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Preface

This multidisciplinary collection aims to promote a deeper understanding of the ecological and
evolutionary responses of plants to climate change. It brings together a diverse body of research that
collectively explores how plants respond, adjust, and potentially adapt to the unprecedented challenges
posed by global environmental change. In doing so, it contributes to a growing knowledge base that
is essential for anticipating ecological and evolutionary outcomes and for biodiversity conservation
strategies worldwide.

We hope that this reprint will serve as a valuable resource for researchers, educators, and students
of plant science, ecology, and evolutionary biology, and that it will inspire further study of the crucial
question of how plant life is responding to the challenges of a changing climate.

Sanja Manitasevi¢ Jovanovi¢, Ana Vuleta, and Yuval Sapir
Guest Editors
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Plastic Responses of Iris pumila Functional and Mechanistic Leaf
Traits to Experimental Warming

Katarina Hocevar, Ana Vuleta and Sanja ManitaSevi¢ Jovanovi¢ *

Department of Evolutionary Biology, Institute for Biological Research “Sinisa Stankovi¢”—National Institute of
the Republic of Serbia, University of Belgrade, 11108 Belgrade, Serbia; katarina.hocevar@ibiss.bg.ac.rs (K.H.);
ana.vuleta@ibiss.bg.ac.rs (A.V.)

* Correspondence: manitas@ibiss.bg.ac.rs

Abstract: Phenotypic plasticity is an important adaptive strategy that enables plants to
respond to environmental changes, particularly temperature fluctuations associated with
global warming. In this study, the phenotypic plasticity of Iris pumila leaf traits in response
to an elevated temperature (by 1 °C) was investigated under controlled experimental
conditions. In particular, we investigated important functional and mechanistic leaf traits:
specific leaf area (SLA), leaf dry matter content (LDMC), specific leaf water content (SLWC),
stomatal density (SD), leaf thickness (LT), and chlorophyll content. The results revealed
that an elevated temperature induced trait-specific plastic responses, with mechanistic
traits exhibiting greater plasticity than functional traits, reflecting their role in short-term
acclimation. SLA and SD increased at higher temperatures, promoting photosynthesis and
gas exchange, while reductions in SLWC, LDMC, LT, and chlorophyll content suggest a
trade-off in favor of growth and metabolic activity over structural investment. Notably,
chlorophyll content exhibited the highest plasticity, emphasizing its crucial role in modulat-
ing photosynthetic efficiency under thermal stress. Correlation analyses revealed strong
phenotypic integration between leaf traits, with distinct trait relationships emerging under
different temperature conditions. These findings suggest that I. pumila employs both rapid
physiological adjustments and longer-term structural strategies to cope with thermal stress,
with mechanistic traits facilitating rapid adjustments and functional traits maintaining
ecological stability.

Keywords: experimental warming; thermal acclimation; phenotypic plasticity; functional
leaf traits; mechanistic leaf traits; Iris pumila L.

1. Introduction

Human activity, primarily the production of greenhouse gas emissions, has undeniably
driven global warming, with global surface temperatures rising 1.1 °C above pre-industrial
levels between 2011 and 2020 [1]. Rising temperatures create new climatic conditions that
affect the functioning and distribution of species. Human-induced climate change has
already led to numerous negative impacts on natural ecosystems, including disruption
of key ecological processes, changes in the functioning of ecosystems, and a decline in
biodiversity [2-4]. As the climate changes, plant populations may no longer be optimally
adjusted to new conditions and their survival depends on their capacity to adequately
respond to altered environments [4]. If global warming continues, numerous species could
face extinction, as the environments to which they have adapted over the course of time
will change within a few decades [5]. Therefore, understanding plant responses to rapid

Plants 2025, 14, 960 https://doi.org/10.3390/plants14060960
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climate change is essential for comprehending both the changes that have already occurred
and those likely to take place in the near future.

To persist in a rapidly changing climate, plant organisms may exploit different coping
mechanisms. They can move to more favorable habitats through seed dispersal, adapt
through natural selection, or adjust to new conditions through phenotypic plasticity [6].
If the rate of environmental change is greater than the rate of evolutionary response, phe-
notypic plasticity is a likely mechanism for such a circumstance [7-9]. If traits are plastic,
and if this plastic change shifts trait values in a direction that maintains fitness, this may be
sufficient to anticipate or prevent extinction [9]. To date, most empirical evidence suggests
that phenotypic plasticity is the predominant mechanism by which natural plant popula-
tions cope with rapid climate warming within their distribution range [10-12]. Phenotypic
plasticity is considered to facilitate the survival of plant populations in novel environments,
enhancing their ecological success and adaptability by enabling the development of phe-
notypes better suited to changing conditions [13-16]. Plastic responses in plants can have
significant implications for various aspects of their life history, including reproductive
success, dispersal patterns, and interactions between species [17].

Among plant traits, leaf traits are particularly important in associating plant resource
use and biomass production with ecosystem functioning [18,19] and are, therefore, expected
to be especially affected by rising temperatures due to global warming [20-22]. Functional
leaf traits encompass morpho-physio-phenological characteristics that directly influence
an individual’s growth, reproduction, and survival by shaping its interactions with the
environment. In contrast, mechanistic leaf traits are those with clearly defined physiological
roles, providing a more specific understanding of processes like resource uptake and
utilization [23]. Examples of functional traits include leaf area and specific leaf weight,
while mechanistic traits encompass photosynthetic capacity and transpiration rates. This
classification offers a comprehensive framework for investigating plant adaptive strategies
under varying environmental conditions, which is essential for understanding ecological
responses to climate warming.

Specific leaf area (SLA) is the major determinant of a plant’s ecological function, since
it reflects the expected return of previously captured environmental resources [18,24,25].
It is highly responsive to environmental factors, such as irradiance [26,27], water avail-
ability [28], atmospheric carbon dioxide [29], ozone concentration [30], soil fertility, and
nutrient supply [31-33], while the relationship between SLA and temperature has not
yet been sufficiently explored [34]. Leaf dry matter content (LDMC), another important
functional trait, is related to leaf protein content and cytoplasmic volume, which reflect
the structure of leaf cells [35]. LDMC is positively related to leaf longevity and negatively
related to potential relative growth rate [19]. The relationship between LDMC and temper-
ature is complex and varies considerably across different species and ecosystems [36-38].
Specific leaf water content (SLWC), a mechanistic trait most consistently correlated with
climate, exhibits a significant relationship with leaf tissue density and leaf thickness [39].
SLWC is strongly influenced by temperature and generally exhibits a positive correlation
with it under optimal environmental conditions [40]. Leaf thickness (LT) is a mechanistic
leaf trait that is also related to a species’ resource acquisition and utilization strategies and
affects both light absorption and carbon dioxide diffusion rate [41,42]. Negative relation-
ships have been observed between LT and both photosynthetic rate [43,44] and growth
rate [45,46], making LT a useful screening tool for assessing a species’ productivity [47]
or overall ecological performance [48]. Under the influence of global warming, LT is ex-
pected to decrease as higher temperatures cause increased transpiration rates and reduced
cell expansion, resulting in thinner leaves [49]. Stomatal density (SD), a mechanistic leaf
trait, is widely recognized as an indicator of a plant’s gas exchange and transpiration
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potential [50-54]. Environmental factors, especially temperature, play a crucial role in
influencing stomatal density. Higher temperatures can lead to an increase in SD, which
can contribute to increased transpiration and leaf cooling as plants adjust to the changing
conditions. Nevertheless, it is important to acknowledge that stomatal density alone is not
sufficient to draw definitive conclusions about transpiration and stomatal regulation, as the
dynamic responsiveness of stomata to environmental factors often plays a more decisive
role [55,56]. Chlorophyll content plays a central role in photosynthesis and serves as an
important physiological marker for assessing plant stress, particularly in relation to tem-
perature fluctuations [57,58]. High temperatures can accelerate chlorophyll degradation,
which generally reduces photosynthetic efficiency [58,59]. However, under unfavorable
conditions, many plant species reduce chlorophyll content to mitigate the harmful effects of
high temperatures, which helps maintain stomatal conductance and consequently supports
photosynthetic activity and growth [60].

Environmental manipulation studies are a widely applied approach for assessing the
potential biological impacts of future climate change. In this study, such an experiment was
conducted in an experimentally controlled growth room, where environmental conditions
such as temperature were precisely regulated to simulate and evaluate plants” responses
to predicted climate scenarios. Unlike in situ experiments, these controlled environments
provide consistent and reproducible conditions, enabling the precise regulation of variables
to isolate specific plant responses.

This study aimed to investigate and compare the plastic responses of functional
(SLA, LDMC) and mechanistic (SLWC, LT, SD, and chlorophyll content estimated with
the RGB index I;) leaf traits expressed by the same clonal genotypes of Iris pumila, which
were exposed to optimal and elevated (by 1 °C) air temperatures in a controlled growth
environment. Specifically, the following questions were addressed: (1) What is the general
pattern of plasticity in response to temperature increases? (2) Do functional and mechanistic
leaf traits differ in the magnitude and direction of their plastic responses? (3) Is the
correlation pattern between traits affected by temperature conditions? (4) Which category
of traits, functional or mechanistic, is more sensitive to temperature change? By responding
to these questions, the study intended to provide insights into the adaptive strategies of
plants under thermal stress.

2. Results
2.1. Phenotypic Responses of SLA, LDMC, SLWC, LT, SD, and I; to Temperature

To assess the phenotypic responses of leaf functional and mechanistic traits to temper-
ature increases, the values of SLA, LDMC, SLWC, LT, SD, and I; were determined in the
same genotypes of I. pumila under the two temperature growth conditions—ambient and
elevated by 1 °C. The mean values with the corresponding standard errors and coefficients
of variation for the analyzed leaf traits are presented in Table 1. As can be seen, the pheno-
typic values of all analyzed leaf traits changed significantly with temperature. Regarding
leaf functional traits, the mean SLA value was higher (up to 9%) and the LDMC value was
lower (about 3%) in the leaves developed under the experimentally elevated temperature
compared to the leaves of the same genotype developed at the ambient temperature. As
for the leaf mechanistic traits, SLWC and LT decreased with the increase in temperature
(both by 6%), while SD and I; increased (up to 23% and even 67%, respectively).
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Table 1. The means (X), standard errors (SE), and coefficients of variation (CV%) for the functional
and mechanistic leaf traits: specific leaf area (SLA, in cm? gfl), leaf dry matter content (LDMC, in
g gfl), specific leaf water content (SLWC, in g cm™2), leaf thickness (LT), stomatal density (SD, no.
stomata/mm?), and RGB index I; of Iris pumila genotypes (N = 40) grown at ambient and elevated
temperature (by 1 °C) conditions in an environmentally controlled growth room. The F-values of the
temperature effects obtained using repeated ANOVA are presented for each trait as well: ns—non
significant, * p < 0.05, *** p < 0.0001.

. Ambient Temperature Elevated Temperature F for Comparison of
Leaf Trait X SE CV% X SE CV% Trait Means
Functional
SLA 186.4 35 11.9 202.3 2.8 8.7 24.63
LDMC 0.2066 0.0026 7.8 0.2014 0.0016 49 4.86*
Mechanistic
SLWC 0.0209 0.0003 9.2 0.0197 0.0003 9.4 18.95 ****
LT 0.0263 0.0004 9.2 0.0247 0.0004 8.9 25.37 ***
SD 72.8 1.2 10.5 89.5 1.6 11.6 83.89 *¥x*
I 21.3 1.5 443 35.5 2.6 471 45.14 #***

2.2. Phenotypic Plasticity of SLA, LDMC, SLWC, LT, SD, and 11 to Temperature

The reaction norm plots for the SLA, LDMC, SLWC, LT, SD, and I; of the I. pumila
genotypes grown at ambient and elevated temperatures are depicted in Figure 1. As can be
seen, the mean reaction norms are relatively steep, indicating the capability of I. pumila to
adjust its leaf morphology and physiology to suit the prevailing temperature conditions.
The pattern of reaction norms proved to be trait-specific. Thus, the reaction norms for
SLA, SD, and I; exhibited an upward trend with the increase in temperature, in contrast
to those for LDMC, SLWC, and LT, which showed a downward trend (Figure 1). The
reaction norms of individual genotypes exhibited a complex pattern, with some genotypes
intersecting with each other, suggesting that besides their phenotypic values, their rank also
changed at different temperatures. Additionally, a convergence trend was observed for the
LDMC and I; reaction norms. The reaction norms for LDMC converged towards a single
value at the elevated temperature, in contrast to the ambient temperature, where their
phenotypic values appeared to diverge. Conversely, the reaction norms for I; converged
towards a single value at the ambient temperature and diverged at the elevated temperature
(Figure 1).

The individual variation of I. pumila genotypes, expressed as a coefficient of varia-
tion (CV%), changed in a trait- and temperature-specific manner (Table 1). Overall, the
functional leaf traits showed less variation than the mechanistic traits. In addition, the func-
tional traits exhibited a higher CV% at the ambient temperature, whereas the mechanistic
traits exhibited a higher CV% at the elevated temperature. The highest CV% was observed
for I;, while the lowest was found for LDMC. For example, the CV% for I; was 44.3%
and 47.1% at the ambient and elevated temperatures, respectively. Conversely, the CV%
for LDMC was notably lower, amounting to 7.8% and 4.9% at the ambient and elevated
temperatures, respectively. The CV% for SLA, LDMC, and LT was greater at the ambient
temperature than at the elevated temperature, in contrast to the CV% for SLWC, SD, and
I;. The results of an F-test for equality of variance confirmed that the CV% for LDMC and
I; differed between the alternative temperatures. However, these differences were only
highly significant for I; (F = 0.32; p < 0.001), but marginal for LDMC (F = 1.62; p = 0.058).
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Figure 1. Reaction norm plots for the 40 Iris genotypes (fine lines) observed under two temperature
treatments—ambient and elevated. The mean phenotypic plasticity is indicated by a heavy line.
(A) Functional leaf traits: specific leaf area (SLA, in cm? g‘l), leaf dry matter content (LDMC, in
g gfl). (B) Mechanistic leaf traits: specific leaf water content (SLWC, g cm2), leaf thickness (LT),
stomatal density (SD, no. stomata/ mm?), and RGB index ;.

The mean phenotypic plasticity of SLA, LDMC, SLWC, LT, SD, and I; under different
temperature conditions was found to be trait-dependent (Figure 2). In general, the func-
tional traits proved to be less plastic than the mechanistic ones (PIv = 0.239 vs. Plv = 0.369).
Interestingly, the estimated plasticity index for the ratio of functional to mechanistic traits
(PIv = 0.463) was found to be higher than the values considered for these traits individually.
The most plastic traits were I; and SD (PIv = 0.358 and PIv = 0.183, respectively), whereas
the least plastic one was LDMC (Plv = 0.066). An intermediate level of plasticity was
detected for SLA, SLWC, and LT (PIv = 0.104, PIv = 0.087, and PIv = 0.085, respectively).
The results of a Friedman ANOVA showed that the amount of plasticity differed for all leaf
traits analyzed x2 (5, N = 240) = 67.11, p < 0.0001 (Figure 2).
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Figure 2. The phenotypic plasticity indices (mean + SE) for the functional (SLA, LDMC) and
mechanistic (SLWC, LT, SD, RGB index I;) leaf traits of 40 distinct I. pumila genotypes expressed at
ambient and elevated air temperatures. Means with the same letter are not significantly different at
p > 0.05, according to the Wilcoxon rank-sum test.

2.3. Phenotypic Correlations Between Functional and Mechanistic Leaf Traits in Response
to Temperature

The association between the phenotypic values of individuals for a pair of leaf traits is
shown in Figure 3. Within each temperature treatment, a substantial number of significant
correlations was observed, accounting for more than half of the total correlations. The
positive correlation between SLWC and LT was the strongest among all correlations between
pairs of leaf traits (r = 0.976 and r = 0.986, both p < 0.0001, in the ambient and elevated
temperatures, respectively), whereas that between SLA and I; was moderate in strength
(r=0.525, p < 0.001 and r = 0.546, p < 0.001 in the ambient and elevated temperatures,
respectively). The correlation between SLA and SLWC was negative in sign and moderate
in strength (r = —0.604 and r = —0.568, both p < 0.0001, in the ambient and elevated
temperatures, respectively), as was the correlation between SLA and LT (r = —0.760 and
r = —0.667, both p < 0.0001, in the ambient and elevated temperatures, respectively). The
weakest negative correlation was detected between LDMC and I; (r = —0.322, p = 0.04 and
r=—0.353, p = 0.02 in the ambient and elevated temperatures, respectively).

Although the same total number of significant phenotypic correlations (two positive
and six negative) was observed in both temperature treatments, the correlation structures
suggest potential differences (Figure 3). For example, the significant correlation between
SLA and LDMC (r = —0.663, p < 0.0001) as well as between SLWC and I; (r = —0.345, p = 0.03)
was only detected at the ambient temperature. Conversely, at the elevated temperature,
significant correlations between SLA and SD (r = —0.318, p = 0.04) and between SD and I;
(r=—0.317, p = 0.04) were found. However, these differences do not appear to be strong
enough for the correlation patterns between leaf traits expressed at ambient and elevated
temperatures to differ significantly, as confirmed by the Mantel test (r = 0.902, p < 0.01).

Apart from the correlation analysis of the individual functional and mechanistic leaf
traits, each trait category was also analyzed in its entirety. The first category, referred to as
functional, showed a positive correlation between its phenotypic expression at ambient
and elevated temperatures (r = 0.564, p < 0.001), as did the other category, referred to as
mechanistic (r = 0.424, p < 0.01). In contrast, the functional and mechanistic trait categories
were negatively correlated with each other during both temperature treatments (r = —0.794
and r = —0.819, both p < 0.0001, for ambient and elevated temperatures, respectively).
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Figure 3. Heat maps of the correlations between the functional (SLA and LDMC) and mechanistic
(SLWC, LT, SD, RGB index I) leaf traits under ambient and elevated temperature conditions. The
color gradient and ellipse eccentricity represent the strength and direction of the correlations, with
blue indicating stronger positive correlations and red indicating stronger negative correlations.
Correlation values are identified as weak (r < 0.4), moderate (0.4 < r < 0.8), or strong (r > 0.8).
Asterisks indicate the significance level of the correlations: * p < 0.05, ** p < 0.01, *** p < 0.001.

Furthermore, when correlating the plasticity indices, a strong and highly significant
positive association was found between the SLWC and LT plasticity indices (r = 0.936,
p <0.0001). Additionally, a moderately positive association was discovered between the
plasticity indices of SLA and I; (r = 0.351, p = 0.03), as well as between those of LDMC and
I; (r=0.338, p = 0.03). A marginally significant association was observed between the SLA
and LT plasticity indices (r = 0.317, p = 0.05).

3. Discussion
3.1. Acclimation Responses to Increased Temperature

To withstand changing environments, plants have evolved diverse modifications in
their morphology, physiology, phenology, and reproduction [61] or improved their capacity
to tolerate and adjust to novel conditions through phenotypic plasticity [6,62]. The present
study focuses on elucidating the role of leaf traits in response to elevated temperatures
in I. pumila. By analyzing the phenotypic expression of its functional and mechanistic
leaf traits at ambient and elevated temperatures, under controlled experimental warming
conditions in a growth room, we aimed to assess the acclimation potential of I. pumila to
adjust to new temperature environments. Despite I. pumila genotypes’ remarkable ability
to respond plastically to variations in temperature conditions, both the magnitude and
pattern of plastic responses appear to be highly trait-specific [63]. However, the observed
trait specificity does not refer to the functional and mechanistic traits as comprehensive
categories, but rather to individual traits within this categorization. This suggests that
different leaf traits can exhibit different plastic responses regardless of their functional
categorization, emphasizing the complexity of trait-environment interactions [63].
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The two most important functional leaf traits, specific leaf area (SLA) and leaf dry
matter content (LDMC), proved to be reliable indicators of plant resource utilization strate-
gies in the sand dune environment [20,63-66]. Furthermore, SLA is generally positively
associated with both leaf nitrogen content per unit of dry mass and assimilation rate, but
negatively with leaf lifespan [67-69]. This indicates that the accumulation of dry matter
is related to efficient photosynthetic activity, which is due to both transpiration fluxes
and Rubisco activity [28,70,71]. Although there is substantial evidence that SLA increases
with temperature [34,72], the relationship between SLA and temperature is not generally
positive and can vary depending on plant species, ecosystems, and environmental condi-
tions [73,74]. In the present study, the plants that were subjected to experimental warming
generally exhibited greater SLA than the plants that were grown at the ambient tempera-
ture. This result is fully consistent with the findings of our previous study conducted in situ
in natural populations of I. pumila [63]. Since only temperature was manipulated in the
current experiment, it confirms that the change in SLA is a direct consequence of increased
temperature [33]. Since increased temperatures can accelerate metabolic processes, such an
increase in SLA could be due to increased resource allocation towards leaf area expansion,
thereby optimizing photosynthetic efficiency under stressful conditions [66]. In addition,
larger leaves enhance transpiration efficiency, which helps to cool the plant and maintain an
optimal internal temperature [75]. Since gas exchange was not measured in this study, we
can only assume that an increase in SLA serves as an acclimation mechanism to cope with
heat stress by enabling more efficient transpiration and photosynthesis [76]. Future stud-
ies using direct measurements of stomatal conductance and photosynthetic rates would
provide a more comprehensive understanding and further strengthen this hypothesis.
LDMC reflects a plant’s investment in leaf structure, with higher values generally indi-
cating tougher, more durable leaves that are resistant to environmental stresses [31,77,78].
A lower LDMC value is often associated with a strategy that favors resource acquisition
and faster growth, as it corresponds to thinner, softer leaves that allow for faster carbon
assimilation and water turnover. The relationship between LDMC and global warming is
complex and context-dependent, implying that the response of LDMC may vary across
plant species and ecosystems [36-38]. The decrease in LDMC at elevated temperatures
observed in both this and our previous study [63] may indicate that plants are allocating
fewer resources to the structural components of leaves, possibly favoring faster growth
and increased metabolic activity [79]. In the context of the observed inverse relationship
with SLA, this could indicate a trade-off between maximizing leaf area for photosynthesis
(high SLA) and maintaining structural integrity or water retention (low LDMC), which
could represent an adjustment mechanism to cope with higher temperatures.

Regarding the mechanistic leaf trait category, SLWC is closely responsive to global
warming, as fluctuations in temperature and precipitation patterns affect water avail-
ability, which ultimately influences plants’ resilience to these challenges [40,80,81]. The
observed reduction in SLWC may indicate various issues, such as increased transpiration,
reduced water retention in leaf tissue, or a disturbed balance between water uptake and
loss [63,82,83]. Overall, the decrease in SLWC with increasing temperatures can serve as
a potential indicator of physiological stress and reflect the challenges the plant faces in
coping with thermal stress. Conversely, the increased SD observed at elevated tempera-
tures suggests that plants may adjust to these conditions by enhancing their gas exchange
capacity and improving cooling through transpiration [84]. This response could serve as
a compensatory mechanism to maintain photosynthesis under heat stress. Although SD
provides a structural foundation for gas exchange, transpiration is primarily regulated
by stomatal conductance and dynamic control of stomatal aperture, rather than density
alone [50]. Studies have shown that stomatal conductance may increase with rising temper-
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atures, thereby enhancing evaporative cooling and optimizing gas exchange efficiency [85].
A combined analysis of stomatal conductance and stomatal density would have provided
a more comprehensive understanding of the physiological mechanisms underlying these
responses, distinguishing structural adjustments from functional regulation in I. pumila’s
acclimation to elevated temperatures. Given that even small changes in SD can significantly
affect gas exchange and transpiration [86], the observed 20% increase with just a 1 °C rise
in temperature suggests a remarkable acclimation response in I. pumila, improving water
regulation. However, SD alone is insufficient for drawing definitive conclusions about
transpiration, as stomatal function—particularly stomata’s ability to dynamically respond
to environmental factors—plays a more critical role in regulating water loss. This under-
scores the need to consider both structural and functional aspects when studying plant
transpiration mechanisms [50]. Leaf thickness (LT) is significantly affected by temperature,
with higher temperatures generally leading to thinner leaves due to increased transpiration
rates and reduced cell expansion [49,87]. The decrease in LT observed in this study prob-
ably reflects an acclimation strategy intended to protect the leaf tissue from overheating.
Chlorophyll content, a key player in leaf photosynthesis, was significantly reduced under
elevated temperature conditions, considering that the temperature increase was only one
degree Celsius. This finding underlines the delicate balance that plants maintain with their
environment and the potential implications of climate change on plant physiology. Even
though some species do indeed reduce their chlorophyll content as a protective mecha-
nism against heat stress [60,88], this study focused primarily on heat-induced damage to
chlorophyll molecules and the photosynthetic machinery, which is a well-documented
response in many species [89-91]. Unfortunately, no measurements of gas exchange were
performed; these would have provided further insight into stomatal conductance and its
role in photosynthetic activity under elevated temperatures.

3.2. Thermal Plasticity of Functional and Mechanistic Leaf Traits

Phenotypic plasticity has long been recognized as a key strategy that enables plants to
adapt to variable environmental conditions [92]. As temperature is one of the most dynamic
environmental factors and significantly affects plant metabolism, the plasticity of leaf
functional traits is essential for maintaining physiological homeostasis and enhancing plant
resilience to temperature fluctuations [93,94]. Our results confirm that the mean plastic
responses of functional and mechanistic leaf traits, SLA, LDMC, SLWC, SD, I;, and LT,
changed with the increase in temperature. Of the traits analyzed, the highest plasticity was
observed in chlorophyll content (namely its proxy, I;), which suggests a strong capability
of the plants to modulate their photosynthetic machinery in response to temperature
fluctuations. The temperature sensitivity of photosynthesis is a crucial factor in predicting
how plants will respond to warming [95]. By adjusting their photosynthetic apparatus,
such as enzyme activity and membrane properties, to optimize carbon fixation under
different environmental temperatures, plants will be able to maintain their productivity in
changing climates [96].

Stomatal density (SD) was the second most plastic trait, reflecting the plant’s ability
to optimize gas exchange under varying environmental conditions, such as humidity or
CO; concentration [55]. Modulating stomatal density helps the plant maintain a crucial
balance between water loss and carbon dioxide uptake in response to fluctuating conditions.
SLA, SLWC, and LT exhibited comparable levels of plasticity, which were relatively low in
magnitude. This implies that these leaf traits remain relatively stable and show consistent
expression across different thermal environments. The stability of these traits could be a
result of physiological or ecological constraints, where maintaining consistent functionality
is prioritized over flexibility in response to environmental changes [97]. In contrast, LDMC
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exhibited the lowest plasticity, suggesting that it represents a more conservative trait,
being less responsive to short-term environmental changes and more reflective of a species’
long-term adaptation to its habitat. Low plasticity in LDMC is often associated with stress-
tolerant species, as it reflects a resource allocation strategy that favors structural stability
and resistance to abiotic stresses, such as drought [31]. The converging reaction norms
discovered for LDMC at elevated temperatures further emphasize its limited plasticity.

In general, leaf traits related to light absorption and gas exchange, such as chlorophyll
content and stomatal density, are more flexible and can rapidly adjust to environmental
changes. In contrast, traits like LDMC, which reflect a plant’s resource use strategy and
structural investment, are less plastic and may be more important for survival in stable or
resource-limited environments.

In addition, our study provides evidence that the mean plastic response of mecha-
nistic leaf traits, when considered collectively, is greater than that of functional leaf traits,
indicating that mechanistic leaf traits have high sensitivity to temperature variation. This
result is consistent with the perspective that mechanistic traits serve as physiological
strategies that are specifically adjusted to the prevailing environmental factors and enable
responses over short periods of time [98]. Higher plasticity allows plants to rapidly adjust
to environmental changes, such as temperature fluctuations, enhancing survival in the
short term. Conversely, functional leaf traits represent broader ecological strategies that
respond to multiple environmental factors simultaneously and over longer periods of
time [98]. Their relative stability and lower plasticity may result from their role in main-
taining overall resource use efficiency and ecological balance across varying conditions.
The observed higher plasticity of mechanistic traits emphasizes their role in fine-tuning
physiological processes for acute stress management, whereas functional traits contribute
to more generalized ecological strategies that prioritize consistency over flexibility. This
dichotomy highlights the trade-off between rapid response and long-term stability in plant
adaptation strategies [99-101].

3.3. Temperature-Driven Correlation Patterns of Leaf Traits

Since different traits often exhibit different plastic responses, it is likely that the correla-
tions between them may also be shaped by environmental conditions [92,102]. Determining
phenotypic correlations can provide important insights into the integration and stability of
traits under varying environmental conditions [103]. It is well established that integrated
phenotypes, that is, correlated suites of traits, can affect both ecological and evolutionary
processes [104]. The high phenotypic correlations observed between leaf traits across differ-
ent temperature conditions indicate a high degree of integration [105], suggesting that these
traits function together in a coordinated manner. At the same time, the consistent pheno-
typic correlations across temperature treatments emphasize the stability of these leaf traits.
Stable traits are likely to maintain their functional role despite environmental fluctuations
and are, therefore, valuable targets for breeding resilient plant varieties [106,107].

To evaluate the integration and stability of leaf traits under varying temperature
conditions, we assessed the phenotypic correlations between individual leaf trait expres-
sions in each temperature treatment. The strongest positive correlation, observed between
SLWC and LT at both temperature conditions, suggests a robust relationship between
these two traits and may reflect an evolutionary adaptation in which thicker leaves im-
prove water retention and overall structural integrity, contributing to higher leaf water
content [108]. Moreover, the positive correlation of chlorophyll content with LDMC and
LT, coupled with its negative correlation with SLA, suggests a trade-off in which thicker
leaves invest more in chlorophyll to enhance photosynthetic efficiency, while thinner leaves
prioritize maximizing light capture through their greater surface area [59]. In addition, we
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observed that different sets of leaf traits are correlated under distinct temperature condi-
tions, highlighting the plants” ecological plasticity and potential adaptability to different
environmental pressures [109-112].

Apart from determining the correlation patterns of the individual functional and
mechanistic leaf traits, the relationship between the two trait categories as a whole was
also assessed. The strong inverse relationship between the mechanistic and functional trait
categories observed at both temperature treatments suggests a trade-off in which a higher
investment in one set of traits may come at the expense of the other. Some of the potential
scenarios reflecting this balance between mechanistic and functional trait categories may
include, for instance, photosynthetic efficiency vs. protection, growth vs. stress resistance,
or efficiency vs. longevity [113].

It is believed that correlations between the plasticity of different traits arise when
the given traits exhibit the same sensitivity to environmental conditions, share the same
function, and/or have a genetic basis [92,102]. The existence of similar plastic responses
allows for the maintenance of an integrated phenotype despite the influence of variable
environmental conditions. Traits that exhibit significantly correlated plasticity indices
appear to respond jointly to environmental changes, suggesting a coordinated adaptive
response [114,115]. The positive correlation observed between the plasticity indices for
SLA and LT, as well as between SLWC and LT, suggests that these traits respond jointly
to environmental changes. The former implies that the plants may simultaneously adjust
their leaf area and thickness to optimize light capture and structural support under varying
environmental conditions. The latter may indicate that the plants employ coordinated
adjustment mechanisms to optimize water storage and photosynthesis under changing
conditions to ensure that they manage resources efficiently, for example by altering leaf
structure or physiological processes. In this way, they can improve water use efficiency
and maintain photosynthetic activity, ensuring survival and growth even under stressful
conditions such as drought or high temperatures [116]. Conversely, the negative correlation
between the plasticity indices of SLA and chlorophyll content, as well as between LDMC
and chlorophyll content, indicates a trade-off in the plants” adaptive strategies. If a plant
adjusts its leaf area or dry matter content to optimize functions such as light capture or
structural integrity, it may reduce its ability to modulate chlorophyll content and vice
versa. This trade-off can help the plant to balance its resources and maintain its overall
functionality under varying environmental conditions [117,118].

4. Materials and Methods
4.1. The Study Species

Iris pumila L. (Iridaceae) is a perennial, rhizomatous plant native to the Eurasian
steppe with a wide geographical distribution. It extends from Austria in the west across
central and southeastern Europe to the easternmost parts of western Siberia [119-125]. In
Serbia, the species is native to the Deliblato Sands (44°90'23" N, 21°11'32” E), an isolated
sand dune complex in the southern part of Banat [126], between the Danube and the
western Carpathian slopes. Natural populations of I. pumila are widespread at exposed
dune sites but can also be found in shaded habitats, usually under the canopy of Pinus
nigra. Individual plants form rounded clones consisting of compact horizontally growing
rhizome segments that extend from the center of a clone towards its margin. In such a way,
the species establishes a rhizome system that can persist in an integrated state for many
years [126]. In the Deliblato Sands, average annual temperatures have increased by 0.52 °C
per decade, resulting in more arid conditions [127]. To reflect this trend, a 1 °C temperature
increment was chosen in the present study to simulate conditions likely to occur in the
near future.
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4.2. Experimental Setup, Leaf Sampling, and Leaf Trait Measurement

The plants used for this study derived from a common garden experiment established
back in 1986 from a natural population of I. pumila which inhabited a sun-exposed dune
in the Deliblato Sands. In 2017, clonal genotypes from the experimental garden were
individually planted into 500 cm? plastic pots containing a 2:1 (v/v) mixture of soil sub-
strate and sand. The potted plants were placed in randomized positions on shelves in
a growth room with an automated temperature control system and grown under a 16 h
photoperiod, with 110.5 umolm?s~! of photosynthetically active radiation (PAR) provided
by Philips TLD 36-W /54 fluorescent lamps (Philips Lighting (Signify N.V.), Eindhoven,
Netherlands). Plants were watered regularly, once a week, with a nutrient solution. The
growth temperature was maintained at 23/19 °C (day/night) over multiple generations;
this is, therefore, considered the ambient temperature. To minimize the effects of position,
the pots were rotated twice a week.

