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Abstract: Chili pepper (Capsicum annuum L.) is extensively cultivated in China, with its production
highly reliant on regional environmental conditions. Given ongoing climate change, it is imperative
to assess its impact on chili pepper cultivation and identify suitable habitats for future cultivation. In
this study, the MaxEnt model was optimized and utilized to predict suitable habitats for open-field
chili pepper cultivation, and changes in these habitats were analyzed using ArcGIS v10.8. Our
results showed that the parameter settings of the optimal model were FC = LQPTH and RM =2.7,
and the critical environmental variables influencing chili pepper distribution were annual mean
temperature, isothermality, maximum temperature of the warmest month, and precipitation of the
warmest quarter. Under current climate conditions, suitable habitats were distributed across all
provinces in China, with moderately- and highly-suitable habitats concentrated in the east of the
Qinghai-Tibetan Plateau and south of the Inner Mongolia Plateau. Under future climate scenarios,
the area of suitable habitats was expected to be larger than the current ones, except for SSP126-2050s,
and reached the maximum under SSP126-2090s. The overlapping suitable habitats were concentrated
in the east of the Qinghai-Tibetan Plateau and south of the Inner Mongolia Plateau under various
climate scenarios. In the 2050s, the centroids of suitable habitats were predicted to shift towards the
southwest, except for SSP126, whereas this trend was reversed in the 2090s. Our results suggest that
climate warming is conductive to the cultivation of chili pepper, and provide scientific guidance for
the introduction and cultivation of chili pepper in the face of climate warming.
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1. Introduction

Vegetables are rich in essential nutrients, such as antioxidants, vitamins, minerals, and
dietary fiber, and are crucial for maintaining overall well-being [1]. Incorporating a diverse
range of vegetables into our daily meals has been proven to bolster our immune system,
reduce the risk of chronic ailments, and contribute to a healthier and more prolonged
lifespan [2]. This recognition has led to a significant increase in demand for vegetables,
with consumption rates doubling over the past two decades, rising from 0.55 billion tons in
1997 to 1.09 billion tons in 2017 [3].

However, as the frequency and intensity of extreme weather have increased and
are expected to accelerate with further climate warming, there is a growing concern for
the adverse and possibly irreversible impacts on Earth’s organisms and ecosystems [4].
Agricultural systems, including vegetable production, are highly dependent on specific
environmental conditions, making them particularly vulnerable to climate change [5-7].
Estimates indicated that there could be an average reduction of 17% in crop yields for
each one-degree Celsius rise in temperature [8]. Climate change affects the growth and
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production of crops by altering the distributional suitability of crops. Therefore, climate
warming not only affects farmers’ incomes, but also poses a threat to global food security [9].

Vegetables mostly require a mild temperature for their growth and development,
and are highly sensitive to climate fluctuations [10]. Climate vagaries, such as heatwaves,
droughts, and floods, directly affect vegetable production at any stage of the crop growth
cycle, from initial growth to pollination, flowering, fruit setting, and yield development.
However, previous studies have primarily focused on the effects of climate change on the
distribution of staple crops, such as wheat [11], rice [12], maize [13], and soybean [14],
with less attention to vegetable crops [15]. Given the crucial role of vegetable crops in the
global food system, there is a pressing need to identify how climate change influences their
distribution. This work will provide valuable insights for scientific cultivation practices,
effective assessments of agricultural disaster risks, and sustainable agricultural strategies
to ensure food security in the face of changing climatic conditions [16,17].

Species distribution models (SDMs) are powerful tools for simulating the geographic
distribution of species based on the available distributional information and corresponding
environmental data, and have been widely applied in the prevention of invasive species [18],
and the cultivation [19] and protection [20] of species. Among the available SDMs, the
maximum entropy model (MaxEnt) outperforms the others for its high accuracy and
stability, rapid calculation, and flexible operation [21,22].

Chili pepper (Capsicum annuum L.), one of the oldest domesticated cash crops, orig-
inated in Central and South America and has been cultivated extensively all over the
world, with the current cultivation area reaching approximately 3.8 million hectares [23,24].
South Asia is globally recognized as the most prominent region for chili pepper cultivation,
accounting for approximately 55% of the total world production. India contributes the next
largest proportion (38%), followed by China (7%), while Pakistan, Peru, and Bangladesh
collectively contribute 5% [24].

Chili pepper was introduced to China at the end of the 16th century [25]. After over 400
years of cultivation and culinary development, it has become an integral vegetable and spice
of local cuisine in China for its nutritional values and diverse flavors [26]. Due to its short
growth cycle, low production cost, and high market demand [26], many regions in China
have introduced chili peppers for open-field cultivation to increase revenue. Nowadays,
China is the largest fresh chili pepper producer with an annual production exceeding
18 million tons [24]. Chili pepper is playing a crucial role in the revitalization of rural
areas. Nonetheless, chili pepper is a thermophilic vegetable [27], and reckless introduction
to unsuitable regions may lead to a series of issues, such as increased production costs,
decreased yields and lower profitability [28]. Additionally, the warming climate has been
resulting in more frequent extreme weather, which compromises the growth of chili pepper
and dramatically decreases yields [29]. Therefore, it is imperative to determine the suitable
habitats for chili pepper under climate change, in order to provide scientific guidance for
cultivation practices and ensure sustainable development of chili pepper industry.

In this study, the MaxEnt model was optimized and utilized to predict the current and
future suitable habitats of chili peppers for open-field cultivation under different climate
scenarios, as well as to identify the predominant environmental variables influencing
chili pepper distribution. Subsequently, spatiotemporal changes and centroid shifts in the
suitable habitats were analyzed using ArcGIS. This study will provide a theoretical basis
for the introduction and cultivation of chili peppers.

2. Results
2.1. Screening of Distribution Points and Environmental Variables, and Accuracy of
MaxEnt Prediction

After screening, 369 of 732 distribution points and 14 (six climate and eight topsoil
variables) of 36 environmental variables were selected for MaxEnt prediction (Figure 1).
Based on the results output by Kuenm, when FC and RM were separately set to LQPTH
and 2.7, we found AAICc was 0, which was the best candidate mode for MaxEnt.
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Figure 1. Percent contribution (outer ring) and permutation importance (inner ring) of environmental

variables.

