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Abstract: Chinese alfalfa (Medicago sativa) is one of the most widely planted species in China. It
has considerable economic potential and plays an important role in soil and water conservation.
In order to conduct scientific cultivation of Chinese alfalfa, we collected 100 occurrence records
from herbarium and publications and 19 climatic variables from BIOCLIM to simulate potential
suitable habitat and identified the key climatic factors of Chinese alfalfa by MaxEnt and GIS software.
The result shows that the MaxEnt model performed well, with an average test AUC value of 0.86
with 10-fold cross validation. The potential distribution of Chinese alfalfa is mainly in arid and
semi-arid areas of north and northwest China, about 15.2% (1.46 million km?) of China’s total land
area, and the highly suitable area is Loess Hilly region and Xinjiang. The main climatic factors
affecting the distribution of this species is hydrological-related factors (PDM, PS, AP, PDQ and PCQ),
which explained 58.6% of the variation, and the climatic factors limiting the southern, northern,
northwestern and Tibetan plateau boundaries were PDM, AMT, AP and MTCM,, respectively. The
climatic thresholds of the core area of Chinese alfalfa are 0.0-14.0 mm of PDM, 23.8-108.2% of PS,
3.9-15.5 °C of AMT, 14.0-664.0 mm of AP, 1.0-47.0 mm of PDQ, 2.0-51.0 mm of PCQ. The results
improve our understanding of limiting climatic factors for Chinese alfalfa and suggest a priority
management measures for areas with corresponding limiting climatic factor.
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1. Introduction

Land degradation has been occurring around the world in recent decades, due to
human activities [1]. For example, the degraded area of China’s grassland ecosystem is
increasing at a rate of 2.0 x 10°/ha-y~! [2]. Since 1999, the Chinese government has estab-
lished an ambitious grain for green project, also named as converting farmlands to forests or
grasslands, to deal vegetation degradation [3]. A total of 535.3 billion yuan (about 84.43 bil-
lion dollars with exchange rate of 6.34) has been invested in returning 3.48 x 107 ha? of
farmland to forest or grassland by 2020 [4]. In such an ecosystem reconstruction process,
planting wood species and adding grass seeds have become the main strategy to accelerate
restoration of degraded land.

Many species have been used as potential provenances to restore degraded ecosystems.
For example, wood species were used to rebuild the forest ecosystem (e.g., trees: Robinia
pseudoacacia, Prunus armeniaca, Pinus tabulaeformis, Platycladus orientalis; shrubs: Caragana
korshins, Hippophae rhamnoides, Elaeagnus angustifolia) [5], whereas grass seed were used
to reconstruction the grassland ecosystem (e.g., Medicago sativa, Astragalus -adsurgens,
Onobrychis viciifolia, Bromus inermis, Agropyron cristatum) [6,7]. Among all the species
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planted in arid and semi-arid region of northern China, Chinese alfalfa (Medicago sativa)
is particularly valued (also named as “the king of forages” around the world) [8]. This is
mainly because the species has strong tolerance to dry stress and is suitable for the fragile
environment in northwest of China [9,10]. The species also has high nutritional value and
excellent palatability, which can meet the feed source of animal husbandry in the northern
and western China [11].

In terms of scientific planting of this species, this species has received high atten-
tion. Many studies have focus on cultivation of Chinese alfalfa [12], the eco-physiological
characteristics of Chinese alfalfa [13-15] and regionalization of this species [16,17]. On
the distribution of Chinese alfalfa, we searched “Chinese alfalfa or Medicago sativa dis-
tribution” into web of Science and China National Knowledge Infrastructure (CNKI,
https:/ /www.cnki.net/, accessed on 5 September 2021), and obtained 17 relevant studies
about the distribution of Chinese alfalfa. These studies mainly focused on the provincial
and county-level scale rather than the national level, as well as focused on planting zoning
rather than the climatic niche of the species [16,18]. Currently, the climatic limiting factors
and climatic threshold of this species on a large scale are still not clear. The solution of
this problem can help us predict the response of species under different environmental
conditions and manage Chinese alfalfa reasonably.

