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Introduction: Naked oat (Avena sativa L.), is an important miscellaneous grain

crop in China, which is rich in protein, amino acids, fat and soluble dietary fiber.

The demand for functional foods is gradually increasing as living standards rise,

and the output of minor cereals in China is increasing annually. The planting

layout of naked oat is scattered and lacks planning, which seriously restricts the

development of the naked oat industry. The increase in miscellaneous grain

production will not only be impacted by cultivation methods and management

techniques, but the potential impact of global climate change needs to be

considered. North China is the main area for naked oat production, worldwide.

Methods: In this study, the potential distribution range of naked oat in North China

was forecast based on historical distribution data and the Maxent model under

climate change conditions. The performance of the model was relatively high.

Results: The results indicated that the most suitable area for the potential

geographic distribution of naked oat in North China was 27.89×104 km2,

including central and northeastern Shanxi, and northeastern and western

Hebei and Beijing, gradually moving northward. The core suitable area

increased, and the distribution of naked oat had an obvious regional

response to climate warming; the main environmental factors affecting the

potential geographic distribution were precipitation factor variables

(precipitation seasonality (variation coefficient)), terrain factor variables

(elevation) and temperature factor variables (temperature seasonality

(Standard Deviation*100)).
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Discussion: In this study, the Maxent model was used to analyze and predict

suitable areas for naked oat in North China, and the distribution of suitable areas

was accurately divided, and the main climatic factors affecting the distribution of

naked oat were identified. This research provides data support and theoretical

support for the optimal planting zone of naked oat in North China.
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Introduction

The relationship between the dynamic changes in vegetation

and climate has been a hot issue in global change and

biogeography research (Kaufmann et al., 2003; Bellard et al.,

2012; Bonan and Doney, 2018). Climate is the most important

environmental factor affecting the distribution of species and

vegetation at the regional and global scale, and climate change

has a huge impact on biodiversity and species distribution areas

(Jiang, 2013; Giorgi, 2019). The Intergovernmental Panel on

Climate Change (IPCC) has reported for nearly 130 years that

the global average surface temperature has risen by 0.85°C and

the average surface temperature is likely to rise continuously in

the future (Stocker, 2013). Also, the changes in global climate

will alter precipitation patterns and affect the distribution

patterns of species (Williams et al., 2007; Huang et al., 2013;

Cheng et al., 2016). Therefore, it is an important guide for the

formulation of biodiversity conservation strategies to study the

responses of the potential geographical distribution of species to

the future climate change and predict the changes of the

potential geographical distribution of species in the context of

future climate change.

Naked oat (Avena sativa L.) is widely recognized as one of

the highest nutritional cereal crops in the world. China is one of

the birthplaces of naked oats in the world. And the yield and

nutritional quality of naked oats in North China are significantly

higher than those in other parts of China (Zhou, 2014). It has the

advantages of cold tolerance, drought resistance, tolerance to

infertile land, moderate salinity, and low agricultural risk factors,

and the 35–60°N geographical zone is a suitable planting area for

naked oat (Su et al., 2007; Zhao et al., 2007). Northwestern

China, along the Great Wall, is suitable for planting naked oat.

The planting area accounted for 16% of the grain sown area, and

the production accounted for 9% of the total output. The

planting area is predominantly in the central and western area

of China, mainly in Shanxi, Hebei, Inner Mongolia and other

provinces (Hu, 2007; Bo et al., 2021). With the improvement in

social and economic development and people’s living standards,

the planting areas of naked oat have expanded from the
02
traditional ecological suitable areas to non-traditional

production areas, and the planting areas continue to increase.

At present, there are few studies on the potential geographical

distribution areas of naked oat. In addition, studies on the spatial

distribution of native populations of naked oat are limited to

establishing sample plots and analyzing the spatial pattern of

individuals in a certain area. There are few studies to predict the

spatial distribution patterns of naked oat under future climatic

conditions (Nian et al., 2020). The planting layout of naked oat is

scattered and lack of planning, which seriously restricts the

development of naked oat industry. The miscellaneous grain

production will be affected not only by farming methods and

management techniques, but also by global climate change.