The current suitable habitats of chili pepper were simulated using the optimal model
based on the screening distribution points and environmental variables. The simulation
results showed that the training omission rate was very close to the predicted omission
(Figure S1), and the average training AUC and TSS were 0.974 and 0.927, indicating that
the reconstructed model was highly reliable and qualified for the following predictions.

2.2. Critical Environmental Variables Affecting Chili Pepper Distribution

The critical environmental variables affecting the distribution of chili pepper were de-
termined via the MaxEnt jackknife test. As shown in Figure 1, the cumulative contributions
and permutation importance of climate variables were 95.8% and 98.2%, indicating that the
distribution of chili pepper was primarily affected by climate rather than soil. The results
of the jackknife test of variable importance showed that bio01 (annual mean temperature),
bio05 (maximum temperature of the warmest month), bio03 (isothermality), and biol8
(precipitation of the warmest quarter) had higher weights in single variables analysis
(Figure S2), with a cumulative contribution rate of 80.4% and permutation importance
of 89.8% (Figure 1), indicating that these variables possessed more effective information
in chili pepper distribution than the others. Among the four variables, bio01 was the
environmental variable with highest gain when used in isolation, which appeared to have
the most useful information by itself; bio03 was the environmental variable that decreased
the gain the most when it was omitted, which appeared to have the most information that
was not present in the others (Figure S2).

The relationships between the distributional probability and environmental variables
were identified using single-factor response curves output by the MaxEnt model. The
suitable ranges [distribution probability > MTSPS (0.1575)] of bio01, bio03, bio05, and
bio18 for chili pepper were 4.08-24.75 °C, 21.61-48.90%, 23.75-33.62 °C, and >224.85 mm,
respectively (Figure S3).

2.3. Current Distribution of Chili Pepper

Under current climate conditions, the simulation results were highly consistent with
the actual cultivation of chili pepper (Figure 2a). A total of 91.60% of the screening dis-
tribution points were located in suitable habitats, of which 79.13% were concentrated
in moderately- and highly-suitable habitats (Figure 2b), indicating that the results were
accurate and reliable.

The current suitable area for chili pepper cultivation was 4,426,594.63 km? in China
(Figure 3), accounting for 46.11% of China’s land area and distributed across all provinces,
mainly in 18° N-46° N and 108° E-126° E (Figure 2a). The moderately- and highly-suitable
area was 2,913,626.88 km?, making up 65.82% of the total suitable area, which was con-
centrated in the east of the Qinghai-Tibetan Plateau and south of the Inner Mongolia
Plateau. Although there were some suitable habitats for chili pepper cultivation in the
Tibetan Plateau, they were mainly located in the north, east and southeast marginal re-
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gions. Among all provinces of China, Qinghai had the smallest suitable area, with only
8800.04 km?, and Heilongjiang was the only one without moderately- and highly-suitable
habitats (Figure 2a).
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Figure 2. Current suitable habitats (a) and proportion of distribution points in different habitats (b)
of chili pepper.
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Figure 3. Current and future suitable area for chili pepper cultivation under different climate
scenarios.

2.4. Future Distribution of Chili Pepper

The potential distribution of chili pepper in the 2050s and 2090s under four climate
scenarios (SSP126, SSP245, SSP370, and SSP585) were predicted using the optimal MaxEnt
model (Figure 4). Under future climate scenarios, the suitable habitats of chili pepper were
distributed across all provinces of China, and the moderately- and highly-suitable habitats
were concentrated in the east of the Qinghai-Tibetan Plateau and the south of the Inner
Mongolia Plateau, which were basically consistent with the current ones (Figure 4).
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Figure 4. Future suitable habitats under different climate scenarios.

In the 2050s, the area of suitable habitats initially experienced an increase and sub-
sequently declined in response to greenhouse gas emissions, reaching its maximum
(4,462,849.42 km?) under SSP370 with a growth rate of 0.82%. Moreover, the moderately-
and highly-suitable area peaked (2,949,743 km?) with a 1.24% increase under the SSP585
scenario (Figure 3). Notably, both the total suitable and the moderately- and highly-suitable

area were all larger than the current levels, except for SSP126.
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In the 2090s, the changes in suitable area were contrary to those observed in the 2050s,
with an initial decrease followed by an increase. The area of suitable habitats expanded in
different degrees compared with that of the current climate, with the highest growth rate
of 7.49% under SSP126, followed by SSP585 (6.28%), SSP370 (5.08%), and SSP245 (4.43%)
(Figure 3). The moderately- and highly-suitable habitats shrank by 1.68% under SSP245,
and the other scenarios expanded by 3.73-7.63%.

2.5. Future Spatiotemporal and Centroid Changes in Suitable Habitats

Compared with the current situation, 92.91-96.82% of suitable habitats under future
climatic scenarios remained unchanged (Figure 5); they are mainly located in the south of
the Inner Mongolia Plateau and the east of the Tibetan Plateau (Figure 6). The expansion
area under different climate scenarios of the 2050s and 2090s was all larger than the
contraction, with a 0.01-10.21-fold increase over the contraction, except for SSP126-2050s
(expansion 143,826.25 km?, contraction 207,691.39 kmz). Furthermore, the expansion
area under future 2090s climate scenarios exceeded those of the future 2050s, reaching a
maximum of 364,035 km? under SSP126-2090s, whereas the contraction area was surpassed
by the latter.
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Figure 5. Spatiotemporal changes in the future suitable area compared with the current.

In the future 2050s, the expansion of suitable habitats was distributed in the west of
the Inner Mongolia Plateau, and the contraction was primarily distributed in the central
regions of the Inner Mongolia Plateau (Figure 6). In the 2090s, the expansion regions were
concentrated in the northeast of the current ranges and the west of the Inner Mongolia
Plateau, while the contraction regions were limited and uncertain. They were mainly
situated in the southern Yunan Province under SSP126-2090s, and migrated to the central
regions of the Inner Mongolia Plateau under the other climate scenarios (Figure 6).
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Figure 6. Spatiotemporal changes in the future suitable habitats of chili pepper compared with the

current.