The common approach to study the relationship between species distribution and
climate factors is climatic niche model, is also named as species distribution models,
or statistical models [19], as they do not need number of physiological and ecological
parameters compared with the mechanism model. Based on the type of data, climatic niche
models also can classified into presence—absence-based methods and presence-only data
based methods [20]. Due to reliable absence data being rare and hard to obtain, which
made models requiring presence-only data (directly obtained from museums and herbaria)
more broadly be used [21,22].

Among presence-only data models, MaxEnt is the most deeply studied and widely
used in study the relationship between species distribution and climate factors, e.g., predict
species distributions or simulate species response curves [23-25]. In addition, Elith et al. [26]
added a more powerful interpretation capabilities than others by using the limiting factor
mapping and similarity surface mapping algorithms for interpretation of limiting climatic
factors for range-shifting species.

In this study, we used MaxEnt model to explore how climate factors limit the distri-
bution of Chinese alfalfa. The purpose of our study is as follows: (1) to map potential
climatically suitable habitats of Chinese alfalfa; (2) to identify the important climatic factors
and what climatic factors restrict the distribution of Chinese alfalfa; (3) to identify the
climatic thresholds of Chinese alfalfa.

2. Materials and Methods
2.1. MaxEnt and Data Requirements

MaxEnt (version 3.3) was created by Phillips et al. [27,28] and it requires a set of
environmental (e.g., climatic) grids and georeferenced current localities data of target
species. Species records of Chinese alfalfa were collected from Chinese Virtual Herbarium
(CVH, https://www.cvh.ac.cn/, accessed on 3 March 2021), the iplant (http://www.
iplant.cn/, accessed on 3 March 2021). In total, 100 valid records were obtained, and
latitude /longitude coordinates of each record were stored in an Excel database for MaxEnt
model building. Climatic variables were obtained from the Worldclim database with cell
size of 10 arc min (http://www.worldclim.org/, accessed on 3 March 2021); the 19 climatic
variables are shown in Table 1.
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Table 1. Overview of bioclimatic variables used in this study.

Climatic Variables Abbreviation Unit
Annual mean temperature AMT °C
Mean diurnal range MDR °C
Isothermality IS °C
SD of temperature seasonality TS °C
Max temperature of warmest month MTWM °C
Min temperature of coldest month MTCM °C
Temperature annual range TAR °C
Mean temperature of wettest quarter MTWQ °C
Mean temperature of driest quarter MTDQ °C
Mean temperature of warmest quarter MTWAQ °C
Mean temperature of coldest quarter MTCQ °C
Annual precipitation AP mm
Precipitation of wettest month PWM mm
Precipitation of driest month PDM mm
Precipitation seasonality PS Y%
Precipitation of wettest quarter PWQ mm
Precipitation of driest quarter PDQ mm
Precipitation of warmest quarter PWAQ mm
Precipitation of coldest quarter PCQ mm

The habitat suitability of Chinese alfalfa was simulated by MaxEnt by integrating
occurrence records together with 19 climate variables. The feature parameters were settled
as linear, quadratic, product, threshold and hinge in order to build non-linear response
curves.

Ten-fold cross-validation method and AUC (Area under the curve) was used to evalu-
ate the performance of the MaxEnt. The maximum number of iterations is 500. A jackknife
test is used to evaluate which climatic factors were the most important in determining the
potential distribution of the species. Maximum test sensitivity plus specificity were selected
as threshold standard.

We calculate the optimal threshold of 0.3 in the simulation of this study. In order to
preserve the maximum amount of forecast information and facilitate further analysis, we
divided the habitat suitability in the map into four levels: unsuitable habitat (0.0-0.3), lowly
suitable habitat (0.3-0.5), moderately suitable habitat (0.5-0.7) and highly suitable habitat
(0.7-1.0). The climatic thresholds were calculated by GIS software.