In 2019, leaf samples from 40 randomly selected I. pumila genotypes were collected.
The ambient temperature was then increased by 1 °C (24/20 °C day/night), and after
approximately one month the newly formed leaves from the same genotypes were collected.
Since the part of the leaf that is sampled (top, middle, or base) and its developmental stage
influence the traits analyzed, we only sampled 2/3 of the upper part of the last fully
developed leaf. At both sampling times, the experimental procedure included cutting off
the last fully developed leaf from one ramet per genotype and immediately measuring its
fresh mass. Afterwards, a digital image of the leaf area was captured by an optical scanner
(Epson perfection V600, Epson, Suwa, Japan) and the projected leaf area was determined
using the program Image] (v1.51j8) [128]. Subsequently, the leaf samples were oven-dried
at 60 °C for 72 h to a constant mass and their dry mass was weighed.

The phenotypic values of the studied leaf traits were determined using standardized
protocols for plant trait measurements [129]. SLA (in cm? g~!) was estimated as the
ratio of leaf area to leaf dry mass [77], LDMC (in g g~ ') as the ratio of leaf dry mass to
fresh mass [130], and SLWC as the difference between fresh and dry mass divided by leaf
area [80]. LT was calculated according to the formula 1/SLA x LDMC [131].

Stomatal density (SD) was estimated using the impression method [132]. Briefly, an
area in the middle section of the adaxial leaf surface was coated with a transparent nail
polish. Once the polish was dry, it was peeled off with the adhesive tape and fixed on a
microscope slide. The number of stomata was counted in 10 randomly selected microscopic
fields (0.161 mm? at 20 x 3.2 x magnification). I. pumila has amphistomatous, vertically
oriented leaves, with no clear distinction between adaxial and abaxial leaf surfaces [133].
Since stomatal density does not differ between the two leaf surfaces (Figure S1), we arbitrar-
ily selected the ‘adaxial” surface—i.e., the side facing the rhizome—to ensure consistency
across samples and to facilitate comparisons with our previous [53] and future studies.

The leaf chlorophyll content was estimated non-destructively using an image-based
traits analysis [134]. Digital images of scanned leaves were analyzed for their green pixel
intensity by extracting color information using an RGB model and Image] [128]. Previously,
a pilot experiment (Table S1) had shown that the RGB index I; proposed by Sdnchez-Sastre
et al. [134] exhibits a moderately strong, but highly significant, linear negative correlation
with the chlorophyll concentration, quantified by the DMSO method [135]. Furthermore,
based on the regression analysis, which showed that all points are within the 99% prediction
interval (Figure S2), it can be concluded that the non-destructively determined RGB index
I; provides reliable estimates of chlorophyll content, making it a valid alternative to the
destructive method of chlorophyll quantification. Therefore, this particular index, I;, was
used in the present study.
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4.3. Statistical Analysis

All statistical analyses were performed with R Statistical Software (v4.2.3; R Core Team,
2023) in RStudio (v 2023.3.0.386) [136]: The tidyr [137], dplyr [138], and reshape2 [139] pack-
ages were used to facilitate the data manipulation and reshaping. The rstatix package [140]
was used to estimate the basic parameters of descriptive statistics (e.g., mean, standard
error, coefficient of variation). The assumption of normality was checked and confirmed
using the Shapiro-Wilk normality test from the base stats package [136]. Since each of the
leaf trait measurements was completed on the same plant across two temperature regimes,
a repeated measures ANOVA was performed using the stats package [136]. A comparison
of the coefficients of variation (CV%) between the groups was performed using the F-test
for equality of variances from the stats package [136]. The relationships between pairs of
traits within a temperature regime were estimated using Pearson’s correlation analysis.
The correlation coefficient matrices for leaf traits expressed at ambient and elevated temper-
atures, along with the corresponding correlation heatmaps, were created using the corrplot
package [141]. Afterwards, the correlation matrices were compared using the Mantel test
from the vegan package [142]. The temperature-induced plasticity in the analyzed leaf traits
was determined by calculating the plasticity index, Ply [143]:

Ply = | Xpa — Xg | /Xg

where X, is the value of a given leaf trait expressed at the ambient temperature, while
Xg is the value of the same leaf trait expressed at an elevated temperature. Ply denotes
the measurement of the change in a trait from an elevated to the ambient temperature.
A comparison of the plasticity indices of all analyzed leaf traits within the same plants
grown under different temperature conditions was performed using Friedman’s ANOVA,
as the data were not normally distributed. The significance of the difference between each
two plasticity indices was assessed using the post hoc Wilcoxon rank-sum test from the
stats package [136].

To perform statistical analyses on the individual trait categories—functional and
mechanistic leaf traits—rather than on individual traits within each category, the data
were first normalized due to the differing ranges of absolute values across the traits.
Normalization is essential when integrating variables with different units or scales, as
it ensures that each variable contributes equally to the analysis [144]. By normalizing
the data, the influence of large-scale variables is reduced, allowing for more meaningful
comparisons between traits [145]. Once normalized, the mean values for each trait category
were calculated and used in correlation and plasticity analyses.

5. Conclusions

This study explores the role of phenotypic plasticity in enabling Iris pumila to adjust its
functional and mechanistic leaf traits in elevated temperature conditions. By applying an
experimental temperature manipulation design, our study confirmed that a temperature
increase of 1 °C—a change comparable to that caused by global warming—is sufficient to
induce a plastic response in functional and mechanistic leaf traits. The observed variation
in the plastic responses of different leaf traits demonstrates the complex and trait-specific
nature of plant acclimation strategies. Functional leaf traits, such as SLA and LDMC,
and mechanistic traits, such as SD and chlorophyll content, exhibit different amounts of
plasticity, reflecting the plant’s ability to adjust its resource utilization and physiological
functions in response to thermal stress. Notably, mechanistic traits exhibit higher plasticity
than functional traits, highlighting the rapid physiological adjustments that plants make
in the face of immediate environmental stress. These results suggest that while plants are
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capable of responding to temperature changes, such adjustments may involve a trade-off
between maximizing resource acquisition and maintaining structural integrity. Under-
standing the interplay between functional and mechanistic traits and their plastic responses
provides valuable insights into plants’ resilience to climate warming, with implications for
the prediction of ecological and evolutionary responses to future climate change.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants14060960/s1, Figure S1: Representative micrographs of
Iris pumila leaf epidermal impressions. The images display the adaxial (A) and abaxial (B) sur-
faces of the same leaf. Figure S2: The relationship between RGB index I; (calculated according to
Sanchez-Sastre et al. 2020 [134]) and chlorophyll concentration (in pgem~2) quantified by the DMSO
method [135]. Table S1: The correlation coefficients for RGB index I; and chlorophyll concentration
(in pgem—2) quantified by the DMSO method.
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Abstract: Understanding the ability of hybrids of genetically modified (GM) soybean
and wild soybean to survive and reproduce under unfavorable conditions is critical for
answering questions regarding risk assessment and the existence of transgenes in the
environment. To investigate the effects of high-temperature stress on soybean growth
and competitive ability, the GM soybean DBN8002, which expresses the VIP3Aa and PAT
proteins, and F, generations derived from a cross between GM soybean and NJW (wild
soybean) were placed in a greenhouse with an elevated temperature (38/32 °C) for 14 days,
and the plant agronomic performance and foreign protein levels of hybrid soybean were
evaluated to observe their responses to high temperature. The results revealed that the
VIP3Aa and PAT protein levels in F, and GM were not influenced by high-temperature
stress. In contrast, the pollen germination, pod number, hundred-seed weight, and seed
vigor of the F, hybrid and parent soybean plants decreased after high-temperature stress.
However, except for the number of fully filled seeds per plant, the above parameters of the
F, hybrid were similar to or slightly lower than those of wild soybean, and no significant
difference in fitness was observed between the F, hybrid and wild soybean, indicating that
the growth and competitive ability of the hybrid were similar to those of its female parent
under heat stress conditions, resulting in the transgenes persisting and spreading within
agricultural ecosystems. Our results enhance the understanding of the GM soybean plant’s
response to heat stress, lay the foundation for breeding heat-resistant soybean varieties,
and provide new insights and advanced information on the ecological risks arising from
the escape of transgenes.

Keywords: genetically modified soybean; transgene escape; F, hybrid; high temperature;
competition

1. Introduction

Genetically modified (GM) soybeans were one of the earliest introduced GM crops for
commercial cultivation and rank first in terms of planting area worldwide [1]. By 2019, GM
soybean plants with beneficial traits, such as insect resistance, herbicide tolerance, and salt
tolerance, were extensively planted in 29 countries, resulting in important economic and
social benefits [1,2]. However, GM soybean plants have not been officially commercialized
to date in East Asian countries such as China, Japan, and Korea. There are two limiting
factors for the application and commercialization of GM soybean cultivation in these
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countries. The first is poor public acceptance of transgenic technology, mainly because
of concerns about the potential adverse effects of GM soybeans on human and animal
health [3-6]. Another significant problem is gene flow via seeds during transportation
or the pollen-mediated gene transfer of transgenic soybean plants to their wild relatives,
which could result in resistant weeds and a series of environmental issues [7-9].

The wild resource of cultivated soybeans, Glycine soja, is naturally distributed in East
Asia, and China is a center for wild soybean cultivation [10-12]. Wild soybeans are widely
distributed in 31 provinces and the autonomous regions of China [13]. Since cultivated
soybeans and wild soybeans both belong to the genus Soja, they can cross freely and
produce fertile hybrid offspring [14]; therefore, wild soybean is commonly used as an
important genetic resource for soybean breeding. After GM soybean application, GM
soybean and its transgenes can naturally spread via seeds during transportation and
through pollen-mediated gene transfer to wild soybean plants [15,16]; if this occurs, the
genetic introgression of foreign genes could contribute to the loss of genetic integrity in
wild soybean. However, hybrids often show higher growth rates and greater fecundity than
the parental lines due to heterosis [17,18], and they can rapidly accumulate and disseminate
in weedy and wild populations, which may lead to a decline in or even the extinction of
wild soybean populations [19,20].

Recently, some researchers have focused on the ecological impact of gene flow on wild
soybean populations. Yook et al. [21] reported that hybrids between glufosinate-resistant
(GR) soybean and wild soybean (IT182932) had similar numbers of pods and seeds to
wild soybean, indicating that transgenes of the GR soybean might disperse into wild
populations and persist in the agroecosystem due to the relatively high fitness of the hybrid
progeny. Pot-based experimental studies conducted by Zhang et al. [8] revealed that F,
and F3 hybrids between the Roundup Ready soybean and wild soybean exhibited lower
seed germination rates and higher seed productivity than the GM soybean, indicating
that the adaptability of hybrids may increase the possibility of dispersal of transgenes in
wild soybean relatives. Guan et al. [22] and Liu et al. [23] reported no obvious decline in
the fitness of hybrids and wild-type soybeans. The above studies were conducted mainly
under suitable growing conditions and well-resourced cultivation practices. However,
soybean plants are usually challenged by various abiotic stressors during their growth
cycles, such as cold, drought, and salt stress, which can directly or indirectly influence
plant fitness via their effects on survival, growth, and reproduction. Nevertheless, few
studies have been conducted to evaluate the competitive ability of hybrids under stressful
environmental conditions.

In recent years, extreme high-temperature events have occurred increasingly fre-
quently worldwide [24-26], severely affecting normal crop growth and production. Many
studies have shown that the high-temperature stress caused by global warming has led
to pollen abortion, kernel shrinkage, and reduced pod setting and seed weight [27-29],
which has become an increasingly serious problem and a limiting factor in soybean
production [30-33]. Compared with cultivated soybean plants, wild soybean plants are
generally more resistant to abiotic stressors such as extreme temperatures, drought, and salt
stress [34-36]. For example, Veremeichik et al. [37] reported that 35 days of cold (16/12 °C)
and heat (36/34 °C) treatments did not affect the growth and biomass accumulation of wild
soybean compared with cultivated soybean. Thus, the vegetative and reproductive growth
abilities of crop-wild hybrid soybean plants under relatively high temperatures cannot be
effectively predicted. If hybrids have low tolerance to high-temperature stress, their growth
and reproductive abilities will be adversely affected by relatively high temperatures. In
contrast, if the tolerance of the hybrid to high temperatures is similar to that of the female
parent or if the hybrid is even more resistant to high temperatures (i.e., hybrid vigor), this
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would indicate that these heat-resistant genes in wild soybean plants are effectively utilized
to enhance resistance through introgression breeding, which may considerably increase the
competitive ability of the hybrid in the agroecosystem.

GM soybeans have consistently been the focus of research and development related
to GM technology in China [38]. Since 2008, the government has implemented and suc-
cessfully conducted the GMO Special Project [39,40], and independent innovation capacity
in this field has significantly increased in recent years. By 2024, numerous GM soybean
varieties were developed and showed substantial application prospects in agriculture,
and three GM soybean varieties were issued with biosafety certificates by the Chinese
government. One of these certificates was issued for DBN8002 soybean, which is highly
resistant to lepidopteran pests and tolerant to glyphosate [41], demonstrating strong po-
tential for commercialization. In 2023, DBN8002 was approved for future application
in the Huang-Huai-Hai region of China. The region has a vast land area and abundant
resources, with rain and high temperatures in summer. In recent years, extremely high
temperatures have occurred frequently in the region during summer (July—August) [42,43],
which severely affects the yield and quality of soybean [30-32]. However, little is known
about the competitive ability of GM soybean and hybrid offspring under heat stress. In
this study, we analyzed the seed vigor, foreign gene expression, and plant growth per-
formance of GM, wild, and hybrid populations under heat stress conditions, to evaluate
how different soybean accessions respond to heat stress, provide a theoretical basis for the
breeding of heat-resistant GM soybean crop varieties in the future, and offer further insight
to understand the risk of transgene escape from GM soybean to its wild relative.

2. Results
2.1. In Vitro Pollen Germination Analysis

Compared with the control, high temperatures during the flowering and pod forma-
tion periods significantly decreased the pollen germination rates of GM soybean, Fy(+),
and Fy(—) plants by 35.57%, 35.45%, and 31.03%, respectively (Table 1). In addition, the
pollen germination rates were reduced in the wild soybean groups, but the germination
rate did not significantly differ from that of the control pollen.

Table 1. Pollen germination rates of GM, wild, and hybrid soybean plants under normal conditions
and under high-temperature stress.

Pollen Germination Rate (%)

Material
Control High Temperature
GM 745+ 3.77 a 48.0 + 4.69 a*
NJW 735 +3.59a 59.0 + 1.73 a*
Fo(+) 725+ 171a 50.0 & 3.65 a*
Fa(—) 775+ 2.63a 50.0 + 3.36 a*

Notes: Asterisks indicate significant differences between control and high-temperature treatment materials (* for
p < 0.05). Different lowercase letters in a column represent statistically significant differences between different
materials (p < 0.05). GM, genetically modified; NJW, Nanjing wild soybean; F»(+), F» plants with foreign genes;
F>(—), F, plants negative for foreign genes.

Additionally, under the same conditions, no significant difference in pollen viability
was detected among the different soybean materials.

2.2. Aboveground Biomass

Under control conditions, the F, hybrid plants had the greatest biomass, at 134.87 and
130.02 g for F»(—) and Fy(+), respectively, followed by the wild-type soybeans, and the
genetically modified soybeans had the lowest biomass. There was a significant difference
among the three groups (Figure 1).

23



Plants 2025, 14, 622

180+

150 1

1204

©o
o
L

fo2]
o
L

Aboveground biomass(g)

w
o
1

o
I

NT Treatment HT

Figure 1. Mean biomasses of GM, wild, and hybrid soybean plants under normal and temperature-
stress conditions. The values are presented as the means + standard errors of the means (SEs)
(n =10 in each group). The same letter indicates a nonsignificant difference and different letters
indicate a significant difference (p < 0.05). Asterisks indicate significant differences between control
and high-temperature treatment specimens (* for p < 0.05). NT, normal temperature treatment; HT,
high-temperature treatment; GM, genetically modified; NJW, Nanjing wild soybean; Fy(+), F» plants
with foreign genes; F»(—), F» plants negative for foreign genes.

After heat stress treatment, the aboveground biomass of the F, generation (108.81 g
and 97.62 g) was slightly greater than that of the wild-type soybeans (75.55 g) and signifi-
cantly greater than that of the GM-type soybeans (43.71 g), and there were no significant
differences in aboveground biomass between the F, population and the wild-type soy-
beans. In addition, there were varying degrees of aboveground biomass decrease in all four
soybean varieties after heat stress. Among them, significant reductions in biomass were
found for GM and F(+), with decreases of 28.54% (from 61.17 to 43.71 g) and 24.92% (from
130.02 to 97.62 g), respectively. Compared with that of the control, the biomass of NJW and
F(—) decreased by 18.78% and 19.32%, respectively, with no significant differences.

2.3. Fecundity
2.3.1. Number of Pods per Plant

Compared with the control treatment, heat stress significantly reduced the number
of pods per plant. The number of pods of F(+) and F»(—) decreased from 645.60 to
380.90 and from 619.90 to 401.40, significantly decreasing by 41% and 35.25%, respectively
(Table 2). Similarly, the number of pods on NJW and GM soybean plants decreased after
high-temperature treatment, with decreases of 22.30% and 21.94%, respectively, this being
significantly different from those on the control.

Table 2. Effects of high temperature on the number of pods per plant of GM, wild, and hybrid soybeans.

Number of Pods per Plant
Material
Control High Temperature
GM 4330 £235b 33.80 & 2.28 b*
NJW 630.50 3345 a 489.90 + 56.07 a*
Fo(+) 645.60 +39.17 a 380.90 + 30.16 a*
Fo(—) 619.90 £ 31.27 a 401.40 + 20.67 a*

Notes: The values are presented as the mean =+ standard errors of the means (SEs). Asterisks indicate significant
differences between control and high-temperature treatment materials (* for p < 0.05). Different lowercase
letters in a column represent statistically significant differences between different materials (p < 0.05). GM,
genetically modified; NJW, Nanjing wild soybean; F,(+), F, plants with foreign genes; F»(—), F» plants negative for
foreign genes.

Analysis of variance revealed that there was no significant difference in the number of

pods per plant between the hybrid F, plants and the wild soybean parent under control
conditions or heat-stress conditions.
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2.3.2. Seed Number and Full Seed Number per Plant

Table 3 shows that the seed number and the full seed number per plant decreased
significantly in GM, F,(+), and F,(—) hybrid soybean plants after 14 days of heat stress.
The seed numbers decreased from 81.30, 944.3, and 919.50 to 46.40, 520.20, and 447.50,
respectively. In particular, F, (+) showed the greatest decrease (52.56%). Moreover, the seed
number and full seed number in wild soybean plants also decreased but not significantly.

Table 3. Effects of high temperatures on the number of seeds and full seeds per plant of GM, wild,

and hybrid soybeans.
Number of Seeds Full Seed Number
Material

Control High Temperature Control High Temperature

GM 81.30 +5.31b 46.40 £+ 6.32 c* 73.30 = 16.30 b 41.40 +£11.32¢*
NJW 1096.5 + 72.54 a 838.60 = 112.09 a 919.70 £ 231.50 a 629.20 + 307.67 a

Fo(+) 944.30 £ 95.85 a 447 50 + 43.23 b* 684.6 +278.65a 157.2 + 99.45 b*
Fo(—) 919.50 + 36.36 a 520.20 + 36.38 a* 724.80 + 87.42 a 264.90 + 229.30 b*

Notes: The values are presented as the mean =+ standard errors of the means (SEs). Asterisks indicate significant
differences between control and high-temperature treatment materials (* for p < 0.05). Different lowercase
letters in a column represent statistically significant differences between different materials (p < 0.05). GM,
genetically modified; NJW, Nanjing wild soybean; F»(+), F, plants with foreign genes; F»(—), F, plants negative for
foreign genes.

Under both control and heat-stress conditions, both the seed number and full seed
number were highest in the wild soybean seeds and lowest in the GM soybean seeds. The
seed number and full seed number of the F, hybrid seeds were similar to those of the wild-
type soybean plants in the control group; however, significant differences were observed in
the seed number and full seed number between the F,(+) and wild-type soybean plants
under heat stress.

2.3.3. One-Hundred-Seed Weight and Seed Weight per Plant

In both the control and heat-stress treatments, the 100-seed weights were highest in
the GM soybean seeds and lowest in the wild-type soybean seeds, and the F,(+) and F,(—)
hybrids presented higher 100-seed weights than their wild-type soybean counterparts did;
no parameters significantly differed between the F,(+) and F,(—) populations (Table 4).
After 14 days of heat-stress treatment, the 100-seed weight per plant decreased significantly
in GM and F;(+) and Fp(—) hybrid soybean plants but did not significantly decrease in
wild soybean plants.

Table 4. Effects of high temperature on the hundred-seed weight and seed weight per plant of GM,
wild, and hybrid soybeans.

100-Seed Weight (g) Seed Weight (g)
Material
Control High Temperature Control High Temperature
GM 19.11 £ 0.58 a 12.61 £ 0.37 a* 1848 +£1.42c¢ 9.55 £ 0.66 b*
NJW 1.91+0.02¢ 1.68 + 0.04 ¢* 31.27 £291b 17.47 £ 2.01 ab*
Fa(+) 547+ 0.11b 3.05+0.17 b* 4532 +2.74a 22.52 4+ 1.56 a*
Fa(—) 521 +£0.06 b 3.11 £ 0.26 b* 47.66 £ 5.98 a 22.46 £+ 2.80 a*

Note: The values are presented as the mean =+ standard errors of the means (SEs). Asterisks indicate significant
differences between control and high-temperature treatment materials (* for p < 0.05). Different lowercase
letters in a column represent statistically significant differences between different materials (p < 0.05). GM,
genetically modified; NJW, Nanjing wild soybean; F,(+), F, plants with foreign genes; F»(—), F, plants negative for
foreign genes.

The F, hybrids presented greater seed weights than the wild-type soybean plants
under both normal and high-temperature conditions, and the difference was significant
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(p < 0.05) under normal conditions. After high-temperature treatment, seed weight also
significantly decreased in all the soybean varieties, with significant decreases of 52.88%,
50.32%, 48.33%, and 44.13% for F»(—), F2(+), GM, and wild soybean, respectively, as shown
in Table 4.

2.4. Vip3Aa and PAT Protein Contents in Soybean Leaves

An ELISA was performed to quantify the levels of PAT and Vip3Aa proteins in
different soybean leaf samples. The results revealed that the wild soybean, F>(—), and
control samples were negative for PAT and Vip3Aa expression, whereas foreign proteins
were detected in all the GM and F,(+) leaf samples.

In both the control and high-temperature treatment samples, the PAT and Vip3Aa
contents in the leaves of the GM soybean plants were, on average, greater than those in the
leaves of the Fy(+) soybean plants (Figure 2). There were no significant differences in the
foreign protein contents between the treatments, and both the PAT and Vip3Aa contents
were similar in the plants grown under control and high-temperature conditions.
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Figure 2. Changes in the expression levels of PAT (A) and Vip3Aa (B) in the leaves of two soybean
varieties before treatment (Ty), after treatment (T1), and 7 days after treatment (T;) under normal
conditions and high-temperature conditions. The values are presented as the mean =+ standard errors
of the means (SEs). The same letter indicates a nonsignificant difference and different letters indicate
a significant difference (p < 0.05). NT, normal temperature treatment; HT, high-temperature treatment;
GM, genetically modified; NJW, Nanjing wild soybean; F»(+), F, plants with foreign genes; Fo(—), F,
plants negative for foreign genes.

2.5. Seed Vigor

In both the control and high-temperature treatments, the total germination rate of
the wild-type soybean plants was the highest, followed by that of the F, hybrids and,
finally, the GM soybean plants (Table 5). The seed germination rates of the NJW and F»(+)
hybrid seeds were slightly higher than those of the GM and F»(—) hybrid seeds in the
control samples, and the seed germination rates of the NJW and F,(—) hybrid seeds were
significantly higher than those of the GM and F;(+) hybrid seeds under high-temperature
treatment. In addition, no significant differences were detected between F,(+) and F»(—)
hybrid seeds.
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Table 5. Effects of high temperature on the viability of GM, wild, and hybrid soybean seeds.

Seed Germination Rates (%) Dead Seeds (%)
Material
Control High Temperature Control High Temperature
GM 86.5+1.26b 46.50 &= 7.14 c* 1350 £ 1.26a 53.50 + 7.14 a*
NJW 945+ 096 a 84.50 £ 2.75 a* 550 +£0.96b 155+ 2.75¢*
Fa(+) 89.00 £ 1.73 ab 58.00 + 6.32 bc* 11.00 = 1.73 ab 42.00 £ 6.32 ab*
Fa(—) 86.50 &+ 2.50 b 72.50 £ 4.35 ab* 13.50 £2.50 a 27.5 4 4.35 bc*

Notes: Data are presented as the mean =+ standard errors of the means (SEs). Asterisks indicate significant
differences between control and high-temperature treatments (* for p < 0.05). Different lowercase letters in
a column represent statistically significant differences between different materials (p < 0.05). GM, geneti-
cally modified; NJW, Nanjing wild soybean; F,(+), F, plants with foreign genes; F(—), F, plants negative for
foreign genes.

After 14 days of heat treatment, the seed germination rates greatly varied among the
soybean materials. The germination rates of the NJW and F,(—) seeds were 84.50% and
72.50%, respectively, which were greater than those of the GM and F,(+) seeds (46.50% and
58.00%, respectively). Moreover, a significant decrease in seed germination was recorded in
the NJW, F»(—), F2(+), and GM soybean seeds after high-temperature treatment compared
with the control seeds; however, the decrease was not large in the NJW and F»(—) samples,
at 10.58% and 16.18%, but was greater for the GM and F»(+) samples at 46.24% and 34.83%,
respectively. Additionally, the percentage of dead seeds increased significantly in all
soybean materials after heat-temperature treatment, especially in the GM and F;(+) hybrid
seeds; approximately 53.5% and 42% of the GM soybeans and F,(+) hybrid seeds failed to
germinate (they had generally rotted or mildewed), respectively, during the test.

2.6. Relative Composite Fitness

Under normal growth conditions, the fitness values of the F,(+) and F»(—) hybrids
were 1.07 and 1.15, respectively, both of which values were greater than those of the wild-
type soybean parent (Figure 3). In contrast, the fitness of F»(+) and F,(—) hybrids was
lower than that of their wild soybean counterparts. However, no differences in relative
composite fitness were detected between the hybrid and the wild soybean, either in the
control samples or under high-temperature conditions.
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Figure 3. Composite fitness of Fp hybrids and wild-type soybeans under normal and high-
temperature conditions. NT, normal temperature treatment; HT, high-temperature treatment; GM,
genetically modified; NJW, Nanjing wild soybean; F,(+), F, plants with foreign genes; F»(—), F>
plants that were negative for foreign genes.
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3. Discussion

Whether the escape of foreign genes from GM soybeans poses potential ecological
risks largely depends on the fitness of the hybrid offspring [44—46]. Generally, the higher the
level of hybrid fitness is, the greater the risk of transgene escape and transmission [47,48].
In addition to the parental genome, environmental stress related to soil conditions, insect
pressure, and climatic conditions can affect plant fitness [49-51]. Thus, we evaluated the
ecological risk of GM and its hybrid soybean under heat-stress conditions to gain a com-
prehensive understanding of the ecological risk of planting GM soybeans, supplementing
previous research in this field of study.

3.1. Effects of High-Temperature Stress on the Aboveground Biomass of Soybean

Aboveground biomass is not only an important predictor of crop growth status and
yield but is also an indicator of plant competitive ability and biotic resistance [52-55]. In
the present study, biomass decreased in all three soybean varieties; however, although
there was a significant decrease in biomass in the F, soybean, its biomass was still greater
than that of wild soybean after high-temperature stress, suggesting that the F, hybrid
still had high vegetative growth at high temperatures. In a two-year agricultural field
study, Yook et al. [21] found that hybrids showed similar characteristics to wild soybeans
in terms of above-ground biomass. Zhang et al. [8] and Liu et al. [23] also obtained
similar results under controlled conditions. The increase in F, soybean biomass may
be beneficial for individual competitiveness and organizational performance. Notably,
Veremeichik et al. [37] reported that long-term (35 days) heat (36/34 °C) treatments did not
affect growth and biomass accumulation in wild soybeans, whereas a significant decrease
in biomass was observed in two cultivated soybeans. These findings are consistent with
the results of this study, indicating that wild soybeans may be more tolerant to heat stress
conditions than GM cultivated soybeans.

3.2. Effects of High-Temperature Stress on Pollen Viability and Soybean Fecundity

During the period of anthesis, heat stress causes pollen deformity and anther inde-
hiscence, inhibits pollen-tube growth, decreases pollen viability, and ultimately leads to
a reduction in soybean yield [56,57]. Similar phenomena were observed in this study; a
decrease in pollen viability was observed in all soybean materials after heat stress, with
the greatest decrease occurring in the F»(—) plants, which was close to 35.5%, whereas the
F>(+) plants presented the lowest pollen viability. Nevertheless, no significant differences
in pollen germination were detected among the four plant materials, suggesting that the
influences of high-temperature stress on the pollen from different soybean materials were
roughly the same. To date, only a few researchers have evaluated changes in the viability
of GM soybean or hybrid pollen under stress conditions. Liang et al. [58] reported that
weed competition or barren soil can reduce the pollen germination rate of wild soybeans
and the two hybrid offspring, but no difference was found in the pollen germination rate
between hybrid and wild parents under the same planting conditions. In the present study;,
similar conclusions were reached.

After heat stress, both parent plants and hybrid plants presented significant decreases
in the numbers of pods and seeds, but these two parameters did not differ between the F,
hybrid and the wild-type parent. Like in our study, in a two-year pot-based experiment,
Liang et al. [58] reported that F, hybrids between herbicide-tolerant transgenic soybeans
(T14R1251-70) and wild soybeans produced more pods and full seeds than did wild
soybeans under weed-stress conditions. Our findings and those of previous studies suggest
that hybrids possess greater reproductive ability, even under unfavorable conditions. In
addition, previous results have shown that F, and F3 hybrids between GM and wild
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soybeans have larger and heavier seeds [8,21,46]. In the present study, the F, hybrid plants
presented larger seeds and greater 100-seed weights than did the wild-type plants, which
may also explain why the seed weight was greater in the F, hybrid soybean than in the wild-
type soybean plants in this study. To date, several studies have been conducted to assess
the effects of heat stress on soybean field performance, with a particular focus on cultivated
soybeans. These studies showed that a few days of plant exposure to high temperatures
(35 °C or above) during the growth period can cause large yield losses through delays in
flowering, flower and pod abortion, and a reduction in the 100-seed weight [29,41,59-61];
their findings are similar to the conclusions of this study.

3.3. Effects of High-Temperature Stress on Vip3Aa and PAT Protein Contents in Soybean Leaves

After two weeks of heat stress, the foreign genes were expressed normally in the
GM- and F,-positive soybean plants and their expression levels differed little from those
in the control plants, suggesting that high temperatures at the R3 stage had little or no
effect on foreign gene expression levels. To date, few studies have investigated changes
in foreign proteins in GM crops and hybrid plants under heat stress. Trtikova et al. [62]
investigated the expression levels of the Bt protein in the leaves of two transgenic maize
varieties, namely, Bt PAN 6Q-321B (white Bt maize) and Bt PAN 6Q-308B (yellow Bt maize),
under high-temperature stress (21-30 °C, with a maximum of 45 °C at noon), and their
results revealed that high temperature had little effect on the Bt protein level. A similar
result was reported by Chen et al. [63], who reported that the CrylAc contents in the leaves
of Sikangl and Sikang3 cotton plants under short-term high-temperature stress (37 °C
for 24 h) were not significantly different from those under optimal conditions. However,
Zhang et al. [64] reached the opposite conclusion; they reported a significant decrease in
the CrylAc protein content after Bt cotton was exposed to 38 °C continuously for 24 h.
Our findings and the abovementioned results suggest that foreign gene content is not only
influenced by the genetic background of a given plant variety but also by stress-inducing
temperatures and exposure time. Under stressful conditions, the concentration of foreign
protein is highly variable and is, therefore, difficult to predict [62].

3.4. Effects of High-Temperature Stress on Seed Vigor

Seed vigor is an important indicator of seed germination, seedling growth potential,
plant stress resistance, and production potential [65]. The results of the seed germina-
tion tests demonstrated that both the GM, wild, and F, hybrid seed germination rates
significantly decreased after high-temperature treatment. In the present research, visual
evidence of seed damage, such as incomplete filling, wrinkling, cracking, and sunken le-
sions was more common in the high-temperature treatment group than in the control group
(Figure S2). Shu et al. [66] and Liu et al. [67] reported that high temperatures result in dam-
age to seeds, including stress cracks, shrinkage, and decreased seed germination [68,69],
which is consistent with our observations. Such damage caused by heat stress may in-
crease the risk of seed mold infection, leading to a decrease in seed germination and
emergence rates.