Therefore, it is necessary to predict the potential distribution

of naked oats and form scientific regional planning, which helps

for the formulation of management strategies and policy support

for farmers to plant naked oats.

Species distribution models have been widely used to study

the potential geographic distribution of species under climate

conditions. The models use temperature, relative humidity,

precipitation, elevation and other environmental factors to

predict the potential geographic distribution of species (Phillips

and Miroslav, 2008; Wiens et al., 2009; Li et al., 2013; Li et al.,

2015; Zhang et al., 2020; Zurell et al., 2020). The Maximum

Entropy Model (Maxent) is a machine learning model that

estimates the probable distribution of targets by calculating the

probable distribution of maximum entropy (Zhang, 2015).

Compared with other models, the Maxent model can still obtain

high prediction accuracy in situations where only species

distribution data are required (Kumar, 2009). With the in-depth

development of the intersection of conservation biology, ecology

and biogeography, the Maxent has been frequently applied to

different species, different periods and different situations with

different needs (Zhou et al., 2016; Ma and Sun, 2018; Perkins-

Taylor and Frey, 2020). Elith et al. (2006) used 16 niche models to

predict the potential geographical distribution of 226 species, and

the results showed that the prediction result of the Maxent model

was more accurate than that of other niche models. Chen et al.

(2019) studied the habitat suitability of Leymus chinensis based on
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the Maxent model, analyzed the suitable climatic characteristics of

Leymus chinensis using bioclimatic data, and obtained the

geographical distribution range of this species and the

bioclimatic factors that dominated its distribution. Wu et al.

(2018) used the Maxent to predict the suitable habitat

distribution area and the dominant climatic factors affecting the

distribution of Medicago ruthenica under the background of

climate change.

During the development of grain production in China, in

order to pursue high grain yield and solve the problem of grain

security, the main focus is on the production of saple grains,

while the role of small miscellaneous grains in agricultural

production is ignored. Planting naked oat can not only

provide nutritious and healthy food resources, but also help to

achieve reasonable crop rotation, land use and soil fertilization,

and it has a good application in pest control and reduction of

chemical fertilizer and pesticide application, and is conducive to

ensuring food safety (Bo et al., 2021). This can protect

groundwater resources and contribute to the long-term

stability of food or agricultural production (Yang, et al., 2022).

In this study, we predicted the potential geographic

distribution changes of naked oat under different climatic

conditions based on the Maxent model and historical

distribution sites. The objectives of the current study were as

follows: 1) simulate the potential geographic distribution range

of naked oat in North China under climate change conditions; 2)

investigate the major climatic variables that constrain the

potential distribution of naked oat; 3) provide a theoretical

reference framework for farmers and policy-making for future

planting of naked oat.
Materials and methods

Data sources and processing

Data on the distribution of naked oat
The distribution data on naked oat used in this study were

obtained from the following sources: China Digital Herbarium

(CVH).1 China National Herbarium Resource Sharing

Platform,2 and Plant Photo Bank of China (PPBC).3 A total of

930 records of naked oat were collected. Duplicate occurrences

and potential errors in distribution data were carefully checked

and excluded. The record distribution points of naked oats in

different places are greatly duplicated, because naked oats are

planted in pieces, the planting sites are relatively dense, and the

distance between the distribution points is relatively close.
1 https://www.cvh.ac.cn

2 http://www.nsii.org.cn

3 http://ppbc.Iplant.cn
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Thus, distribution site data can significantly influence the

outcome of a model due to spatial autocorrelation. In order to

reduce spatial autocorrelation and sample bias among

occurrence data, A resolution (a grid cell size of 1 × 1 km2 )

was generated and a single point was randomly selected from

each cell that included one or more sampling points. After

removing duplicate and unclear geographical locations, 59

distribution records were retained. The maps of the locations

for naked oats used in this study are presented in Figure 1.