Climate warming was anticipated to induce minor fluctuations in the distribution of
pepper cultivation, with most regions likely experiencing negligible changes (Figures 6 and 7).
The overlapping suitable habitats, encompassing an area of 4,101,218 km?, were distributed
across all provinces of China and concentrated in the east of the Qinghai-Tibetan Plateau
and south of the Inner Mongolia Plateau. These unchanged habitats accounted for 42.72%
of China’s land area and 92.65% of the current suitable habitats, which were always suitable
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for chili pepper cultivation under climate change. The non-overlapping suitable habitats
covered an area of 882,200 km?, accounting for 21.51% of the overlapping area, which was
mainly distributed in the north of the overlapping ranges (Figure 7). The suitability of these
regions exhibited instability in the face of climate change.
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Figure 7. Overlapping and non-overlapping suitable habitats under climate warming.

2.6. Centroid Shifts in Suitable Habitats

Under the current and future (2050s and 2090s) climate scenarios, the centroids of the
suitable habitats for chili pepper cultivation were all located in southeast Shaanxi Province,
and the distances between the future and the current centroids (33.58° N, 109.65° E) were
13.30-76.84 km (Figure 8). In the 2050s, the centroids of suitable habitats mainly shifted to
the southwest of the current ones, except SSP126, which shifted to the southeast (33.47° N,
110.03° E). In the 2090s, the changes in centroids exhibited an inverse pattern compared to
those observed in the 2050s, which shifted towards the northeast of the 2050s ones, except
SSP126. The centroid (34.215° N, 109.43° E) of SSP126-2090s migrated to the northwest of

that in the 2050s.
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Figure 8. Changes in the centroids of suitable habitats under different climate scenarios.

3. Discussion
3.1. Dominant Environmental Variables Affecting the Distribution of Chili Pepper

For plants, temperature and precipitation have pivotal influences on their development
and distribution [30]. We found that the contribution (95.8%) and the permutation (98.2%)
of climate variables significantly outweighed than those of soil variables, indicating that
climate had a much greater impact on chili pepper cultivation. This characteristic was
reported in many plants, including cash [19] and cereal [31] crops.

In this study, we found that annual mean temperature (bio01), isothermality (bio03),
maximum temperature of the warmest month (bio05) and precipitation of the warmest
quarter (biol8) were the dominant variables influencing chili pepper distribution. The
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suitable ranges of bio01 and bio05 were 4.08-24.75 °C and 23.75-33.62 °C, respectively,
indicating that the distribution of chili peppers is primarily limited to regions with warm
climates, which were connected with the habit of chili peppers. Chili peppers are originally
from tropical regions and require relatively high temperature for development [32]. The
optimal temperature for growth is between 25-30 °C, and when the temperature is below
15 °C and above 35 °C, chili pepper growth is retarded and their yield decreases [33].
Low temperature usually induces deformed and seedless fruit [34], and high temperature
inhibits fruit set [35]. Isothermality reflects the magnitude of day to night temperature oscil-
lation relative to seasonal variation, serving as an indicator for the temperature fluctuations
within months to years [36]. We found that the suitable range of bio03 was 21.61-48.9%,
with an optimal value of 28.43%.

As an annual thermophilic plant, the precipitation of the warmest quarter is an im-
portant variable in determining chili pepper distribution. Our study revealed that the
minimum precipitation of the warmest quarter suitable for chili pepper distribution under
current climate conditions was 224.85 mm, which was basically consistent with the water
requirements throughout the entire growth period of the vegetable. Previous studies have
demonstrated that the total water requirement for the growth of pepper is approximately
280 mm [37,38]. The discrepancy between the minimum precipitation of the warmest
quarter and the actual water requirements can be compensated through precipitation of
other quarters or irrigation [39]. Moreover, we found the minimum precipitation of the
warmest quarter for chili pepper increased in the future 2050s and 2090s. The reason for
this is that the rise in temperature results in an elevation of evaporation, consequently
leading to an augmentation in the water requirement of chili pepper [40].

3.2. Habitat Distribution under Climate Change

Under current climate conditions, the MaxEnt simulation results showed that the
suitable habitats of chili peppers were distributed across all provinces, the predominant
distribution ranged between 18° N-46° N and 108° E-126° E, and the moderately- and
highly-suitable habitats were concentrated in the east of the Qinghai-Tibetan Plateau and
south of the Inner Mongolia Plateau of China. The simulated suitable habitats were highly
consistent with the actual cultivation of chili peppers [26,41]. For example, our results
indicated that Xining prefecture-level city in Qinghai Province was unsuitable for chili
pepper cultivation, while the Xunhua county of Haidong prefecture-level city bordering
Xining was lowly suitable. These findings aligned with the current practices of chili pepper
cultivation in these regions. In Xining, greenhouse cultivation is imperative for successful
chili pepper production [41], while open-air cultivation is widely employed in Xunhua,
establishing it as a crucial chili pepper production region in Qinghai [42]. Meanwhile,
despite the cultivation area of chili pepper in Yunnan exceeding 1700 km? and ranking
among the top three in China [41], our prediction results showed that most regions of this
province exhibited low suitability. Previous results have demonstrated that the production
cost in Yunnan was 1.5 times higher than its neighboring Province, Guizhou, which was
moderately- and highly-suitable for the vegetable cultivation, while the output in Yunnan
only accounted for only 81.79% of that in Guizhou [43].