The germination rates of both parent and hybrid seeds decreased significantly under
heat-stress conditions. However, the decreases in the germination rates of the F,(+) plants
and GM soybean seeds were much greater than those of the wild-type and F»(—) plants. A
sharp decrease in germination was observed for the F(+) plants and GM soybean seeds,
for which the germination rates decreased by 58.0% and 46.5%, respectively, whereas the
germination rates of the NJW and F(—) plants were 16.18% and 10.58%, respectively,
compared with those of the control plants. In addition, the germination rates of the wild-
type soybean and F,(—) plants were much greater than those of the GM and F;(+) plants.
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Our results indicate that high temperature may have a greater effect on F,(+) and GM
soybean seeds than on NJW and F,(—) seeds.

In this study, GM soybean plants produced large yellow seeds, whereas F(+) and
F>(—) had medium-sized seeds that were colored light green and black, respectively
(Figure S2). In contrast, wild soybean plants produced small, blackish seeds. Some studies
have shown that the seed coat’s color, thickness, and structure both directly and indirectly
affect seed germination [70]. Zhang et al. [46] reported that the physical characteristics of
the seed coats of F3 plants were closely related to seed germination; the darker-colored
(brown and black) seeds of the F3 hybrid between GM soybean and wild soybean pre-
sented a large area of honeycomb-like surface deposits and a thick palisade layer and
had a low germination rate and greater overwintering ability than did lighter-colored
(yellow-green) F3 seeds. Ma et al. [71] and Santos [72] also suggested that soybean seeds
with dark seed coats (black and brown) have more agronomic advantages than those
with yellow seed coats, such as greater coat thickness, lower permeability, and greater
resistance to mechanical damage. In addition, previous studies have demonstrated that
dark seed coats have relatively high concentrations of anthocyanins [73], phenolics [74,75],
and flavonoids [76,77], and that these substances may increase the capacity of seeds to cope
with abiotic stressors [78]. Therefore, the higher germination rates of NJW and F»(—) seeds
after high-temperature stress compared to those of GM and F,(+) soybeans may be related
to the coat structure and chemical composition of the seeds, but the specific reasons need
to be studied further.

To our knowledge, this is the first report of fitness changes in F, hybrids between
genetically modified soybeans and wild soybeans after high-temperature stress. The
findings described in this study indicate that high-temperature stress ultimately resulted in
reduced fitness in all soybean materials, especially the GM soybean. However, although
the average fitness of the hybrids was lower than the fitness of the wild-type relative,
no difference was observed in total fitness between the two, indicating that the survival
and competitive ability of hybrids are similar to those of their female parents under high-
temperature stress conditions. Moreover, it was found that high temperatures did not
seem to affect the expression levels of foreign proteins, which could contribute to the
ability of hybrid plants to cope with pest stressors. Gompert et al. [79] and Lu et al. [47]
suggested that plants with heterosis/hybrid vigor are more able to adapt to more extreme
conditions than their parental genotypes, especially in later generations. Thus, continuing
to perform studies on fitness changes in later-generation hybrids under stress conditions
might contribute to a more comprehensive and systematic understanding of the ecological
risks of hybridization.

In addition, in this study, as the hybrids were generated using wild soybean as the
pollen recipient, we speculate that the significantly increased fitness of the F, hybrid
compared with the GM was mostly due to maternal inheritance. Therefore, searching and
mining the related heat tolerance genes from wild soybean plants will be critical to soybean
cultivation and food production in the future under global climate warming conditions.

4. Materials and Methods
4.1. Plant Materials

The GM soybean DBN8002, which is highly toxic to Lepidopteran pests such as
Spodoptera frugiperda and Spodoptera exigua and is tolerant to herbicides [41], can be trans-
formed with the Vip3Aa and PAT genes [80]. Wild soybean plants were collected from
Jiangpu County, Nanjing, Jiangsu Province, China. The seeds of both soybean types were
provided by Beijing DaBeiNong Science & Technology Group Co., Ltd. (Beijing, China).
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To obtain F; hybrid offspring, the GM soybean DBN8002 was used as a male parent
(pollen donor), and wild soybean was used as a female parent (pollen recipient). Artificial
pollination was conducted during the flowering season in 2019. In the next year, F; seeds
from the cross were collected and selfed to generate the F, generation.

As F, lines are a segregating population, two traits segregate the F, population: the
transgenic-positive plants contain foreign genes, whereas the nontransgenic plants do
not. To confirm the expression of the foreign gene, the presence or absence of the foreign
gene in F, soybean plants was identified using a QuickStix Kit for PAT (EnviroLogix,
Portland, ME, USA) and VIP3Aa (EnviroLogix, Portland, ME, USA). Among the 176 plants
in the F, population, 42 plants were negative for foreign genes, marked as F»(—), whereas
134 plants were positive for foreign genes, marked as F,(+). The test results are shown in
Supplementary Figure S1.

4.2. Plant Growth and Heat-Stress Treatment

In 2022, Nanjing city in China experienced abnormally high temperatures; the average
maximum and minimum temperatures in August were 34 °C and 27 °C, respectively, and
extremely high temperatures (38 °C or above) lasted for 12 days, with an extremely high
temperature of 41 °C. High temperatures in August at the flowering and pod-setting stages
(mid-July to mid- to late August) strongly affect the normal growth and development of
soybean plants and lead to decreased yield and quality in the field. Thus, to investigate
the sensitivity of GM soybean plants, especially hybrid soybean plants, to heat stress, we
designed and conducted the current study, and the treatment temperatures were set at
38/32 °C (day/night); 38 °C and 32 °C were the average day and night temperatures
during high-temperature weather in August 2022, respectively. In addition, the treatment
time and soybean growth period during which these high temperatures occurred were
set according to the actual field conditions in Nanjing in the summer of 2022. Because
field trials are currently limited by policies in China, the study was conducted under
controlled conditions.

Pot-based experiments were conducted at the Nanjing Institute of Environmental
Sciences. GM, wild soybean plants, and F, hybrids were given the high-temperature
treatment. In 2023, a total of 200 F; seeds, together with 80 seeds each from the parent
plants, were sown in seedling trays and incubated in a greenhouse under controlled
conditions (25-30 °C, with a day length of 12 h). After 40 days of growth, 50 parent plants
and 176 F, seedlings were transplanted into cultivation pots containing soil or nutrient-
enriched soil (1:1, v:v), with 1 seedling per pot. When both flowers and young raised
pods (0.5 to 2 cm in length) were present in the soybean plants (the R3 growth stage,
according to Fehr et al. [81], 20 plants were randomly selected from each soybean material
and moved to a greenhouse for heat stress treatment at 38/32 °C (day/night) for 2 weeks
(high-temperature treatment, or HT), while the remaining plants were kept in greenhouse
chambers as the controls (normal temperature treatment, or NT). The NT treatment plants
were grown in a 16 h light/8 h dark cycle at temperatures of 28 °C during light periods and
18 °C during darkness, with 35-70% humidity. After heat treatment, all the plants were
allowed to grow under normal conditions until harvest. In addition, to prevent seed loss
due to pod shattering, 1 mm nylon fabric was used to cover each plant when the color of
the pods changed from green to brown, and manual weeding and pesticide application
were performed as necessary during the experiment.
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4.3. Effects of High-Temperature Stress on the Growth and Reproduction of Soybean Plants
4.3.1. In Vitro Pollen Germination Rate

Pollen germination was determined using an optimized solid medium, as described
previously [23]. At the end of the heat stress treatment, mature pollen from 5 plants was
randomly selected and scattered on solid media, and pollen germination was observed
under a microscope after 30 min of incubation in a chamber at 28 °C and 100% relative
humidity in the dark. For each Petri dish, four replicates were performed in three random
visual fields (with approximately 100 pollen grains in each field). Pollen was recorded
as having germinated when the pollen tube length exceeded the diameter of the pollen
grain [82], and the pollen germination rate was calculated as the percentage of germinated
pollen grains among the total number of pollen grains.

4.3.2. Aboveground Biomass and Fecundity

At harvest, 10 plants of each soybean material were randomly chosen, cut at a point
5 cm above the ground, air-dried, and weighed via a weighing balance (PB602-N, Mettler
Toledo, Greifensee, Ziirich, Switzerland). After the biomass was recorded, fecundity traits
such as the number of pods, number of seeds, number of full seeds, 100-seed weight, and
seed weight were recorded per plant.

4.3.3. Vip3Aa and PAT Protein Contents in Soybean Leaves

To assess whether heat stress might affect the expression of Vip3Aa and PAT proteins
in GM and F; plants, a commercial double-antibody sandwich ELISA kit (enzyme-linked
immunosorbent assay) was used to determine the concentration of proteins in soybean
leaves. Leaf samples of the same plants from GM, wild soybean, and F, offspring were
collected before treatment (Ty), after treatment (T1), and 7 days after treatment (T5). The
collected leaves were quickly frozen in liquid nitrogen and stored at —20 °C until analysis.

For foreign protein determination, 10~12 mg of leaf tissue was ground in liquid
nitrogen, extracted in 1 mL PBS buffer (provided with the kit), and centrifuged for 15 min
at 3000x g. The supernatant was analyzed for protein content using quantitative ELISA
kits (QuantiPlate™ Kit for PAT /bar, Envirologix, Inc., Portland, ME, USA; QuantiPlate™
Kit for VipsA, Youlong Biological Engineering Co., Ltd., Shanghai, China). The subsequent
steps were performed according to the instructions provided in the kit manual. The optical
density values of the samples were obtained via a microplate reader (EnviroLogix, Portland,
ME, USA) at 450 nm, and all the samples were measured in triplicate.

4.3.4. Seed Vigor

To investigate the effects of extremely high temperatures on seed viability, seeds har-
vested from heat-treated /control GM, wild-type, F»(+), and F,(—) plants were subjected
to germination tests. Prior to the germination test, the seeds of wild and F, soybean
plants were carefully scarified by nicking the seed coat with a scalpel to break seed dor-
mancy. For each soybean material, four replicate groups with a total number of 200 seeds
(4 x 50 seeds) were prepared. Seeds were placed in Petri dishes containing two layers of
moist filter paper and incubated in an incubator (Binder KBF720, Binder Instrument Co.,
Ltd., Tuttlingen, Baden-Wuerttemberg, Germany) at 25 °C with a 12 h photoperiod and
55% relative humidity for 14 days. The number of germinated seeds was counted daily,
and the seeds were subsequently removed from the Petri dishes. Seeds were considered
germinated when the radicle length exceeded 2 mm.
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4.4. Statistical Analysis

SPSS 20.0 statistical software was used for data analysis. The data are expressed as
the mean =+ standard deviation (x & SE). A one-way analysis of variance (ANOVA) and
Tukey’s multiple comparison test were used for comparisons, and a t-test was used to
compare the high-temperature treatments with the controls. For all statistical tests, p < 0.05
was considered to indicate statistically significant differences.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants14040622/s1, Figure S1: Analysis of PAT (A,B) and Vip3Aa
(C,D) proteins in soybean plants using colloidal gold immunochromatographic assay test strips (N,
negative control; P, positive control; 1-176, F, progenies; C, control line; T, test line); Figure S2: Effects
of high temperatures on seed morphology. Range of phenotypes observed in mature seeds: (A) fully
filled seeds, (B) partially filled seeds, and (C) seed coat cracks.
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Abstract: The smoke tree (Cotinus coggygria Scop.) is a woody species mainly distributed in
the Mediterranean region and East Asia, known for its high ecological and ornamental value.
Investigation of changes in suitable habitats under different conditions can provide valuable
insights with implications for predicting the distribution of C. coggygria. In this study, we
employed a MaxEnt model to simulate the current, historical, and future suitable habitat of
C. coggygria using distribution records and environmental variables. The results indicated that
climatic variables had a much stronger impact on the suitable habitat of this species compared
with soil and topographic variables, and bioll (mean temperature of the coldest quarter) and
biol2 (annual precipitation) played particularly important roles in determining the suitable
habitat. The core distribution of C. coggygria exhibited an East Asian—Tethyan disjunction.
During the glacial period (Last Glacial Maximum), C. coggygria in Europe was concentrated in
the glacial refugia in southern Europe; its range was substantially smaller during the glacial
period than during interglacial periods (mid-Holocene). In contrast, C. coggygria in East Asia
survived in regions similar to those of the interglacial period. Future climate change led to
a gradual northward expansion of suitable habitats for C. coggygria, and the area of suitable
habitat was substantially larger in Europe than in East Asia. There were significant differences
among the four climate scenarios in Europe, with minimal variation in East Asia. Our findings
provide valuable insights into the contrasting effects of climate change on European and East
Asian populations of C. coggygria, which enhances our understanding of Eurasian species
with discontinuous distributions.

Keywords: Cotinus coggygria; species distribution models; environment variables; suitable
habitat; glacial refugia

1. Introduction

The East Asian-Tethyan disjunction refers to the discontinuous distribution of species
between East Asia and the Mediterranean region, including Mediterranean Europe and
adjacent Africa [1]. This distributional pattern, which is often examined in biogeographical
and phylogenetic studies, has been documented in many plant and animal species [2-5].
Previous studies have suggested that the cause of the East Asian-Tethyan disjunction is
related to climate change associated with geological changes, which includes the drought
caused by the gradual retreat of the Tethys Sea during the Eocene [6] and the monsoon
circulation associated with the violent uplift of the Qinghai-Tibetan Plateau [7]. Given

Plants 2025, 14, 547 https://doi.org/10.3390/plants14040547
37



Plants 2025, 14, 547

that climate change has had a significant influence on the East Asian-Tethyan disjunction,
studies of changes in distributions under the climatic background of different historical
glacial periods and future climatic scenarios are needed to clarify the distributions of
species.

Numerous studies have demonstrated that many variables affect species distribu-
tions [8]. For example, temperature and precipitation within the tolerance range of a
species can affect its geographic range [9]. In addition, soil, which serves as a crucial
medium for plant growth, provides water and nutrients to plants, which affects the eco-
logical niche of species [10]. Soil properties can serve as indicators of habitat conditions
and human activities at small scales and thus provide valuable information for simulating
species distributions [11]. Soil represents an additional environmental variable that drives
changes in the distributions of plant species. Topography plays a significant role in shaping
species distributions [12], and elevation, aspect, and slope have been identified as key
topographic variables affecting species diversity [13,14].

Species distribution models (SDMs), also known as ecological niche models, are widely
used in biogeography [15], ecology, conservation biology, and wildlife management [16].
SDMs describe the relationship between species and the environment and can be used
to predict spatial distributions via statistical methods, machine learning models, species
location information or diversity data, and environmental variables that affect habitat
suitability [17,18]. Several species distribution models have been used to simulate species
niches, including MaxEnt (Maximum Entropy modeling) [19], Random Forest [20], and
Boosting Regression Tree [21]. MaxEnt is the most widely used SDM due to its wide range
of applications and high accuracy of simulations based on small sample sizes [22]. SDMs
have been widely applied in many fields, such as biogeography, species diversity, and
global climate change [15].

The smoke tree (Cotinus coggygria Scop.) is the most extensively cultivated species,
and it also has the widest natural distribution in the genus Cotinus (Anacardiaceae) [23].
C. coggygria spread to the Mediterranean from South-Central Europe; it then crossed the
continent, including the Himalayas, and entered China. During this dispersal process, it
has adapted to different habitats and diversified in the phenotype [23,24]. Previous phy-
logenetic studies indicate that Cotinus and its sister genus Pistacia diverged in the middle
and late Eocene (38.41 Ma), and it was not until the early Miocene (17.91 Ma) that Cotinus
species began to diverge [25] and subsequently occupy Eurasia [23], which is consistent
with the biogeography of Pistacia [2]. Because of its high ecological value and ornamental
value, C. coggygria has been widely planted in Asia, Europe, and North America [23,26]. C.
coggygria is most commonly cultivated using stem cuttings [24]. Previous studies have con-
firmed that the differentiation between C. coggygria populations is related to environmental
differences [27,28], and precipitation is a key driver of genetic differentiation [28]. The
potential distribution of this species in China under current conditions and during the Last
Glacial Maximum (LGM) was simulated using MaxEnt [27]. However, these studies have
only investigated the population differentiation of C. coggygria in the Yellow River Basin in
Central and Northern China; the suitability of other regions on the Eurasian continent for
C. coggygria thus remains unclear. The effects of soil and topographic variables should also
be considered in analyses of the potential distribution of C. cogqygria.

In this study, MaxEnt models were used to simulate the suitable habitat for C. coggygria
under current conditions and during historical and future periods based on occurrence
records and soil, topographic, and climatic variables. Specifically, we aimed to (1) identify
the most important environmental variables affecting the distribution of C. coggygria,
(2) characterize the current suitable habitat of C. coggygria in Eurasia, and (3) determine
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changes in the East Asian-Tethyan disjunction of C. coggygria between historical and future
periods.

2. Materials and Methods
2.1. Collection and Processing of Distribution Records

A total of 1771 occurrence records of C. coggygria were obtained after selecting pre-
served specimen records with coordinates from the Global Biodiversity Information Facility
(GBIF, https:/ /www.gbif.org/, accessed on 24 October 2023) [29] and field-collected data
obtained in nature. Duplicate records and records not located in Eurasia were excluded.
The SDM Toolbox v 2.5 in ArcGIS v 10.8 was used to filter the data. SDMToolbox v 2.5 is
a Python-based ArcGIS toolkit, which can simplify the complex processing required for
species distribution modeling and geospatial analysis [30]. With SDMToolbox, only one
distribution record was retained in each 10 km x 10 km grid to reduce errors caused by
spatial autocorrelation. Finally, 335 effective occurrence records were obtained, of which
GBIF data accounted for 94.3% and field-collected data accounted for 5.7% (Figure S1). The
distribution range of field-collected data was largely consistent with the descriptions in the
Flora of China. It covers the core distribution range in China and provides support for the
East Asian portion of the GBIF data. All the occurrence records covered the distribution
range of C. coggygria in previous studies [23,27,31].

2.2. Environmental Variable Selection

Data on 39 environmental variables (climatic variables, topographic variables, and
soil variables) were obtained in this study (Table S1). The 19 current (1970-2000) climatic
variables (biol-bio19) were downloaded from WorldClim (https://worldclim.org/, accessed
on 19 October 2023); the data had a resolution of 2.5 arc-min (5 km spatial resolution at the
equator). Global elevation data, which had a resolution of 2.5 arc-min, were downloaded from
WorldClim (https:/ /worldclim.org/, accessed on 15 December 2023), and the slope and aspect
were extracted using ArcGIS v 10.8. The 17 soil variables were extracted from the soil data in
the World Soil Database (HWSD, https://www.fao.org/soils-portal /data-hub/en/, accessed
on 16 December 2023). To make these data consistent with the climatic and topographic data,
the resolution of the soil data was transformed from 30 arc-seconds to 2.5 arc-min using the
Resample tool in ArcGIS v 10.8 in the WGS 1984 geographic coordinate system.

Due to the complex correlations among environmental variables, the 39 environmental
variables were screened according to their correlations and contributions to reduce the
influence of collinearity between variables on the prediction accuracy of the model [32].
First, the contribution rate of 39 environmental variables to the distribution of C. coggygria
was determined by MaxEnt, and the contribution rates ranged from 0 to 1. Environmental
variables with a contribution rate of less than 0.25 were removed. Second, correlation
coefficients (r) of 39 environmental variables were calculated using ENMTools v 1.4.4 [33].
If It > 0.75 for a pair of environmental variables, the one with the higher contribution
rate was selected. Finally, sixteen environmental variables, including six climatic variables,
seven soil variables, and three topographic variables, were selected for model analysis
based on the contribution rate and correlation coefficient (Figure S2). The contribution rate
of climatic variables was the highest (59.2%), followed by topographic variables (9.6%) and
soil variables (8.1%) (Figure S2a).

2.3. MaxEnt Simulations and Model Accuracy Evaluation

The current suitable habitat was modeled by MaxEnt 3.4.1 using 335 C. coggygria
occurrence records and 16 environmental variables. A jackknife test was performed to
measure the importance of each environmental variable. Model training was performed
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using 75% of the distribution data, and the remaining 25% of the data were used for
model testing [34]. Model values were output in logistic format [35]. The max number
of background points was set to 10,000. The maximum iterations were set to 5000, which
means that the training will stop after 5000 iterations of the optimization algorithm. The
running process was repeated 10 times with bootstrap as the replicated run type and an
average was taken as the result. Other settings were set to their default values.

The accuracy of the model was evaluated using the area under the receiver operating
characteristic (ROC) curve (AUC), which ranges from 0 to 1. We used the average test
AUC value of 10 repeated runs to evaluate the model accuracy in this study. Higher AUC
values indicate higher performance [36], and the simulation results were considered highly
accurate when AUC > 0.9.

2.4. Classification of Suitable Habitat

Habitat suitability is expressed by a value between 0 and 1 in the MaxEnt result; values
closer to 1 indicate higher suitability. We used the Reclassify tool in ArcGIS v 10.8 to classify
the whole research region into four suitability grades. For its equality, objectivity, and
discriminability [37], the mean maximum test sensitivity plus specificity logistic threshold
of 10 replicates in each simulation result was used to distinguish between suitable and
unsuitable habitats. Areas with values greater than the mean maximum test sensitivity plus
specificity logistic threshold were designated as suitable habitat, and areas with values less
than the threshold were designated as unsuitable habitat. Suitable habitats were divided
into lowly suitable habitats, moderately suitable habitats, and highly suitable habitats
(Table S2). The Zonal Geometry as Table tool in ArcGIS v 10.8 was used to calculate the
area of suitable habitat under the Goode Homolosine projection. The spatial distribution
and area of habitat with each suitability level were obtained for comparative analysis.

2.5. Simulation of the Historical Suitable Habitat

For the historical period, including the Last Glacial Maximum and mid-Holocene
(MH), we downloaded climatic data of the CCSM4 model from WorldClim (https://
worldclim.org/, accessed on 19 October 2023) at a resolution of 2.5 arc-min. To reduce the
influence of collinearity between variables on the prediction accuracy, we extracted the
climatic variables from the 16 environmental variables that were retained according to their
contribution rates and correlation coefficients in Section 2.2.

Historical climatic variables were used as projection layers based on the occurrence
records and current climatic variables. This historical model was built based on the same
MaxEnt parameters and classification method as the simulation of the current suitable
habitat.

2.6. Simulation and Migration of the Future Suitable Habitat

For future periods (2050s, 2070s, and 2090s), we downloaded climatic variables ex-
tracted in 2.2 from WorldClim (https://worldclim.org/, accessed on 19 October 2023) with
a resolution of 2.5 arc-min. Considering the uncertainty in future climate projections, we
calculated the arithmetic averages of three general circulation models (GCMs) (ACCESS-
CM2, BCC-CSM2-MR, and GISS-E2-1-G) to take into account various future models [32].
Given that emission scenarios are affected by various socioeconomic assumptions, the pre-
dicted values of climatic variables varied under the different scenarios. In each GCM, four
scenarios (SSP126, SSP245, SSP370, and SSP585) were examined, which combine represen-
tative concentration pathways (RCPs) and shared socioeconomic pathways (SSPs) to drive
Coupled Model Intercomparison Project (CMIP6) climate models [38,39]. SSPs show future
development trajectories related to human society’s ability to cope with climate change [39].
SSP1 represents a sustainable development society with a high degree of environmental
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friendliness, SSP2 represents a society with a more moderate development mode, SSP3
represents a society with slow economic growth and highly unbalanced development due
to high emissions and rapid population growth, and SSP5 represents a society lacking
climate strategies with high fuel consumption and few alternative energy sources [40].
RCPs refer to radiative forcing values, which range from 2.6 to 8.5 W/m? by 2100 and
reflect land use and atmospheric emissions [41]. As in the simulation of the historical
suitable habitat, future climatic variables were used as projection layers in MaxEnt.

To clarify spatial changes in the suitable habitat under different future climate scenar-
ios, the Mean Center tool in ArcGIS [42] was used to calculate the distribution center of the
suitable habitat in each climate scenario; the center point was then converted into a line to
show the migration direction and distance.

3. Results
3.1. Environmental Variable Selection

The AUC values of the ROC curves for the MaxEnt models based on test data were all
above 0.97 after 10 repetitions. The average of these 10 values was 0.9832 (Figure S3a), which
indicates that the model was effective in simulating the suitable habitat for C. coggygria.

The jackknife test results showed that climatic variables were more important than
soil variables and topographic variables. The mean temperature of the coldest quarter
(biol1) was the most significant variable in the model, as it showed the highest test gain
when used in isolation; the omission of this variable also resulted in the largest reduction
in test gain among all variables. The four variables with the highest test gain when used in
isolation were all climatic variables, including the mean temperature of the coldest quarter
(bioll), temperature seasonality (standard deviation x100) (bio4), annual precipitation
(bio12), and mean diurnal range (bio2). The first two variables were temperature factors
(Figure S3b). According to the response curves, the optimal values of bioll, bio4, bio12,
and bio2 were 3.43 °C, 671.67 °C, 688.42 mm, and 8 °C, respectively (Figure S3c-f).

3.2. Suitable Habitat Under Current Conditions

The simulated results showed that the main suitable habitat for C. coggygria was
widely distributed in East Asia and Europe, but a disjunction was present. Moderately
suitable habitat and lowly suitable habitat were widely distributed from Southern to
Central and even Northern Europe, as well as Southwest to North China, and highly
suitable habitat was concentrated along the northern coast of the Mediterranean and North
China (Figure 1a). The total area of suitable habitat was 8.47 x 10° km?; the area of lowly
suitable habitat, moderately suitable habitat, and highly suitable habitat accounted for
68.84%, 29.39%, and 1.77% of the total area of suitable habitat, respectively.

3.3. Changes in the Distribution of Historical Suitable Habitat

The suitable habitat of C. coggygria was mainly distributed in East Asia and Europe in all
periods examined, and the suitable habitat at high latitudes increased from the Last Glacial
Maximum to the mid-Holocene and current period (Figure 1b—g). During the Last Glacial
Maximum, the suitable habitat was restricted to the Mediterranean coast around 40° N. By
the mid-Holocene, the suitable habitat expanded to higher latitudes in Europe, reaching a
maximum latitude of 70° N, which is similar to its current distribution (Figure 1b—d). The
distribution of suitable habitats in East Asia did not change much, and this was in contrast
to the patterns observed in Europe. During the Last Glacial Maximum, the distribution of
suitable habitat was between 20° N and 40° N, and it spread north of 40° N in the mid-
Holocene. The range of suitable habitat in the current period did not differ much from that in
the mid-Holocene; only a slight shift to higher latitudes was observed (Figure le-g).
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Figure 1. Historical changes in suitable habitat for Cotinus coggygria. (a) Current suitable habitat of
C. coggygria modeled with 16 environmental variables. (b—d) The suitable habitat in Europe during
the (b) Last Glacial Maximum, (c) mid-Holocene, and (d) current period. (e-g) The suitable habitat in
East Asia during the (e) Last Glacial Maximum, (f) mid-Holocene, and (g) current period. (h) The
area of suitable habitat during different periods. (i) The area of lowly suitable habitat, moderately
suitable habitat, and highly suitable habitat during different periods.

Changes in the distribution of habitat in each suitability grade varied in Europe and East
Asia. (Figure 1b-g). From the Last Glacial Maximum to the current period, the highly suitable
habitat in Europe was consistently clustered in the southern margin of the entire suitable
habitat at approximately 40° N. Moderately suitable habitat and lowly suitable habitat in
Europe expanded to higher latitudes (Figure 1b—d). In East Asia, most of the highly suitable
habitats gradually expanded to North China. The moderately suitable habitat was clustered
around the highly suitable habitat from Southwest China to North China. As the northward
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migration of moderately suitable habitat expanded, the southern part of the moderately
suitable habitat transformed into a lowly suitable habitat (Figure le-g).

3.4. Changes in the Area of Historical Suitable Habitat

The total area of suitable habitat in the Last Glacial Maximum was 5.95 x 10° km?2, and
this increased to 11.09 x 10° km? in the mid-Holocene, which was 1.86 times higher than that in
the Last Glacial Maximum. An increase in the area of suitable habitat of 0.24 x 10° km? was
observed from the mid-Holocene to the current period (Figure 1h, Table S2). The area of suitable
habitat in Europe was much smaller than that in East Asia during the Last Glacial Maximum.
By the mid-Holocene, the area of suitable habitat in Europe increased by 197.95% and exceeded
that in East Asia. From the mid-Holocene to the current period, the area of suitable habitat in
Europe increased, and that in East Asia began to decrease (Figure 1h, Table S2).

Changes in the area of habitat in each suitability grade varied in Europe and East
Asia. In both Europe and East Asia, the proportion of lowly suitable habitat was the largest,
followed by moderately suitable habitat and highly suitable habitat, in all periods (Figure 1i,
Table S2). The proportion of highly suitable habitat during the Last Glacial Maximum and
the current period was lower in Europe than in East Asia, and it was higher in Europe than
in East Asia only during the mid-Holocene. Although the total area of suitable habitat in
Europe in the current period was large, only the proportion of moderately suitable habitats
and lowly suitable habitats was larger; the proportion of highly suitable habitats was much
smaller in Europe than in East Asia (Table S2).

3.5. Suitable Habitat of C. coggygria Under Future Climate Change

The distribution of suitable habitats for C. coggygria changed significantly over time.
The distribution center of the suitable habitat in Europe and East Asia moved northward
from the current period to the 2090s (Figure 2a-b). Changes in the distribution of suitable
habitat were highly significant under SSP585, which is the scenario with the highest
emissions. The suitable habitat in Europe rapidly expanded into most of Europe, and the
southern boundary of the suitable habitat remained almost unchanged (Figure 3a—d). The
main suitable habitat in East Asia gradually shifted to Northern China, and this caused
wide areas of suitable habitat in Southern China to be transformed into unsuitable habitat
(Figure 3e-h); this contrasted with the patterns of change observed over time in Europe.
Regardless of the specific scenario, the highly suitable habitat in both Europe and East Asia
was mainly distributed from 30° N to 40° N. The moderately suitable habitat and lowly
suitable habitat below 30° N gradually decreased (Figure 3a-h). The trends observed in the
other scenarios were similar to those observed under SSP585.
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Figure 2. The migration of the center of suitable habitat in (a) Europe and (b) East Asia.
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Figure 3. Suitable habitat of C. coggygria under the future climate. (a—d) The suitable habitat in Europe
during the (a) current period, (b) 2050s, (c) 2070s, and (d) 2090s under SSP 585. (e-h) The suitable habitat
in East Asia during the (e) current period, (f) 2050s, (g) 2070s, and (h) 2090s under SSP585. (i) Changes
in the area of suitable habitat in different periods under SSP126, SSP245, SSP370, and SSP585. (j k) The
area of lowly suitable habitat, moderately suitable habitat, and highly suitable habitat in (j) Europe and
(k) East Asia during different periods under SSP585.

The total area of suitable habitat under most scenarios gradually increased over time
and was much larger than the area of suitable habitat under current conditions (Figure 3i).
The average total area reached 14.05 x 10° km? in the future, which was 1.22 times higher
than that under current conditions (Table S3). Under SSP585, the total area of suitable
habitat in Europe, more than 99% of which comprised moderately suitable habitat and
lowly suitable habitat, was always larger than that in East Asia (Table S3). The total area
of suitable habitat in Europe substantially increased from the current period to the 2090s
(increasing from 7.01 x 106 km? to 10.11 x 10° km?), and the area of highly suitable habitat
decreased to 0.00724 x 10° km?2, which only accounted for 0.07% of the area of suitable
habitat in Europe (Figure 3j, Table S3). In East Asia, the total area of suitable habitat
fluctuated steadily between 4.52 x 10° km? and 4.75 x 10° km? (Table S3). The area of
highly suitable habitat was larger in East Asia than in Europe and was more than 0.2 x 10°
km? in all periods, which accounted for 4.56-6.37% of the area of suitable habitat in East
Asia (Figure 3k, Table S3). The trends under other scenarios were similar to those observed
under SSP585 (Table S3).
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3.6. Variation in Suitable Habitat Under Different Future Climate Scenarios

The suitability of habitat for C. coggygria in the same areas varied among scenarios.
In the 2090s, the habitat suitability values for C. coggygria increased in the northern part
of the entire range of suitable habitats and decreased in the southern part of the entire
range of suitable habitats as expected emissions increased; this indicates that the suitable
habitat increased in the north (Figure 4a—c). The trends in other periods were similar to
those observed in the 2090s.
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Figure 4. Suitable habitat of C. coggygria under different SSPs in the future. (a—c) Suitability changes
(a) from SSP126 to SSP245, (b) from SSP245 to SSP370, and (c) from SSP370 to SSP585 in the 2090s.
(d) Changes in the area of suitable habitat under different SSPs in the 2050s, 2070s, and 2090s.
(e,f) Areas of lowly suitable habitat, moderately suitable habitat, and highly suitable habitat in
(e) Europe and (f) East Asia under different SSPs.