2.2. Limiting Climatic Mapping and Multivariate Environmental Similarity Surface

Elith et al. [26] have added limiting climatic mapping and multivariate environmental
similarity surface techniques in MaxEnt model. Multivariate environmental similarity
surface calculation shows how similar a point is to a set of reference points.

If we let min; be the minimum value of variable V; over the reference point set, and
then similarly for max;, let p; be the value of variable V; at point P, f; be the percent of
reference points whose value of variable V; is smaller than p;, then the similarity of P with
respect to variable V; is calculated by Equation (1):

i —min; : _
mgxi—mini Zf fi =0
. 2% f; if 0<f <50
SMi=miny 5 00— f) if 50< f <100
MNP 100 if  f; =100

max;—min;

M
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Here, SMi represents of similarity map of variable Vi. Multivariate environmental
similarity surface helps reveal whether there is possible model-predicted novel habitat
(extrapolation), and from which we can know the credibility of model output, it is calculated
by Equation (2):

MESS = min(stack(SMi)) )

Here, MESS represents multivariate environmental similarity surface map. Limiting
climatic mapping analysis brings insight into which climatic factors mostly limit physio-
logical and ecological processes in each grid cell for study range. Climatic limiting factor
(CLF) is calculated by Equation (3):

CLF = which(stack(SMi) == MESS) 3)

3. Results
3.1. Model Performance

The average value of training AUC value is 0.94 (0.936 to 0.947) and test AUC obtained
is 0.88 (0.816 to 0.926), showing that the performance of MaxEnt model is very good. The
coefficient of variation in test AUC values was only 3.6% among 10 model simulations,
which proved that the 10-fold cross validation method did not influence the predicted
performance of the MaxEnt.

3.2. Current and Potential Distribution of Chinese Alfalfa

From occurrence records (Figure 1A) and potential suitable habitat (Figure 1B) of
Chinese alfalfa we can know that Chinese alfalfa occurs in Heilongjiang, Inner Mongolia,
Liaoning, Hebei, Beijing, Shaanxi, Shandong, Henan, Shanxi, Ningxia, Gansu, Qinghai,
and Xinjiang provinces. Mainly distributed in the north and northwest and low altitude
areas of China and the potential distribution area is about 1.46 million km?. The potential
suitable habitat of Chinese alfalfa highly suitable area is mainly located in Shaanxi
western, southeast of Gansu, most of Ningxia and northwest of Xinjiang provinces
(Figure 1C), from Humid region with distinct dry season region (II) to extremely arid
region (VI) (Figure 1D).

3.3. Importance of Climatic Factors

The relative importance of climatic factors in limiting the growing of Chinese alfalfa
was shown in Table 2. The results indicated that PDM, PS, AMT, AP, PDQ, PCQ and
MTWT were the most influential climatic factors, and these seven factors can explain
76.4% of the variation, followed by TAT, TS, MTCM, MDR, PWAQ and MTDQ, which
only explained 18.5% of the variation (2.2-4.0% for each factor). The remaining 6 climatic
factors were unimportant in limiting the growing of Chinese alfalfa, and they accounted
for 4.9% of the variation (0.2-1.6% for each factor). These significant factors can be divided
into thermal-related factors (ATM and MTWM, accounting for 17.8% of the variance) and
hydrological-related factors (PDM, PS, AP, PDQ, PCQ accounting for 58.6% of the variance).
The hydrological related climatic factors played the more important role in controlling the
growing of Chinese alfalfa in China.

The climatic thresholds for the habitat categories are shown in Table 2. The results
show that the climatic thresholds for the highly suitable areas of Chinese alfalfa are as
follows: PDM of 0.0-14.0 mm, PS of 23.8-108.2%, AMT of 3.9-15.5 °C, AP of 14.0-664.0 mm,
PDQ of 1.0-47.0 mm, PCQ of 2.0-51.0 mm.
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Figure 1. The suitable habitat of Chinese alfalfa and its relationship with other influencing factors.
(A) Occurrence records of Chinese alfalfa with topography in China; (B) potential suitable habitat
of Chinese alfalfa in China; (C) graded suitable habitat of Chinese alfalfa and (D) the relationship
with graded suitable habitat of Chinese alfalfa and dry and wet divisions. (I) Humid region with
non-distinct dry season; (II) humid region with distinct dry season; (III) semi-humid region; (IV)
semi-arid region; (V) arid region; (VI) extremely arid region.
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Table 2. Climatic threshold of suitable habitat map for Chinese alfalfa predicted by the MaxEnt (See

Table 1. for abbreviations).