Under 2050s climate scenarios, the area of suitable habitats remained essentially
unchanged compared with the current ones. However, under 2090s climate scenarios, the
suitable area was all higher than the current area and reached the maximum under SSP126.
Our findings indicated that the impacts of climate warming under different greenhouse
gas emission modes on chili pepper cultivation varied and would become more favorable
over time. This phenomenon is attributed to the thermophilic habit of chili peppers [27],
which makes them sensitive to temperature, and their expansion is facilitated by the
warming climate. Moreover, climate warming also leads to an increase in precipitation [44],
which creates more favorable conditions for the growth of chili pepper. We found that
the expansion-suitable regions were mainly distributed in the northeast and northwest of
the current ranges. This phenomenon of thermophilic plants expanding towards higher
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latitudes in response to climate warming has been widely documented, with examples
including Lycium barbarum L. [45], Litsea cubeba (Lour.) Pers [46], and Agastache rugosa (Fisch.
& C. A. Mey.) Kuntze [20]. Although there will be more suitable habitats for chili pepper
growth, this does not guarantee higher yields. Previous study has demonstrated that
extreme climate warming scenarios retarded fruit morphological features and production
of hot chili pepper (C. annuum) [47].

Climate exerts a predominant influence on the physiology, distribution, and phenology
of plants, thereby potentially inducing shifts in suitable habitats [20,48]. We found that the
overlapping suitable habitats of chili pepper were primary distributed in the east of the
Qinghai-Tibetan Plateau and south of the Inner Mongolia Plateau under various climate
scenarios. These regions consistently maintained their suitability despite climate change.
Therefore, we suggest that cultivating open-air chili peppers in these regions could mitigate
the impacts of climate change, facilitate vegetable growth and development, and ensure
sustainable production.

3.3. Limitations and Prospects

In this study, MaxEnt and ArcGIS were employed to predict the suitable habitats for
open-field chili pepper cultivation and analyze its changes under climate change. Our
study provided scientific guidance for the introduction and cultivation of chili peppers.
However, there are still some uncertainties in our study. First, plant distribution is not
only influenced by climate and soil, but also by other variables, such as pests and diseases,
and agronomic management [12]. Second, while environment affects plant distribution,
plants are constantly adapting to the environment [49]. Plant physiological responses,
including growth responses to elevated atmospheric CO, and alterations in water use
efficiency, are expected to mitigate the response of some plant functional types to climate
change [48]. However, plant adaption is considered unchanged when SDMs predict species’
distribution. Third, the study did not consider the environmental adaptability of different
chili pepper varieties, which may vary in suitable cultivation regions [50]. Therefore, the
predicted potentially suitable habitats maybe deviate from the actuality. Future research
should take into account these uncertainties to achieve a more accurate prediction for chili
pepper cultivation under changing climatic conditions.

4. Materials and Methods
4.1. Acquisition and Processing of Chili Pepper Distribution Points and Environmental Data

The distribution points of chili pepper (C. annuum) in China were collected from
the Global Biodiversity Information Facility (https://www.gbif.org/, assessed on 20 Jan-
uary 2024, Plant Science Data Center (https://www.plantplus.cn/cn/, assessed on 20
January 2024), and our survey data in 2021-2023. Overall, we collected 732 distribution
points across all provinces in China (Figure 9). Because the environmental characters of
greenhouse-grown chili peppers are mainly manipulated by human intervention, they are
less affected by climate change, and these points were removed based on our investigations.
Meanwhile, the residual points were filtered using the “Trim duplicate occurrence’ function
of ENMtools v1.3 (http://enmtools.blogspot.com/, accessed on 13 November 2012) to
avoid the overfitting of the MaxEnt model predicted results.

The current (averages for 1970-2000), future 2050s (averages for 2041-2060), and 2090s
(averages for 2081-2100) climate data were downloaded from the Worldclim Database
(WorldClim v2.1, https://www.worldclim.org/, assessed on 16 January 2024) with a
spatial resolution of 2.5 arc-minutes (~5 km) and converted to ASCII format using ArcGIS
v10.8 (https:/ /www.esri.com/zh-cn/arcgis/, assessed on 25 April 2023). Future climatic
data were determined based on the Beijing Climate Center Climate System Model (BCC-
CSM) from the sixth phase of the Coupled Model Intercomparison Project (CMIP6), which
included four climate scenarios based on the Shared Socio-economic Pathways (SSP126,
5SP245, SSP370 and SSP585) [51]. These scenarios represented future climate scenarios
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with low to high greenhouse gas emissions. Each scenario had 19 climatic variables (bio01-
biol9).
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Figure 9. Distribution points of chili pepper in China.

The topsoil data were obtained from the World Soil Database (Harmonized World
Soil Database v1.2, http:/ /www.fao.org/soilsportal /, assessed on 16 January 2024) and
converted to ASCII format using ArcGIS, which contained 17 soil variables. Due to lack
of future soil data, the future soil layers were considered to be consistent with the current
over such a short time frame in this study [45].

There were 36 environmental variables (19 climate and 17 soil variables) initially used
to construct the MaxEnt model. To avoid overfitting of the MaxEnt model causing by
multicollinearity among environmental variables, the current environmental data of the
screening distribution points were extracted using ArcGIS, and their correlations were
examined using Pearson’s correlation analysis of SPSS (v26, https://www.ibm.com/cn-
zh/spss/, assessed on 26 April 2023). The contribution rates of the current environmental
variables were calculated using the jackknife analysis of MaxEnt. The variables with zero
contribution were removed, and only the variables with the highest contribution were
retained when the absolute correlation coefficient among them was greater than 0.7 [12].

4.2. Optimization and Evaluation of MaxEnt Model

Feature classes (FCs) and regularization multiplier (RM) are critical parameters affect-
ing the accuracy of the MaxEnt (v3.4.4, https://github.com /mrmaxent/Maxent/, assessed
on 20 April 2023) model, and default settings may result in model over-fitting [52]. Thus,
the Kuenm package (https://github.com/marlonecobos/kuenm/, assessed on 14 Decem-
ber 2020) in R (v3.6.3, https:/ /www.r-project.org/, assessed on 11 December 2020) was
employed to calibrate the two parameters to select the best combination for MaxEnt [48].