The suitable habitat area was larger under each future climate scenario than under current
conditions (Figure 4d). The area of suitable habitat and the proportion of different habitat
suitability grades under different climate scenarios varied greatly in Europe and varied little
in East Asia (Table S3). In the 2090s, changes in the distribution of habitat in each suitability
grade under different scenarios ranged from 0.18 x 10° km? and 1.62 x 10° km? in Europe,
but all were less than 0.24 x 10° km? in East Asia (Figure 4e—f, Table S3). The trends in other
periods were similar to those observed in the 2090s (Table S3).
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4. Discussion
4.1. Differences in the Effects of Environmental Variables on C. coggygria

Six of the sixteen climatic variables screened contributed nearly 60% to the model
(Figure S2b). This result was similar to the results of the jackknife test, in which the four
environmental variables with the greatest effect on the MaxEnt model were all climatic
variables (Figure S3b). This indicates that climate conditions played the most important
role in determining the distribution of C. coggygria. Many previous SDM studies have
shown that the contribution of climatic variables was greater than that of soil variables and
topographic variables [43—45].

Previous studies have shown that C. coggygria is a locally adapted species with strong
responses to precipitation and temperature conditions [28,46]. In this study, our results
suggested that bioll (mean temperature of coldest quarter) is a key variable determining
the suitability of C. coggygria. Biol2 (annual precipitation) is also an important variable
affecting the suitability of C. coggygria (Figure S3b). In previous studies of adaptive genetic
variation in C. coggygria, biol2 was found to be significantly correlated with two alleles
(Cc 025D and Cc 025F) in C. coggygria, and Cc 025F was also significantly correlated with
precipitation variables (bio5, bio6, and bio8) [28]. In the models established based on
historical, current, and future climate data, bioll and biol2 were the variables with the
highest contribution rate, which further verified the important effects of these two variables
on the distribution of C. coggygria. Therefore, bioll and biol2 have key effects on the
suitability of habitat for C. coggygria.

Environmental stress induces responses at the cellular and molecular level in
plants [47]. Low-temperature stress can make the extracellular water and water in the
tracheary element freeze, resulting in cell dehydration, blocking water transport, and thus
affecting the physiological metabolic processes of plant cells [48,49]. The important effect
of the mean temperature of the coldest quarter on the suitable habitat reflects the sensitivity
of C. coggygria to low-temperature stress, which can also explain the northward shift in the
suitable habitat of C. coggygria under climate warming caused by increasing emissions in
the future. Similar to low temperatures, insufficient precipitation can also limit physiologi-
cal processes such as plant growth, development, and reproduction [47]. In this study, the
relationship between the suitable habitat of C. coggygria and annual precipitation indicates
that precipitation has a major effect on the suitability of C. coggygria.

4.2. Changes in the Distribution of C. coggygria

The distribution of C. coggygria has been discontinuous between Europe and East Asia
since the Last Glacial Maximum (2.1 Ma) (Figure 1). The distribution of C. coggygria was
affected by the glacial period, and changes in its distribution in East Asia and Europe were
not consistent. Specifically, East Asia provides a habitat for many Tertiary relict species
since it was less affected by ice sheets during the glacial period [50]. The mountains of
Southwest China and Northern Vietnam in particular are considered long-term stable
refugia because of their mild climatic conditions [51]. In this study, the survival range of C.
coggygria in East Asia during the Last Glacial Maximum is not much different from that in
the interglacial (mid-Holocene) and current period (Figure le—g), which was comparable to
the simulation results obtained using the distribution data in China [27]. These survival
ranges were consistent with observed patterns in China’s warm-temperate zone. In contrast
to patterns observed in East Asia, during the Last Glacial Maximum, the area of suitable
habitat in Europe was much lower than that during the interglacial period (mid-Holocene)
and concentrated in Southern Europe (Figure 1b); it overlapped with the refugia of numer-
ous temperate tree species during the Quaternary glacial period [52,53]. This result was
consistent with the southern refugia hypothesis [54].
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The suitable habitat of C. coggygria shifted to the north from the current period to
the 2090s (Figure 2). This finding is consistent with the prediction of the future suitable
habitat of many species located in Europe [55,56] and East Asia [57-59]. For example,
the distribution of European Hop Hornbeam (Ostrya virginiana) in Europe will move
northward over the next 60 years [55]. The potential habitat of Ziziphus jujuba in China
will shift northeastward to adapt to global warming [59]. Future climate conditions are
more suitable for the survival of C. coggygria compared with current conditions, and the
suitable habitat is mainly located to the north of the current distribution. Specifically, the
suitable habitat in Europe is rapidly expanding into most of Europe, and the main suitable
habitat in East Asia is gradually moving to southwestern and northeastern China. Our
results indicate that a northerly climate would be suitable for C. coggygria in the future. The
results under different scenarios indicated that C. coggygria tends to occupy a wider area of
suitable habitat and higher latitudes under higher emission climate scenarios (Figure 3).
This is in contrast to the results of previous analyses of many species, such as Cunninghamia
lanceolata [60] and Sapindus mukorossi [61], which indicate that the area of the suitable
habitat was positively related to the environmental friendliness of the climate scenario.
Our results revealed that future climate conditions will be more suitable for C. coggygria
than current climate conditions.

5. Conclusions

The results of this study revealed the adaptation of C. coggyria to environmental variables
and differences in the suitable habitat under different climatic conditions between Europe
and East Asia. Climatic variables had a significantly stronger effect on the suitable habitat of
this species than soil variables and topographic variables. Bioll and biol2 were particularly
important variables. C. coggygria exhibits a disjunct East Asian-Tethyan distribution, and its
core distribution region was concentrated in the Mediterranean and East Asia. During the Last
Glacial Maximum, C. coggygria in Europe was much lower than that during the interglacial
period and concentrated in glacial refugia in Southern Europe, whereas C. coggygria in East
Asia was present in regions similar to interglacial habitats. Under future climate scenarios,
the suitable habitat of C. coggygria gradually expand northward. As the climate scenarios
became more extreme, the suitable habitat of C. coggygria shifted northward. The overall
area of suitable habitat was larger in Europe than in East Asia. The area of highly suitable
habitat was smaller in Europe than in East Asia, and the area of suitable habitat in Europe
significantly differed under the four scenarios.
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variable importance. c-r MaxEnt model response curves of 16 environmental variables; Table S1: The
environmental variables used in this study; Table S2: The classification range of suitable habitat in
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Abstract: Grassland degradation is a serious ecological issue in the farming—pastoral eco-
tone of northern China. Utilizing native grasses for the restoration of degraded grasslands
is an effective technological approach. Leymus secalinus is a superior indigenous grass
species for grassland ecological restoration in northern China. Therefore, the excavation
of potential distribution areas of L. secalinus and important ecological factors affecting its
distribution is crucial for grassland conservation and restoration of degraded grasslands.
Based on 357 data points collected on the natural distribution of L. secalinus, this study
employs the jackknife method and Pearson correlation analysis to screen out 23 variables
affecting its spatial distribution. The MaxEnt model was used herein to predict the current
suitable distribution area of L. secalinus and the suitable distribution of L. secalinus under
different SSP scenarios (SSP1-26, SSP2-45, and SSP5-85) for future climate. The results
showed the following: (1) Mean diurnal temperature range, annual mean temperature,
precipitation of the wettest quarter, and elevation are the major factors impacting the
distribution of L. secalinus. (2) Under the current climatic conditions, L. secalinus is mainly
distributed in the farming-pastoral ecotone of northern China; in addition, certain suitable
areas also exist in parts of Xinjiang, Tibet, Sichuan, Heilongjiang, and Jilin. (3) Under future
climate change scenarios, the suitable areas for L. secalinus are generally the same as at
present, with slight changes in area under different scenarios, with the largest expansion of
97,222 km? of suitable area in 2021-2040 under the SSP1-26 scenario and the largest shrink-
age of potential suitable area in 2061-2080 under the SSP2-45 scenario, with 87,983 km?.
Notably, the northern boundary of the middle- and high-suitability areas is reduced, while
the northeastern boundary and some areas of Heilongjiang and Jilin are expanded. The
results of this study revealed the suitable climatic conditions and potential distribution
range of L. secalinus, which can provide a reference for the conservation, introduction,
and cultivation of L. secalinus in new ecological zones, avoiding the blind introduction of
inappropriate habitats, and is also crucial for sustaining the economic benefits associated
with L. secalinus ecological services.

Keywords: Leymus secalinus; species distribution modeling (SDM); shared socioeconomic
pathway (SSP) scenarios; environmental variables; suitable area

1. Introduction

Grasslands, which cover 40% of the land area, are an essential global biodiversity
repository, providing enormous material and non-material benefits to humans [1-3]. How-
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ever, grassland degradation is very serious globally and is increasing in many areas, with
about 49% of the world’s grasslands being degraded to varying degrees to date, under-
mining their ability to maintain biodiversity, ecosystem services, and benefits to people [4].
China is one of the countries with the richest grassland resources in the world. Grassland
resources not only provide an important material basis for the development of livestock
husbandry, but also play an important ecological function in maintaining soil and water,
preventing winds and stabilizing sands, nourishing water, protecting biodiversity, and
maintaining the balance of ecosystems [5]. The farming—pastoral ecotone of northern China
extends from the northeast to the southwest, following the line of the well-known Great
Wall of China. It is a typical farming—pastoral zone in history, and nowadays, and it is
also an important ecological security barrier in the middle-eastern region of China and an
essential water conservation belt in the Beijing-Tianjin—Hebei region, which is of vital sig-
nificance for the ecological security of the country [6]. Over the past half-century, ecological
and environmental problems such as grassland degradation, land sanding, and salinization
have arisen due to climate change and anthropogenic phenomena such as over-cultivation
and overloaded grazing [7,8]. This has made the farming—pastoral ecotone one of the most
serious ecological problems in China. In China, there are currently 264 million hectares of
grassland, with 70% of the area being degraded [9,10]. Since the late 1990s, the Chinese
Government has carried out a variety of ecological protection projects and policies to
alleviate the degradation of grassland ecosystems in the farming-pastoral ecotone. These
include the ‘Returning Ploughland to Forests and Grassland Project’, the ‘Beijing-Tianjin
Wind and Sand Source Control Project’, the “Three-North Protective Forests Protection
Project’, and the ‘Grassland Ecological Protection Subsidy and Incentive Policies” [11-13].
The implementation of these measures has partially changed the way grasslands are uti-
lized and curbed the deterioration of the ecological environment in the farming—pastoral
ecotone. This has mitigated the trend of grassland degradation and improved the ecologi-
cal environment. However, despite efforts to reverse the trend of grassland degradation,
grassland protection and restoration remain challenging tasks [14,15].

The demand for high-quality grass species is rising due to grassland protection and
construction projects, leading to stricter selection criteria [16]. While exotic breeds are
often introduced, they struggle to adapt to local climates, increasing restoration costs
and invasion risks [17]. In contrast, native plants, being well-adapted to local conditions,
are resilient, cost-effective, and easier to maintain, making them the preferred choice for
ecological construction [18]. Particularly in fragile farming—pastoral ecotones, selecting
suitable native grass species can significantly enhance ecological functions and support
grassland restoration [19].

Leymus secalinus, a perennial herb of the Poaceae family, is mainly distributed in the
western part of Northeast China, Hebei, Shanxi, Ningxia, Sichuan, Qinghai, Xinjiang, and
other provinces. It is an excellent pasture grass, with drought resistance, saline—alkaline
tolerance, trampling resistance, and strong adaptability, making it ideal for ecological
restoration in farming—pastoral ecotones [20]. Its underground rhizomes are effective for
wind-breaking, sand-fixing, and soil and water conservation [21,22], playing an important
role in combating desertification, improving saline-alkaline land, and restoring the ecologi-
cal environment [23,24]. Additionally, L. secalinus holds significant economic and ecological
value [25] and is a valuable genetic resource for wheat improvement due to its stress re-
sistance and genetic diversity [26,27]. Therefore, it is crucial to study its distribution and
exploitation for the protection and restoration of grassland in the farming—pastoral ecotone.

In recent years, climate change, ecological deterioration, human interference, and the
“low spiking, low fruiting, low germination” issues of L. secalinus have severely limited its
practical application. Collecting and conserving L. secalinus germplasm resources are a vital
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material basis for livestock production, breeding, and ecological restoration. Systematic
surveys and scientific sampling across its distribution area are needed to protect and
utilize these resources effectively. Studies like FRPS and others [28-30] have detailed its
distribution, while classifying potential areas based on environmental factors can guide
conservation and planting zoning. Although research has explored the genomic, chemical,
and biological control of L. secalinus [31-37], its ecological suitability, spatial distribution,
and response to climate change in China have not been previously reported. Addressing
these gaps will enhance understanding of its distribution and adaptability under future
climate change scenarios.

Species distribution models (SDMs) [38] are a method for estimating the distribution
of species in geospatial space based on the actual distribution of species and are a math-
ematical model based on species distribution data and environmental variables, which
have been broadly applied to the prediction of species” potential areas [39,40] and can
still give good results when species distribution data are not complete [41,42]. With the
advance of mathematical modeling methods and geographic information systems (GIS),
numerous species distribution models have been established, and the popular species
distribution models include the Maximum Entropy (MaxEnt) model, Bioclimatic Model
(BIOCLM), Genetic Algorithm for Rule-set Production (GARP), and Generalized Linear
Model (GLM) [43]. Among them, the MaxEnt model is the most widespread [44-47]. Com-
pared to other species distribution models, the MaxEnt model exhibits excellent forecasting
ability and accuracy. It is particularly effective in situations where species distribution
data are scarce (e.g., when distribution points are few or sample sizes are small), as it
can quantitatively describe the potential distribution area of species through screening of
major ecological factors, so as to realize the simulation of species distribution. Therefore,
it has a wider application in predicting the potential distribution of invasive species and
assessing the impact of climate change on species and has become a mainstream prediction
model [48-52].

In this work, we simulated the potential distribution of L. secalinus in China by means
of the MaxEnt model. Specifically, this work aims to (1) predict the potential geographic
distribution of L. secalinus in China under current climatic conditions, (2) identify the key
environmental factors affecting the distribution of L. secalinus and quantitatively describe
the environmental conditions suitable for its survival, and (3) predict the natural trends
and changes in the suitable habitats of L. secalinus in future climate scenarios and provide
recommendations for L. secalinus management and use.

2. Materials and Methods
2.1. Study Area

L. secalinus is a perennial herbaceous plant of the family Poaceae, primarily distributed
in Xinjiang, Gansu, Qinghai, Shaanxi, Sichuan, Nei Mongol, Hebei, Shanxi, and the north-
east in China, with a wide range of habitats and strong adaptability. The geographical
coordinates of its main natural distribution areas are 75° E~128.9° E and 29.4° N~49.08° N.

Our study area includes the farming-pastoral ecotone, which is traditionally the main
agricultural area to the east and south, and the main grassland animal husbandry to the
west and north. In the vicinity of the farming—pastoral ecotone, however, farming and
grazing co-exist and intermingle.

2.2. Collection of Occurrence Data

Data on the geographic distribution of L. secalinus are mainly from field investigation
data in 2022-2023 and relevant distribution information recorded in the literature, the latter
included records from the Chinese Virtual Herbarium (CVH), and a total of 493 distribution
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points of L. secalinus were collected. To avoid model overfitting, distribution points were
filtered using a threshold of 100 m. When the distance between multiple points was less
than 100 m, one point was randomly retained while the others were removed. Finally,
357 distribution points of L. secalinus in China were obtained (Figure 1).
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Figure 1. Distribution of Leymus secalinus in China.

Note: Taiwan Province and some other regions are not included in this study (the
same as below).

2.3. Environmental Variables

This study used 52 environmental variables, including 19 bioclimatic factors, 30 soil
factors, and 3 topographic factors (Table S1). Climate data were sourced from the World Cli-
mate Database (https://worldclim.org (accessed on 13 January 2024)). The environmental
variables data include current (1970-2000) and future climate data (2021-2040, 2041-2060,
2061-2080, 2081-2100), with the future climate condition data containing data for three
shared socioeconomic pathways (SSP1-26, SSP2-45, and SSP5-85) [53]. The 19 commonly
used bioclimatic factors are denoted Biol-Bio19. Soil factors were obtained from FAO SOILS
PORTAL (https:/ /www.fao.org/soils-portal /en/ (accessed on 13 January 2024)), and in
this study, all the data above and below ground of the soil were separated to form a file
in tiff format to ensure the spatial continuity of the data. The topographic factors include
three factors: DEM (elevation), Slope, and Aspect. The Digital Elevation Model (DEM)
data were obtained from the geospatial data cloud platform (https://www.gscloud.cn/
(accessed on 17 January 2024)), and Slope and Aspect data were obtained using the spatial
analysis function of ArcGIS. The spatial resolution of all used environmental variables was
transformed to 1 km?.

Due to the varying degrees of correlation between environmental variables, it is essen-
tial to analyze and address multicollinearity to minimize its impact on predictive outcomes
and the contributions of variables, thereby ensuring the model’s precision and accuracy. We
considered the importance of the variables obtained by the jackknife method, quantitatively
evaluated the effect of environmental factors on the geographic distribution of L. secalinus,
and tested the correlation of environmental factors using Pearson (Figure S1) [54], and en-
vironmental variables with high correlation (r > 0.8) and low contribution rates or 0 were
removed [55-57]. Ultimately, 23 environmental factors were retained (Table 1).
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Table 1. Contribution and permutation importance of environmental variables affecting the distribu-
tion of L. secalinus.

Variable Percent Contribution/% Permutation Importance/%
Bio2 27.1 16.8
Biol 22.1 9.2
Biol6 18.8 22.6
DEM 7.3 12.6
Biol5 7.2 6.2
Bio8 3.5 3.9
Biol3 3.1 2.3
Slope 2.9 9
Bio3 2.9 9.4
Biol4 2.3 4.2

S_OC 0.4 0.4
S_CLAY 0.4 0.7
S_PH_H,O 0.3 0.1
Aspect 0.3 0.8
S_TEB 0.3 0.4
S_GRAVEL 0.2 0.2
T_REF_BULK 0.2 0.3
T_GRAVEL 0.2 0.2
T_BS 0.1 0.2
T_SILT 0.1 0.2
S_CEC_CLAY 0.1 0
T_CACO; 0 0.1
S_CEC_SOIL 0 0.2

2.4. Geographic Data Sources

The map data for this study are 1:1 million Chinese maps and administrative division
maps downloaded from the National Basic Geographic Information Database (http://www.
ngcc.cn/dlxxzy (accessed on 17 January 2024)) as the base map for analysis.

2.5. MaxEnt Model

The MaxEnt model is a sophisticated machine learning algorithm that emulates the
probability of a species’ existence from only the existing data and environmental variables,
based on the principle of maximum entropy. This study employed MaxEnt version 3.4.1.
Of the distribution point data, 75% was randomly selected as training data for model
construction, while the other 25% was used as testing data for model validation. To reduce
model uncertainty, the Bootstrapping method was used to perform 10 replicate runs for
each subsample type, and the results were averaged, with the number of iterations set to
500 and background points set to 10,000. The jackknife test was employed to obtain the
contribution percentage of environmental variables. Jackknife experiments were performed
on all environmental variables to determine the main environmental factors influencing
the distribution of L. secalinus. The MaxEnt model uses the ROC curve of the subject’s
work characteristics to measure model prediction accuracy, and the area enclosed by the
ROC curve and the abscissa is known as the AUC value (ranging from 0.5 to 1.0), which is
recognized as the optimal detection index of model accuracy [45,58]. The higher the AUC
value, the better the simulation results. Based on the AUC value, model performance can
be categorized as follows: 0.9-1, extremely accurate; 0.8-0.9, accurate; 0.7-0.8, moderately
accurate; 0.6-0.7, general; and 0.5-0.6, failure [59].

2.6. Prediction of Suitable Area of L. secalinus

To more intuitively show the suitable habitat area and distribution characteristics, the
model-predicted suitable habitat for L. secalinus was classified into four levels using Jenks
natural breaks. The levels are as follows: In the high-suitability area (0.51-1), the distribu-
tion of L. secalinus is dominated by dominant species, and its habitat is especially suitable
for L. secalinus. The middle-suitability area (0.26-0.51) has a large number of L. secalinus
distribution, but L. secalinus is not a dominant species in the community. The low-suitability
area (0.08-0.26) has a distribution of L. secalinus. The non-suitable area (0-0.08) is unsuitable
for the growth of L. secalinus, and there may be no L. secalinus distribution.
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3. Results and Analysis
3.1. Accuracy Evaluation of MaxEnt Model

The accuracy of the MaxEnt model’s predictions for the potential suitable area of
L. secalinus was evaluated using the ROC curve., and the ROC curve of the calculation
results was obtained (Figure 2). It can be seen from Figure 3 that in this study, the average
AUC of the data from the 10 trials” data was 0.931 with a standard deviation of 0.003. This
shows that the prediction results of the model have high accuracy and reliability and can
reasonably simulate the distribution of L. secalinus in China, which provides conditions for
further research.
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Figure 2. ROC curve of MaxEnt models for L. secalinus.
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Figure 3. Regularized training gain of the MaxEnt model based on the jackknife test.

3.2. Analysis of Important Environmental Variables

Based on the contribution rate and permutation importance of environmental variables
in the MaxEnt model (Table 1), the contribution rates of Bio2, Biol, Biol6, DEM, and Bio15
for modeling were 27.1%, 22.1%, 18.8%, 7.3%, and 7.2%, respectively, and the cumulative
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contribution rate was 82.5%. This indicated that Bio2, Biol, Biol6, DEM, and Bio15 were the
major environmental factors influencing the potential suitable area of L. secalinus. Among
the permutation importance of environmental variables, the permutation importance values
of Biol6, Bio2, DEM, Bio3, and Biol were 22.6%, 16.8%, 12.6%, 9.4%, and 9.2%, respectively,
with a cumulative importance of 70.6%, indicating that these five environmental variables
play a key role in the modeling process. The results of the jackknife test (Figure 3) show
that when only this factor is present, the five environmental factor variables that have the
largest effect on the regularization training gain are Bio2, Biol, Bio13, Bio16, and DEM. This
shows that these environmental variables contain more useful information compared to
others. The gain value of Aspect normalization training is the lowest, indicating that it has
the least influence on the distribution of L. secalinus.

Looking at it from a holistic point of view, under the current climatic conditions, Bio2
(mean diurnal temperature range), Biol (annual mean temperature), Biol6 (precipitation
of wettest quarter), and DEM (elevation) are the main environmental factors affecting the
distribution of L. secalinus. The temperature factor had the greatest effect, followed by the
precipitation factor, while topographic and soil factors have a relatively minor influence on
the distribution of L. secalinus.

The species response curve reveals the relationship between environmental variables
and the probability of species existence, and it shows biological tolerance to target species
and habitat preferences [60]. It is generally believed that the occurrence probability thresh-
old greater than 0.5 is regarded as the corresponding environment conducive to the growth
of L. secalinus [61]. Based on response curves of four major climate variables (Figure 4),
Biol of —3.3-11.6 °C, DEM of 160-3300 m, Bio16 of 90-400 mm, and Bio2 of 8.6-15 °C were
suitable for the distribution of L. secalinus.
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Figure 4. Response curve of main environmental variables in L. secalinus (Biol, Bio2 units are °C x 10).
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3.3. The Suitable Distribution Area of L. secalinus in China Under the Current Climate Scenario

7

Using the MaxEnt model for simulation, classification of “presence and absence”
according to MTTS thresholds, and using ArcGIS to map a visual analysis chart. Under
the current climatic conditions, the distribution of suitable areas of L. secalinus in China
is shown in Figure 5. The red areas represent the high-suitability area of L. secalinus,
the orange areas represent the medium-suitability area, the blue areas represent the low-
suitability area, and the gray areas represent the non-suitable area. As shown in Figure 5,
the potential suitable distribution areas of L. secalinus are located in 18 provinces and
cities in Northwest China and North China, mainly concentrated in the range of the
farming—pastoral ecotone.
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Figure 5. Predictions of the potentially suitable area of L. secalinus under current climate conditions
based on the MaxEnt model.

The highly suitable areas of L. secalinus are primarily distributed in Shanxi Province,
Inner Mongolia, Shaanxi, Ningxia, Gansu, eastern Qinghai, western and northeastern
Xinjiang, northwestern Sichuan, northwestern Hebei, western Liaoning, and sporadically
in central Tibet, western Henan, northwestern Beijing, and eastern Jilin, accounting for
8.89% of China’s total area (Table 2).

Table 2. Potential suitable area of L. secalinus in China under future scenarios.

. Lowl Moderatel Highl .
Scenario Period Nonfultable Suitab}l’e Suitable y Sui%ab%’e Suitable Area
rea Area Area Area Change Ratio
current 68.28 15.75 7.08 8.89
2021-2040 66.92 17.05 7.00 9.03 +4.29%
SSP1-26 2041-2060 68.58 16.57 6.36 8.49 —0.95%
- 2061-2080 68.56 15.62 6.80 9.02 —0.88%
2081-2100 68.22 15.76 7.60 8.42 +0.19%
2021-2040 69.20 15.46 7.27 8.07 —2.90%
SSP2-45 2041-2060 68.70 15.31 6.87 9.12 —-1.32%
” 2061-2080 69.61 15.17 6.96 8.26 —4.19%
2081-2100 68.34 16.49 7.09 8.08 —0.19%
2021-2040 67.74 16.66 7.20 8.40 +1.70%
SSP5-85 2041-2060 68.47 17.04 5.89 8.60 —0.60%
- 2061-2080 69.24 15.49 6.99 8.28 —3.03%
2081-2100 67.18 17.37 6.65 8.80 +3.47%

The distribution range of the suitable area of L. secalinus is usually located around the
high-suitability area, accounting for 7.08% of China’s total area.
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The low-suitability areas of L. secalinus are primarily located in parts of north-central
and southern Xinjiang, southeastern Tibet, central and southern Qinghai, northwest and
southern Gansu, western and eastern Inner Mongolia, the middle of Shaanxi, northwest-
ern Henan, southwestern and Northeastern Hebei, the middle of Shandong, northern
Liaoning, central and eastern Jilin, and western and southern Heilongjiang, with small por-
tions located in northern Yunnan and western Guizhou, accounting for 15.75% of China’s
total area.

The other provinces and cities are non-suitable for planting L. secalinus, accounting
for 68.28% of China’s total area.

3.4. The Suitable Distribution Area of L. secalinus in China Under Future Climate Scenarios

This study is based on the three socioeconomic pathways proposed by the IPCC (SSP1-
26, SSP2-45, SSP5-85); the MaxEnt model was used to predict the possible geographical
distribution of L. secalinus in 2021-2040, 2041-2060, 2061-2080, and 2081-2100 (Figure 6).
The results of this study found that the range of potential suitable areas of L. secalinus under
current climatic conditions and different climatic scenarios in the future is basically the
same as the range of the farming—pastoral ecotone. In addition, there are also suitable areas
in Xinjiang, Tibet, Sichuan, Heilongjiang, and parts of Jilin. The overall behavior of the
potentially suitable areas for L. secalinus in the three simulated scenarios was largely similar,
with slight differences in the details of the predictions (Table 2). We observed that among all
scenarios and years, SSP1-26 had the highest rate of expansion of suitable area in 2021-2040
and SSP5-85 in 2081-2100, with 4.29% and 3.47%, respectively (Figure 6(A1,C4)), and in
all years of SSP2-45, the suitable areas were reduced compared to the current period, with
2061-2080 having the greatest shrinkage of potential suitable areas at 4.19% (Figure 6(B3)).
In predicting potential changes in high- and medium-suitability areas, we also observed a
significant decrease in potential suitability areas along the northern limit and an increase
in eastern Inner Mongolia (including Xing’anmeng and southern Hulunbeier), southern
Heilongjiang (including Mudanjiang and the western part of Jixi City), and eastern Jilin
(Figure 7). A trend towards the northeast was present.

2041-2060

2061-2080 2081-2100

o0

SSP1-26

SSP2-45

SSP5-85

\: Unsuitable area - Poorly suitable area \: Moderately suitable area - Highly suitable area e Zo0 30 0%

Figure 6. Potential distribution of L. secalinus under the SSP1-26 (A1-A4), SSP2-45 (B1-B4) and
SSP5-85 (C1-C4).
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Figure 7. Potential changes in high- and medium-suitability areas for L. secalinus considering different
SSPs. Changes in distribution highlighted in different colors; for gain (range expansion), red; loss
(range contraction), blue; unsuitable, grey; and stable, green. (A1-A4) SSP1-26, (B1-B4) SSP2-45 and
(C1-C4) SSP5-85.

4. Discussion
4.1. Discussion on MaxEnt Model to Predict the Current Distribution of L. secalinus

Despite differences in simulation results from different climate models, the MaxEnt
model remains an essential research tool for evaluating and forecasting past and future
changes in species’ geographic distributions [62]. Based on the MaxEnt model combined
with ArcGIS, this study predicted the potential distribution area of L. secalinus, providing
an intuitive understanding of the current spatial distribution structure and the distribution
of suitable areas in China. This research lays a basis for future studies on the geographic
distribution of L. secalinus, as well as provides scientific evidence for future management
and exploitation of L. secalinus. This study analyzed the percentage contribution of each
ecological factor to the model and employed Pearson correlation coefficient analysis to
address the collinear effect.

This study used the ROC curve to evaluate the species distribution model [63,64],
running the MaxEnt model ten times with all data and taking the average AUC value from
these runs to assess the model’s accuracy [65,66]. It is generally believed that a higher
AUC value suggests a closer alignment between the model’s predicted species distribution
and the actual distribution. The findings show that the average AUC value of the model
is 0.931 with a standard deviation of 0.003, which proves that the prediction results are
accurate and the model fitting is excellent, which can reflect the potential geographic
distribution of L. secalinus in China extremely accurately.

The prediction results show that L. secalinus is primarily distributed in Shanxi, Inner
Mongolia, Shaanxi, Ningxia, Gansu, Qinghai, Xinjiang, Sichuan, Hebei, and Northeast
China, which is in line with the actual situation of the major production areas of L. secalinus
in China. According to the relevant literature and the investigation report of L. secalinus
resources in recent years [28,29], the comparison between the prediction results and the
distribution status of L. secalinus in China shows that the existing distribution conforms
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to the prediction results and is mostly in the high-suitability area, which confirms the
reliability of the MaxEnt model predictions.

The MaxEnt model, with its high predictive accuracy, flexibility, and reliance solely on
species presence data, has been widely applied in the fields of ecological conservation and
resource management. Additionally, MaxEnt can quantify the importance of environmental
variables, assisting managers in identifying key driving factors and providing a scientific
basis for optimizing management strategies. However, the application of MaxEnt also has
certain limitations, such as potential uncertainties in predictions caused by data biases,
uneven sampling distributions, or the omission of critical variables. Moreover, the selection
of environmental variables in model construction requires comprehensive consideration of
multiple factors, including climatic, ecological, biological, and anthropogenic influences.
Therefore, as an efficient predictive tool, the outputs of MaxEnt should be integrated
with actual ecological and social factors to enhance the scientific rigor and feasibility of
management decisions.

4.2. Discussion on the Main Ecological Factors

Climate is a determining factor in the distribution of species, with changes in species
distribution area being the most direct and clear reflection of climate change [67]. Climate,
historical distribution, topography, soil, and other factors have significant effects on species
distribution at different spatial scales. Among these factors, temperature and precipitation
emerge as the predominant drivers affecting the growth of most plants [68]. Tempera-
ture factors affect species distribution by affecting plant photosynthesis and respiration,
while precipitation conditions also constrain plant growth and development. Among the
23 environmental variables utilized for modeling in this study, the 4 key factors restricting
the current potential suitable distribution of L. secalinus are mean diurnal temperature
range (8.6-15 °C), annual mean temperature (—3.3-11.6 °C), precipitation of wettest quarter
(90-400 mm), and elevation (160-3300 m), accounting for 75.3% of the total contribution
rate. These factors reflect the temperature conditions, precipitation conditions, and to-
pographic conditions required for the growth of L. secalinus. This is consistent with the
habits of L. secalinus: L. secalinus is not only slightly fond of humidity, but also tolerant of
cold and drought, and has a wide range of adaptation [69,70]. The increased frequency of
extreme weather events in the future is expected to result in significant temperature fluctu-
ations [71], whereas L. secalinus is suitable for living in habitats with cooler temperatures
and is more widely distributed on the Qinghai-Tibet Plateau [72]. The climatic conditions
of alpine grassland make L. secalinus seriously stressed by alpine hypoxia, intense solar
radiation, and rapid climate change. The ability of L. secalinus to adapt to the alpine growth
environment indicates that it has its own cold tolerance mechanisms. Large temperature
fluctuations may lead to a reduction in or even loss of suitable areas, so proper precautions
need to be taken.