Data on environmental variables
The current climate data (1990~2000) and future climate

data (2021~2100) used in this study were derived from the

World Climate Data website4 with a spatial resolution of 2.5 arc

min. According to WorldClim, the spatial resolutions of the

environmental variable layers are divided into 10 arc min, 5 arc

min, 2.5 arc min, and 30 arc sec. This study was developed based

on the 2.5 arc min spatial resolution layers. The results based on

the analysis of the resolution of 30 arc sec and 2.5 arc min did

not show observable differences, which was the same as the

results of a previous study (Guisan et al., 2007). Compared to the

data of 30 arc sec data, the processing is also much more rapid

while employing 2.5 arc min data. The data of the resolution of

2.5 arc min were used for the previous studies to estimate the

potential distribution of species (Jiang et al., 2022). We

randomly selected three GCM (General Circulation Model) in

the sixth phase of the International coupled Model comparison

Program (CMIP6): the medium Resolution Climate system

Model (BCC-CSM2-MR) released by the second Generation

National (Beijing) Climate Center. The model includes four

shared socio-economic pathways (SSPs) from the IPCC 6th

Emissions Report (Zhang et al., 2020), SSP5-8.5: high forcing

scenario with radiative forcing stabilized at 8.5 W/m2 in 2100;

SSP3–7.0: medium to high forcing scenario with radiative

forcing stabilized at 7.0 W/m2 in 2100; SSP2–4.5: medium

forcing scenario with radiative forcing stabilized at 4.5 W/m2

in 2100; SSP1–2.6: low forcing scenario with radiative forcing

stabilized at 2.6 W/m2 in 2100. In this study, 19 of these

bioclimatic variables were selected based on a resolution of 2.5.

The variables included annual mean temperature, minimum

temperature of the coldest month, temperature seasonality,

annual precipitation, precipitation in the driest period, and

another 19 climate factors (Table 1). In addition, the altitude

factor was also downloaded from the World Climate Data

website, and two terrain factors, slope and aspect, were

extracted from altitude using QGIS3.12.2. The soil data were

derived from the HWSD.5 According to the relevant literature,

the organic carbon content (t_oc) of the upper soil attribute in
4 http://www.worldclim.com

5 http://www.fao.org.
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the soil variable and the organic carbon content (s_oc) and

exchangeable sodium salt (s_esp) of the lower soil attribute were

selected (Huang et al., 2022; Shao et al., 2022). In order to avoid

overfitting of the model, principal component analysis was used

to screen the environmental variables with low correlation but

high significance (Fan et al., 2020). In this study, SPSS was used

for Pearson correlation analysis of environmental factors, from

which 9 environmental variables: bio2,bio4, bio13, bio14, bio15,

Altitude, Slope, Subsoil Organic Carbon(s_oc), Subsoil Sand

Fraction (s_esp) were selected.

Vector data
The geographic data were downloaded from the National

Basic Geographic Information System6 as a 1:4 million vector

map of China’s administrative divisions as the base map for the

analysis. ArcGIS software version 10.5 and the Maxent V3.4.1

model7 were used in this study.
6 http://www.ngcc.cn/ngcc/html/1/index.html
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Model specification
The Maxent model is a mathematical calculation method. This

model can infer the unknown probable distribution of a species

depending on its realistic distribution information and

environmental variables. We can then obtain the potential

distribution area of the target species by counting the distribution

points of the study species based on themaximum entropy principle

(Parmesan, 2006;Zhouet al., 2016).Thegeographic distributiondata

and environmental variable data of naked oatwere imported into the

Maxent software. In general, the default settings of the Maxent

software produce an overfitted model. Therefore, we used feature

typeFCandregulated frequencydoublingRMtooptimize themodel.

The feature type represents different transformations (Lu et al., 2020)

of the covariable, including linear (L), product (P), hinge (H),

threshold (T) and quadratic feature (Q) (Elith et al., 2011).