MaxEnt contains five different FCs: linear (L), quadratic (Q), hinge (H), product (P),
and threshold (T), and there is a total of 31 FCs combinations. Forty RMs (0.1-4.0 at an
interval of 0.1) and 31 FCs combinations were used to generated 1240 candidate modes,
and these modes were evaluated using Kuenm based on the screening environmental
variables. The best candidate mode for MaxEnt was selected according to the following
criteria: significant models with omission rates <5%, and the lowest delta-corrected Akaike
information criterion (AAICc) values of <2% [53].

The other parameters of MaxEnt were selected as follows: ‘Create responsive curves’,
‘Do jackknife to measure variable importance’, ‘Out format logistic’, ‘/Random seed’, ‘Ran-
dom test percentage 25’, ‘Replicates 10", ‘Replicated run type bootstrap’, “Write plot data’,
and ‘Write background predictions’ [46]. The rest of the parameters was set to default.

The performance of the optimal MaxEnt prediction was assessed using the area under
the receiver operating characteristic curve (AUC), and true skill statistic (TSS) [54] under
current climate conditions. AUC and TSS values range from 0 to 1 and —1 to 1, respectively.
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The closer the two values are to 1, the better the model performs. AUC > 0.9 and TSS > 0.8
indicate the prediction of MaxEnt is highly reliable and excellent [55].

4.3. Reclassification and Calculation of Suitable Habitats

The prediction results (ASCII files) output by the optimal MaxEnt were reclassified
and visualized using ArcGIS. The average logistic threshold value of maximum training
sensitivity plus specificity (MTSPS) output by MaxEnt based on the current environmental
variables was used to classify these results into suitability and unsuitability for chili pep-
per [45]. According to the suitable probability, the regions for chili pepper cultivation were
divided into unsuitable habitat (0-MTSPS), lowly suitable habitat (MTSPS-0.4), moder-
ately suitable habitat (0.4-0.6), and highly suitable habitat (0.6-1) using the reclassification
function of ArcGIS. The proportion of each habitat to China overall was calculated based
on its grid number, and the area of each habitat was calculated according to China’s land
area [45].

4.4. Spatiotemporal and Centroid Changes in Suitable Habitats

SDMtoolbox v2.0 (http://www.sdmtoolbox.org/, assessed on 20 April 2023) was
employed to convert the prediction ASCII files to binary files (0 unsuitability, 1 suitability)
using the MTSPS threshold, and then applied to analyze the spatiotemporal changes and
centroid shifts in the suitable habitats under different climate scenarios. The overlapped
suitable habitats under current and future climate scenarios were determine using the ‘plus’
function of Spatial Analyst Tools. The changes in the area were calculated using the method
mentioned in Section 4.3.

5. Conclusions

In this study, we optimized the MaxEnt model and employed it to predict the suitable
habitats for open-field chili pepper cultivation in China under different climate scenarios.
Our findings showed that annual mean temperature, isothermality, maximum temperature
of the warmest month, and precipitation of the warmest quarter were crucial environmental
variables influencing chili pepper distribution. Under current and future climate scenarios,
suitable habitats were distributed across all provinces in China, with the moderately-
and highly-suitable habitats concentrated in the east of the Qinghai-Tibetan Plateau and
south of the Inner Mongolia Plateau. Notably, the areas of suitable habitats under future
climate scenarios were all larger than the current ones, except for SSP126-2050s. The
expansion habitats were mainly distributed in the west of the Inner Mongolia Plateau
and the northeast of the current ranges. Moreover, the overlapping suitable habitats with
stable suitability were primarily distributed in the east of the Qinghai-Tibetan Plateau
and south of the Inner Mongolia Plateau under various climate scenarios. The centroids
of suitable habitats shifted to the southwest in the 2050s, except for SSP126, whereas this
trend was reversed in the 2090s. Our results provide guidance for chili pepper growers
in selecting suitable cultivation regions while mitigating the adverse impacts of climate
change. In order to attain more stable yields, we suggest selecting and cultivating varieties
that possess adaptability to environmental fluctuations.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/plants13071027/s1, Figure S1: Average omission and predicted
area for chili pepper; Figure S2: Jackknife of regularized training gain for chili pepper; Figure S3:
Response curves of the critical environmental variables.

Author Contributions: Conceptualization, C.D., Q.Z. and J.L.; methodology, C.D. and J.L.; software,
C.D. and J.L.; validation, C.D., Q.Z., D.S. and ]J.L.; formal analysis, C.D. and J.L.; investigation,
C.D, DS, YR, Q.L. and J.W.; resources, C.D., D.S., Y.R., Q.L. and J.W.; data curation, C.D., Q.Z.
and D.S.; writing—original draft preparation, C.D. and J.L.; writing—review and editing, C.D. and
J.L.; visualization, C.D. and J.L.; supervision, C.D. and ]J.L.; project administration, Q.Z.; funding
acquisition, C.D. All authors have read and agreed to the published version of the manuscript.


http://www.sdmtoolbox.org/
https://www.mdpi.com/article/10.3390/plants13071027/s1
https://www.mdpi.com/article/10.3390/plants13071027/s1

Plants 2024, 13,1027 13 of 15

Funding: This research was funded by the Natural Science Foundation of Qinghai Province [Grant
No. 2022-7]-947Q)], and the Open Project of State Key Laboratory of Plateau Ecology and Agriculture,
Qinghai University [Grant No. 2022-ZZ-11].

Data Availability Statement: Data is contained within the article.