Climatic Thresholds
. . Relative
Climatic Factor Importance (%) Highly Suitable Moderately Lowly Suitable Unsuitable
(0.7-1.0) Suitable (0.5-0.7) (0.3-0.5) (0.0-0.3)
PDM 16 0.0-14.0 0.0-14.0 0.0-34.0 0.0-200.0
PS 12.9 23.8-108.2 28.7-151.0 32-150.2 21.9-146.4
AMT 11 3.9-15.5 1.8-15.3 —0.2-14.7 —16.1-25.5
AP 10.8 14.0-664.0 15.0-675.0 15-778.0 12.0-3846.0
PDQ 9.7 1.0-47.0 1.0-47.0 1.0-112.0 0.0-726.0
PCQ 9.2 2.0-51.0 2.0-49.0 1.0-54.0 0.0-761.0
MTWM 6.8 21.4-42.0 20.5-42.0 19.242 .4 1.5-39.1
TAR 4 33.9-55.1 30.6-56.0 28.2-57.1 13.3-62.5
TS 3.9 839.7-1616.6 765.7-1672.1 629.4.0-1658.9 283.4-1752.0
MTCM 3.3 —21.84.5 —26.4-4.3 —27.2-34 —37.3-17.4
MDR 2.9 9.7-14.7 9.0-16.2 7.9-17.5 5.0-18.4
PWAQ 2.2 8.0-335.0 9.0-472.0 10.0471 10.0-2339.0
MTDQ 2.2 —14.0-12.2 —14.5-12.5 —16.1-12.5 —27.3-22.3
1S 1.6 18.8-36.4 19.0-37.1 18.5-38.2 18.5-53.4
MTCQ 14 —14.0-1.6 —17.6-1.7 —19.0-2.5 —27.6-214
MTWQ 0.8 14.1-32.6 13.8-32.4 13.0-31.5 —15.4-29.8
PWM 0.6 3.0-116 4.0-228.0 4.0-227.0 4.0-924.0
PWQ 0.3 8.0-345.0 9.0-472.0 10.0-471.0 10.0-2239.0
MTWAQ 0.2 14.4-32.6 13.8-32.4 11.7-31.5 —5.1-29.9

3.4. Response Curves and Limiting Factors

Response curves to climatic suitability for six most influential climatic factors (PDM,
PS, AMT, AP, PDQ and PCQ) were shown in Figure 2. Upward trends for variables indi-
cated a positive relationship, while downward trends represented a negative relationship.
Response peaks to habitat suitability for PDM, PS, AMT, AP, PDQ, PCQ were 3.5 mm,
13.9%, 6.8 °C, 199.5 mm, 13.7 mm, 4.42 mm.
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Figure 2. The response curve of climatic suitability for six dominant climatic factors. (A) Precipitation
of driest month (PDM, mm); (B) precipitation seasonality (PS, %); (C) annual mean temperature (AMT,
°C); (D) annual precipitation (AP, mm); (E) precipitation of driest quarter (PDQ, mm); (F) precipitation
of coldest quarter (PCQ, mm).
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The areas outside the potential suitable habitat range of Chinese alfalfa were mainly
shaped due to the limitation of AP, AMT, PDM and MTWM (Figure 3). PDM limits the
southern border of Chinese alfalfa, following AMT and MTWM are the limiting factors for
Qinghai Tibet Plateau in western China. PS and AMT limits the northern border of Chinese
alfalfa. AP is the limiting factor of the northwest boundary of Chinese alfalfa.

