentially unsuitable areas.

The potential distribution of E. angustifolia was overlaid with the

maps of dry and wet divisions, and the temperature zones in China
(Hou, 1983), using ArcGIS (Fig. 6). The potential areas were distributed
mainly in the extremely arid, arid and semi-arid regions in

Fig. 4. Spatial distribution of limiting factors for Elaeagnus
angustifolia, indicating how the variables with the most
effect on predictions vary across China. Coarse red polygon
represents potential distribution range of E. angustifolia.
ART (annual range of temperature, °C), AMT (annual mean
temperature, °C), HI (humidity index, mm/°C), CI (coldness
index, °C), PDM (precipitation of the driest month, mm),
PER (potential evapotranspiration rate, °C/mm), AP (an-
nual precipitation, mm), MTCM (min temperature of
coldest month, °C), PWM (precipitation of the wettest
month, mm), PSD (precipitation of seasonality, %), MTWM
(max temperature of warmest month, °C), WI (warmth
index, °C), ABT (annual biotemperature, °C). (For inter-
pretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 5. Potential distribution of Elaeagnus angustifolia in
China. XJ (Xinjiang), GS (Gansu), QH (Qinghai), XZ
(Tibet), NX (Ningxia), SAX (Shanaxi), SC (Sichuan), SX
(Shanxi), HN (Henan), HUB (Hubei), NMG (Inner
Mongolia), HEB (Hebei, Beijing, Tianjin), SD (Shandong),
JS (Jiangsu), AH (Anhui), JX (Jiangxi), LN (Liaoning), JL
(Jilin), HLJ (Heilongjiang).

Fig. 6. Potential distribution of Elaeagnus angustifolia in China and its relationships with (A) dry and wet divisions and (B) temperature zones. 1: Humid region with non-distinct dry
season, 2: humid region with distinct dry season, 3: semi-humid region, 4: semi-arid region, 5: arid region, 6: extremely arid region. I: Cold temperate zone, II: middle temperature zone,
III: warm temperate zone, IV: plateau climate zone, V: subtropical zone, VI: tropical zone.
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Northwestern China, semi-humid region and humid region with distinct
dry in Northern China, but sparsely in these regions in Southwestern
China and Northeastern China (Fig. 6A). In addition, there were spar-
sely suitable areas in the humid region with distinct dry season,
whereas there was hardly any suitable area in the humid region with
non-distinct dry season in Southern China. The boundary of E. angu-
stifolia distribution was roughly consistent with the dividing line of the
temperature zones (Fig. 6B). The suitable areas were mainly distributed
in the warm temperature zone, and partly in the middle temperate
zone. Besides, there were a small number of suitable areas in the sub-
tropical zone and the plateau climate zone, whereas there was hardly
any suitable area in the tropical zone and the cold temperate zone.

The climatic thresholds of different suitable habitats can quantita-
tively describe the climatic characteristics of E. angustifolia
(Supplementary Material Table S2), in which, the thresholds of the four
dominant climatic factors of highly suitable habitats are as follows: ART
35.8–54.2 °C, AMT 1.8–15.4 °C, HI 0.1–8.6 mm/°C, and CI −42.2 to
0.0 °C.

4. Discussion

4.1. The temperature-related limiting factors of geographical boundary

ART is the main temperature-related limiting factor that determines
the boundary of E. angustifolia in Southern China (Fig. 4), where the
minimum temperature is usually above 0 °C. These results can reflect
the effect of lacking low temperature on the southern boundary of this
specie, which is consistent with previous studies from United States and
Canada (Friedman et al., 2005; Guilbault et al., 2012; Collette and
Pither, 2015a,b) that the southern boundary of this species is limited by
insufficient chilling temperature. It appears that the accumulation of
chilling temperatures are very necessary to break seed and bud dor-
mancy for E. angustifolia (Katz and Shafroth, 2003).