Adjusting the frequency doubling RM can reduce overfitting of the

model and make the model smoother. We used the R package

“ENMeval” to testwhether theparameterswere overfitted, and chose
FIGURE 1

Distribution of naked oat in North China.
7 https://biodiversityinformatics.amnh.org/
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the combination of multipliers and feature classes based on these

results (Qin et al., 2015). RM values ranged from 0.5 to 4.0

(increments of 0.5), and FC had 6 different combinations (L, LQ,

LQP, LQHP, QHPT, LQHPT). We used the “Checkerboard2”

method to calculate the Akaike information standard factor (AICc)

and selected the lowest incremental AICc to run the final Maxent

model (Wei et al., 2020). In this study, the best parameter setting for

FC was 0.5 for LQ and RM (Figure 2) (Fan et al., 2020). The other

parameters were set as follows: 25% of the distribution points were

selected as the test set, 75%of the distribution points were used as the

training set (Constandinouet al., 2018;Wanget al., 2021), thhe cross-

validation method was used, the default setting of the maximum

number of iterations was 500, themaximumnumber of background

points was 10,000, and the rest of the default settings were selected,

and the final output ASCII result file was the average of 10 iterations.
Frontiers in Plant Science 05
Classification of naked oat habitat
suitability classes

The result of the Maxent estimation was imported into

ArcGIS10.5 software. Moreover, this study used the reclassify in

spatial analysis tools, and classified the habitat suitability into four

classes based on the natural breaks grading method (Jenks’ natural

breaks). The default classification result of ArcGIS10.5 software was

used to finally divide it into the unsuitability zone (0~0.08), low

suitability zone (0.08~0.29), high suitability zone (0.29~0.52) and

optimum suitability zone (0.52~0.96) (Ning et al., 2018). The

potential geographical distribution area of naked oat in North

China was established according to the suitability index. The

same ranking was used to classify the suitability index of potential

distribution areas of naked oat in the future.
TABLE 1 Environmental factors.

Indicator item Description Unit

Bio-1 Annual mean temperature °C

Bio-2 Mean diurnal range °C

Bio-3 Isothermality(Bio2/Bio7)(*100) ×100

Bio-4 Temperature seasonality (*100) ×100

Bio-5 Max temperature for warmest month °C

Bio-6 Min temperature for coldest month °C

Bio-7 Temperature annual range(Bio5-Bio6) °C

Bio-8 Mean temperature of wettest quarter °C

Bio-9 Mean temperature of driest quarter °C

Bio-10 Mean temperature of warmest quarter °C

Bio-11 Mean temperature of coldest quarter °C

Bio-12 Annual precipitation mm

Bio-13 Precipitation of wettest month mm

Bio-14 Precipitation of driest month mm

Bio-15 Precipitation seasonality

Bio-16 Precipitation of wettest quarter mm

Bio-17 Precipitation of driest quarter mm

Bio-18 Precipitation of warmest quarter mm

Bio-19 Precipitation of coldest quarter mm

Altitude m

Slope °

S_esp Subsoil Sand Fraction % wt

T_OC Topsoil Organic Carbon % weight

S_OC Subsoil Organic Carbon % weight
fron
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Evaluation of model accuracy

At present, many indicators are used to evaluate the Maxent

model, including the area under the receiver operating characteristic

curve (AUC), Kappa statistics (kappa), real skill statistics (TSS) and

some AUC (pAUC) (Liu, 2014; Shabani et al., 2018). Among them,
Frontiers in Plant Science 06
AUC is the most widely utilized, but it has many shortcomings. For

example, it can neither provide information regarding the spatial

distribution of model errors, nor measure omissions and delegation

errors equally. In order to solve these problems, this study used

pAUC to evaluate the performance of the model. This metric gives

priority to missed errors over delegated errors, and can take into
FIGURE 2

AICc value of parameter combinations based on the ENMeval calculation.
FIGURE 3

The results of pAUC.
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account the number of known or estimated errors in the event. In

this study, pAUC was calculated using the Niche Toolbox8, the

number of iterations was 1000, and the error (E) was 0.05.
Results

Model evaluation

The results showed that the pAUC value (in Epist 0.05) was

0.9618784, which indicated the good credibility of the model. In
Frontiers in Plant Science 07
addition, the distribution of the AUC ratio calculated by AUC

partial/AUC random was significantly larger than that of the

random AUC ratio (P < 0.001), which indicated that the model

had high performance (Figure 3).
Analysis of factors affecting potential
geographical distribution of naked oat

Among the environmental factor variables used for the

Maxent model prediction (Table 2), the environmental factor
FIGURE 4

Verification results of the naked oat environmental factor knife cutting method.
TABLE 2 Contribution rate of environmental variables and importance of replacement.