0 500 1000 2000

[ JavT B PCQ
AP B PDM
I MDR [ Ps

B vTeMm [ ] PWAQ
B MTWM ] TAR )

- .
L LY

Figure 3. The limiting factors map of Chinese alfalfa in China. AMT (annual mean temperature,
°C); AP (annual precipitation, mm); PDM (precipitation of driest month, mm); PS (precipitation
seasonality, %); MTWM (maximum temperature of warmest month, °C); TAR (temperature annual
range, °C); PWAQ (precipitation of warmest quarter, mm). Coarse black polygon represents potential
suitable habitat range of Chinese alfalfa.

4. Discussion
4.1. Understanding the Limiting Climatic Factors of Chinese Alfalfa

Here, we simulated the climatic suitability, climatic thresholds, and map the limiting
climatic factors of Chinese alfalfa using MaxEnt model. The simulated range of Chinese
alfalfa was similar to its occurrence record (Figure 1C), which indicated that the distribution
pattern of alfalfa in China is in balance with climatic conditions. The results of MaxEnt
model showed that little novel habitat outside the range boundary as shown in the MESS
map (Figure 4), which indicates that the MaxEnt model output had high reliability, because
the habitat was interpolated, but not extrapolated, by the MaxEnt algorithm. The AUC in
this paper is 0.88 (significantly better than random) that demonstrates that the occurrence
records were sufficient to simulate the climatic niche of the species.
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Figure 4. Multivariate environmental similarity surface (MESS) map of novel habitat. Coarse
black polygon represents potential suitable habitat range of Chinese alfalfa. Red color represents
interpolation habitat (positive value), green color represents extrapolation habitat (negative value),
and yellow color represents marginal habitat (near zero).

Two methods are used to understand species limiting climatic factors, one is the
jackknife test, the other is limiting factor mapping. The jackknife test is the method used
in most studies at present [25,28-30]. This method mainly describes the factors affecting
the suitability or growth of species in general, but it cannot reflect the aspect of the spatial
distribution of limiting factors. The limiting factor mapping method, based on Liebig’s
law of minimum, can objectively describe the spatial location information of the limiting
climatic factor. It is a more informative method than the jackknife test and one which is
rarely used at present [26,31]. Both methods can complement each other and help us to
fully understand the limiting factors of the species.

Our jackknife test shows that hydrological-related climatic factor is the main factors
affect species suitability than heat-related factor. However, where does the hydrological-
related climatic factor work? Or is the heat-related factor not important? Limiting factor
mapping can help us understand these questions. Our limiting factors maps show that
in the Qinghai-Tibet Plateau and Northern China, the distribution of Chinese alfalfa is
mainly limited by heat-related factors, which are likely due to the short growth season in
these places and the heat accumulation; these factors are not conducive to maintaining the
historical cycle of life, which means Chinese alfalfa is unable to survive for a long time,
thus confirming the view that temperature is the main factor limiting the distribution of
species in northern or high-altitude regions [32,33].

In the western, southern and eastern regions of China, the distribution of Chinese
alfalfa is mainly limited by rainfall factors. The western region is arid and rainless, which
cannot meet the physiological needs of Chinese alfalfa for water in the growing season,
thus limiting the distribution of the species [34-36]; The abundant rainfall in the eastern
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and southern regions has also become the main factor limiting the distribution of Chinese
alfalfa, which seems to be inconsistent with the traditional view (phenological view) [37].
It is suggested that the southern boundary of species distribution area is also due to the
limitation of temperature. That is, the chilling requirement of plant from dormancy to
growth should be met during the period of germination [38]. Actually, our research does
not deny the hypothesis; the process may be also a potential limiting factor but not the
most limiting climatic factor.

Our results expand the understanding suggested by the traditional phenological model
that only temperature-related factors limit the distribution boundary of species. We found
that the rainfall-related factor (PDM) is the most important factor limiting in southern
boundary of the species distribution. This could be explained by competitive exclusion
of Chinese alfalfa by productive dominant species under high rainfall environment. In
research of wood species (shrub: Elaeagnus angustifolia) in arid and semi-arid regions of
China, Zhang et al. [31] also found that high PDM was the most limiting climatic factors in
the southeast boundary of the species. It is exceedingly likely that the process of rainfall-
related factors limiting the southern boundary of species distribution is a universal law in
natural ecosystem in China. Further validation is needed on more species.