In addition, precipitation is also a crucial variable affecting the establishment and
survival of species, with higher precipitation generally being favorable for seedling growth;
however, the connection between moisture availability and species distribution is contin-
gent upon local conditions and the ecological demand of related species. Notably, excessive
water in the soil reduces the root respiration rate, thus limiting plant growth. The response
curves showed that the suitable area for L. secalinus increases up to a precipitation thresh-
old of 400 mm in the wettest quarter. However, an increase in precipitation beyond this
threshold results in a sharp decline in the suitable area. For instance, the main climatic
factors affecting the distribution pattern of the recently reported L. chinensis, which is in the
same genus as L. chinensis [73], are the precipitation of the coldest quarter, precipitation of
the driest quarter, and precipitation of the driest month. The distribution value increases
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as cold-season precipitation rises. When precipitation during the cold season reaches
44.53 mm, the distribution value decreases with the increase in precipitation; precipitation
during the driest quarter and driest month show the same pattern with their distribution
values, which is the same as the results of the present study and both indicate the impact
of precipitation on the establishment and survival of species and that the expansion or
reduction of natural populations depends on future precipitation.

4.3. Discussion on the Suitable Area of Species Under SSP Model

A growing body of research has found that under the global climate change scenario, some
species (Acorus calamus [74], Pistacia chinensis [75], Phoebe sheareri [76], Leersia hexandra [66])
will likely expand their distribution area, and for most species, their distribution area will
decrease [47,60,77,78]. This study shows that L. secalinus suitable areas performed relatively
consistently in different climate change scenarios, with generally similar distributional
ranges. Projections of potential suitable areas showed a loss in all years under the SSP2-45
scenario, but only up to a maximum of 4.19% from the current (2061-2080), with the smallest
range loss in 2081-2100; in contrast, the SSP1-26 (2021-2040) and SSP5-85 (2081-2100)
scenarios had the largest range expansions (4.29% and 3.47%, respectively). Therefore,
these projections suggest minimal overall changes in distribution patterns, indicating that
L. secalinus has strong stress resistance to future climate change, has certain adaptability,
and can survive and maintain its distribution to a greater extent. In addition, most of the
high- and medium-suitability areas will not change considerably in the future and will be
identical to the current period, with the exception of a partial shrinkage of the northern
boundary. Previous studies have shown that under future climate scenarios, the extent
of some species’ suitable areas will not change considerably, and the overall pattern will
be consistent with the current distribution [79,80]. These findings are consistent with the
conclusions of this study that the ranges of some suitable areas will remain unchanged with
climate change, indicating that these species are expected to retain the largest potential
distribution area in the current and future climate change scenarios.

This study explains changes in the geographic distribution of suitable L. secalinus
habitat by considering the expansion, contraction, and preservation of suitable areas.
Under future climate change scenarios, the general trend of changes in the distribution of
suitable L. secalinus is consistent. The areas that have been stably distributed include Shanxi,
Shaanxi, Ningxia, Gansu, Inner Mongolia, Qinghai, and some areas of Hebei, indicating
that these areas are conducive to growth and maintain the distribution of L. secalinus. The
expanding areas are located in parts of Jilin and Heilongjiang in the northeast, as well as in
parts of eastern Inner Mongolia. The shrinking area is located at the northern boundary
of the current suitable area, and the geographic distribution changes are more significant,
suggesting that L. secalinus is not adapted to this climatic environment and is sensitive
to climate change, which may be attributed to the increase in precipitation and the rise
in temperature in North China and Northwest China [81]. Measures should be taken
to protect the existing L. secalinus resources in these areas to prevent the loss of valuable
germplasm resources.

In conclusion, this study offers valuable information on the potential distribution
of L. secalinus and provides a basis for conservation and management initiatives. It suc-
cessfully predicted the potential distribution area of L. secalinus and revealed the main
geographical distribution area of L. secalinus in northern China. A comprehensive analysis
of various environmental factors identified the main climatic variables that affect species dis-
tributions. By considering the impact of different climate change scenarios on species distri-
butions, it will be possible to develop more favorable and adaptive management strategies.
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The shortcomings of this study are as follows: (i) the distribution modeling did not take
into account non-environmental factors, such as light, wind direction, wind speed, human
disturbance, biological interaction, etc.; (ii) L. secalinus is distributed in Russia, North Korea,
and Japan, in addition to China, and the distribution points of L. secalinus obtained in this
study were limited; and (iii) the projections under different shared socioeconomic pathways
(SSPs) may not fully capture the complexity of future climate scenarios, and this study
primarily focuses on short-term climate projections (up to 2100). Regrettably, we could not
collect complete data on these factors, which should be taken into account in future studies
to more fully consider the effects of non-environmental factors, socioeconomic changes,
and longer time scales, integrating them into the distribution model, with more long-term
and continuous scientific investigation and statistics, to further enhance the accuracy of the
model and reduce the variability from the actual distribution area, to make better-informed
decisions on managing and utilizing L. secalinus.

5. Conclusions

In this study, the MaxEnt model was applied to successfully predict the suitable
distribution area of L. secalinus based on different environmental factors. Our results
show that under the current climate scenario, L. secalinus is mainly distributed in the
farming—pastoral ecotone of northern China, and the adaptation range is quite wide. The
distribution of L. secalinus is mainly affected by the mean diurnal temperature range (Bio2),
annual mean temperature (Biol), precipitation of the wettest quarter (Bio16), and elevation
(dem). Although the distribution area of L. secalinus will change slightly under different
scenarios in the future, the overall distribution range is not expected to change significantly,
and L. secalinus will migrate to the northeast in the future. The predicted results of this study
can provide considerable reference value for the exploration and utilization of L. secalinus
resources, help to understand the distribution law of L. secalinus, promote the protection
and resource utilization of L. secalinus, promote the management work, and improve the
ecological and economic value of L. secalinus.
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Abstract: Tree-ring width chronologies of Pinus sibirica Du Tour from near the upper treeline
in the Western Sayan, Southern Siberia are found to have an exceptional (below mean-3SD)
multi-year drop near 1700 CE, highlighted by the seven narrowest-ring years in a 1524-2022
regional chronology occurring in the short span of one decade. Tree rings are sometimes
applied to reconstruct seasonal air temperatures; therefore, it is important to identify
other factors that may have contributed to the growth suppression. The spatiotemporal
scope of the “nosedive” in tree growth is investigated with a large network of P. sibirica
(14 sites) and Larix sibirica Ledeb. (61 sites) chronologies, as well as with existing climatic
reconstructions, natural archives, documentary evidence (e.g., earthquake records), and
climate maps based on 20th-century reanalysis data. We conclude that stress from low
summer temperatures in the Little Ice Age was likely exacerbated by tree damage associated
with weather extremes, including infamous Mongolian “dzuds”, over 1695-1704. A tropical
volcanic eruption in 1695 is proposed as the root cause of these disturbances through
atmospheric circulation changes, possibly an amplified Scandinavia Northern Hemisphere
teleconnection pattern. Conifer tree rings and forest productivity recorded this event across
all of Altai-Sayan region.

Keywords: conifers; tree-ring width; severe growth suppression; abiotic factors; stress event

1. Introduction

Tree rings are a well-known and widespread proxy for seasonal climate reconstruc-
tions [1-3]. However, growth suppression or release in trees can also be caused by
abrupt events—pest infestations, earthquakes, volcanic eruptions, landslides, floods, fires,
etc. [4-10]. Such events may or may not be causally linked to anomalies of seasonal climate.
For reliable climate reconstructions, we must distinguish as much as possible growth depar-
tures driven by the reconstructed variable from those due to other factors. Case studies of
exceptional fluctuations in climate proxies through comparison with documentary evidence
and other natural archives recording environmental conditions can pave the way in flagging
possible inaccuracies in the climatic reconstructions.

Plants 2025, 14, 287 https://doi.org/10.3390/plants14020287
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Recently, we documented an exceptional decadal decline, or ‘nosedive’, in tree-ring
width (TRW) and wood anatomical parameters of Siberian pine (Pinus sibirica Du Tour)
throughout the Western Sayan highlands, beginning ca 1700 CE [11,12]. The finding
spurred us to investigate whether the phenomenon was limited to P. sibirica and certain
habitats, and whether a seasonal climate (temperature) anomaly or some other natural
extreme or event was responsible. Tree-ring chronologies from continental temperate Asia
have been widely used to reconstruct temperatures [1,13-16]. Some chronologies in these
studies have an abrupt drop in growth around 1700, but the feature went unnoticed, not
standing out against the background of other fluctuations, such as a long-term growth
decrease during the 19th century (end of Little Ice Age) and the subsequent faster growth
due to contemporary warming [1,13,15]. The near-1700 nosedive in P. sibirica growth is too
sharp, however, to assume that it was driven by seasonal temperature fluctuation alone, so
we hypothesized that there was some other stressful event that caused or enhanced this
growth suppression.

This study explores possible alternative explanations for the near-1700 nosedive in
P. sibirica growth. Growth fluctuations in P. sibirica and Siberian larch (Larix sibirica Ledeb.),
another climate-sensitive and co-existing conifer frequently used for reconstructions [17],
are studied in the context of natural factors and events that could plausibly have negatively
impacted tree growth in the western Sayan Mountains near 1700 across the eastern part of
Greater Central Asia.

2. Results

Since this phenomenon occurred several centuries ago, the lack of direct instrumental
data made us investigate its possible causes through circumstantial evidence. This evidence
is in the form of natural proxies recording environmental fluctuations (tree rings, lake
sediments, glaciers’ ice cores etc.), climatic reconstructions based on those proxies, and
historical chronicles. Here we assess the near-1700 CE anomaly in our chronologies of
P. sibirica tree-ring width in the context of this available evidence.

2.1. Fingerprint of Event

The primary tree-ring data for our analysis consist of 14 pine (P. sibirica) and 61 larch
(L. sibirica) chronologies with time coverage back to at least 1690 CE available in a study
area (40-60° N 60-120° E), centered on the Western Sayan Mountains (Figure 1a; Table Al,
Figure Al). We defined the “nosedive” as the sharp multi-year suppression of growth
starting ca 1700 CE. The nosedive was evident in 10 of the pine and 19 of the larch chronolo-
gies, and most seriously expressed (lowest values of Z-scores) in four near-timberline
Western Sayan P. sibirica chronologies, some of which were previously shown as sensitive
to temperature [11], A regional chronology PISIreg, developed from these four sites and
containing more than 25 individual tree series covering 1690, is therefore used here to
characterize the ca-1700 nosedive. The seven lowest values of PISIreg in the 499 years
of its coverage (1524-2022 CE) are the consecutive years 1699-1705, and in six of these
seven years, the Z-score of PISIreg is below —3 (Figure 1b). A less pronounced growth
suppression is also present in several P. sibirica chronologies from the Altai Mountains and
the Mongolian Plateau.
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Figure 1. Growth suppression in tree-ring width of Pinus sibirica Du Tour (PISI) and Larix sibirica
Ledeb. (LASI). (a) Map of the study area with marked locations of PISI (triangles) and LASI (circles)
sampling sites, and epicenters of the strongest earthquakes (asterisks). Four filled triangles represent
PISI chronologies with the most severe growth suppression used to develop regional chronology
PISIreg. Insert map shows the location of the study area in Asia; (b) Regional chronology PISIreg,
1524-2022, as Z-scores. Red line represents the Z = —3.0 threshold of growth suppression; grey
shading represents sample depth; (c) Geographical distribution of mean (left) and minimum (right)
Z-score values for all 14 PISI and 61 LASI chronologies. Colored circles represent negative Z-scores
for PISI (purple) and LASI (red); white circles represent positive Z-scores; circle diameters (see legend)
represent absolute value.
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Standard tree-ring width index, Z-scores

The nosedive is characterized in pine and larch tree rings of individual trees (selected
from chronologies where it occurred) as an abrupt initial drop in growth in 1698-1699
CE, followed by several years of very low growth and a gradual recovery toward normal
growth (Figure 2a,b). The entire episode covered roughly 15 years in pine and 8 years in
larch. Years with the largest departures were similar for pine (1699-1706) and larch (1699,
1700, 1702). For both species, growth suppression was accentuated at higher elevations. It
is also the most expressed growth departure common for those trees since 1500, especially
for pine; the only other deviation of similar magnitude and duration is the recent positive
trend in larch growth (Figure 2c,d).
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Figure 2. Growth suppression in tree-ring width of Pinus sibirica (a,c) and Larix sibirica (b,d) individual
trees covering the period of the near-1700 CE nosedive. Trees were selected from growth-suppressed
chronologies, and indices were transformed into Z-scores (standard series for 68 trees from 10 pine
chronologies, 272 trees from 19 larch chronologies). (a,b) Mean values (markers) and SD (standard
deviation; error whiskers) for 1680-1730; years with mean Z-scores below zero (mean + SE < 0; SE,
standard error) are presented by darker shade of markers. (c,d) Time series of mean tree-ring index
(Z-scores; bars) and sample depth (grey shading) for those trees since 1500.
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Suppression of growth in larch and pine chronologies in the study area during the
nosedive window 1699-1706 is most pronounced in the Western Sayan Mountains (pine)
and the eastern part of the Russian Altai Mountains (larch) (Figure 1c), as supported by
other studies [7,11,17,18]. Mean of Z-scores below —2 and minimum values below —3
(extreme suppression) were observed only in one chronology outside that territory, but
moderate suppression extended to China and Mongolia (Table Al).

2.2. Paleoclimatic and Tectonic Context

Summer temperature reconstructions in the study area, based on TRW [19,20], blue
intensity [16] and maximum latewood density [15] of tree species other than P. sibirica, are
significantly (p < 0.05) positively correlated with PISIreg both at high and low frequencies
(Table 1). Correlations are higher for 1650-1750 than for the full overlap of records and
generally increase with the smoothing of the time series. These reconstructions have
negative z-scores for the nosedive window, 1699-1706, indicating cool summers at the
time. Correlation with PISIreg is consistently higher for reconstructions from larch than
from spruce (Picea schrenkiana Fisch. & C.A.Mey.). The temperature reconstructions reach
maximum correlation with PISIreg at lag = 0 before smoothing and at high frequencies,
indicating synchrony in annual departures, but at lags of several years at low frequencies
(Figure 2).

Table 1. Statistics summarizing the relationships between PISIreg and temperature reconstructions
based on other tree-ring data.

Temperature Reconstruction Z-Score Correlations with PISIreg, 1650-1750/Total Overlap Period ®
Mean/min, Smoothed
Publication Used Proxy ? Season Location 1699-1706 Annual Smoothed © (Lagged) 4 Lag, Years High-Pass ©
[19] LASI TRW June-August Altai —1.56/—-2.68 0.52/0.30 0.73/0.20 0.78/0.22 3/2 0.41/0.41
[20] LASI TRW June-July Mongolia —1.49/-2.45 0.49/0.27 0.70/0.20 0.71/0.21 1/2 0.35/0.33
[15] PCSH MXD July-August Tien-Shan —1.34/-1.97 0.35/0.04 0.40/0.06 0.82/0.23 7/8 —0.13/-0.03
[16] LASI BI June-August Mongolia —0.82/-2.01 0.25/0.27 0.23/0.21 0.30/0.23 4/3 0.25/0.28

2 Tree species: LASI—Larix sibirica, PCSH—Picea schrenkiana Fisch. & C.A.Mey. Tree-ring parameters:
TRW—tree-ring width; MXD—maximum wood density; Bl—blue intensity (proxy for wood density). b Bold
correlation coefficients are significant at p < 0.05. © Time series were smoothed by an 11-year moving average.
d Maximum cross-correlation between smoothed time series, with PISIreg delayed by “lag” years after tempera-
ture reconstruction. Plots for 16501750 are presented in Figure A2. ¢ High-pass filter applied to both time series
by subtracting smoothed series from original.

Documentary records list neither volcanic eruptions nor any earthquakes in the study
area at the time of the nosedive. Strong earthquakes (intensity of 10-11, Mercalli scale)
were reported in recent history in the Altai Mountains in 1761 CE, 1957 CE and 2003 CE.
Epicenters are marked in Figure 1a. Eight-year-growth departures of pine and larch, as
Z-scores, after these earthquakes are much less severe than the PISIreg departure during
the 1699-1706 nosedive (Table 2). Suppression of tree growth after these earthquakes was
moreover observed in only a few chronologies.

2.3. Climate Teleconnections

Only two 20th-century years, 1938 and 1988, had PISIreg z-scores lower than —2.0;
these are the 14th and 15th lowest values of PDSIreg over the full 1524-2022 CE record,
although not nearly as extreme as in the nosedive. The composite 500 mb height and 2 m air
temperature anomaly patterns for those years highlight cyclonic flow and cold conditions
in the study area in both seasons as signatures for extremely narrow P. sibirica rings in the
Western Sayan (Figure 3). In the warm season, PISIreg is under anomalous northerly flow
and is near the core of a well-defined central Asia cold anomaly. In the cool season, PISIreg
is near the center of a broad zonally oriented core of anomalous cold stretching across
southern Siberia and is directly under very strong anomalous northerly flow at 500 mb.
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Table 2. Comparison of growth departures in tree-ring width chronologies of pine and larch for
8-year periods after the investigated event and after the three strongest known earthquakes in the
Altai mountains.

Epicenter Coordinates Z-Scores ?
Type of Event ® Calendar Date Range of Means Period of
Lat. N Lon. E .
Larch Pine Calculation ¢
Unknown ca 1698-1699 ~47-53° ~85-95° —2.61...0.95 —3.39...0.53 1699-1706
Earthquake 9 December 1761 ~50° ~90° —0.69...2.03 —0.32...148 1762-1769
Earthquake 4 December 1957 45.5° 99.5° —1.16...1.00 -1.72...1.22 1958-1965
Earthquake 27 September 2003 50.038° 87.813° —0.15...0.77 —1.01...1.54 2004-2011

a Z-scores represent a complete set of 14 pine and 61 larch chronologies in the study area. ® Event, factor, or
their combination that led to the nosedive in tree growth investigated in this study. ¢ Since all three earthquakes
occurred after growth season, tree growth could react to them only beginning in the next year.

Surface air temperature anomaly, °C

/ x;. NOAA Physical Sciences Laboratory
flt A — -

500 mb geopotential height anomaly, m

May—September

| I ) I S S

-1.2 —0.8 -0.4 0 0.4 0.8 1.2
NOAA Physical Sciences Laboratory
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Figure 3. Composite anomaly maps of surface air temperature (left) and 500 mb geopotential height

(right) in warm (May-September, top) and preceding cold (November—April, bottom) seasons for
the years 1938 and 1988. These are the years with the lowest P. sibirica growth in the 20th century
according to regional chronology PISIreg (white asterisk). Maps were developed by the web-based
20th Century Reanalysis V2 tool (https://psl.noaa.gov/cgi-bin/data/composites/plot20thc.v2.pl,
accessed on 14 October 2024).

The anomalous 500 mb flow in the 1938/1988 composite is strongly meridional, with
centers of action (highs or lows of anomalous heights) in the warm season resembling the
positive mode of the “Eurasia 17, or “Scandinavia” teleconnection circulation pattern [21].
This is one of 10 preferred modes of Northern Hemisphere circulation that can explain
the simultaneous occurrence of abnormal weather patterns across vast distances (http:
/ /www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml; accessed on 15 November
2024) and is known to significantly affect the study area [22]. The cool season 500 mb
composite map has no clear resemblance to the Scandinavia pattern.
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3. Discussion
3.1. Prime Suspect: Cold Spell

A decadal-scale exceptionally cold period is the natural suspect in the PISIreg nose-
dive. Energy limitation is after all the generally accepted foundation for temperature
reconstruction from the ring width of boreal and subalpine trees [23,24]. Moreover, a
long cold period could impact forest vitality and resistance to other stress factors [4,25].
Growth reduction in conifer forests in the study area in cold periods increases with el-
evation [26,27], which is consistent with amplified reduction in the subalpine P. sibirica
chronologies of PISIreg. The nosedive occurred during the Little Ice Age, and the several
decades before and after the nosedive are estimated to have been cold, possibly exacerbated
by the Maunder solar activity minimum of 1645-1715 [19,28,29]. Summer temperature
reconstructions and temperature-sensitive tree-ring chronologies from different species
and tree-ring variables (TRW, wood density, and blue intensity) support 1699-1706 as a
cold period in the study area [11,13-20]. Anomalies consistent with the nosedive were also
observed in temperature-sensitive wood cell parameters of P. sibirica in Western Sayan [12].
It is likely that all growth processes were inhibited at the time—both cell division in the
cambium and carbon accumulation during tracheid differentiation, since wood density is
determined by cell structure [30,31].

The concentration of NH4* and HCOO™ ions, originating from forest emissions,
in the Belukha ice cores reached a historical minimum in the decade 1710-1720 [29]. A
comprehensive temperature reconstruction based on Lake Teletskoe sediments (Altai),
including bromine reflecting the state of the vegetation, also had a minimum in ~1710 [32].
These data indicate a regional decline in the productivity of the forest ecosystems soon
after the investigated event on a decadal scale.

However, not all proxy data support an extreme cold event ca 1700 CE in the study
area (Figure 4). Pollen in the Hulun Lake sediments [33] recorded cold July temperatures
in Mongpolia for a century before that, but no sharp drop matching the nosedive. The
10-year-smoothed March-November temperatures in the Altai, reconstructed from the
d180 in the Belukha glacier ice cores [28], had only a moderate negative deviation in
1691-1720 and a stronger one in 1741-1750. Of more than 90 reconstructions assembled by
Christiansen and Ljungqvist [1] to describe variation in Northern Hemisphere temperature,
six temperature reconstructions are in our study area [13,14,28,32,34,35], and only one of
them [35] indicates moderate cooling ca 1700 CE.

3.2. Extenuating Circumstances

From the evidence just given, we conclude that warm season cold spells, as in 1937
and 1988, probably contributed to the low in P. sibirica growth ca 1700 CE. The remarkable
occurrence of six consecutive years of PISIreg is more than three standard deviations
below the mean; however, this likely requires additional environmental impact, such
as damage to P. sibirica trees from weather or another factor. We dismiss earthquakes
as a likely suspect, since even the strongest known earthquakes in Altai did not exhibit
comparable consequences. Drought and related causes, including wildfires [4,36-38] can
also be dismissed because the habitat of the most affected trees is moist and cool [27,39,40].
Defoliation of trees by insects could severely suppress growth [4,6], and the study area is
home to the gypsy moth and Siberian silk moth [41]. The most growth-suppressed trees in
our study, however, are outside the distribution range of those insects due to short cool
summers and frosty winters and would be more so during a cold period [4,42].
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Figure 4. Growth suppression ca 1700 CE in PISIreg (blue line without markers) in the context of
climate reconstructions and natural archives of decadal resolution (red lines with markers). (a) July
temperature at the Hulun Lake (Mongolia) reconstructed from pollen in lake sediments (average
resolution ~31 years) [33]. (b) March-November temperature, smoothed by a 10-year average,
reconstructed from dO18 in ice cores of the Belukha glacier, Altai [28]. (c) Concentrations of HCOO™
(triangles) and NHy4 ™" ions (circles) in the ice core at the same glacier [29]. Lines with markers represent
temperature reconstruction or natural archive; line without markers represents PISIreg smoothed by
10-year (a,b) or 31-year (c) moving average.

Stress from extreme weather events is on the other hand a likely factor in the nosedive.

Mongolian historical records mention cold-related events at the time over vast areas [43]:
multiple winter dust storms and snowstorms were registered in 1695, 1697 and 1705, and
“dzuds” were reported in 1696 and 1704. The term “dzud” embraces several winter weather
extremes—including heavy snowfalls, severe frosts, and thaws followed by the formation
of thick ice crust—leading to a lack of forage and die-off of livestock and thus important for
Mongolian nomadic herders [44]. Some of these phenomena (heavy snowfall, thaw—freeze
cycles), as well as snowstorms, indicate the establishment of winter cyclones or atmospheric
fronts during 1695-1705, in contrast to the typical Siberian High anticyclone [13,45].
Snowstorms and strong winds can adversely affect forests through crown damage and
defoliation [6,9,23,46]. Extreme freeze-thaw cycles could also lead to stress in evergreen
conifers through physiological drought and desiccation of needles [47]. The strengthening
of the nosedive with elevation is explained by the greater amount of snow and stronger
winds. The observed more severe and prolonged nosedive in pine than in larch (Figure 2)
could be explained by ecophysiological factors. The average 5-8 years retention of needles
by P. sibirica [48] would slow down recovery after defoliation. The large crown and
dense bunches of needles in P. sibirica could also present a better target for wind and for
accumulation of ice and snow in the crown, increasing the risk of mechanical damage.

75

Micro equivalent/ | Temperature deviation, °C

Temperature, °C



Plants 2025, 14, 287

3.3. Accomplice from the Tropics

Although our literature search revealed no local volcanic eruptions in the mountains
of south-central Asia at the time of the nosedive, a large tropical eruption ca 1695 CE
has been implicated in catastrophic summer cooling ca 1700 CE in Scotland and most of
Northern Europe [5,8,49,50]. The resemblance of the warm season composite 1938 /1988
500 mb anomaly pattern (Figure 3) to the positive mode of the Scandinavia pattern suggests
possible influence from the 1695 volcano on the P. sibirica growth in the nosedive through
amplification of the positive-phase Scandinavia pattern. The cool-season linkage of the
Scandinavia pattern to the 1938/1988 composite anomaly maps of 500 mb height and
2m air temperature is less clear. We can speculate that winter circulation may have
been disrupted after the 1695 volcano to favor high winds, heavy snow, and tree damage
through pathways already mentioned. Such damage would exacerbate growth suppression
in P. sibirica beyond that due to energy shortage in the unusually cool, wet summers.

4. Materials and Methods
4.1. Data Sources

To analyze the geographical distribution of the ca 1700 CE nosedive in conifer tree-ring
width (TRW), a study area (40-60° N, 60-120° E) was defined that extends roughly 10° to
the south and north and 30° to the west and east of the central Western Sayan Mountains,
where the phenomenon was initially discovered (Figure 1a).

The authors” own dendrochronological data, starting no later than 1690, include TRW
measurements of Siberian stone pine (Pinus sibirica) at 7 sites in the Western Sayan, and
Siberian larch (Larix sibirica) at one site within the above-mentioned region. Collection and
processing of samples and dendrochronological measurements, chronology development, and
dendroclimatic analysis for most of the chronologies have been published elsewhere [11,51].

This study also uses a TRW dataset of Pinus sibirica and Larix sibirica species publicly
available in The International Tree-Ring Data Bank (ITRDB; https://www.ncei.noaa.gov/
products/paleoclimatology/tree-ring, accessed on 11 September 2024), selected by geo-
graphic screening for location within 40-60° N 60-120° E and start year no later than 1690.
Screening yielded 60 sampled sites of Larix sibirica and 7 sites of Pinus sibirica. (One of
the Larix chronologies is listed in the ITRDB as Larix gmelinii Rupr., but the site is in the
distribution area of Larix sibirica. The complete TRW dataset broadly covers the Altai-Sayan
Mountain complex and the Mongolian Plateau. All TRW chronologies used in the study are
“standard” (autocorrelation not modeled out) chronologies with ring-width trends removed
by conservative approaches to avoid the removal of low-frequency climate signals [24].

The ITRDB, with the same geographic and time-coverage screening as above and
selection of the “climate reconstructions” category, was also the source of time series repre-
senting temperature variation in the study area. Reconstructions with varying temporal
resolution and intra-seasonal frames available from the ITRDB were used and analyzed.
This selection also provided us with ion concentration data in ice cores from the Belukha
glacier [29]. In addition, other published temperature reconstructions were used qualita-
tively, where publications (references in the main text) include temporal plots.

The list of Holocene volcanoes, their coordinates and information on eruptions were
taken from the database “Volcanoes of the World” (https://volcano.si.edu, accessed on
7 October 2024). Documentary historical evidence for the study area was taken from
generalized sources for the territories of Russia and Mongolia on social and natural phe-
nomena [43,52] and on earthquakes (NGDC/WDS Global Significant Earthquake Database
https:/ /www.ngdc.noaa.gov /hazel /view /hazards/earthquake/search, accessed on 10
October 2024).
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Maps of anomaly fields of geopotential height (500 mb) and temperature (2 m) for 20th
to 21st century years with lowest PISIreg were generated using a web-based NOAA tool for
mapping “20th Century Reanalysis Monthly Composites” (https:/ /psl.noaa.gov/cgi-bin/
data/composites/plot20thc.v2.pl, accessed on 14 October 2024). From the online menu, we
specified “20CRV3” as the data source and used the menu options to tailor the map domain.
Information on Northern Hemisphere Teleconnections, including maps with centers of
action and associated patterns of climate anomalies for the “Scandinavia” pattern, were
accessed at the NOAA Climate Prediction website (https:/ /www.cpc.ncep.noaa.gov/data/
teledoc/teleintro.shtml, accessed on 7 October 2024).

4.2. Data Processing and Analysis

For all raw TRW measurements, standardization was performed in the ARSTAN
program [53] by smoothing with a 67% cubic spline, then averaging all the series within the
site by bi-weighted mean. To identify the presence and intensity of the growth decline, tree-
ring chronologies were transformed into Z-scores (mean = 0; SD = 1), since chronologies
have different ranges of variability.

For the chronologies of Pinus sibirica with a visible decline in growth around 1700
(Figure A1), a standard series of individual trees covering the period from 1690 were ana-
lyzed using the superimposed epoch method, revealing the period of the most pronounced
suppression as 1699-1706 (Z-scores less than —1, including the range £ SE, standard
error). The presence of a long-term (or any) suppression in growth in the chronologies
under consideration was assessed by mean (minimum) values of Z-scores of local standard
chronologies for 1699-1706, also comparing them with the threshold of —1 (i.e., a drop
in growth by SD or more relative to the long-term average). For Larix sibirica chronolo-
gies with suppressed growth, a series of individual trees were also investigated using the
superimposed epoch method to estimate years of suppression for this species.

The similarity between tree-ring chronologies among themselves and with other time
series was estimated using paired Pearson correlation coefficients, either for the entire
period of overlapping series or for the century-long period 1650-1750 including the phe-
nomenon of interest. In addition, an 11-year smoothing filter (moving average) was applied
to a time series with an annual time resolution, dividing the series into low-frequency and
(by subtracting the smoothed series from the original) high-frequency components, for
which a correlation analysis was also performed. Cross-correlation analysis was performed
to find if there is a lag of tree-ring chronologies relative to other time series, separately for
low- and high-frequency components.

For the pollen-based temperature reconstruction, having an uneven temporal dis-
tribution of data points, or nonuniform time step, the average temporal resolution was
estimated by dividing the coverage period by a number of intervals between data points
and rounding to an integer number of years. For comparison of the TRW chronology
PISIreg (annual resolution) with lower-resolution time series, we smoothed chronology
with a moving average of appropriate window width.

The selection of 1938 and 1988 as years for mapping 500 mb height anomalies and 2 m
temperature anomalies was made by (1) converting the 1524-2022 time series of PISIreg to
Z-scores, using the mean and standard deviation for that full length, (2) sorting the Z-scores
from smallest to largest, and (3) selecting the 20th century years with the lowest Z-scores.
Years 1938 and 1988 are the only years with Z < —2.0 and are low outliers in that they are
much lower than the next-lowest (Z = —1.6 in 1914).

Outside of specialized tools, data processing and statistical analysis were performed
in Microsoft Excel 2007 (v12.0).
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5. Conclusions

Case studies of extreme events in climate reconstruction are important because those
events often draw the most interest and are highlighted in placing current and projected
climate variation in a long-term context. Lacking instrumental observations, we present
evidence from available natural and historical archives as proxies for environmental change
and events. Such evidence is not irrefutable, but points to: (1) tree damage by winter weather
extremes as the most likely cause of the extreme growth suppression of conifers near the upper
treeline in the Sayan—Altai region at the start of the 18th century; (2) a tropical volcanic eruption
contributed to the severity of the event; and (3) atmospheric teleconnections, primarily through
an amplified Scandinavia pattern, is a global-scale transfer mechanism that helps explain
the exacerbation of tree-growth suppression in our study area. We invite the international
scientific community to prove or disprove our opinion.
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Appendix A

Table A1. List of used tree-ring width data sources.

Coordinates

Tree ITRDB Code or Mean/min in
No Species ? Country Chronology Code ® Lat. Long. Elev. ¢, 1699-1706 ¢ Re
N E m a.s.l.
1 LASI Russia RUSS127 50.15 85.37 1750 —0.47/—1.64 —0.03
2 LASI Russia RUSS129 51 85.63 1450 —0.31/—1.43 0.18
3 LASI Russia RUSS130 50.87 85.23 1450 —0.65/—1.39 0.21
4 LASI Russia RUSS135 50.42 87.58 2000 —1.23/—2.66 0.48
5 LASI Russia RUSS137 50.48 87.65 2150 —1.20/—2.24 0.31
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Table A1. Cont.

Tree ITRDB Cod Coordinates Mean/min i
ode or ean/min in
No Species * Country Chronology Code ° Lat. Long. Elev. ¢, 1699-1706 ¢ R®
N E m a.s.l.