Code Factor Contribution/% Permutation Importance/%

Bio15 Precipition Sensonality (Coefficient of Varitation) 29.52 16.09

Altitude Altitude 25.76 39.58

Bio4 Temperature Seasonality (standard deviation*100) 11.95 21.4

Slope Slope 7.72 0.13

Bio13 Precipition of Wettest Month 7.62 6.48

S_oc Subsoil Organic Carbon 7.22 5.61

Bio14 Precipition of Driest Month 5.88 9.78

S_esp Subsoil Sand Fraction 3.57 0.81

Bio2 Mean Diumal Range (Mean of Monthly(max temp-min temp)) 0.76 0.13
frontiersin.org
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variables with a higher contribution rate were: precipitation

seasonality (coefficient of variation) (Bio15, 29.52%), altitude

(25.76%), and temperature seasonality (standard deviation

*100) (Bio4, 11.95%), with a cumulative contribution of

67.23%. Displacement importance values (displacement

importance values are values that randomly displace each

environmental factor variable on the training and

background data). Larger values indicate a stronger

dependence of the model on that variable The top three

environmental factor variables were altitude (39.58%),

temperature seasonality (standard deviation*100) (Bio4,

21.40%), and precipitation seasonality (coefficient of

variation) (Bio15, 16.09%), with a cumulative value of 77.07%.

From the results of the Jackknife test (Figure 4), it can be seen

that when only a single environmental factor variable was used,

the environmental factor variables that had the greatest impact on

the regularized training gain were the seasonal variation coefficient

of precipitation (Bio15), altitude, and temperature seasonality

(Bio4), indicating that these environmental factor variables

contain information that other environmental factor variables

do not. On the whole, the main factors affecting the potential
Frontiers in Plant Science 08
geographic distribution of naked oat under the current climate

conditions were: precipitation factor variables, terrain factors and

temperature factor variables. The relationship between the

existence probability of naked oat and environmental factors

can be judged according to the response curve of environmental

factors. When the existence probability of naked oat was greater

than 0.5, the corresponding environmental factor value was

favorable for the growth of naked oat.

From the results of the response curve of naked oat

existence probability to the main factors (Figure 5), for

prec ipi ta t ion seasonal i ty (coeffic ient of var ia t ion)

(contribution rate 29.52%, replacement important value

16.09%), the survival probability of naked oat exceeded 0.5

from 96 and gradually increased, reaching a maximum value

(0.96) at about 150, and then gradually stabilized. Therefore,

the standard deviation suitable for the growth of naked oat

was 95~150. With regard to altitude (contribution rate

25.76%, replacement important value 39.58%) from 200 m,

the survival probability of naked oat was above 0.5 and began

to increase, and when it reached about 1100 m, the survival

probability reached the maximum value (0.57), and then
FIGURE 5

Response curve of naked oat existence probability to the main factors.
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began to dec l ine rap id ly . When the a l t i tude was

approximately 2100 m, the survival probability was reduced

to 0.5; thus, the altitude range suitable for naked oat growth

was 200 m–2100 m. When the temperature seasonality

(contribution rate 11.95%, replacement important value

21.40%) was less than 540, the survival probability of naked

oat was below 0.5. With an increase in the standard deviation,
Frontiers in Plant Science 09
the survival probability of naked oat increased. At 1100, the

survival probability of naked oat. The existence probability of

oats was highest (0.77). With an increase in the standard

deviation, the existence probability of naked oat began to

decrease, and the survival probability began to reduce below

0.5 at approximately 1270. Therefore, the suitable standard

deviation for the growth of naked oat was 1000–1230.
TABLE 3 The proportion of suitable areas for growing different grades of naked oat in North China.