Acknowledgments: Thanks to the anonymous reviewers for their constructive and valuable com-
ments, and to the editors for their help in refining this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Slavin, J.L.; Lloyd, B. Health benefits of fruits and vegetables. Adv. Nutr. 2012, 3, 506-516. [CrossRef]

2. Parajuli, R; Thoma, G.; Matlock, M.D. Environmental sustainability of fruit and vegetable production supply chains in the face of
climate change: A review. Sci. Total Environ. 2019, 650, 2863-2879. [CrossRef] [PubMed]

3. Dong, ].; Gruda, N.; Li, X,; Tang, Y.; Zhang, P.; Duan, Z. Sustainable vegetable production under changing climate: The impact of
elevated CO, on yield of vegetables and the interactions with environments-A review. J. Clean. Prod. 2020, 253, 119920. [CrossRef]

4. Tippett, M.K. Extreme weather and climate. Clim. Atmos. Sci. 2018, 1, 45. [CrossRef]

5. Lobell, D.B.; Gourdji, S.M. The influence of climate change on global crop productivity. Plant Physiol. 2012, 160, 1686-1697.
[CrossRef] [PubMed]

6.  Alotaibi, M. Climate change, its impact on crop production, challenges, and possible solutions. Not. Bot. Hortic. Agrobo. 2023, 51,
13020. [CrossRef]

7. Knox, ].; Hess, T.; Daccache, A.; Wheeler, T. Climate change impacts on crop productivity in Africa and South Asia. Environ. Res.
Lett. 2012, 7, 34032. [CrossRef]

8. Lobell, D.B,; Asner, G.P. Climate and management contributions to recent trends in US agricultural yields. Science 2003, 299, 1032.
[CrossRef] [PubMed]

9. Al S; Makanda, T.A.; Umair, M.; Ni, ]. MaxEnt model strategies to studying current and future potential land suitability
dynamics of wheat, soybean and rice cultivation under climatic change scenarios in East Asia. PLoS ONE 2023, 18, e296182.
[CrossRef]

10. Solankey, S.S.; Kumari, M.; Kumar, M. Advances in Research on Vegetable Production Under a Changing Climate; Springer International
Publishing: Berlin, Germany, 2021; Volume 1, pp. 13-17.

11.  Guo, X,; Zhang, P;; Yue, Y. Prediction of global wheat cultivation distribution under climate change and socioeconomic develop-
ment. Sci. Total Environ. 2024, 919, 170481. [CrossRef]

12. Li, X,; Wu, K,; Hao, S.; Yue, Z.; Ran, Z.; Ma, ]. Mapping cropland suitability in China using optimized MaxEnt model. Field Crop
Res. 2023, 302, 109064. [CrossRef]

13.  Fitzgibbon, A.; Pisut, D.; Fleisher, D. Evaluation of Maximum Entropy (Maxent) machine learning model to assess relationships
between climate and corn suitability. Land 2022, 11, 1382. [CrossRef]

14. Gong, L, Li, X,; Wu, S,; Jiang, L. Prediction of potential distribution of soybean in the frigid region in China with MaxEnt
modeling. Ecol. Inform. 2022, 72, 101834. [CrossRef]

15.  Bisbis, M.B.; Gruda, N.; Blanke, M. Potential impacts of climate change on vegetable production and product quality—-A review. J.
Clean. Prod. 2018, 170, 1602-1620. [CrossRef]

16. Koundinya, A.V.V,; Kumar, P.P;; Ashadevi, RK.; Hegde, V.; Kumar, P.A. Adaptation and mitigation of climate change in vegetable
cultivation: A review. J. Water Clim. Chang. 2018, 9, 17-36. [CrossRef]

17.  Abbass, K.; Qasim, M.Z.; Song, H.; Murshed, M.; Mahmood, H.; Younis, I. A review of the global climate change impacts,
adaptation, and sustainable mitigation measures. Environ. Sci. Pollut. R. 2022, 29, 42539-42559. [CrossRef]

18. Xian, X.; Zhao, H.; Guo, J.; Zhang, G.; Liu, H.; Liu, W.; Wan, F. Estimation of the potential geographical distribution of a new
potato pest (Schrankia costaestrigalis) in China under climate change. . Integr. Agr. 2023, 22, 2441-2455. [CrossRef]

19. Yang, Y; He, J; Liu, Y.; Zeng, J.; Zeng, L.; He, R.; Guiang, M.M.; Li, Y.; Wu, H. Assessment of Chinese suitable habitats of
Zanthoxylum nitidum in different climatic conditions by Maxent model, HPLC, and chemometric methods. Ind. Crop Prod. 2023,
196, 116515. [CrossRef]

20. Wang, Y,; Zhao, R.; Zhou, X; Zhang, X.; Zhao, G.; Zhang, F. Prediction of potential distribution areas and priority protected areas
of Agastache rugosa based on Maxent model and Marxan model. Front. Plant Sci. 2023, 14, 1200796. [CrossRef] [PubMed]

21.  Yackulic, C.B.; Chandler, R.; Zipkin, E.E; Royle, ].A.; Nichols, ].D.; Campbell Grant, E.H.; Veran, S. Presence-only modelling using
MaxEnt: When can we trust the inferences? Methods Ecol. Evol. 2013, 4, 236-243. [CrossRef]

22. Bao, R; Li, X.; Zheng, ]J. Feature tuning improves MAXENT predictions of the potential distribution of Pedicularis longiflora
Rudolph and its variant. Peer J. 2022, 10, €13337. [CrossRef] [PubMed]

23. Perry, L,; Dickau, R.; Zarrillo, S.; Holst, I.; Pearsall, D.M.; Piperno, D.R.; Berman, M.].; Cooke, R.G.; Rademaker, K.; Ranere, AJ.;

et al. Starch fossils and the domestication and dispersal of chili peppers (Capsicum spp. L.) in the Americas. Science 2007, 315,
986-988. [CrossRef] [PubMed]


https://doi.org/10.3945/an.112.002154
https://doi.org/10.1016/j.scitotenv.2018.10.019
https://www.ncbi.nlm.nih.gov/pubmed/30373063
https://doi.org/10.1016/j.jclepro.2019.119920
https://doi.org/10.1038/s41612-018-0057-1
https://doi.org/10.1104/pp.112.208298
https://www.ncbi.nlm.nih.gov/pubmed/23054565
https://doi.org/10.15835/nbha51113020
https://doi.org/10.1088/1748-9326/7/3/034032
https://doi.org/10.1126/science.1078475
https://www.ncbi.nlm.nih.gov/pubmed/12586935
https://doi.org/10.1371/journal.pone.0296182
https://doi.org/10.1016/j.scitotenv.2024.170481
https://doi.org/10.1016/j.fcr.2023.109064
https://doi.org/10.3390/land11091382
https://doi.org/10.1016/j.ecoinf.2022.101834
https://doi.org/10.1016/j.jclepro.2017.09.224
https://doi.org/10.2166/wcc.2017.045
https://doi.org/10.1007/s11356-022-19718-6
https://doi.org/10.1016/j.jia.2022.08.023
https://doi.org/10.1016/j.indcrop.2023.116515
https://doi.org/10.3389/fpls.2023.1200796
https://www.ncbi.nlm.nih.gov/pubmed/37554556
https://doi.org/10.1111/2041-210x.12004
https://doi.org/10.7717/peerj.13337
https://www.ncbi.nlm.nih.gov/pubmed/35529480
https://doi.org/10.1126/science.1136914
https://www.ncbi.nlm.nih.gov/pubmed/17303753

Plants 2024, 13,1027 14 of 15

24.