AMT and CI are the main limiting factors for Qinghai Tibet Plateau
(Fig. 4), where exists a cold high-mountain climate (the annual average
temperature is less than 5 °C and no summer in the southeastern part,
ranges from −8 °C to −10 °C in the northwestern part) and it is char-
acterized by the most extreme type of climate (Hou, 1983). CI is also
the main limiting factor across Northern China (Fig. 4). Both AMT and
CI can reflect that chronically and/or extremely low temperature is
unfavorable to form self-sustaining populations of this species in those
regions. Similarly, in the perspective of the response curve of AMT and
CI (Fig. 3B, D), the gradual decrease in probability of presence below
7.9 °C and −25 °C, respectively, can also reflect that this species cannot
endure continuously or extremely low temperature. The limit of E.
angustifolia in Qinghai Tibet Plateau and across Northern China appears
to result mainly from its inability to undergo full fruit maturation or
tolerate extremely low temperature, based on the previous observation
that the fruits of this species are mainly formed in the midsummer with
the average temperature above 20 °C (Guo and Wang, 2008), and the
previous controlled-freezing experiments that its killing temperature is
−55 °C (Gusta et al., 1983).

4.2. The hydrology-related limiting factors of geographical boundary

HI is the only hydrology-related factor included in the four domi-
nant climatic factors. It is a climatic factor that reflects the hydro-
thermal conditions, and the higher value of HI represents the more
humid climate (Xu, 1985). The highest probability of E. angustifolia
presence occurs when HI is 1.3 mm/°C (Fig. 3) (This value signifies that
there is little surplus of rainfall in addition to the water needed to sa-
tisfy evaporation); however, a rapid declining trend is seen in the
probability of occurrence after this value (Fig. 3), which indicates that a
very wet climate is not suitable for this species.

PDM is also a hydrology-related factor that limit the suitable dis-
tribution areas of E. angustifolia in the extremely arid and arid regions of

Northwestern China, and additionally in humid areas of Southeastern
China where the driest months occurs usually in winter (Figs. 4 and 6),
although its contribution rate is low. However, the underlying reasons
are diferent. The distribution of E. angustifolia appears to be limited by
too little precipitation in the arid area of Northwestern China, whereas
it appears to be limited by excessive precipitation in winter in the
humid areas of Southeast China. Consequently, high rainfall is also the
important climatic limiting factor and it mainly affects the suitable
habitats in the southeast of China, which provides a validation for the
hypothesis by Guilbault et al. (2012) that the effects of insufficient
chilling need not be absolute to limit distribution. It is possible that E.
angustifolia needs a certain period of dryness in the process of growth,
especially during the dormant period. Otherwise, it gets outcompeted
by more tree species when the rainfall is enough.

4.3. The uncertainty of the simulation and its applications

Our simulation of the potential distribution of E. angustifolia is only
based on occurrence data in native regions rather than occurrence data
in exotic areas, which indicates that the climatic niche of the species we
have simulated is realized niche instead of fundamental niche (Soberon
and Nakamura, 2009; Booth et al., 1988, Booth, 2017). Soberon and
Arroyo-Pena (2017) suggest that realized niche is always smaller than
the fundamental niche. Therefore, we speculated that our simulated
climatically suitable habitat and climatic thresholds may be only ap-
plicable native ranges rather than exotic areas. Many studies suggested
when species are introduced outside their native ranges, the competi-
tion factors may be have changed in exotic areas, which will make the
realized niche shift to new climatic conditions (Ancillotto et al., 2016;
Li et al., 2018). When our simulated MaxEnt model is projected into
world map (shown in Supplementary Material Fig. S5), we found there
are only median and marginal climatic suitable habitat instead of core
climatic suitable habitat in North America region, where faced a serious
problem of invasion of E. angustifolia (Reynolds and Cooper, 2010;
Collette and Pither, 2015a,b). The most likely explanation is that the
climatic niche of the species has shifted or evolved in North America
compared with the native ranges, leading to changes in its adaptability
to climate conditions. We suggested this assumption should be further
studied.