Region area(km2)(rate(%))

Unsuitable areas Less suitable areas Suitable areas High suitable area

Beijing 0.00 (0.00%) 0.02 (0.01%) 0.03 (0.02%) 1.56 (1.00%)

Tianjin 0.42 (0.27%) 0.25 (0.16%) 0.20 (0.13%) 0.25 (0.16%)

Hebei 1.00 (0.64%) 2.99 (1.92%) 4.04 (2.60%) 10.26 (6.59%)

Shanxi 0.05 (0.03%) 0.81 (0.52%) 3.58 (2.30%) 10.46 (6.72%)

Inner Mongolia 48.29 (31.02%) 42.86 (27.53%) 22.65 (14.55%) 5.35 (3.44%)
FIGURE 6

Suitable growing area for naked oat under modern climatic conditions.
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Potential distribution areas of naked oat
under modern climatic conditions

Among the 59 logical values of the presence probability of

naked oat in the modern climate, the highest logical value was in

Gu’an County, Langfang City, Hebei Province (0.95), the lowest

logical value was in Inner Mongolia (0.05), and the average

logical value was 0.55. The potential distribution areas of naked

oat in the modern climate were mainly located in Shanxi,

southwestern Hebei, north of Tianjin, and southern and

southeastern Inner Mongolia.

The most suitable area for naked oat was 27.89×104 km2,

accounting for 17.91% of the total area in North China

(Table 3). The most suitable distribution area for naked oat

was mainly located in central and northeastern Shanxi,

southwestern Hebei, and eastern Beijing. The highly suitable
Frontiers in Plant Science 10
area for naked oat was 30.50×104 km2, mainly located in

southwestern and northwestern Shanxi, southwestern Inner

Mongolia, and eastern and northern Hebei. The total suitable

area for naked oat was 46.94×10 4 km2, accounting for 30.15%

of the total area in North China. From the Maxent model

prediction results, the potential geographic distribution range

of naked oat was much larger than the modern geographic

distribution range of naked oat (Figure 1, 6).
Projections of the impact of future
climate change on the potential
geographic distribution of naked oat

We used the average of the prediction results of three GCM

models to produce the climate suitable area distribution map,
FIGURE 7

The potential distribution of naked oat under future scenarios.
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which was used to reduce the influence of choosing a single

GCM model on the simulation results. Figure 7 shows the

change in the potential climate suitable area and range of

naked oat in North China under different emission paths

(SSP126, SSP245, SSP370, SSP585) in the future.

The suitable area for growing naked oat was designated as

the suitable climatic zone of naked oat (highly suitable growing

area and most suitable growing area). According to Figure 8, the

area of climate suitable area of naked oat under the shared socio-

economic path of SSP126 and SSP245 showed a decreasing trend

from 2040 to 2060, especially under the shared socio-economic

path of SSP126. Under the shared socio-economic path of

SSP370 and SSP585, the climate suitable area of naked oat

showed a steady expansion tendency from 2020 to 2080, and

decreased after 2100.
Discussion

By sharing of global species distribution data and the rapidly

developing spatial analysis techniques, ecological niche models

have been pioneered and applied in several fields of biodiversity
Frontiers in Plant Science 11
conservation. Ecological niche models with correlation schemes

could infer the ecological needs of species and predict the actual

and potential distribution at different times and regional scale

based on the distribution data of species and relevant

environmental variables. The complex topography of North

China has a marked influence on the study of the suitability

distribution of naked oat. The Maxent model simulates the

potential distribution of the species with high accuracy and

confidence using the data of the geographical distribution points

of the species (Phillips et al., 2006; Ma, 2013; Merow et al., 2013).

Based on the geographical information and environmental

variables of 59 valid points in North China, the Maxent model

and spatial analysis technology were used to predict the

suitability distribution profile of naked oat in North China.

In contrast to previous studies, this study goes beyond

considering the relationship between CO2 concentration and

climate, and explores the impact of scenario changes in

greenhouse gas emissions on the geographic distribution of

species under socio-economic changes and policy intervention.

Shared socio-economic pathways (SSPs) can be used to predict

greenhouse gas emission scenarios under different climate

polic ies in 2100, which differ from representat ive
FIGURE 8

Changes in naked oat in the climate suitable area (habitat suitability>0.29) from 2020 to 2100 based on different shared socio-economic paths.
frontiersin.org

https://doi.org/10.3389/fpls.2022.1009577
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Qin et al. 10.3389/fpls.2022.1009577
concentration pathways that consider socio-economic, land-use

effects on the development of regional climate change (Moss

et al., 2010; O’Neill et al., 2016; Lu et al., 2020). Comparing these

results with those of the naked oat suitable habitats in the

current climate, this study provides a suitable stable habitat for

the species under climate change.
Constraints of climatic factors on the
potential geographical distribution of
naked oat

The prediction of theMaxent model showed that the important

environmental factors limiting the potential geographic distribution

of naked oat were temperature, precipitation factors and

topographic factors. As North China is in an arid zone where

precipitation stress tends to be more prominent than temperature

stress, naked oat is mainly distributed in North China. The potential

geographic distribution of naked oat is more dependent on

precipitation-related environmental factors (Zhang et al., 2013).