6 LASI Russia RUSS226 50.803 87.933 —2.61/—3.42 0.65
7 LASI Russia RUSS227 49.617 88.1 —2.09/—3.26 0.59
8 LASI Russia RUSS228 50.867 85.233 —0.18/-0.93 0.14
9 LASI Russia RUSS229 50.3 87.833 —0.83/—2.50 0.26
10 LASI Russia RUSS230 50.267 87.833 —-0.26/—1.17 0.08
11 LASI Russia RUSS231 49.167 87.283 —0.50/—1.32 0.04
12 LASI Russia RUSS232 50.167 87.833 —1.86/—3.28 0.62
13 LASI Russia RUSS233 50.117 87.917 —0.57/—1.75 0.22
14 LASI Russia RUSS234 50.483 87.483 —1.27/—2.31 0.37
15 LASI Russia RUSS235 50.683 87.967 —1.12/—1.88 0.19
16 LASI Russia RUSS241 52.399 98.685 2020 —0.15/-0.78 0.06
17 LASI Russia RUSS247 49.23 87.23 2200 —1.19/—2.52 0.40
18 LASI Russia RUSS248 49.2 87.02 2250 —0.70/ —1.70 0.31
19 LASI Russia RUSS249 51.58 95.31 2060 —0.23/-0.64 0.18
20 LASI Russia RUSS250 49.51 87.5 2250 —1.49/—3.45 0.50
21 LASI Russia RUSS251 49.36 86.57 2200 —0.92/—2.13 0.30
22 LASI Russia RUSS252 50.36 91.28 2170 —0.66/—2.68 0.06
23 LASI Russia RUSS253 50.2 96.39 2254 —0.23/-1.00 0.25
24 LASI Russia RUSS254 50.24 89.59 2280 —1.49/—2.94 0.52
25 LASI Russia RUSS255 50.07 88.17 2100 —0.61/—1.98 0.17
26 LASI Russia RUSS256 50.49 94.18 2130 —0.31/—1.13 0.11
27 LASI Russia RUSS257 49.39 88.14 2250 —1.16/—2.78 0.37
28 LASI Russia RUSS258 50.22 98.14 2200 —0.62/—1.12 0.35
29 LASI Russia RUSS259 50.04 87.54 2250 —1.37/—2.22 0.30
30 LASI Russia RUSS288 56.412 115.589 465 —0.62/—1.29 0.30
31 LASI Russia RUSS292 53.144 106.832 810 —1.03/—1.68 0.18
32 LASI Russia AKK P 49917 86.55 2050 —1.75/—3.09 0.55
33 LASI China CHINO029 43.85 93.3 2810 0.11/—1.54 —0.04
34 LASI China CHINO030 43.833 93.383 2840 —2.10/—3.41 0.49
35 LASI Mongolia MONGO001 50.77 100.2 2300 —0.09/-0.56 0.15
36 LASI Mongolia MONGO006 47.78 107.5 1415 0.07/—1.45 —0.04
37 LASI Mongolia MONGO009 49.92 91.57 2500 —0.26/—0.88 0.10
38 LASI Mongolia MONGO010 47.27 100.03 2500 0.36/—1.65 —0.06
39 LASI Mongolia MONGO011 48.15 100.28 1900 —0.30/—1.38 0.17
40 LASI Mongolia MONGO012 48.98 103.23 1400 0.20/—0.94 0.00
41 LASI Mongolia MONGO013 48.77 97.12 1840 —1.14/—1.53 0.25
42 LASI Mongolia MONGO014 49.48 100.83 1800 —0.20/—1.20 0.10
43 LASI Mongolia MONGO015 48.17 99.87 2060 0.14/—1.13 —0.02
44 LASI Mongolia MONGO016 48.6 88.367 0.36/—1.24 —0.24
45 LASI Mongolia MONGO017 49.967 91 —1.06/—2.00 0.20
46 LASI Mongolia MONGO018 49.967 90.983 —1.03/—1.92 0.33
47 LASI Mongolia MONGO019 47.1 90.967 0.85/0.03 —0.11
48 LASI Mongolia MONGO020 48.267 88.867 0.45/—0.45 —0.13
49 LASI Mongolia MONGO021 48.35 107.467 —0.28/-0.71 0.11
50 LASI Mongolia MONGO023 49.5 94.583 —0.38/-0.92 0.02
51 LASI Mongolia MONGO024 48.5 88.5 —0.07/—1.22 0.10
52 LASI Mongolia MONGO025 48.7 88.8 —0.49/—1.13 0.06
53 LASI Mongolia MONGO026 46.817 100.117 0.14/-0.87 0.01
54 LASI Mongolia MONGO027 46.317 101.317 —0.67/—1.81 0.30
55 LASI Mongolia MONGO028 48.833 111.683 0.95/-0.38 —0.26
56 LASI Mongolia MONGO029 49.867 91.433 —-0.76/—1.72 —0.03
57 LASI Mongolia MONGO030 49.383 94.883 —0.52/—2.27 0.17
58 LASI Mongolia MONGO032 46.517 100.95 —0.27/—1.41 0.21
59 LASI Mongolia MONGO033 49.37 94.88 2229 —0.74/-0.99 0.51
60 LASI Mongolia MONGO040 51.15 99.083 2400 —1.29/—2.20 0.49
61 LAGM Mongolia MONGO007 49.7 91.55 2000 —0.44/—1.90 —0.10
62 PISI Russia RUSS222 50.417 84.617 1898 —1.83/—2.54 0.64
63 PISI Russia SPass20 P 51.71 89.96 2000 —3.39/—3.82 0.91
64 PISI Russia GladSW P 5291 91.36 1620 —3.17/—3.80 0.86
65 PISI Russia SARP 52.23 92.25 1630 —2.46/—3.27 0.85
66 PISI Russia MGol8 52.533 92.05 920 —1.56/—2.20 0.49
67 PISI Russia MGol5 P 52.55 92.117 570 —1.02/—2.01 0.19
68 PISI Russia ErgV b 52.8 93.433 1650 —2.07/—3.99 0.75
69 PISI Russia ErgR b 52.833 93.333 1450 —1.17/—1.87 0.57
70 PISI Mongolia MONGO041 48.17 99.87 2060 0.53/—0.67 0.00
71 PISI Mongolia MONGO042 46.68 101.77 2125 0.42/-0.32 —0.12
72 PISI Mongolia MONGO002 47.77 107 1755 —1.45/—2.24 0.13
73 PISI Mongolia MONGO003 48.3 98.93 2420 —0.58/-0.93 0.25
74 PISI Mongolia MONGO008 49.37 94.88 2229 —1.66/—2.58 0.46
75 PISI Mongolia MONGO031 48.25 97.4 0.51/—-0.72 —0.20

? Species: LASI—Larix sibirica Ledeb.; LAGM—Larix gmelinii Rupr. (although, this is probably mislabeled LASI, considering species
distribution areas); PISI—Pinus sibirica Du Tour. ® Marked are chronologies collected by authors. Not marked are chronologies from
The International Tree-Ring Data Bank (ITRDB; https:/ /www.ncei.noaa.gov/ products/paleoclimatology/ tree-ring, accessed on 11
September 2024). € Elevation data are listed if they are mentioned in the ITRDB record or measured by authors. d Mean/minimal
values are presented after transformation of chronologies into Z-scores. Bold values are those below —1 (i.e., below mean-SD
in original standard chronologies), indicating long-term/any growth suppression. ¢ R is correlation with PISIreg (generalized
TRW chronology of Pinus sibirica from sampling sites SPass20, GladSW, SAR, ErgV) over 1650-1750. Bold values are significant at
p <0.05.
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Figure Al. Standard chronologies of Pinus sibirica (1650-1750) smoothed by 11-year moving average.
Chronologies are plotted in Z-score units and shifted sequentially by 2 units along vertical axis for
clarity. The same relative y-scale applies to all plots, tick marks represent Z = 0 for each chronology.
Vertical dashed line marks calendar year 1700; vertical arrow marks growth suppression; chronologies
with synchronous growth suppression after 1698 are represented by thick lines and marked with

bold labels.
147 Temp(Jun-Aug) Altai-LASI_TRW, lag +3 1.0
05 &
>
[}
0.0 g
=)
05 §
o
1.0 3
g
15 8
E
20 8
(B e e e T S e o L T e e s e e e e e LI S e e e e e e L S e e e e e L s e e e e S 2]
141 Temp(Jun-Jul) N_Mong-LASI_TRW, lag +1 18.0
1.2 17.5
10 17.0
16.5
0.8
16.0
0.6
15.5
x
.§°-4 15.0
£ 02 145
%00 4+ ——————+ 14.0
241 Temp(Jun-Aug) N_Mong-LASI_BI, lag +4 13.0
£
§12 ~ 12.0
£
10 1.0
5
308 &
& 10.0 @
€06 §
g
0.4 9.0 g
5
0.2 80 &
20 +—r+—r+—+—v+—V7+—r+r—r—r"r—r+—r+—r+r—r+—r+r—r+—r—r+—r—r—r—r+—r—r—r+—r—rr—r—r+—r—r+r—r 7177711717171 7T1 7171171 7.0
14 Temp(Jul-Aug) Tian-Shan-PCSH_MXD, lag +7 17.0
1.2 16.5
10 16.0
0.8
15.5
0.6
04 15.0
02 145
0.0 14.0
CO0O0000000O0000O00O0000O0O0000DO0O00O0DO0O0O00O0OO0O000D0DO0O00O0O0O0O0O0O0O0O
S8928R38383828839233R838832883383R8832883%393328332833g833R28833¢
PPN PO e EE R I00C ORI RERIIR2ROR]

Years

Figure A2. Cross-correlated decadal variations of P. sibirica growth and temperature reconstructions.
Grey lines represent PISIreg chronology, lagged (shifted to the left) according to plot labels; black
lines represent temperature reconstructions for analysis summarized in Table 1. Time series were
smoothed by 11-year moving average. Plots truncated to start in 1520.
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Abstract: The present work aimed to investigate the effect of increasing CO, concentration on the
growth, productivity, grain quality, and biochemical changes in quinoa and amaranth plants. An
experiment was conducted in open chambers (OTCs) to evaluate the responses of these species
to different levels of CO, {a[CO5] = 400 + 50 pmol mol~! CO, for ambient CO, concentration,
e[CO,] = 700 + 50 umol mol~! CO, for the elevated CO; concentration}. Growth parameters and
photosynthetic pigments reflected changes in gas exchange, saccharolytic enzymes, and carbohydrate
metabolism when plants were grown under e[CO;]. Furthermore, both species maintained most of
the parameters related to gas exchange, demonstrating that the antioxidant system was efficient in
supporting the primary metabolism of plants under e[CO,] conditions. Both species were taller and
had longer roots and a greater dry weight of roots and shoots when under e[CO;]. On the other hand,
the panicle was shorter under the same situation, indicating that the plants invested energy, nutrients,
and all mechanisms in their growth to mitigate stress in expense of yield. This led to a reduction
on panicle size and, ultimately, reducing quinoa grain yield. Although e[CO,] altered the plant’s
metabolic parameters for amaranth, the plants managed to maintain their development without
affecting grain yield. Protein levels in grains were reduced in both species under ¢[CO;] in the
average of two harvests. Therefore, for amaranth, the increase in CO, mainly contributes to lowering
the protein content of the grains. As for quinoa, its yield performance is also affected, in addition
to its protein content. These findings provide new insights into how plants C3 (amaranth) and C4
(quinoa) respond to e[CO,], significantly increasing photosynthesis and its growth but ultimately
reducing yield for quinoa and protein content in both species. This result ultimately underscore the
critical need to breed plants that can adapt to e[CO,] as means to mitigate its negative effects and to
ensure sustainable and nutritious crop production in future environmental conditions.

Keywords: Amaranthus spp.; Chenopodium quinoa (Willd); climate change; photosynthetic parameters;
carbohydrate metabolism

1. Introduction

With the advent of innovative techniques, it has become possible to detect even minor
climate changes; however, these alterations have occurred over the past 2 million years [1].
In the past, gas releases may have occurred naturally from massive seabed deposits of
methane hydrates, emissions from volcanic eruptions, or decay of vegetation associated
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with asteroid impacts. Nowadays, anthropogenic emissions of greenhouse gases (GHGs)
may have similar effects. These emissions have massive effects on the global carbon cycle
and are causing significant climate changes [2].

The concentration of GHGs in the Earth’s atmosphere is directly linked to the average
global temperature of the Earth, which, at the same time, has been rising steadily since the
time of the Industrial Revolution, and the most abundant gas, accounting for two-thirds of
GHGs is CO,, the most common byproduct of fossil fuel burning [3].

Results of large-scale experiments presented significant variations and showed that
an increase in CO; does not necessarily promote plant growth, varying from species to
species [4,5]. These changes, considered positive in a short time, mainly promote the
improvement of water use efficiency (amount of organic matter produced by the amount
of water used) in both C4 and C3 plants.

The impacts of climate change on plant physiology and the increase in global popula-
tion have raised serious concerns about food security [6]. Moreover, Brazil is a special case
in this context because agriculture is a key economic activity, and most people working in
agriculture in the country are family farmers. Smallholders help to maintain the diversity
of agricultural products and nutrients worldwide, collaborating with food security in this
scenario [7].

The most direct and simplest adaptive measure would be to encourage these farmers
to conduct research that supports the implementation of different cultures [8]. In addition,
smallholders should preferentially cultivate products with higher added value, such as
Pseudocereals. The most likely replacement products are derived from protein-rich crops,
including pseudocereals. Although these crops have declined in production and consump-
tion over several decades, they have achieved significant recognition in recent years due to
their effectiveness and sustainability [9].

According to the American Heritage Dictionary of the English language, the term
pseudocereals can be defined as any plant that does not belong to the grass family. On
the other hand, these plants produce fruits and seeds that are usually used as flour for
bread and other staple foods [10]. Besides that, like cereals, they have starchy, dry seeds
and are much more protein-rich. Plants usually included in the non-systematic grouping of
pseudocereals are dicotyledonous and belong to different families. Consequently, plants
such as quinoa and amaranth are placed in the Chenopodiaceae and Amaranthaceae family,
which belongs to the Caryophyllales order, a subclass of Caryophyllidae [11,12].

Given the growing evidence that the research about changes and impacts in climate
is leading to a better understanding of the potential pressures on the ability to ensure an
adequate food supply for the human population, comprehending how plants respond is
essential to precede studies related to these effects on the plant physiology [13].

Evidence that elevated carbon dioxide concentration {¢[CO;]} can cause rapid growth
has been proved over the years since the first research in the 1970s and 1980s [14,15]. These
alterations happen because photosynthetic carbon gain results in an enhanced carbohydrate
metabolism. Consequently, there are alterations in plants' assimilate partitioning and sink
strength [16,17].

As an important component of source-sink, the model of Munch postulates that
unloading and loading of the conducting tissue are mainly driven by concentration and/or
osmotic gradients [18,19]. From another point of view, the source-sink can be considered
as the competitive ability of an organ to import photoassimilates [20]. However, studies
about how the carbohydrate metabolism of pseudocereals responds to ¢[CO;] and what
may be the impacts of the alteration of the source-sink function resulting from the effect of
the increase in the concentration of atmospheric carbon on the nutrition, metabolism, and
productivity of quinoa and amaranth plants are incipient.

Therefore, this study aimed to verify the effects of ¢[CO;] in amaranth (Amaran-
thus spp.) and quinoa (Chenopodium quinoa, Willd) plants, considering that these species
have C3 and C4 metabolism, respectively. Here, it was demonstrated in a 2-year experiment
that the relationship of physiological parameters such as growth and photosynthesis are
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intimately linked with source-sink, sucrose metabolism, and nutrient content influencing
the grains” productivity.

Considered the main greenhouse gas (GHG), atmospheric carbon dioxide (CO;) con-
centration has increased progressively since the Industrial Revolution. The last IPCC report
indicated that the National Oceanic and Atmospheric Administration (NOAA) estimated a
global [CO;] was 421 ppm [2]. In addition to being a “greenhouse” gas, CO; is also the
source of carbon for plant photosynthesis and growth, and the ongoing increase in its con-
centration has been shown to stimulate a wide range of plant species. However, the extent
of any stimulation can be related to photosynthetic biochemistry, with C3 plants generally
showing a more robust response than C4 plants. Indirect effects, primarily through e[CO;]
closing stomata, can also improve water use efficiency for both C3 and C4 species [4,21].

Understanding the behavior and adaptation of alternative crops to climate change
is essential because crop diversity is key to adapting to climate change [7,13]. This is
especially true for small family farms [8]. One important option for diversity in small
family farms is to grow protein-rich crops, including pseudocereals. These pseudocereals
have been recognized in recent years due to their nutritional values [9]. Quinoa and
amaranth are important pseudocereals belonging to the Caryophyllales order, a subclass of
Caryophyllidae from the Chenopodiaceae and Amaranthaceae families, respectively [12].
They differ in photosynthetic biochemistry and potential response to e[CO;], with quinoa
being a C3 species and amaranth a C4.

Quinoa and amaranth are considered inexpensive and abundant sources of digestive
fiber, protein containing methionine and lysine, vitamin C, carotenoids, and minerals. It is
also a great source of antioxidant pigments, such as betacyanin, betaxanthin, betalain, ama-
ranthine, and bioactive phytochemicals, including flavonoids and phenolic acids. These
bioactive components of natural origin can quench ROS [22]. Humans and animals have
extensively consumed these crops in the Andes for millions of years [23] and have been
studied recently for their ability to develop in adverse conditions such as high temperature,
drought, and salinity [24,25]. Although, at present, there are data regarding how quinoa
and amaranth can respond to rising CO, and climate changge, there are still fundamental
unknowns regarding primary metabolism, including changes in nutritional quality, antiox-
idant capacity, and associations with photosynthetic and growth parameters. Therefore,
this study aimed to assess the effects of future high CO, ¢[CO,] on quinoa and amaranth.

2. Materials and Methods
2.1. Growth Conditions

Seeds of the cultivar BRS Alegria (amaranth) and BRS Piabiru (quinoa) were sown
in polystyrene trays on commercial substrate (Plantmax®, Cascavel, PR, Brazil). After the
second pair of true leaves appeared, the seedlings were transplanted into 8 L polyethylene
pots filled with soil, which was previously analyzed for its physical and chemical attributes,
amended, and fertilized according to technical recommendations. In the transition from
the vegetative to the reproductive stage, leaves were collected for subsequent growth,
physiological, and biochemical analyses.

2.1.1. Description of the Experimental Site (OTCs)

The experiments were conducted using open-top chambers (OTC) from the Weed
Science Center of the Federal University of Pelotas (Capao do Leao—RS). These chambers
are equipped with sensors, an automated CO, concentration control center, coolers re-
sponsible for homogenizing the air inside them, and a gas injection and distribution valve
system in each chamber. The OTC has a useful area of 4 m? and 2.15 m in height, is coated
with a 150-micron thick, transparent polyethylene plastic film, and is equipped with a
top-opening reducer to deflect the air and prevent the dilution of the desired concentration
of CO, inside the chamber. Carbon dioxide (Messer®, Canoas, RS, Brazil) used was 99.9%
pure and was supplied through a storage cylinder (capacity of 25 kg CO;) coupled to the
injection and distribution system of the chambers.
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2.1.2. Elevated CO, Treatment

Two experiments were conducted separately in 2019/2020 and 2020/2021. Four
OTCs with two different pseudocereals (amaranth and quinoa) were employed in each
experimental run. The plants were grown at two levels, 400 & 50 umol mol ! of CO,
{ambient CO, concentration = a[CO,]} and 700 4+ 50 pmol mol~! of CO, {elevated CO,
concentration, = ¢[CO;]} until the experiment was finished (Supplementary Figure S1).
In short, two studies have been conducted with pseudocereal species at different levels
of CO, (400 and 700 pmol mol~1). The internal temperature of the OTCs within each
experimental year was monitored daily using a data logger (HOBO Pro v2), as shown in
Supplementary Figure S1A,B. The mean daily relative humidity (RH) from December 1 to 31
was 62.92% in 2019/2020 and 71.75% in 2020/2021. Concerning RH (minimum /maximum’)
was 36.70/80.00%" in 2019/2020 and 53.50/87.70% in 2020/2021.

2.2. Growth Parameters

Shoot (SL) and root length (RL): Measured using a graduated ruler (cm). Shoot (SDM)
and root (RDM) dry matter: Obtained by drying the samples in an oven at 65 °C until
constant weight (mg plant™!). Stem diameter: Measured using a digital caliper (mm).
Panicle length (PL): Evaluated using a graduated ruler (cm). Branches per panicle (BPP):
Obtained by counting the number of branches per panicle per plant. Leaf area (cm?) was
estimated using the following methodologies:

Amaranth leaf area (LA): Measured using the equation 2HC/3, as described by Mon-
teiro et al. [26], where 2/3 is the form factor determined for amaranth leaves, while H and
C indicate the largest leaf dimensions in the longitudinal and transversal directions. The
last pair of expanded leaves were used.

Quinoa leaf area (LA): Measured using the equation F (LxC), where F corresponds to
the correction factor 0.6079 described by Benincasa [27] and L and C indicate the largest
leaf dimensions in the longitudinal and transversal directions. The last pair of expanded
leaves were used.

2.3. Physiological and Biochemical Parameters

Photosynthetic pigments: The photosynthetic pigments were quantified according to
the methodology proposed by Welburn [28]. For this purpose, one leaf disc was obtained
from two young-expanded leaves per experimental unity, sampling ten repetitions per treat-
ment. The leaves were cut into small segments, using 0.01 g of fresh sample inserted into
test tubes containing 3.5 mL of dimethyl sulfoxide (DMSO) neutralized with 5% calcium
carbonate. Then, the tubes were incubated in a water bath at a temperature of 65 °C for 1 h,
protected from light, and then cooled in the dark until reaching room temperature. After,
absorbance readings at 480 nm, 649 nm, and 665 nm were taken in a spectrophotometer.
Chlorophyll 4, b, total, and carotenoid contents were calculated based on the equations: chloro-
phyll a = (12.47 x A665) — (3.62 x A649); chlorophyll b = (25.06 x A649) — (6.5 x A665);
carotenoids = (1000 x A480) — (1.29 x chlorophyll a) — (53.78 x chlorophyll b)/220; and the
results were expressed in mg g~ ! FW.

Leaf gas exchange: The leaf gas exchange was determined using an Infrared Gas
Analyzer LI 6400 XT (LI-COR Environmental, Lincoln, NE, USA). The evaluation was
carried out between 8:30 and 10:00 a.m. The concentration of CO, in the chamber was
matched for each treatment (400 and 700 wmol mol~! COj,), and the photon flux density was
regulated to 1500 umol of photons m~2 s~! with a light source attached to the measuring
chamber. Moreover, the leaf temperature ranged from 26 to 27 °C in 2019/2020 and 26 to
29 °C in 2020/2021. Regarding the VPD leaf, the mean was 1.76 and 1.89 in 2019/2020
and 2020/2021, respectively. Net CO, assimilation (A), stomatal conductance (g;), internal
concentration of CO, (Ci), and transpiration rate (E) were measured using the middle third
of the youngest expanded leaf. Water use efficiency (WUE) was obtained through the
A/E ratio. Leaf gas exchange measurements were performed only once for each experiment.
The analysis was performed in the transition period, i.e., vegetative to flowering.
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Total soluble sugars (TSS), starch, sucrose (SUC), and total soluble amino acids (SAA)
in leaves: The collected material was standardized, using approximately 250 mg of the
middle third of two fully expanded leaves, with four repetitions per treatment. After being
weighed, the material was macerated in 8 mL of extracting solution M:C:W (methanol:
chloroform: ultra-pure water in the proportion of 12:5:3) and stored in amber flasks for
24 h in the dark. After this period, 2 mL of M:C:W solution was added, and the extract
was centrifuged at 2500 x g for 30 min. After centrifugation, 8 mL of the supernatant was
transferred to Falcon tubes, and 2 mL of chloroform and 3 mL of milli-Q water were added.
The falcons were centrifuged again for 30 min at 2500x g for phase separation. The upper
phase was collected and concentrated by evaporation to approximately 50% of the volume
at 30 °C to eliminate the excess methanol and chloroform residues present. The extract
obtained at the end was later used for quantification of TSS [29], SUC [30]and SAA [31].

After drying at room temperature, the precipitate obtained from the first centrifugation
was resuspended in 8 mL of 10% (w:v) trichloroacetic acid (TCA). In the above precipitate,
10 mL of 30% perchloric acid was added. After stirring for 30 min, the tubes containing the
reaction medium were centrifuged at 2500 rpm for 30 min. Starch was quantified from the
collected supernatant [29].

Quantification of TSS was completed using test tubes with screw caps bathed in ice.
After adding the extracts diluted in pure water, 1.5 mL of anthrone solution (0.15% in
concentrated sulfuric acid) was added to each tube. After 15 min, the tubes were shaken
and incubated at 90 °C for 20 min. After that, the tubes were kept in the dark until reaching
room temperature. Starch determination was performed in the same way as TSS. At the
end of the process, the values obtained were multiplied by the correction factor of 0.9 for
conversion into starch contents. The determination of PSA was carried out using the same
methodology as AST. Readings were performed in a spectrophotometer at wavelengths
of 620 nm for total soluble sugars, starch, water-soluble polysaccharides, and sucrose and
570 nm for total soluble amino acids. For the quantification of sucrose, test tubes with screw
caps bathed in ice, extracts were used 100 pL of 30% KOH was transferred to tubes. The
tubes were incubated in a water bath for 10 min at 100 °C. After reaching room temperature,
3 mL of anthrone (0.15% in 70% sulfuric acid) were incubated again in a water bath at
40 °C for 15 min.

SAA contents were determined from extracts plus 0.5 mL of 0.2 M citrate buffer pH
5.0, 0.2 mL of 5% ninhydrin reactive in ethylene glycol monomethyl ether, and 1 mL of 2%
(v/v) KCN in methyl cellosolve (prepared from the 0.01 M KCN solution in pure water).
The capped test tubes were incubated in a water bath at 100 °C for 20 min. After 20 min at
room temperature, 1.3 mL of 60% ethanol was added.

Determination of sucrose metabolism-related enzyme activity: Leaf samples from the
apical portions of the plants (about 0.4 g) were ground to a fine powder in the presence of
liquid Nj. The extraction of the neutral/alkaline invertase (CINV) and the acid invertase
enzymes (CWINV and VINV) followed the methodology described by Zeng et al. [32], with
minor modifications. In each sample, 1.5 mL of extractor medium containing potassium
phosphate buffer (200 mM, pH 7.5), PMSF (1 mM), MgCl, (5 mM), DIT (1 mM), and
ascorbic acid (50 mM) was added and then centrifuged at 18,000 x g for 20 min at 4 °C. The
supernatant solution was collected to measure soluble invertase activity (VINV and CINV),
and the precipitate was collected to measure insoluble invertase (CWINYV). In addition to
the reagents used for the soluble invertases, NaCl (1 M) and Tritonne-X-100 (1%) were also
added for CWINV. The enzyme extract (500 uL) was added to a 1000 pL assay medium
containing 500 puL sodium acetate buffer (pH 4.5 for VINV and CWIN activity and pH 7.5
for CINV activity), 200 mM sucrose, and 5 mM MgCl,. The incubation temperature was
37 °C, and 200 pL aliquots were collected after 10 and 40 min to determine enzymatic
activity. Enzymatic activity was evaluated by quantifying reducing sugars produced
according to the dinitrosalicylic acid (DNS) method described by Miller [33]. All enzyme
activities were determined in triplicate and expressed in micromoles of glucose per gram
of fresh weight per min (umol glucose g~! FW min—1).
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Susy’s activity was determined according to Lowell et al. [34], with some modifica-
tions. The enzymatic extract of Susy was prepared using 0.5 g of homogenized samples,
0.05 M HEPES (pH 7.0), 1 mM EDTA (Ethylenediamine tetraacetic acid), 2 mM MgCl, and
DTT (dithiothreitol), 0.1 M ascorbic acid and water. The homogenate was centrifuged at
13,000 g for 20 min at 4 °C. Then, 100 uL of extract (supernatant) was added to 1900 uL
of the medium containing 0.1 M morpholino ethanesulfonic acid (MES) buffer (pH 6.0),
0.005 M MgCly, 0.3 M sucrose, 0.005 M uridine 5'diphosphoglucose disodium (UDP) and
water. The determination of Susy enzyme activity was the same as that for the invertases.

Antioxidant activity: The ability of the extracts to scavenge the 1,1-diphenyl-2-
picrylhydrazyl radical (DPPH) was determined according to Pérez-Tortosa et al. [35].
Briefly, 50 uL of a series of diluted thyme extracts were added to 1 mL of a 100 uM
methanol solution of DPPH. An absorbance at 517 nm was measured after a 30-minute
incubation period at room temperature in the dark, and the readings were compared. The
absorbance readings were compared to a calibration curve constructed using caffeic acid
(0-1500 uM). The results were expressed as micromoles of reduced DPPH per gram fresh
weight using an extinction coefficient of 12,500 M~ cm~! at 517 nm.

Nutrient contents in leaves: The mixture of leaves from different parts of the plants
was collected and placed in a forced air oven at 65 °C until constant weight and then
double ground in a mill, according to Tedesco et al. [36]. Approximately 200 mg were
weighed on an analytical balance for subsequent sulfuric digestion of macronutrients and
500 mg for nitrous-perchloric digestion of micronutrients. From the digested material, the
reading of nitrogen (N)—Kjeldhal method [37]; phosphorus (P)—spectrophotometer at
660 nm; potassium (K)—flame photometer B 462 (Micronal, Sao Paulo, Brazil); calcium
(Ca); magnesium (Mg); zinc (Zn); copper (Cu); manganese (Mn) and iron (Fe)—Flame
atomic absorption spectrophotometer Model AA 990F (PG Instruments Limited, Woodway
lane, Alma park, Leicestershire, UK).

2.4. Yield Components

Yield components per pot: Ten replicates per treatment were used for the grain yield
components, where each pot with a plant was considered a replicate. The weight of one
thousand grains pot~!, number of panicle grains~!, and weight of grains pot~! were
determined.

Crude protein: This was determined using the Kjeldahl method [37] based on three
steps: digestion, distillation, and titration. A 200 mg amount of grain flour was used in
duplicate.

The calculation for the determination of total nitrogen was as follows:

NT = (Va — Vb) x F x 0.1 x 0.014 x 100/P1

Being:

NT—Total nitrogen content in the sample, in percentage;

Va—Volume of hydrochloric acid solution used in sample titration;

Vb—Volume of hydrochloric acid solution used in blank titration;

F—Correction factor for hydrochloric acid;

P1—Sample mass (in grams).

To determine the total seed protein content, the value of total nitrogen verified by the
Kjeldahl method [37] was multiplied by the factor conversion of nitrogen into protein; in
this case, the value used was 6.75 (amaranth) and 6.25 (quinoa). The formula below was
used to determine seed protein content: PT = NT x Fc where PT—total protein; NT—total
nitrogen; Fc—conversion factor.

2.5. Experimental Design and Data Analyses

Two independent experiments (2019/2020 and 2020/2021) were carried out in a
completely randomized design. Each pseudocereal species (amaranth or quinoa) was
exposed to two treatments: (1) a[CO,]—400 ppm, and (2) ¢[CO,]—700 ppm, with ten
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individual plants to each treatment, totalizing 20 quinoa or 20 amaranth plants. In the
current study, the ten pots planted with amaranth or quinoa in each OTC were treated as
biological replicates (thus, n = 10 for a[CO,] and n = 10 for e[CO,]. The data obtained were
tested for homoscedasticity using the Bartlett test and for normality using the Shapiro-Wilk
test. The analysis of variance (ANOVA) was carried out using the statistical software R
(www.r-project.org/). All data were analyzed for statistical differences between the a[CO;]
and the ¢[CO;] conditions. Afterward, if F was significant, the means were compared to
the control by the t-test (p < 0.05). The data were expressed as the mean =+ standard error
(SE) of 10 replicates.

3. Results
3.1. Growth Parameters

Results presented in Figure 1 demonstrate a significant difference among treatments
(p <0.05) for all the growth parameters. When cultivated under ¢[CO,], plants grew more,
with longer shoots (Figure 1A), longer roots (Figure 1C), and higher shoot (Figure 1B) and
root (1D) dry weight (Figure 1) when compared to plants grown under a[CO,]. When
comparing the two species, the quinoa plants showed higher values, especially for the
SDW and RDW parameters.
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Figure 1. Effect of CO, on plant growth parameters. Shoot length (A); shoot dry matter (B); root
length (C); root system dry matter (D) of amaranth and quinoa plants. 2[CO,] = plants grown in
OTC with 400 + 50 pmol mol 1 COy; e[CO,] = plants grown in OTC with 700 =+ 50 pmol mol~1 CO,.
The experiment was conducted during the 2019/2020 and 2020/2021 growing seasons. Error bars
correspond to the 95% confidence interval of the mean. * Indicates significant difference between
CO; concentration (f test p < 0.05, n = 10).
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Data analysis showed significant differences between treatments when comparing the
values obtained for the growth parameters (Figure 2A-D). Amaranth plants showed higher
values in all parameters when subjected to e[CO;]; the same occurred for quinoa plants,
except for panicle length (Figure 2A) and number of branches per panicle (Figure 2B),
showing higher values in a[CO,].

90



Plants 2024, 13, 3453

= 4ico)
D eicoy

Amaranth

Quinoa

' aico,)
B eicoy

Amaranth

Quinoa

Number of branches per panicle
8
*

$

=
—
M

2020121 2020721

Quinoa Quinoa

3

@
Leaf area (cm?)