25.

26.

27.

28.
29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

Karim, K.M.R; Rafii, M.Y.; Misran, A.B.; Ismail, M.EB.; Harun, A.R.; Khan, M.M.H.; Chowdhury, M.EN. Current and prospective
strategies in the varietal improvement of chilli (Capsicum annuum L.) specially heterosis breeding. Agronomy 2021, 11, 2217.
[CrossRef]

Zhou, X.; Zhu, F. Origin, evolution and cultivation history of the pepper. Acta Hortic. Sin. 2022, 49, 1371-1381. [CrossRef]

Zou, X.; Hu, B,; Xiong, C.; Dai, X,; Liu, F; Ou, L.; Yang, B.; Liu, Z.; Suo, H.; Xu, H.; et al. Review and prospects of pepper breeding
for the past 60 years in China. Acta Hortic. Sin. 2022, 49, 2099-2118. [CrossRef]

Garcia-Gaytan, V.; Gomez-Merino, F.C.; Trejo-Téllez, L.I.; Baca-Castillo, G.A.; Garcia-Morales, S. The chilhuacle chili (Capsicum
annuum L.) in Mexico: Description of the variety, its cultivation, and uses. Inter. Int. ]. Agron. 2017, 2017, 5641680. [CrossRef]
Zheng, X. Problems in pepper cultivation and corresponding countermeasures. Word Trop. Agri. Info. 2022, 26-27.

Saidah, Z.; Harianto; Hartoyo, S.; Asmarantaka, R.W. Change on Production and Income of Red Chili Farmers; Conference Series:
Earth and Environmental Science; IOP Publishing: Bristol, UK, 2020; p. 12003.

Wilfried, T. Biodiversity: Climate change and the ecologist. Nature 2007, 448, 550-552. [CrossRef]

Yue, Y.; Zhang, P.; Shang, Y. The potential global distribution and dynamics of wheat under multiple climate change scenarios.
Sci. Total Environ. 2019, 688, 1308-1318. [CrossRef]

Govindarajan, V.S. Capsicum production, technology, chemistry, and quality. Part 1: History, botany, cultivation, and primary
processing. Crit. Rev. Food Sci. 1985, 22, 109-176. [CrossRef]

Reddy, K.M.; Shivashankara, K.S.; Geetha, G.A.; Pavithra, K.C. Capsicum (hot pepper and bell pepper). In Abiotic Stress Physiology
of Horticultural Crops; Rao, N.K.S., Shivashankara, K.S., Laxman, R.H., Eds.; Springer: Berlin, Germany, 2016; pp. 151-166.
Pressman, E.; Moshkovitch, H.; Rosenfeld, K.; Shaked, R.; Gamliel, B.; Aloni, B. Influence of low night temperatures on sweet
pepper flower quality and the effect of repeated pollinations, with viable pollen, on fruit setting. J. Hort. Sci. Biotech. 1998, 73,
131-136. [CrossRef]

Erickson, A.N.; Markhart, A.H. Flower developmental stage and organ sensitivity of bell pepper (Capsicum annuum L.) to elevated
temperature. Plant Cell Environ. 2002, 25, 123-130. [CrossRef]

He, X.; Si, J.; Zhu, L.; Zhou, D.; Zhao, C.; Jia, B.; Wang, C.; Qin, J.; Zhu, X. Modeling habitat suitability of Hippophae rhamnoides L.
using MaxEnt under climate change in China: A case study of H. r. sinensis and H. r. turkestanica. Front. Glob. Chang. 2023, 5,
1095784. [CrossRef]

Han, S. Water-consuming patterns of greenhouse pepper in different irrigating modes. Agric. Res. Arid Areas 2005, 23, 54-58.
[CrossRef]

Shao, G.; Liu, N.; Chen, L. Character of water demand and yield of space-time deficit irrigation for hot pepper in greenhouse.
Trans. Chin. Soc. Agric. Mach. 2008, 39, 117-121.

Jaimez, R.E.; Vielma, O.; Rada, F.; Garcia-Nufiez, C. Effects of water deficit on the dynamics of flowering and fruit production in
Capsicum chinense Jacq in a tropical semiarid region of Venezuela. J. Agron. Crop Sci. 2000, 185, 113-119. [CrossRef]

Srikanth, D.; Rekha, G.K.; Lakshmi, A.P,; Vimatha, P. Impact of climate change in Capsicum production: A review. Curr. J. Appl.
Sci. Technol. 2019, 33, 1-5. [CrossRef]

Zou, Z.; Zou, X. Geographical and ecological differences in pepper cultivation and consumption in China. Front. Nutr. 2021, 8,
718517. [CrossRef]

Li, Q.; Han, R;; Li, Z.; Chen, L. Production status and development countermeasures of chili pepper in Qinghai Province. Chin.
Hortic. Abstr. 2018, 34, 60-61, 124. [CrossRef]

Meng, Q. Analysis of Production Cost and Income of Pepper in Main Production Areas in China-Based on the Investigation of
Five Provinces Such as Guizhou and Hunan. Master’s Thesis, Hebei Agricultural University, Baoding, China, 2018.