Temperature changes have an essential influence on the latitudinal

migration of vegetation zones. Without considering the moisture

limitation, the areas where plant growth is greatly affected by heat

will have an effect on plant growth as global warming increases. This

phenomenon indicates that although precipitation has a greater

influence on the potential geographic distribution of naked oat than

temperature, temperature also plays a non-negligible role in the

factors governing the potential geographic distribution of naked oat

(Xu and Xue, 2013).

Future data on other environmental factors such as vegetation

cover, soil and land-use variables also have an impact on the

potential geographic distribution changes of naked oat. Due to

the difficulty in obtaining vegetation cover, soil and land-use data in

future periods, the prediction of the potential geographic

distribution of naked oat has not been included. Therefore, the

prediction results cannot be precisely applied to plots, and must be

combined with local soil and hydrogeological conditions in practical

applications. The results of this study are the first step in macro

planning and are an important foundation for the rational

cultivation of naked oat in fine agriculture in the future.

Although the effectiveness of species distribution models has

been strongly supported by the literatures, it should be

emphasized that the models are only tools to simplify reality,

and the prediction is subject to certain prerequisites. Therefore,

the model only considers the climatic suitability of the species.

However, the geographical distribution of the species is not

determined by climate completely, the other influential factors

are closely related to the geographical distribution. It is

extremely complex and difficult to understand to establish a

model that includes all the parameters which interact with the

target species. So from a practical point of view, it is necessary to

use the simplified and stable models (Chejara et al., 2010; Kong
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et al., 2019). As for maxent model, although it has many

advantages. For example, maxent model can still have high

prediction accuracy in the case of less sample data. However,

maxent model still has many shortcomings. In this research, we

only consider the impact of meteorological data, and do not

consider the impact of human activities such as water

conservancy and irrigation. Because the first thing to do is to

make suggestions on the selection of farming areas which is

suitable for growing for local farmers, it is proper to introduce

more human activity factors on the basis of planting planning in

the suitable areas.
Changes in the potential geographic
range of naked oat under future climate
change scenarios

Under the four different social scenarios of SSP126, SSP245,

SSP370 and SSP585, the potential distribution areas of oat increased

or decreased in varying degrees. Under the SSP126 scenario, the area

of the unsuitable zone continuously increased during 2060 to 2080.

While the area of the low suitable area fluctuated greatly, the area

continuously increased during 2040 to 2060 and decreased sharply

during 2060 to 2080.Under the SSP245 scenario, the area of the high

and themost suitableareaschanged little.UnderSSP370scenario, the

area of unsuitable zone andhigh suitable areawasnot obviousduring

2080 to 2100. The area of low suitable area decreased gradually, and

the area of optimal growth area increased gradually. Under the

SSP585 scenario, the area of unsuitable zone, high adaptive area and

optimal growtharea changed little.And the area of lowadaptive zone

increased during 2080 to 2100, and decreased gradually in other

periods. Comparing the area changes of future climate suitable areas

under different social scenarios, the performance of SSP245 social

scenarios is more stable than that of the other scenarios. Compared

with previous studies usingMaxentmodel to predict species suitable

growth areas, this studynot only considered the relationshipbetween

carbon dioxide concentration and climate, but also explored the

impact of scenario changes of greenhouse gas emissions on the

geographical distribution of species under socio-economic changes

and policy intervention. The shared socio-economic path (SSP) can

be used to predict greenhouse gas emissions under different climate

policies during 2020 to 2100, which is different from the

representative concentration path. This channel considers the

impact of socio-economic and land use on regional climate change

and development (Guo et al., 2018). Compared to the results of the

suitable growth zone of naked oat under the current climate, the

stable suitable growth zone of species under climate change can

be obtained.