Stem diameter (mm)

P iy

110 LI

1 201920 2020021
Growing season

g

—

* *
202021 201920
Growing season

2019/20 202072 2019/20 2020121

Figure 2. Effect of CO, on growth parameters. Panicle length (A); number of branches per panicle (B);
stem diameter (C); leaf area (D) of amaranth and quinoa plants. a[CO,] = plants grown in OTC with
400 £ 50 pmol mol ! CO,; e[CO, ] = plants grown in OTC with 700 % 50 pmol mol~! CO,. The experiment
was conducted during the 2019/2020 and 2020/2021 growing seasons. Error bars correspond to the 95%
confidence interval. * Indicates significant difference between CO, concentration (¢ test p < 0.05, n = 10).

3.2. Photosynthetic Pigments

In general, photosynthetic pigments (Figure 3) were not affected by CO, treatments.
Significant changes were observed only for chlorophyll-a (Figure 3A), chlorophyll-b (Figure 3B),
and carotenoids (Figure 3C) in amaranth plants in the agricultural year 2020/2021.
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Figure 3. Effect of CO, concentration on photosynthetic pigments. Chlorophyll-a (CHLa) (A);
chlorophyll-b (CHLD) (B); carotenoids (C) of amaranth and quinoa plants in transition stadium
between vegetative and flowering. a[CO,] = plants grown in OTC with 400 4 50 pmol mol~1 CO,;
e[CO,] = plants grown in OTC with 700 4 50 umol mol~! CO,. The experiment was conducted
during the 2019/2020 and 2020/2021 growing seasons. Error bars correspond to the 95% confidence
interval. * Indicates significant difference between CO, concentration (t test p < 0.05, n = 10). ns
indicates non-significant differences (f test p < 0.05, n = 10).

91



Plants 2024, 13, 3453

3.3. Leaf Gas Exchange

Overall, ¢[CO;] produced changes in the leaf gas exchange (Figure 4), demonstrating
an expressive difference between the treatments (p < 0.05) to all measured parameters.
CO, assimilation (Figure 4A) was higher for both amaranth and quinoa at ¢[CO;]. High
CO; increases the net carbon assimilation rate, which is also evidenced by Ci (Figure 4C)
for both crops. Therefore, a decrease in stomatal conductance and transpiration rate was
observed under ¢[CO,]. Thus, the A/E ratio was higher at e[CO;]. Water use efficiency
(Figure 4E) also showed a significant difference between the two treatments for both species,
higher at e[CO,]. However, the results for quinoa and amaranth point to the same trend
regarding water use efficiency and its influence on the photosynthesis rate.
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Figure 4. Effect of CO; on leaf gas exchange. Net CO, assimilation (A); stomatal conductance (B);
internal concentration of CO, (C); transpiration rate (D); water use efficiency (WUE) (E) of amaranth
and quinoa plants in transition stadium between vegetative and flowering. a[CO,] = plants grown
in OTC with 400 + 50 pmol mol~! COy; ¢[CO,] = plants grown in OTC with 700 £ 50 umol mol !
CO;. The experiment was conducted during the 2019/2020 and 2020/2021 growing seasons. Error
bars correspond to the 95% confidence interval. * Indicates significant difference between CO,
concentration (¢ test p < 0.05, n = 10).
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3.4. Sucrose Metabolism-Related Enzyme Activity

Analysis of enzymatic activity related to sucrose metabolism (Figure 5) showed a
significant increase in neutral invertase activity (Figure 5A), except for amaranth in the first
agricultural year, in quinoa and amaranth plants grown under ¢[CO;]. Acidic invertases
such as soluble acid invertases of the vacuole (Figure 5B) and cell wall acid invertase
(Figure 5C) showed similar trends with higher values under ¢[CO;], except for amaranth
plants in 2020/2021, when no difference was observed. Sucrose synthase activity (Figure 5D)
was higher in e[CO,] for both species in agricultural years.
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Figure 5. Effect of CO, on sucrose metabolism-related enzyme activity in leaves: soluble neutral
invertases of cytosol (CINV) (A); soluble acid invertases of the vacuole (VINV) (B); cell wall acid
invertase (CWINV) (C); and sucrose synthase (SuSy) (D) activity. a[CO,] = plants grown in OTC
with 400 + 50 umol mol~! COy; e[CO,] = plants grown in OTC with 700 = 50 pumol mol ! CO,. The
experiment was conducted during the 2019/2020 and 2020/2021 growing seasons. Error bars corre-
spond to the 95% confidence interval. *Indicates significant difference between CO, concentration
(t test p < 0.05, n = 4). ns indicates non-significant.

3.5. Carbohydrate Metabolism

Significant changes (p < 0.05) were observed in carbohydrate metabolism (Figure 6).
The total content of soluble sugars (Figure 6A) and sucrose (Figure 6B) was higher for both
cultures under ¢[CO,], while the entire starch content (Figure 6C) showed a unique trend
for each culture. Amaranth plants had a decrease in these parameters under e[CO,], while
quinoa plants increased, although the total soluble amino acid content (Figure 6D) was
higher in both cultures under a[CO;].
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Figure 6. Effect of CO, on carbohydrate metabolism: total content of soluble sugars (A), sucrose-SUC (B),
starch (C), and total soluble amino acids (D) on amaranth and quinoa leaves in transition stadium between
vegetative and flowering. a[CO5] = plants grown in OTC with 400 & 50 pmol mol~! CO,; e[CO5] = plants
grown in OTC with 700 & 50 pmol mol~! CO,. The experiment was conducted during the 2019/2020 and
2020/2021 growing seasons. Error bars correspond to the 95% confidence interval. * Indicates significant
difference between CO, concentration (f test p < 0.05, n = 4). ns indicates non-significant.

3.6. Antioxidant Activity

The antioxidant capacity evaluated by the DPPH scavenging assay (Figure 7) showed
that amaranth and quinoa under ¢[CO;] significantly increased antioxidant capacity for
both crops. Data obtained for amaranth and quinoa under ¢[CO;] corresponded to 8.12
(£0.67) and 9.10 (£1.04) pg caffeic acid eq g’l DW, respectively, indicating the deactivation
of free radicals.
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Figure 7. Antioxidant capacity evaluated by DPPH from amaranth and quinoa in transition stadium
between vegetative and flowering, grown in the presence of different CO, concentrations (400 and
700 umol mol~! CO,). The extracts evaluated were obtained using the growing season 19/20 and
2020/2021. a[CO;,] = plants grown in OTC with 400 =+ 50 umol mol 1 COy; e[CO,] = plants grown
in OTC with 700 + 50 umol mol~! CO,. The experiment was conducted during the 2019/2020
and 2020/2021 growing seasons. Error bars correspond to the 95% confidence interval. * Indicates
significant difference between CO; concentration (t test p < 0.05, n = 10).
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3.7. Nutrient Contents in Leaves

Overall, ¢[CO,] decreased some macronutrients (Table 1) and micronutrients (Table 2)
in amaranth and quinoa leaves. Here, we had different results for crops and agricultural
years. Amaranth plants in e[CO;] revealed a decline in leaf contents of N; K; Ca; Zn; Mn
and Cu, whereas quinoa plants presented a decrease in N; P (quinoa first year); K; Ca
(quinoa second year); Zn; and Mn in e[CO;] (amaranth and quinoa two agricultural years).
In general, magnesium leaf contents were non-significant. Fe and P levels were higher in
e[CO;,] for both crops and agricultural years.

Table 1. Macronutrient contents in leaves of amaranth and quinoa plants in transition stadium
between vegetative and flowering as affected by CO, concentration in two growing seasons.

Treatment Amaranth Amaranth Quinoa Quinoa
[CO,] (First Year) (Second Year) (First Year) (Second Year)
N(gkg™")
a[CO,] 52.0 + (1.79) * 53.0 & (1.66) * 549 + (4.57) * 53.2 4+ (0.54) *
e[CO,] 49.2 + (0.98) 36.0 + (1.79) 48.4 +(0.27) 38.5 + (1.71)
CV% 1.15 1.57 2.52 1.12
P(gkg™")
a[CO,] 34+ (0.13)* 3.1+ (0.08) * 5.1+ (042)* 2.7 +(0.08) *
e[COs] 4.3 4+ (0.17) 3.7 £(0.17) 4.0 4+ (0.37) 3.0 £ (0.18)
CV% 1.65 1.56 3.54 2.03
K(gkg ")
a[CO,] 46.5 + (2.33) * 46.5 + (3.87) * 50.8 4+ (2.07) * 50.9 + (1.97) *
e[CO,] 30.7 + (4.20) 33.9 + (1.62) 46.3 + (1.86) 45.7 + (0.64)
CV% 3.54 2.97 1.63 1.22
Ca(g kgfl)
a[CO,] 16.9 + (1.88) * 27.3 + (2.75) * 11.3 4 (0.46) ™ 21.7 £ (1.63) *
e[COy] 12.9 + (1.63) 16.9 + (1.88) 11.2 + (2.58) 15.3 £ (2.97)
CV% 4.74 4.29 6.66 5.23
Mg (g kg ")
a[CO,] 8.1 +(0.88) * 8.8 + (1.07) ™ 6.3 + (1.13) ™ 8.9 £+ (0.78) s
e[CO,] 9.9 +(0.21) 7.8 + (1.34) 6.0 + (1.03) 8.8 +(0.71)
CV% 2.99 5.87 7.06 3.38

* Indicates significant difference by f-test (p < 0.05, n = 4). ns indicates non-significant. CV: coefficient of
variation. Values in parentheses correspond to the 95% confidence interval. a[CO,] = plants grown in OTC with
400 4 50 pmol mol ! CO,; e[CO,] = plants grown in OTC with 700 + 50 umol mol~1 COs.

Table 2. Micronutrient contents in leaves of amaranth and quinoa plants in transition stadium

between vegetative and flowering in response to CO, concentration in two growing seasons.

Treatment Amaranth Amaranth Quinoa Quinoa
[CO,] (First Year) (Second Year) (First Year) (Second Year)
Fe (mg kg ")
a[COs] 164.4 + (4.50) * 174.5 £ (1.33) * 80.1 % (7.83) * 180.0 = (3.63) *
¢[COs] 185.4 + (2.37) 207.8 + (3.60) 135.1 + (8.64) 235.5 + (2.66)
CV% 0.89 2.04 3.09
Zn (mgkg™")
a[COs] 22.2 + (2.10) * 36.1 £ (2.99) * 113 + (2.31) * 49.0 & (1.03) *
¢[COs] 15.5 + (4.45) 26.0 + (2.92) 6.4 + (4.55) 20.8 + (0.88)
CV% 7.41 3.82 16.37 1.11
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Table 2. Cont.

Treatment Amaranth Amaranth Quinoa Quinoa
[CO,] (First Year) (Second Year) (First Year) (Second Year)
Mn (mg kg ")
a[CO,] 554.7 + (9.19) * 254.2 + (4.18) * 348.4(5.42) * 755.0 £+ (8.93) *
e[CO,] 424.8 + (2.60) 193.7 £+ (8.29) 284.0 + (3.86) 585.1 4+ (9.43)
CV% 0.56 1.18 0.6
Cu (mg kgfl)
a[CO,] 17.6 +£(1.72) * 19.6 £ (1.72) * 124 £+ (1.72) * 14.0 £ (1.72) *
e[CO,] 152 £+ (1.72) 17.6 £ (1.72) 31.4 + (1.72) 29.2 + (1.72)
CV% 4.21 3.73 3.15 3.2

* Indicates significant difference by t-test (p < 0.05, n = 4). CV: coefficient of variation. Values in parentheses
correspond to the 95% confidence interval. n = 4. 4[CO;] = plants grown in OTC with 400 4= 50 pmol mol~! COy;
e[CO;] = plants grown in OTC with 700 £ 50 umol mol~! CO,.

3.8. Yield Components

Regarding the yield components, under e[CO;], there was a reduction in the 1000 grain
weight for both crops (Table 3). However, there was a different performance regarding
the number of grains per panicle. While the values for amaranth were non-significative,
e[CO;] decreased the number of grains per panicle in quinoa plants. The grain yield per
pot was reduced for quinoa under ¢[CO;], with 50.34% and 61.72% reduction in the first
and second growing seasons, respectively.

Table 3. Yield components in grains of amaranth and quinoa plants in transition stadium between
vegetative and flowering in response to CO, concentration.

Treatment Amaranth Amaranth Quinoa Quinoa
[CO,] (First Year) (Second Year) (First Year) (Second Year)
Weight of 1000 grains (g)
a[CO,] 1.11 £+ (0.01) * 1.10 £ (0.00) * 241+ (0.07) * 248 +(0.01) *
e[CO,] 0.86 + (0.03) 0.81 + (0.01) 1.71 £ (0.04) 1.70 £ (0.00)
CV% 1.87 0.74 1.89 0.28
Number of grains per panicle
a[CO;,] 10.921 £ (11.28) ™ 9.879 + (7.5)"* 2.598 + (2.66) * 2.772 + (18.45) *
e[CO,] 9.876 + (10.52) 10.922 4+ (9.14) s 2.174 + (3.48) 1.830 £ (14.0)
CV% 13.12 11.44 18.2 9.99
Grain yield per pot (g)

a[CO;,] 9.37 £ (0.96) ™ 8.40 + (0.66) M 5.72 + (0.69) * 5.67 £+ (0.78) *
e[CO,] 9.30 + (0.73) 8.41 £+ (0.70) 2.84 £+ (0.62) 2.17 + (0.47)
CV% 12.83 11.38 21.58 23.08

* Indicates significant difference by ¢ test (p < 0.05, n = 4); ns indicates non-significant. CV: coefficient of variation.
Values in parentheses correspond to the 95% confidence interval (n = 10). 2[CO;] = plants grown in OTC with 400
+ 50 umol mol~! CO»; e[CO,] = plants grown in OTC with 700 £ 50 umol mol~! COs.

3.9. Crude Protein

For the grain protein content (SPC), it was possible to observe that e[CO;] reduced
this component (Table 4). The protein levels in grains were reduced in both species under
e[CO;]. On average, during two growing seasons, protein content was reduced by 32% in
amaranth and 50.5% in quinoa seeds.
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Table 4. Effect of CO, concentration during the plant growing season on seed/grain crude protein
content of amaranth and quinoa plants.

Treatment [CO,] Crude Protein (%)
Amaranth Amaranth Quinoa Quinoa
(First Year) (Second Year) (First Year) (Second Year)
a[COs] 18.28 + (1.35) * 17.99 + (0.37) * 15.97 + (0.97) * 15.94 + (0.92) *
e[CO,] 12.74 4+ (0.62) 11.87 4+ (0.30) 7.97 + (0.89) 7.79 + (0.41)
CV% 4.29 1.45 492 3.81

* Indicates significant difference by ¢t test (p < 0.05, n = 4); CV: coefficient of variation. Values in parentheses
correspond to standard deviation. a[CO;] = plants grown in OTC with 400 £ 50 pmol mol~! CO,; e[CO,] = plants
grown in OTC with 700 4= 50 pmol mol~1 COs.

4. Discussion

The hypothesis that C4 plants can respond to atmospheric CO, concentrations as
much as C3 plants has proven useful, though not always entirely predictive. This vari-
ability is influenced by genetic improvements [38], which result in differing responses
depending on genotype, variety, and cultivar [39]. Consequently, the long-held assumption,
deeply embedded in models of past vegetation—climate interactions, may require a fresh
perspective [40].

Plant growth is a complex process influenced by numerous factors, including increased
COg levels. This is what makes growth parameters important since they are related to
greater light absorption [41,42]. Here, all of those results were increased by ¢[CO;]. Both
an increase in shoot and root length (consequently, shoot and root dry matter) are major
traits that can be attributed to the initial effects of ¢[CO,] in plants. Similar results were
presented by Song et al. [42] for amaranth cultivated in 500 ppm and Bunce [43] for quinoa
in 600 ppm of CO,, respectively. These experiments also were conducted in OTC.

The root system not only takes up soil nutrients and water for sustainable plant
production but also pumps photosynthetically fixed C to soil organic matter (SOM) pools.
It plays a crucial role in terrestrial C cycling. The ¢[CO;] exerts a substantial impact on
these systems by influencing the morphology of root length and distribution. In addition,
secondary roots control ecosystem C and N cycling as plants obtain water and nutrients
and release exudates. In this study, it was possible to observe that the root system of
amaranth and quinoa (Figure 8) plants from both species collected after grain maturation
presented more secondary roots when in e[CO,], possibly as a strategy to maintain the
nutritional and water status of the plants.

Figure 8. Effects of CO, concentration on roots of amaranth (A) and quinoa (B) collected after grain

maturation. a[CO;] = plants grown in OTC with 400 £ 50 pmol mol~! COy; ¢[CO,] = plants grown
in OTC with 700 =+ 50 pmol mol~! CO,.
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An increase in root elongation and branching was evidenced in Sedum alfredii,
e[CO,] [44]. However, other studies found that a variety of plant species show just an
increased fine root production [45,46]. Corroborating the results presented here, a meta-
analysis carried out by Nie et al. [47] showed that the fine root biomass of plants had a
significantly stronger response to e[CO;] in OTC experiments (+35.8%).

According to Ferreira et al. [48], the stem diameter is important because it is related to
the falling of the plants. To be maintained upright and support it, the e[CO,] significantly
increased the stem diameter of amaranth and quinoa. Similar changes in plant morphology
have been reported elsewhere, for example, ¢[CO;] significantly increased the shoot of
C4 plants like maize [49], sugarcane [50], foxtail millet [51] and C3 plants like quinoa [52]
coffee tree [53], Stylosanthes capitata Vogel. [54]. While to the panicle length, quinoa plants
had a controversial result. The control treatment presented a higher PL than ¢[CO,]. This
phenomenon has been reported by some authors [55,56] as a downregulation or acclimati-
zation of species to the increase in CO, during the stadiums_ Physiological processes often
develop mechanisms of compensation that reduce or minimize the long-term effects of
CO;y; sometimes, a limitation of its regeneration capacity can be observed [57].

Chlorophylls and carotenoids are pigments capable of absorbing visible radiation and
triggering photochemical reactions of photosynthesis [58]. In general, plants grown in
e[CO,] show alteration in photosynthetic pigments. Some authors have mentioned the
reduction of chlorophyll and carotenoids in leaves due to the increase in biomass under
e[CO,], called the N dilution effect [59,60]. In some cases, changes in the C:N ratio cause an
effect of nitrate (NOj3) assimilation inhibition by the roots [61-63]. However, it was possible
to observe two important factors: (1) change in pigments for amaranth plants (2020/2021),
and (2) non-significant change but mostly higher levels in the control treatment, evidencing
the importance of chlorophyll breakdown. This a highly coordinated and integral process of
the plant development stages that are programmed to facilitate the dynamic remobilization
of nutrients from organs/tissues to parts of the plant that are still growing, in particular to
reproductive/storage organs during the transition of plants to reproductive growth [64,65].

Growth, photosynthetic pigments, and leaf gas exchange are closely linked. C4 plant
species possess a “distinct pathway” of photosynthesis from C3 species, which in low
atmospheric CO, concentration could be concentrated to enable a more efficient carboxy-
lation reaction due to changes in the ratio of CO,:0; [66]. This does not mean that C4
species do not change the Calvin-Benson cycle’s fundamental machinery; rather, they have
functionalized structural and biochemical additions around C3 photosynthesis to improve
its efficiency. It is necessary to consider that most C4 plants fix CO; in mesophyll cells with
phosphoenolpyruvate carboxylase (PEPC), an enzyme that, unlike Rubisco, is insensitive
to O,. Subsequently, CO; is released in the bundle sheath cells where Rubisco is localized,
and the Calvin-Benson cycle occurs. This additional step increases the availability of CO,
around Rubisco and minimizes its chance of catalyzing the oxygenation reaction [67].

Concentration of carbon dioxide is an important regulator in the dynamics of opening
and closing of stomata. Through these mechanisms, plants exchange gas with the external
environment [68]. Opening the stomata allows the diffusion of CO; for photosynthesis, in
addition to providing a path for water to diffuse from the leaves to the atmosphere [69].
Therefore, plants regulate the level of stomatal opening (stomatal conductance), seeking
to maintain high rates of photosynthesis and reduce water loss. In the current study,
e[CO;,] increased CO, assimilation (Figure 6A) and Ci (Figure 6C) in quinoa plants. Partial
closure of the stomata could have been responsible for reducing stomatal conductance
and transpiration rate. Thus, it was possible to maintain high rates of photosynthesis
without compromising the internal concentration of CO; since the greater difference in
CO; concentration between the atmosphere and the interior of the leaf compensates for the
increase in stomatal resistance [70].

This compensation is relatively less understood for C4 species [71]. Theoretically,
when it comes to C4 species in general, researchers consider C4 plants saturated at a[CO,].
Also, they might not be stimulated by ¢[CO,] [55]. We found significant stimulation rates,
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like Zhang et al. [71] for Broomcorn millet; Li et al. [51] for Foxtail millet; Davis and
Ainsworth [72] for Amaranthus rudis, even though Santos [73] and Leakey et al. [74] had
opposite results for Amaranthus viridis and maize, respectively.

C4 plants such as amaranth have increased vein densities during the evolution pro-
cess, causing a reduction in intercellular air spaces and enhancement of bundle sheath
organelles [75,76]. In addition, the increasing vein densities may not only increase struc-
tural integrity or enhance leaf water status [76] but may also allow xylem-transported
CO; to be utilized for photosynthesis by reducing the distance between vascular bundles
transporting xylem-transported CO, and photosynthetic cells [77].

The results of changes in C4 photosynthesis have not yet reached a consensus among
researchers. Some authors mention the fact that increases observed in A at ¢[CO5], such
as our results, are noticeable during the transition stadium between vegetative and flow-
ering or apparent only during the early stage in some crops because of the carbohydrate
metabolism. At this stage, plants are preparing to export macro and micronutrients to pro-
duce grains/seeds [78,79]. In addition, studies related to gene regulation have increasingly
reported the particularity of genotypes, showing different responses to e[CO;] for the same
species, mainly for C4 plants [80].

Carbon assimilated in photosynthesis is stored through carbohydrates, which are com-
pounds generated in high quantities by plants and have high proportions of carbon [81]. In
general, increases in carbohydrate production resulting from the increment in photosynthe-
sis by e[CO;] can result in alterations in the production and partition of carbohydrates, as it
raises the activity of enzymes that hydrolyze sucrose into sink organs [82,83].

Among the sugars synthesized in a plant, only a few of them are transported in the
phloem over a long distance [84]. Upon arriving at sink tissues, sucrose can follow different
pathways that can modulate sink strength and carbon flux [85]. Sucrose might be unloaded
from the phloem to the apoplast by transporters or be hydrolyzed by invertases (CINV,
CWINYV, and VINV) to yield glucose and fructose, which can enter the sink cells via hexose
transporters [86]. Besides that, as a reversible cleavage, SuSy might catalyze sucrose using
UDP to yield fructose and UDP-G [87] and utilize other nucleotide phosphates for the
cleavage, especially ADP, but usually with a lower affinity [88].

In the present study, the activity of sucrolytic enzymes was altered in leaves of ama-
ranth and quinoa in the transition stage between vegetative and flowering by ¢[CO;]. At
this stage, considering that grain yield is dependent on the plant source/sink relation-
ship, the top two leaves are the primary source, and the florets are the primary sink for
photosynthesis. This might also change plant carbon and nitrogen metabolism [64,89]. In
addition to this direct effect on photosynthesis, many physiological processes are indirectly
regulated, mainly through sugar detection and signaling pathways. Sugar signaling plays
an important role in the plant’s response to ¢[CO;]; however, this is not well understood
concerning the plant’s nutritional quality [90].

Accumulation of soluble sugars is a direct effect of e[CO;] due to the growth of triose
phosphate synthesis in leaves, which can be further transformed into other carbohydrates,
e.g., glucose, fructose, and sucrose. A meta-analysis made with publications between
1990 and 2018 showed that ¢[CO,] increased the concentrations of sucrose by 3.7% and
total soluble sugar by 17.5% in leaves. This data shows a non-integration of newly fixed
carbohydrates to growth, accumulating them in the leaves [91] and confirms the results
presented here. Dong et al. [92] still proposed that the synthesized carbohydrates in leaves
cannot be fully translocated to fruits as well as to roots, although one needs to be cautious
regarding species variation.

Regarding sucrose, it is important to remember its relationship to plant growth and
development. If photosynthetic capacity exceeds demand, excess photoassimilates remain
in the chloroplast and can be stored in the form of starch. Thus, it is believed that the
sink can control the activity of the source. Furthermore, there is an intricate relationship
between source and sink, as both activities are controlled by environmental factors such as
CO; [85,93].
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As we have seen so far, e[CO;] plays a crucial role in the physiology of plants. The plant
photosynthesis, stomatal aperture, biomass production, yield, and water use efficiency
could be modulated by the CO, environment [94]. As a result, more carbohydrates could
be transferred into the grains due to the increased photosynthesis in plants grown under
a COy-enriched environment. Nevertheless, there is generally a reduction in mineral
contents, particularly N concentrations (Table 3), in grown plants at e[CO;], probably due
to restricted root nutrient uptake caused by reduced mass flow and dilution effect, which is
reflected directly on the total soluble amino acids content in leaves [51].

Re-translocation of nutrients from leaves could be a strategy to retain P efficiently.
However, this is more observed in senescence [95-97]. Re-translocation by resorption serves
to withdraw nutrients from leaves before abscission for later redeployment in developing
tissues. The extent to which P is re-translocated and re-used depends on the plant’s nutrient
status. Generally, with decreasing nutrient availability in an ecosystem, the amount of
resorption of both N and P tends to increase [98,99]. This ratio could also be an indicator of
which nutrient is most limiting in the ecosystem [100]. Considering that both nitrogen and
phosphorus are involved in the photosynthetic machinery, most studies have reported that
these nutrients also decrease due to increased carbon assimilation in several crops [101].
However, in this experiment, amaranth and quinoa (2020/2021) plants demonstrated an
increase in P (Table 3).

Given that N and P availability control the global carbon cycle response to environ-
mental changes, aspects like stoichiometric balance are important to consider. Nevertheless,
the importance of P dynamics under ¢[CO;] is less clear. The assumption of a homeo-
static N:P ratio in elevated CO, due to similar proportional N and P responses need to be
clarified more [102,103]. Xu et al. [104] also reinforce the idea that C3 and C4 plants also
have different nutritional changes under ¢[CO,]. In a study where nitrogen availability
was analyzed, Sudderth et al. [105] observed that N availability in the presence of e[CO;]
increased foliar N content in Amaranthus viridis (C4 plant).

Several studies reported that e[CO,] decreased the mineral concentration by a dilution
effect, suggesting that the decrease in mineral concentration is not specifically regulated by
certain metabolic processes but by a dilution effect due to the increased biomass, as it was
demonstrated earlier. It is well elucidated that the higher growth rate under high CO, also
increases the activity of anabolic processes that require nutrients, including osmoregulation
(K), cell elongation and nucleic acid metabolism (B), metabolic pathways that require
nutrients as cofactors (Ca, Mg, and Mn) and redox reactions (Fe, Zn, and Cu). Furthermore,
to maintain homeostasis, plants can alter the absorption of these nutrients [104]. However,
Table 4 shows that iron content increased significantly in e[CO,]. So far, we do not have
a specific explanation for that. Perhaps more studies about the nutritional theme are
necessary, especially when we talk about food security and food supply.

During the grain formation, the panicles act as nitrogen sinks in the plant. The process
of accumulating storage during grain development in the middle and late maturation
stages is crucial to determine crude protein [106]. These reserves are essential for human
nutrition, with a better balance of essential amino acids than most cereals and legumes
seed germination and seedling establishment [107-109]. Despite that, when plants grow
under ¢[COy], photosynthetic machinery is faster, causing a reduction in the nitrogen
concentration and protein content of the grains [110]. Our result shows us a decrease in
CSP; however, the mechanism of how every plant responds to the crude protein content is
not totally clarified.

In theory, increased photosynthesis increases the availability of carbohydrates, which
results in a gain in biomass and consequently in grain yield [5,55,111]. However, for the
yield components presented, we must also consider the increase in average temperature
(Table 4) in both agricultural years. Numerous studies have reported that the weight of
1000 grains and crude protein is reduced in e[CO,] when compared to a[CO;] conditions.
These are fundamental characteristics when it comes to selecting species for a future climate
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change scenario. In this study, it was possible to observe that amaranth plants showed a
smaller decrease in productivity when compared to quinoa plants [71,72].

5. Conclusions

Despite their different biochemical pathways (C3 in quinoa and C4 in amaranth),
projected rise in atmospheric [CO,] significantly increases photosynthesis and growth
in both crops. Such changes are associated with various metabolic processes, ultimately
affecting plant nutritional quality, carbohydrate production, antioxidant capacity, and
grain yield.

Elevated [CO;] alters the metabolism of amaranth and quinoa plants, as evidenced
by the changes in growth patterns and photosynthetic pigments that reflect changes in
gas exchange, carbohydrate metabolism, and nutritional status. As a result, plants may
experience a reduction on essential nutrients like nitrogen. However, a notable increase
in secondary metabolites was observed in both crops, and together with the enhanced
enzymatic antioxidant system, these compounds may help protect the plants against stress.

For quinoa plants, the e[CO,] led to reduction in grain yield and protein content. In
contrast, there was no reduction in grain yield for amaranth, but there was a considerable
reduction in grain protein content. This reduction is particularly significant in these crops
renowned for its high protein content and quality.

Future research should focus on evaluating the protein quality and other nutritional
aspects in these pseudocereals under e[CO;]. Our findings ultimately underscore the critical
need to breed plants that can adapt to ¢[CO,] as means to mitigate its negative effects and
to ensure sustainable and nutritious crop production in future environmental conditions.
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Abstract: Acorus calamus, a perennial emergent herb, is highly valued for its ornamental appeal, water
purification ability, and medicinal properties. However, there is a significant contradiction between
the rapidly increasing demand for A. calamus and the diminishing wild resources. Understanding its
geographical distribution and the influence of global climate change on its geographical distribution
is imperative for establishing a theoretical framework for the conservation of natural resources and
the expansion of its cultivation. In this study, 266 distribution records of A. calamus and 18 selected key
environmental factors were utilized to construct an optimal MaxEnt model via the ENMeval package.
We simulated the potential geographical distributions under current conditions and under three
different climate scenarios (SSP126, SSP370, and SSP585) in the 2050s, 2070s, and 2090s. Additionally,
we employed the jackknife method and response curves to identify the environmental factors with
the greatest influence on the distribution of A. calamus, and their response intervals. The results
indicate that the regularization multiplier (RM) of 3.5 and the feature combinations (FC) of linear
(L), quadratic (Q), hinge (H), and product (P) are the optimal model parameter combinations. With
these parameters, the model predictions are highly accurate, and the consistency of the results is
significant. The dominant environmental factors and their thresholds affecting the distribution of A.
calamus are the precipitation of the wettest month (>109.87 mm), human footprint (>5.39), annual
precipitation (>388.56 mm), and mean diurnal range (<12.83 °C). The primary land use types include
rivers and channels, reservoirs and ponds, lakes, urban areas, marshes, other constructed lands, rice
fields, forested areas, and shrublands. Under current climate conditions, the suitable geographical
distribution of A. calamus in China is clearly located east of the 400 mm precipitation line, with high-
and low-suitability areas covering 121.12 x 10* km?, and 164.20 x 10* km?, respectively. Under
future climate conditions, both high- and low- suitability areas are projected to increase significantly,
whereas unsuitable areas are expected to decrease, with the centroid of each suitability zone shifting
northward. This study provides a theoretical foundation for sustainable utilization, future production
planning, and the development of conservation strategies for wild germplasm resources of A. calamus.

Keywords: Acorus calamus; MaxEnt; ENMeval package; land use; human

1. Introduction

The geographical distribution patterns of plant populations are predominantly in-
fluenced by climate, which plays a critical role in shaping plant growth and survival [1].
Global warming has now become a widely accepted international consensus [2]. Accord-
ing to recent studies, the average global surface temperature increase may have already
exceeded 1.5 °C and could surpass 2 °C by the end of this decade [3]. The impact of global
climate change is becoming increasingly pronounced. The increase in climate anomalies
as a result of global warming has resulted in the increased occurrence and severity of
extreme weather events, notably high temperatures and droughts, which are becoming
more prominent each year [4]. This situation has severely impacted the global ecological
environment and significantly disrupted the structure and function of terrestrial ecosys-
tems, community composition, and species distribution patterns [5]. Global climate change

Plants 2024, 13, 3352. https:/ /doi.org/10.3390/ plants13233352 106 https://www.mdpi.com/journal /plants



Plants 2024, 13, 3352

may lead to shifts and alterations in the distribution patterns of most species, habitat loss,
and fragmentation, and the extinction of endangered species with narrow natural distri-
bution ranges [6]. Therefore, understanding the impacts of global climate change on the
potential geographical distribution of plants is vital for assessing their responses to climate
variations [7]. It is vital to evaluate the vulnerability of species and develop appropriate
adaptive management strategies under changing climate conditions [8]. This knowledge is
highly important for the conservation, utilization, and sustainable development of plant
species.