4.2. Application and Future Research

Understanding climatic limiting factors and climatic thresholds of Chinese alfalfa can
help us predict the response of the species under different climatic conditions and manage
Chinese alfalfa reasonably [29,39]. For example, the climatic thresholds in the core area
are 0.0-14.0 mm of PDM, 23.8-108.2% of PS, 3.9-15.5 °C of AMT, 14.0-664.0 mm of AP,
1.0-47.0 mm of PDQ), 2.0-51.0 mm of PCQ. Accordingly, we can judge whether Chinese
alfalfa is suitable for planting in area based on local weather station information. At the
same time, they help us reasonably create microclimate conditions in micro topography to
meet the climate requirements of Chinese alfalfa growth (e.g., runoff forestry).

We also obtained the response curve of Chinese alfalfa, which can help us judge the
habitat suitability and growth of Chinese alfalfa under climate change or climate variation,
and also provide data support for formulation the climate adaptation strategy of Chinese
alfalfa. In addition, the climate limiting factor map we have drawn can help us understand
which places are likely vulnerable to climate threats, and thus manage Chinese alfalfa
reasonably. For example, in areas limited by insufficient rainfall, we can use irrigation or
artificial water storage measures to operate Chinese alfalfa bases [16,40]. In areas with
large rainfall, manual management may be required to eliminate the interference of strong
competitors such as woody plants. In the areas with insufficient heat, some artificial
warming measures should be used, such as plastic film mulching for feed production, or
supplementing seed sources for ecological restoration to ensure the sufficient seed demand
for maintenance the ecosystem stability of Chinese alfalfa [40].

Our research shows that Chinese alfalfa has a wide range of climatic suitability in the
vast arid and semi-arid areas of northwestern China. However, the study does not suggest
that all the ranges are suitable for Chinese alfalfa planting, such as in cities, farmland and
water body, and areas far to reach by humans. At the same time, this study only involves
climatic factors at large-scale (Grinnellian niche) without considering terrain, soil factors,
and biological factors at small and medium-scale (Elton’s niche). Eltonian noise hypothesis
suggest that there should be an overestimated risk in simulating the area of suitable habitat
of this species [41]. Even so, the climate heterogeneity on a large scale will be greater
than the microclimate heterogeneity on a small scale [42], so our description of the species’
climate needs should be reasonable and useful [43]. Further, the species climate threshold,
climate limiting factor map and suitable range obtained by our research can be used as
a baseline for screening the priority planting areas in combination with remote sensing
data and land use data. Furthermore, carrying out a long-term climate monitoring in these
priority planting areas should be necessary, so as to timely evaluate the impact of climate
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change or climate variation on Chinese alfalfa growth, thus taking appropriate measures
for Chinese alfalfa management.

5. Conclusions

This study is the first to reveal the limiting climatic factors on the suitable habitat
of Chinese alfalfa in China. The results showed that the northern boundary of Chinese
alfalfa is mainly controlled by both hydrological and heat climatic factors, whereas the
southern boundary of the species is most limited by hydrological climatic factors. High
altitude areas are mainly limited by heat related climatic factors (such as the Qinghai-Tibet
Plateau). The limiting mapping suggest that hydrological factors are the most limiting
factor in limiting species southern and northern boundary of the species. The most suitable
climatic niche for Chinese alfalfa is 0.0-14.0 mm of PDM, 23.8-108.2% of PS, 3.9-15.5 °C
of AMT, 14.0-664.0 mm of AP, 1.0-47.0 mm of PDQ, 2.0-51.0 mm of PCQ. The climatic
threshold and limiting mapping drawn can be used to predict the response of the species
under different climatic conditions and manage Chinese alfalfa reasonably.
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