In this study, changes in the potential geographic

distribution of naked oat in China under different future

climate scenarios were analyzed based on the Maxent model.

Compared with the current potential geographic distribution of
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naked oat, the potential geographic distribution of naked oat

under four socio-economic scenarios in 2080 showed an increase

in the area and it was concentrated in suitable areas. Under the

2080 SSPs126 socio-economic scenario, the most suitable area of

naked oat was mainly located in Linfen, Yangquan, Zhangjiakou

in Hebei and small parts of Dongsheng and Tangshan. The

highly suitable areas were mainly located in Shuozhou, Chengde,

Baoding, and Chifeng. The suitability of naked oat for survival in

the basin of the Dahei River to the Shining River decreased, and

the most suitable area in the western and northern parts of Inner

Mongolia also decreased. Under the 2080 SSPs245 socio-

economic pathway, the optimum habitat of naked oat was

relatively concentrated, and was mainly located in the eastern

part of Shanxi and western Hebei. The high fitness areas were

mainly concentrated in Lishi, Xingtai and Jining. Under the 2080

SSPs245 scenario, the optimum zone in Inner Mongolia

increased, and the suitability of naked oat in northern Hebei

increased compared with modern climate conditions (Duan

et al., 2020). The results showed that the potential habitat area

of naked oat increased in both the RCP4.5 and RCP8.5 scenarios,

but decreased in the optimum and high habitat areas in the high

CO2 concentration (RCP8.5) scenario, which is different to the

conclusion of this study.

Under the2080SSPs370 scenario, the growth suitability of naked

oat in Baotou, Dongsheng and Jining in Inner Mongolia decreased.

The growth suitability of naked oat in Xinzhou and Changzhi in

Shanxi, Zhangjiakou in Hebei, and Chifeng in Inner Mongolia

increased. In addition, the area of the potential geographic

distribution of naked oat in the area of optimum growth was the

largest under the four shared socio-economic paths in 2080. Under

the 2080 SSP585 shared socio-economic paths, the potential

geographic range of naked oat in the area from Lishi, Changzhi

andDatong toZhangjiakou increased. The increased precipitation in

China under the RCP8.5 emission scenario was higher than that

under the low-concentration emission scenario (Mccarty, 2001).

These results indicate that the increased precipitation under the

high-concentration emission scenario could reduce or resolve the

limitation of species distribution by precipitation factors, while the

increased precipitation under the low-concentration emission

scenario could not reduce or resolve the limitation of species

distribution by precipitation factors. The effective water available

for species under the low-concentration emission scenario will

decrease due to global warming. Therefore, the potential

geographic distribution of species located at the desert edge may be

partially lost under the low-concentration emission scenario, which

mayalsoaccount for the largestnicheand increase innakedoatunder

the RCP8.5 emission scenario. This phenomenon is consistent with

previous studies on climate change affecting crop distribution

changes, which suggest that the innovative potential geographic

range of species will shrink with a warming climate and have a

tendency to move to higher elevations (O’Banion and Olsen, 2014;

Lai et al., 2018).
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Conclusion

In this study, the Maxent model was used based on

environmental, altitude and soil variables to predict the

potential spatial distribution pattern of naked oat in North

China. The changing trend and distribution range of major

suitable climatic planting areas from 2020 to 2100 were

predicted based on four different socio-economic scenarios of

three GCM models. The results showed that the important

environmental factors limiting the growth of naked oat were

temperature (annual mean temperature, coldest month and

lowest temperature) and precipitation (wettest monthly

precipitation and driest seasonal precipitation), and that naked

oat is suitable for growing in areas with the wettest monthly

precipitation of 3–38 mm, annual mean temperature of 7.5–

25.8°C and driest seasonal precipitation of 0–30 mm. This is

compatible with the characteristics of cold and cool, and drought

tolerance. Under future climate conditions, naked oat will

further shift to higher altitudes and higher latitudes, and this

change will be more drastic under the high radiative forcing

scenario, which may reduce the consistency between the main

naked oat production areas and suitable climate areas.
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