Our simulation of the potential distribution of E. angustifolia is only
based on climatic variables rather than other abiotic factors, such as soil
factors. Some previous studies have shown that E. angustifolia can tol-
erate more severe drought conditions in introduced ranges (Katz and
Shafroth, 2003; Reynolds and Cooper, 2010), which is attributed to its
well developed root system that can absorb stable groundwater sources
or reach the underground aquifer to absorb moisture in deep soil
(> 200 cm) (Zhang, 1981; Cui et al., 2015; Dubovyk et al., 2016)). Our
study did not include hydro-geological characteristics due to data
limitations and we highly recommended it should be further studied
when these data become available in China. It is noteworthy that the
seedling of E. angustifolia is primary rely on rainfall or irrigation until
15 years of age before utilizing groundwater (Reynolds and Cooper,
2010). Therefore, climatic factors may remains the most crucial factors
controlling the regeneration and spread of natural populations. It also
suggests that the potential distribution of E. angustifolia we have si-
mulated is the climatically suitable habitats or areas that can be in-
troduced.

Our simulation of the potential distribution of E. angustifolia mainly
locates from extremely arid to semi-arid regions of Northwestern China
between 30°N and 50°N, which accounted for approximately 26.4%
(2.6× 106 km2) of the total land area in China. Here are ecologically
fragile areas in China with serious degradation of vegetation and de-
sertification of land. Given the favorable climatic conditions in these
areas, the implement of extensive afforestation with E. angustifolia to
rehabilitate degraded land and control desertification would be effi-
cient and feasible. A number of practices of afforestation have been
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proved that E. angustifolia forest can play an effective on windbreak and
sand-fixing (Fu, 2016) and enhance regional ecosystem services for
local society (Liang, 2016). But we should know that when land de-
gradation persist, these or other soil factors may significantly restrict
the introduction of E. angustifolia even under favorable climatic con-
ditions. It should be acknowledged that our simulation map is often a
good start, but it is desirable to include more information from other
limiting factors (e.g. soil) if they are available. Besides, as an orna-
mental plant, this species is paid more attention to its ornamental value
than the ability of forming self-sustaining populations, thereby it is well
suited for planting in wasteland for hedgerows, windbreaks, other
horticultural purpose under human intervention (Katz and Shafroth,
2003; Wang et al., 2009).

It is noteworthy that E. angustifolia has been reported as an invasive
species in its exotic regions and cased great damage to local natural
ecosystem to many countries (Reynolds and Cooper, 2010; Collette and
Pither, 2015a,b). It was reportedly first brought to the U.S. in the 1800s
by Russian Mennonites who planted it in hedgerows and orshade
(Hansen, 1901; Katz and Shafroth, 2003). Thereafter, as a multi-
purpose, salt-tolerant and fast-growing species, it was encouraged for
planting in windbreaks and horticultural settings (Olson and Knopf,
1986; Haber, 1999; Nagler et al., 2011). However, it escaped cultiva-
tion and now become frequently occurring riparian tree species in the
western United States (Friedman et al., 2005). Therefore, introduction
the species to other non-native region for large-scale ecological re-
storation project purpose should be strict restrictions. However,
planting this species in its native ranges should be not facing such
problem, because native species are the result of natural selection under
local environment in a long-term evolution history and the ecosystem
composed of native species are very stable and does not invading other
ecosystem in native ranges (Vila and Weiner, 2004; Strauss et al., 2006;
Marsh-Matthews et al., 2011). Besides, native species have local cul-
tural characteristics as well as great economic benefits to local soceity.
Therefore, we suggest that E. angustifolia would contribute greatly to
control and rehabilitate degraded land and enhancing the ecosystem
service in Northwest of China without risking invasion as other non-
native ecosystems.

5. Conclusions

Our work is the first study to simulate the potential distribution of E.
angustifolia and evaluate its limiting climatic factors in China. It de-
monstrates that low temperature is the main limiting climatic factor
that determine the southern and northern boundaries of this species,
which is consistent with that of exotic population in North American
regions. More importantly, our research confirms that high rainfall is
another limiting climatic factor that determine the southern boundary
of E. angustifolia, which has not been reported before for this species.
The climatically suitable habitats of E. angustifolia are mainly dis-
tributed in the warm temperate and middle temperate zones with cold
and dry winters, and in the arid and semi-arid regions of China between
30°N and 50°N. This species should be an excellent species for affor-
estation and desertification control in those regions in view of its ability
to pioneer saline soils and degraded lands in China. The method used in
this study will also be useful in evaluating limiting climatic factors and
simulating potential distribution of other species around the world.
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