Wu, S.Y,; Wu, Y.; Wen, J. Future changes in precipitation characteristics in China. Int. |. Climatol. 2019, 39, 3558-3573. [CrossRef]
Li, J.; Deng, C.; Duan, G.; Wang, Z.; Zhang, Y.; Fan, G. Potentially suitable habitats of Daodi goji berry in China under climate
change. Front. Plant Sci. 2024, 14, 1279019. [CrossRef] [PubMed]

Shi, X.; Wang, J.; Zhang, L.; Chen, S.; Zhao, A.; Ning, X.; Fan, G.; Wu, N.; Zhang, L.; Wang, Z. Prediction of the potentially suitable
areas of Litsea cubeba in China based on future climate change using the optimized MaxEnt model. Ecol. Indic. 2023, 148, 110093.
[CrossRef]

Lee, S.G.; Kim, SK,; Lee, H.J.; Lee, H.S.; Lee, ].H. Impact of moderate and extreme climate change scenarios on growth,
morphological features, photosynthesis, and fruit production of hot pepper. Ecol. Evol. 2018, 8, 197-206. [CrossRef] [PubMed]
Thuiller, W.; Lavorel, S.; Araujo, M.B.; Sykes, M.T.; Prentice, I.C. Climate change threats to plant diversity in Europe. Procl. Natl.
Acad. Sci. USA 2005, 102, 8245-8250. [CrossRef]

Becklin, K.M.; Anderson, J.T.; Gerhart, L.M.; Wadgymar, S.M.; Wessinger, C.A.; Ward, J.K. Examining plant physiological
responses to climate change through an evolutionary lens. Plant Physiol. 2016, 172, 635-649. [CrossRef] [PubMed]

Genzel, F; Dicke, M.D.; Junker-Frohn, L.V.; Neuwohner, A.; Thiele, B.; Putz, A.; Usadel, B.; Wormit, A.; Wiese-Klinkenberg, A.
Impact of moderate cold and salt stress on the accumulation of antioxidant flavonoids in the leaves of two Capsicum cultivars. J.
Agr. Food Chem. 2021, 69, 6431-6443. [CrossRef] [PubMed]

Eyring, V.; Bony, S.; Meehl, G.A.; Senior, C.A ; Stevens, B.; Stouffer, R.J.; Taylor, K.E. Overview of the Coupled Model Intercompar-
ison Project Phase 6 (CMIP6) experimental design and organization. Geosci. Model. Dev. 2016, 9, 1937-1958. [CrossRef]

Phillips, S.J.; Dudik, M.; Elith, J.; Graham, C.H.; Lehmann, A.; Leathwick, J.; Ferrier, S. Sample selection bias and presence-only
distribution models: Implications for background and pseudo-absence data. Ecol. Appl. 2009, 19, 181-197. [CrossRef] [PubMed]


https://doi.org/10.3390/agronomy11112217
https://doi.org/10.16420/j.issn.0513-353x.2021-0853
https://doi.org/10.16420/j.issn.0513-353x.2022-0677
https://doi.org/10.1155/2017/5641680
https://doi.org/10.1038/448550a
https://doi.org/10.1016/j.scitotenv.2019.06.153
https://doi.org/10.1080/10408398509527412
https://doi.org/10.1080/14620316.1998.11510955
https://doi.org/10.1046/j.0016-8025.2001.00807.x
https://doi.org/10.3389/ffgc.2022.1095784
https://doi.org/10.3321/j.issn:1000-7601.2005.02.011
https://doi.org/10.1046/j.1439-037x.2000.00414.x
https://doi.org/10.9734/cjast/2019/v33i330075
https://doi.org/10.3389/fnut.2021.718517
https://doi.org/10.3969/j.issn.1672-0873.2018.06.022
https://doi.org/10.1002/joc.6038
https://doi.org/10.3389/fpls.2023.1279019
https://www.ncbi.nlm.nih.gov/pubmed/38264027
https://doi.org/10.1016/j.ecolind.2023.110093
https://doi.org/10.1002/ece3.3647
https://www.ncbi.nlm.nih.gov/pubmed/29321863
https://doi.org/10.1073/pnas.0409902102
https://doi.org/10.1104/pp.16.00793
https://www.ncbi.nlm.nih.gov/pubmed/27591186
https://doi.org/10.1021/acs.jafc.1c00908
https://www.ncbi.nlm.nih.gov/pubmed/34081868
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1890/07-2153.1
https://www.ncbi.nlm.nih.gov/pubmed/19323182

Plants 2024, 13,1027 15 of 15

53. Cobos, M.E,; Peterson, A.T.; Barve, N.; Osorio-Olvera, L. kuenm: An R package for detailed development of ecological niche
models using Maxent. Peer ]. 2019, 7, €6281. [CrossRef]

54. Allouche, O,; Tsoar, A.; Kadmon, R. Assessing the accuracy of species distribution models: Prevalence, kappa and the true skill
statistic (TSS). J. Appl. Ecol. 2006, 43, 1223-1232. [CrossRef]

55. Coetzee, B.W.T; Robertson, M.P; Erasmus, B.EN.; Van Rensburg, B.].; Thuiller, W. Ensemble models predict Important Bird Areas
in southern Africa will become less effective for conserving endemic birds under climate change. Global Ecol. Biogeogr. 2009, 18,
701-710. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.7717/peerj.6281
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1111/j.1466-8238.2009.00485.x

	Introduction 
	Results 
	Screening of Distribution Points and Environmental Variables, and Accuracy of MaxEnt Prediction 
	Critical Environmental Variables Affecting Chili Pepper Distribution 
	Current Distribution of Chili Pepper 
	Future Distribution of Chili Pepper 
	Future Spatiotemporal and Centroid Changes in Suitable Habitats 
	Centroid Shifts in Suitable Habitats 

	Discussion 
	Dominant Environmental Variables Affecting the Distribution of Chili Pepper 
	Habitat Distribution under Climate Change 
	Limitations and Prospects 

	Materials and Methods 
	Acquisition and Processing of Chili Pepper Distribution Points and Environmental Data 
	Optimization and Evaluation of MaxEnt Model 
	Reclassification and Calculation of Suitable Habitats 
	Spatiotemporal and Centroid Changes in Suitable Habitats 

	Conclusions 
	References