Species distribution models (SDMs) have demonstrated an excellent ability to predict
changes in the potential distribution areas of various species under global climate change [9].
These methods are widely applied in climate change research, ecosystem functional com-
munity analysis, plant diversity conservation, and biological invasion assessment, among
other fields [10]. SDMs can be used to systematically evaluate the probability of species
suitability in different regions by correlating species distribution information with corre-
sponding environmental variables [11]. In theory, species distribution models can predict
the distribution of species on a global scale and are expected to be used to guide species in-
troduction efforts to suitable areas. Commonly used SDMs include the Maximum Entropy
Model (MaxEnt), Genetic Algorithm for Rule-Set Production (GARP), Bioclim Domain,
Climex, and Ecological Niche Factor Analysis (ENFA), among others [12]. Different mod-
els require varying data and algorithms for species distribution simulations, leading to
potential discrepancies in the calculated results [6]. Among these, the MaxEnt model has
become one of the most widely used SDMs due to its stable simulation results and high
accuracy [13]. This model can avoid overfitting and maintain the stability and reliability of
prediction accuracy even under conditions of incomplete data or small sample sizes [14].
Additionally, this model can directly generate spatial maps of potentially suitable habitats
and assess the contributions of environmental variables through jackknife testing [15]. It
has been widely used in various research fields to simulate the potential distribution areas
of species and evaluate their responses to climate change, biodiversity conservation, and
biological evolution [16].

Acorus is a unique genus within monocotyledons and belongs to the family Aco-
raceae [17]. It was previously classified under the Araceae family, but modern taxonomic
studies indicate that it should form its own family and be sister to all other monocots [18].
It has garnered significant attention due to its traditional medicinal value. According
to the widely accepted classifications by the Flora of China (FOC), the Plant List, and
the International Plant Names Index (IPNI), only two species within the Acorus genus
are recognized globally: Acorus calamus and Acorus gramineus. However, several studies
have shown that this genus contains many more species that have been presumed before,
especially in Eurasia [17,18]. Acorus calamus contains one species (A. calamus L. var. calamus)
and one variety (A. calamus L. var. verus L.), both of which belong to the genus Acorus of
Acoraceae and are important perennial emergent herbs; this study does not distinguish
between them [19]. It is widely distributed from the northern temperate zone to subtropical
regions, and China serves as the primary distribution center for the Acorus genus [20].

A. calamus has an attractive appearance, with most of its stems and leaves standing
upright above the water surface, while the lower stems and roots grow underwater. It
has high ornamental value and is often used as a feature in water gardens or as a plant
in constructed wetlands [21]. Recent studies have shown that, in addition to its great
ornamental value, A. calamus has significant applications in water remediation due to its
excellent water purification capabilities; thus, it is commonly used to remediate polluted
water bodies, such as domestic sewage [22], and heavy-metal-contaminated water sources,
including wastewater containing cadmium [23] and zinc [24].

Moreover, A. calamus is known for its aromatic properties, with its rhizomes being
used in traditional medicine [25]. The plant is characterized by its pungent, bitter, and
warm nature, offering various pharmacological benefits, such as insect repellent, analgesic,
antibacterial, antifungal, antianxiety, antioxidant, and renoprotective effects [26]. It holds
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significant potential for development and application in the healthcare sector [27]. The
essential oil extracted from A. calamus contains monoterpenes, sesquiterpenes, alkaloids,
anthraquinones, aromatic essential oils, and flavonoids [28], making it an excellent ingre-
dient for food flavoring and cosmetic fragrances. In many Asian countries, A. calamus is
used as a substitute for other spices, such as ginger and cinnamon [29]. In recent years,
the demand for products derived from A. calamus has increased due to the continuous
development of related medicinal formulations [30].

Although A. calamus is widely distributed, natural populations are often confined to
small areas along riverbanks, streams, or marshy wetlands [31]. The natural seedling rate
is extremely low, and rhizome branches grow slowly, making them vulnerable to extensive
root harvesting [20]. As a result, the natural resources of A. calamus are highly susceptible
to damage. More critically, the current exploitation of A. calamus heavily depends on
wild germplasm resources. With the increasing demand for A. calamus, wild populations
are being subjected to unrestrained harvesting, leading to a sharp decline in resource
reserves [32]. Currently, research on A. calamus has mainly focused on areas such as water
pollution control, endophytic fungal inhibition, heavy metal accumulation, and water
stress [33]. However, there are few reports on the suitable geographical distribution areas
for A. calamus, despite its importance as a key ornamental and medicinal plant.

Therefore, there is an urgent need to study the suitable geographical distribution of
A. calamus to understand its precise growth range and expand artificial cultivation areas
to meet market demand. Additionally, considering the substantial pace of global climate
change, it is crucial to examine how these changes affect its geographical distribution.
This undertaking will facilitate the development of effective strategies for A. calamus
introduction, cultivation, resource conservation, and adaptation to future global climate
change. Moreover, this study offers a theoretical foundation for the sustainable use of
A. calamus, aiding in future production planning and the development of strategies for
protecting wild germplasm resources.

Based on the characteristics of China’s climate under global climate change, tempera-
ture and precipitation are expected to increase to varying degrees in the northeastern and
southwestern regions of China [34]. We hypothesize that the future suitable geographical
distribution of A. calamus will expand but become more fragmented. To verify our hypoth-
esis, we utilized an optimized MaxEnt model based on the ENMeval 0.3.0 package to focus
on the following objectives: (1) to investigate the potential geographic distribution of A. cala-
mus in China under current climate conditions; (2) to identify the dominant environmental
factors influencing the geographic distribution and determine the optimal conditions for A.
calamus; and (3) to predict and compare the potential geographic distribution and migration
trends under different climate scenarios in the 2050s (2041-2060), 2070s (2061-2080), and
2090s (2081-2100) against the backdrop of global warming.

2. Materials and Methods
2.1. Occurrence Data

The study area was located in China (3.85-53.55° N, 73.55-135.08° E), where A. calamus
commonly grows in wetland environments such as riverbanks, marshes, or lakeshores,
typically at altitudes below 2600 m [31]. It thrives in warm, humid climates with abundant
sunlight, with an optimal growth temperature range of 20-25 °C. Growth halts when
temperatures fall below 10 °C [31]. During winter, its thizomes retreat into the soil to over-
winter. It prefers loose, well-aerated soils with good water retention and nutrient-holding
capacity and can tolerate periods of waterlogging [31]. In shallow water environments,
A. calamus grows well, with lush foliage and thick rhizomes; however, under flooded
conditions, its growth slows or even halts [35]. In this study, the distribution data of A.
calamus were sourced mainly from the Global Biodiversity Information Facility (GBIF,
http:/ /www.gbif.org/), the Chinese Virtual Herbarium (CVH, http://www.cvh.ac.cn/),
relevant literature, and field surveys conducted from May 2022 to May 2023. A total of 339
distribution points of A. calamus were collected. Duplicate coordinates and points with
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unclear geographic coordinates were removed. Additionally, for points with distances less
than 5 km between them, only one point was retained to reduce the potential clustering
effects that could lead to model overfitting [36]. This process resulted in a final dataset of

266 distribution points of A. calamus for modeling (Figure 1).
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Figure 1. Distributions of occurrence points of A. calamus.

2.2. Filtering and Data Processing of Environmental Variables

In this study, the selected environmental variables related to the geographical distri-
bution of A. calamus included climatic, topographic, soil, human, and land variables (as
listed in Table S1). The 19 climatic variables and elevation data were obtained from the
WorldClim database (www.worldclim.org). The slope and aspect factors were derived
from the elevation data. The periods included the current (1970-2000) and three future
scenarios (2050s (2041-2060), 2070s (2061-2080), and 2090s (2081-2100)). In this study, three
different SSP scenarios were used: SSP1-2.6 (SSP126), SSP3-7.0 (SSP370), and SSP5-8.5
(SSP585). SSPs are reference pathways that describe plausible scenarios in the evolution of
society and ecosystems [37]. For future climate scenarios, we utilized the BCC-CSM2-MR
climate change model from the Coupled Model Intercomparison Project Phase 6 (CMIP6)

dataset [38].

Soil factor data were obtained from the Harmonized World Soil Database (HWSD) (http:
/ /webarchive.iiasa.ac.at/Research /LUC /External-World-soil-database/HTML /index.html?

sb=1, accessed on 10 December 2023).

Human footprint data were collected from the International Geoscience Information-
Network Center (https:/ /sedac.ciesin.columbia.edu, accessed on 5 August 2024).

The land use dataset used was provided by the National Tibetan Plateau/Third Pole
Environment Data Center (http://data.tpdc.ac.cn, accessed on 21 August 2024).

To avoid multicollinearity among the environmental variables leading to model over-
fitting, pre-modeling experiments were initially conducted using MaxEnt 3.4.1 with existing
distribution data for A. calamus and 35 environmental variables. The objective of the ex-
periment was to assess the predictive contributions of individual environmental factors
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to the geographical distribution of the species. SPSS 25.0 software (IBM Corp. Released
2017. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY, USA: IBM Corp.) was
used to analyze the correlations among the environmental factors. Finally, considering
both the contribution rates and correlation coefficient matrices, environmental factors with
low contribution rates and correlation coefficients |r| > 0.8 were removed. Ultimately,
18 environmental factors with significant impacts on the potential geographical distribution
of A. calamus were identified, as shown in Table S2.

The spatial resolution of all the ecological factor data is 2.5'. The administrative
zoning map and map of China are from the National Geomatics Center of China (http:
//www.ngcc.cn/, accessed on 1 December 2023).

2.3. Model Optimization

The MaxEnt model, which is a sophisticated machine learning algorithm, is sensitive
to sampling bias and susceptible to overfitting [39]. A review and assessment of recent
MaxEnt-related literature revealed that using the default parameters of the model for
data simulation may lead to inaccurate data analysis results and difficulties in evaluating
the distributions of corresponding species [40]. The regularization multiplier (RM) and
feature combination (FC) are important factors affecting the accuracy of MaxEnt model
construction. In this study, the ENMeval 0.3.0 package [41] in R 3.6.1 software was utilized
to adjust the RM and FC parameters. The RM was set from 0.5 to 4.0 with 8 levels, with
adjacent levels spaced by 0.5. Six types of FCs were tested, namely, L, LQ, H, LQH, LQHP,
and LQHPT, where L is linear, Q is quadratic, H is hinge, P is product, and T is threshold.
The model performance was evaluated based on various criteria, including delta.AICc,
avg.test. AUC (average test Area Under the Curve), the difference between the training and
testing AUC values (AUC.DIFF), and a 10% omission rate (OR10) [42].

2.4. Model Construction

Upon importing the collected data points of the A. calamus distribution and the chosen
environmental factors into the MaxEnt 3.4.1 modeling software, 25% of the data points
were reserved as a test dataset to validate the model. The system convergence threshold
was established at 107>, and the maximum number of iterations was capped at 1000. The
number of bootstrap replicates was set to 10. Random seeds were selected. Response
curves and jackknife functions were chosen to analyze the impact of environmental factors
on the A. calamus distribution. The RM and FC were set to the optimized parameters, while
the rest were kept at the default settings.

2.5. Model Accuracy Evaluation

The model’s accuracy was evaluated using the area under the receiver operating
characteristic (ROC) curve (AUC) and Cohen’s kappa values [39]. The AUC ranges from 0 to
1, with a higher AUC indicating greater model accuracy [43]. The kappa coefficient ranges
from —1 to 1, where —1 signifies complete disagreement between the model predictions
and sample data, and 1 signifies perfect agreement. Higher kappa values indicate better
consistency and more reliable model predictions [44].

2.6. Geographical Distribution Classification

The suitability of a species’ geographical distribution is commonly expressed on a
scale from 0 to 1, where higher values denote greater suitability for the species” survival in
the specified area [45]. In our study, the ASCII files produced by MaxEnt were imported
into ArcGIS and transformed into raster files (TIFF format). With the “Reclassify” function,
the potentially suitable geographical distribution areas for the species were classified into
three levels: unsuitable (p < 0.2), low suitability (0.2 < p < 0.4), and high suitability (p > 0.4)
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3. Results
3.1. Model Optimization and Accuracy Evaluation

In this study, we utilized the mature ENMeval package to optimize the parameters of
the MaxEnt model to simulate the geographical distribution of A. calamus. The optimization
results are shown in Table 1. The default settings included: feature combinations of linear
(L), quadratic (Q), hinge (H), product (P), and threshold (T), with a regularization multiplier
of 1. Under these settings, the average diff. AUC was 0.0422, the delta AICc was 130.7619,
the avg.OR10 was 0.1884, and the avg.test. AUC was 0.8444. After optimization using the
ENMeval package, the MaxEnt model settings were adjusted to feature combinations of
linear (L), quadratic (Q), hinge (H), and product (P), with a regularization multiplier of
3.5. This optimization resulted in decreases in the avg.diff. AUC and avg.OR10 of 45.26%
and 23.25%, respectively, and a delta AICc of 0, whereas the avg.test. AUC significantly
increased compared with that before optimization. This finding indicates that the degree of
overfitting in the model decreased by 45.26%, the complexity improved markedly, and the
model’s transferability was enhanced. With the optimal parameters, the MaxEnt model
was run 10 times, achieving an average training AUC of 0.8958 and an average testing AUC
of 0.8849, both above 0.8 and higher than the random test AUC value (0.5). The kappa
coefficient was 0.7733, demonstrating that the model’s predictive results were accurate and
consistent. These results validate the high performance of the optimized MaxEnt model in
accurately predicting the geographical distribution of A. calamus.

Table 1. Predictive performance of the MaxEnt model with default and optimized parameter settings.

. Regularization Feature .
Settings Multiplier Combination Avg.Test AUC  Avg.Diff. AUC Avg.OR10 Delta.AICc
Default 1 LQHPT 0.8444 0.0422 0.1884 130.7619
Optimized 3.5 LQPH 0.8546 0.0231 0.1466 0

3.2. Environmental Factor Analysis

Through the optimized MaxEnt model simulation, the percent contribution and per-
mutation importance values reveal that the six most significant environmental factors
affecting the distribution of A. calamus are the precipitation of the wettest month (bio13),
human footprint (humanfoot), land use (lucc), annual precipitation (bio12), mean diur-
nal range (bio2), and elevation. The cumulative values of the percent contribution and
permutation importance for these factors are 80.47% and 84.87%, respectively (Table S3).
According to the jackknife test results (Figure S1), the factors that significantly increase the
regularized training gain of the model are humanfoot, biol3, and bio12. In summary, the
distribution of A. calamus is influenced primarily by temperature and precipitation factors,
including bio13, humanfoot, lucc, biol2, bio2, and elevation. Soil factors have minimal
impacts on the current distribution of A. calamus (Table S3 and Figure S1).

An examination of the response curves of A. calamus to the six dominant environmental
factors revealed a trend where the probability of distribution initially increased and eventu-
ally stabilized as the concentrations of biol3, humanfoot, and bio12 increased (Figure 2).
Conversely, an increase in bio2 and elevation led to a decrease in the distribution probability
(Figure 2). The primary land use types for the distribution of A. calamus are rivers and chan-
nels, reservoirs and ponds, and lakes. When the distribution probability of A. calamus in a
suitable geographical distribution exceeds the threshold (0.2), the dominant environmental
factors that restrict its distribution fall within the following ranges: bio13 > 109.87 mm,
humanfoot > 5.39, biol2 > 391.25 mm, bio2 < 12.83 °C, elevation < 2469.24 m and land
use types include rivers and channels, reservoirs and ponds, lakes, urban areas, marshes,
other constructed lands, rice fields, forested areas, and shrublands, as shown in Figure 2.
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Figure 2. Response curves of the six major environmental factors. (a) Precipitation of the wettest
month; (b) Land use; (c¢) Mean diurnal range; (d) Human footprint; (e) Annual precipitation;
(f) Elevation.

3.3. Current Potential Geographical Distribution

The results of the simulated current distribution of A. calamus via the optimized Max-
Ent model are shown in Figure 3. In this figure, the green areas represent high-suitability
distribution zones, the red areas represent low-suitability distribution zones, and the yellow
areas represent unsuitable distribution zones (similarly indicated in subsequent figures).
The figure shows that the suitable geographical distribution areas for A. calamus in China
are distinctly located east of the 400 mm isohyet line. However, its distribution is highly
fragmented. High-suitability distribution areas are found primarily in southeastern Tibet,
eastern and southern Yunnan, Guizhou, Guangxi, Guangdong, Hunan, Jiangxi, Fujian,
Zhejiang, and most of Taiwan. There are also scattered distributions in central Hainan,
central Sichuan, southern Jiangsu, Henan, Shandong, Shanxi, Shaanxi, Beijing, Liaoning,
Jilin, and Heilongjiang, covering 121.12 x 10* km?, which accounts for 12.61% of the study
area. The low-suitability distribution areas include most of Hainan, northern Yunnan, east-
ern Sichuan, northern Chongging, southern Gansu, southern Shaanxi, southern Ningxia,
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Shanxi, Hebei, Hubei, Henan, Anhui, and Shandong. Eastern Inner Mongolia, northern
Liaoning, Jilin, Heilongjiang, and southeastern Tibet (above the medium-suitability areas)
also have notable distributions. These regions cover 164.20 x 10* km? accounting for
17.09% of the study area. Additionally, regions where p < 0.2 are considered unsuitable for
the growth of A. calamus; these regions cover 675.27 x 10%* km?, which accounts for 70.30%

of the area in China.
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Figure 3. Potential geographical distribution pattern of A. calamus in China under current climatic

conditions.

3.4. Future Geographical Distribution

Following the same standards as in the previous sections, predictions were made for
the distribution areas of A. calamus for three future periods under three target scenario
pathways. The resulting future geographical distribution maps are shown in Figure 4.
Dynamic change maps for each distribution grade are shown in Figure 5, and the areas
and variation ranges of each suitability zone are presented in Table 2. The comprehensive
results indicate that under the three shared socioeconomic pathways and representative
concentration pathway climate scenarios for the 2050s, 2070s, and 2090s, the locations and
areas of the A. calamus distribution at the different suitability levels will undergo varying
degrees of change. Both the high-suitability and low-suitability areas are projected to

significantly expand, whereas unsuitable areas are expected to decrease.

In the future, the area of high-suitability distribution zones for A. calamus will first
increase and then decrease over time under the SSP126 and SSP585 scenarios (Table 2).
However, under the SSP370 scenario, the area will expand continuously, showing an
overall increasing trend with decreasing fragmentation. The growth rate will range from
12.07% to 40.46% (Table 2). Notably, under the SSP585 scenario in 2090, the high-suitability
distribution area will reach its maximum of 170.13 x 10* km?, representing an increase of
40.46% compared with that under the current climatic conditions (Table 2, Figures 4i and 5i).
This expansion will mainly result from the transformation of low-suitability zones in most
of Yunnan, eastern Sichuan, northern Guizhou, southern Hubei and Anhui, and the eastern

Shandong provinces (Figure 5i).
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In the future, under the SSP126 scenario, the low-suitability distribution zones for

A. calamus will initially increase and then decrease over time. Under the SSP370 and
SSP585 scenarios, the increase will initially decrease and then increase, with an overall
increase ranging from 0.90% to 14.13% (Table 2). Notably, under the SSP585 scenario in
2050, the low-suitability distribution area will reach its maximum at 187.39 x 10* km?
(Table 2). Compared with the current climatic conditions, the increase in area will come
from the conversion of primarily the unsuitable zones in Liaoning, central Jilin, northern
Heilongjiang, eastern Inner Mongolia, northern Hebei, northern Shanxi, central Ningxia,
and southern Gansu, as well as sporadic unsuitable regions in eastern Heilongjiang, eastern
Qinghai, western Sichuan, and eastern Tibet (Figures 4c and 5c¢). In the future, the unsuitable
zones for A. calamus will show a continuous decreasing trend with increasing radiative
forcing over time, with an overall reduction ranging from 3.89% to 10.15% (Table 2).
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Figure 4. Future geographical distribution maps of A. calamus. (a) 2050s-SSP126; (b) 2050s-SSP370;
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Table 2. Areas and variation ranges of the distribution area.

) . High Suitability Area Low Suitability Area Total Total Ch
Scenario Period Area(x10%*/km?) Change Area(x10%*/km?) Change Area(x10%km2) O T nge
current 121.12 164.20 675.25
2050s 137.93 13.87% 178.41 8.65% 644.23 —4.59%
SSP126 2070s 135.74 12.07% 181.63 10.62% 643.20 —4.75%
2090s 144.21 19.06% 165.68 0.90% 650.68 —3.64%
2050s 142.92 17.99% 184.65 12.46% 633.00 —6.26%
SSP370 2070s 139.46 15.14% 172.14 4.84% 648.97 —3.89%
2090s 167.55 38.33% 180.90 10.17% 612.12 —9.35%
2050s 147.86 22.07% 187.39 14.13% 625.32 —7.39%
SSP585 2070s 154.90 27.89% 177.58 8.15% 628.08 —6.98%
2090s 170.13 40.46% 183.72 11.89% 606.72 —10.15%

3.5. Centroid Changes in the A. calamus Distribution Pattern

Figure 6 depicts the projected shifts in centroid positions within the potential geograph-
ical distribution areas of A. calamus across various climate change scenarios. Specifically,
Figure 6(al,bl) depict the movement distances of the distribution area centroids in the
east-west, and north-south directions relative to the current centroid across the three pe-
riods and three climate change scenarios. As depicted in the figures, the centroid of the
potential geographical distribution area for A. calamus is predominantly situated within
Hubei Province, with a noticeable trend of northward migration across all future climate
scenarios. In contrast, the centroids of unsuitable areas tend to move northwest.
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Figure 6. Future centroid movement of the potential geographical distribution area of A. calamus
under different climate change scenarios. (A) Centroids in China; (a) Centroids in suitable area.
(b) Centroids in unsuitable area; (al,b1) indicates the distances that centroids of different grades
of suitable distribution area migrate in two directions (north—south and east-west) under future
climate change.

4. Discussion
4.1. Model Accuracy

This study highlights the inaugural utilization of an optimized MaxEnt model to
project the potential geographical distribution of the herbaceous plant A. calamus across
China under present and future climate change scenarios. Among the various species
distribution models, the MaxEnt model stands out for its robust predictive accuracy, even
with limited sample sizes, narrow geographic ranges, and constrained environmental toler-
ances [46]. Consequently, it ranks among the most widely employed species distribution
models [47]. Nevertheless, in practical applications of the MaxEnt model, optimizing model
parameters is imperative to increase the precision and dependability of species distribution
forecasts [48]. Compared with alternative data packages employed for optimizing the
MaxEnt model, leveraging the ENMeval package to fine-tune the regularization multiplier
and feature combination parameters yielded a model that demonstrated superior predic-
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tive performance [40]. The response curves were smoother, and the transferability of the
model was greater, allowing for a more reasonable reflection of the response of a species to
environmental factors and accurate simulations of potential species distribution. In this
study, after the model parameters were optimized via the ENMeval package, the FC was set
to LQPH, and the RM was set to 3.5. The optimized model achieved an AUC above 0.8 and
a kappa coefficient above 0.7, with smooth and extended response curves. These findings
indicate that the model constructed in this study has high predictive sensitivity and meets
accuracy standards, resulting in highly accurate prediction outcomes. Relevant studies
indicate that the optimal regularization multiplier is generally greater than the default
value in MaxEnt software, with values typically between 2 and 4 yielding the best overall
performance in predicting species distributions [49,50]. According to the results obtained
from the MaxEnt model simulation in this study, the current distribution of A. calamus is
distinctly located east of the 400 mm isohyet in China. This region almost entirely covers
all the concentrated sample points and closely aligns with the dominant environmental
factor of annual precipitation of >391.25 mm. This alignment further demonstrated that the
model constructed in this study is highly precise and reliable. This finding also indicates
that under current climatic conditions, the cultivation of A. calamus can be simply guided
by selecting cultivation areas along the 400 mm isohyet.

4.2. Response of A. calamus to Dominant Environmental Factors

Climate and human factors are considered the most important driving factors control-
ling plant geographical distribution [51], and their influence on the geographical distribu-
tion of A. calamus is no exception. This study revealed that the dominant environmental
factors influencing the distribution of A. calamus are the precipitation of the wettest month,
the human footprint, land use, annual precipitation, the mean diurnal range, and elevation.
Thus, the primary climatic factors affecting the geographical distribution of A. calamus
are precipitation and temperature, which is consistent with the dominant environmental
factors of the co-distributed wetland plant Carex doniana [14]. A. calamus is a typical wet-
land plant that has high water requirements. In this study, both of the top two dominant
environmental factors influencing its distribution were related to precipitation. The rainfall
during the wettest month reflects extreme moisture conditions, which typically occur in
summer in China. Summer is the peak growing season for herbaceous plants, including
the perennial A. calamus [45]. Additionally, annual precipitation indicates that A. calamus
requires a substantial water supply for optimal growth. Summer is also the critical period
for A. calamus to flower and fruit [51]. Adequate water during this time can increase
atmospheric humidity and soil moisture, thereby promoting the growth of A. calamus.

Temperature plays an important role in regulating plant life activities and physi-
ological processes, thereby shaping plant distribution [46]. Within certain thresholds,
temperature can increase a plant’s adaptability to geographical distribution conditions and
environmental fluctuations. However, exceeding a specific temperature threshold can cause
the geographical distribution range of a plant to shrink or even disappear [52]. In this study,
bio2 was <12.83 °C indicating that A. calamus thrives in regions with relatively small daily
temperature fluctuations. Research has shown that A. calamus requires a certain amount
of heat for growth, ceases to grow below 10 °C, and survives winter by submerging its
rhizomes into the mud [27]. Elevation also constrains the potential geographic distribution
of A. calamus. In the model, the elevation threshold for its potential distribution is 2469.24 m,
which aligns with its natural distribution typically found below 2600 m [31], indicating A.
calamus’ ability to adapt to a specific range of altitude variations.

Based on the aforementioned climate factors and thresholds, A. calamus thrives in
warm and humid climates with abundant rainfall and minimal diurnal temperature varia-
tion. This finding aligns with those of previous studies [19]. A. calamus is predominantly
found in the Yangtze River Basin and regions to the south, which exhibit significant seasonal
changes but relatively mild temperature variations [27]. Consequently, the fundamental
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growth characteristics of A. calamus can be preliminarily analyzed based on the variations
in these 6 key environmental factors across different regions.

The human footprint and land use have become the second and third most significant
factors influencing A. calamus distribution, highlighting the substantial impact of human
activities on its geographic range. Field surveys revealed that infrastructure projects such
as waterway construction, road construction, farmland expansion, and urban development
all disrupt A. calamus habitats, with some populations facing severe challenges such as
habitat shrinkage and fragmentation (Figure 3). Among the primary land use types within
the A. calamus distribution areas, urban and other constructed lands ranked the highest,
further confirming that human activities are critical factors affecting and even constraining
suitable A. calamus habitats. In this study, the model identified key land types in potential A.
calamus distribution areas, including rivers, reservoirs, ponds, lakes, urban areas, marshes,
other constructed lands, paddy fields, forested areas, and shrublands—many of which
contain water sources. Naturally, Acorus species grow around wetlands such as mountain
streams, ponds, and shallow lake areas [31], indicating distinctive habitat associations.

Therefore, some basic growth characteristics of A. calamus can be preliminarily ana-
lyzed based on the variations in six primary environmental factors across different regions
in this study.

4.3. Changes in the Geographical Distribution Pattern of A. calamus

The results of this study suggest that the total geographical distribution area of A.
calamus will markedly expand under various future climate scenarios, likely due to the
sensitivity of this species to moisture. In the context of future climate warming and
increased atmospheric moisture content, predictions indicate that precipitation in southern
China will likely increase [53]. Additionally, the northward shift of the rain belt may
lead to increased rainfall in previously drier northern regions [54], thereby expanding the
geographical distribution of A. calamus. The largest increase in area is observed under the
SSP58.5 climate scenario, suggesting that high-concentration greenhouse gas scenarios are
favorable for the geographic expansion of A. calamus. Similar results have been reported
in studies on other plants, such as Prunus mume Siebold & Zucc. [44], Ageratina adenophora
R.M. King & H. Rob. [55], Fritillaria cirrhosa D. Don [56], and Actinidia chinensis Planch. [57],
where the suitable geographical distribution areas were found to increase under scenarios
with increased greenhouse gas emissions.

However, the changes in the suitable geographical distributions of different suitability
levels for A. calamus under future climate scenarios vary. Both high-suitability and low-
suitability distribution areas exhibit a northward expansion trend under future climate
change. The most significant changes occur mainly in North China and Northeast China,
where unsuitable areas transform into low-suitability areas, and low-suitability areas gradu-
ally convert into high-suitability areas. Notably, the high-suitability distribution area shows
not only an increasing trend but also decreasing fragmentation. The fragmentation of plant
habitats can directly impact plant reproduction, gene flow, and population connectivity [58].
Research suggests that future precipitation in northeastern China will show a significant
increasing trend, with greater precipitation increases in high-emission scenarios than in
low-emission scenarios and in drier areas than in wetter areas. These regions will meet
the growth requirements of A. calamus under these scenarios, facilitating its growth and
reproduction. This also accounts for the significant northward movement of the centroid
of the suitable geographical distribution for A. calamus across all three projected climate
scenarios. Recent studies have shown that most species in China are gradually migrating
northward in response to global climate change [59].

In conclusion, the geographical distribution of A. calamus, a valuable plant resource, is
expected to expand in China under the influence of global climate change. Policies and
regulations should be established to protect and utilize this resource effectively, ensuring the
continuity of its habitats. These results provide a foundation for formulating conservation
strategies for A. calamus in response to global climate change.
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5. Conclusions

This study is the first to utilize an optimized MaxEnt model to simulate the potential
geographical distribution pattern of A. calamus in China under both current and future
climate change scenarios. The dominant environmental factors affecting the geographical
distribution of A. calamus in China are bio13, humanfoot, lucc, bio12, bio2, and elevation.
Under current climate conditions, the suitable geographical distribution areas for A. calamus
in China are located primarily east of the 400 mm isohyet. In future climate scenarios, both
the high- and low-suitability distribution areas of A. calamus will significantly increase over
time, whereas the unsuitable areas will decrease. The centroid of the potential geographical
distribution area of A. calamus is projected to shift overall toward higher latitudes in the
north. Our findings provide a theoretical basis for future efforts focused on the introduc-
tion, cultivation, and conservation of A. calamus, as well as for addressing the impacts of
global climate change. We recommend large-scale artificial cultivation in regions such as
Guangdong, Guangxi, and Fujian to meet market demand while mitigating the effects of
human activities and climate change on its wild populations.
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Abstract: Sect. Tuberculata, as one of the endemic plant groups in China, belongs to the genus Camellia
of the Theaceae family and possesses significant economic and ecological value. Nevertheless, the
characteristics of habitat distribution and the major eco-environmental variables affecting its suitabil-
ity are poorly understood. In this study, using 65 occurrence records, along with 60 environmental
factors, historical, present and future suitable habitats were estimated using MaxEnt modeling, and
the important environmental variables affecting the geographical distribution of sect. Tuberculata
were analyzed. The results indicate that the size of the its potential habitat area in the current climate
was 1.05 x 10° km?, and the highly suitable habitats were located in Guizhou, central-southern
Sichuan, the Wuling Mountains in Chonggqing, the Panjiang Basin, and southwestern Hunan. The
highest probability of presence for it occurs at mean diurnal range (bio2) < 7.83 °C, basic saturation
(s_bs) < 53.36%, temperature annual range (bio7) < 27.49 °C, —7.75 °C < mean temperature of driest
quarter (bio9) < 7.75 °C, annual UV-B seasonality (uvb2) < 1.31 x 10° W/m?, and mean UV-B of
highest month (uvb3) < 5089.61 W/ m2. In particular, bio2 is its most important environmental
factor. During the historical period, the potential habitat area for sect. Tuberculata was severely
fragmented; in contrast, the current period has a more concentrated habitat area. In the three future
periods, the potential habitat area will change by varying degrees, depending on the aggressiveness
of emissions reductions, and the increase in the potential habitat area was the largest in the SSP2.6
(Low-concentration greenhouse gas emissions) scenario. Although the SSP8.5 (High-concentration
greenhouse gas emissions) scenario indicated an expansion in its habitat in the short term, its growth
and development would be adversely affected in the long term. In the centroid analysis, the centroid
of its potential habitat will shift from lower to higher latitudes in the northwest direction. The findings
of our study will aid efforts to uncover its originsand geographic differentiation, conservation of
unique germplasms, and forestry development and utilization.

Keywords: MaxEnt model; sect. Tuberculata; potential habitat area; climate change

1. Introduction

Global climate change is the greatest challenge facing mankind and the earth’s ecosys-
tems in the 21st century [1]. As climate strongly influences plant growth and proliferation,
it is the determining factor for the geographic range of plant species [2]. Some studies
have found that the ranges of species have shifted toward higher altitudes or latitudes in
response to climate change [3,4]. However, changes in the climate niches of species are
usually outpaced by climate change. Consequently, climate change has caused habitat loss
and created geographic barriers to the dispersal of species. This is especially pertinent to
species with narrow habitat ranges, which have been forced to change their geographic
range to adapt to new climatic regimes [5].
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Species distribution models (SDMs) are important tools for ecological and biogeo-
graphic research and are typically used to match a species to their ecological niche factors [6].
SDMs also play an important role in the prediction of potential ranges of species based on
the changes in environmental factors. The maximum entropy (MaxEnt) model is intuitive,
accurate, and relatively easy to use. Over the past few decades, numerous studies have
been conducted on the prediction of species distributions, detection of habitat fragmenta-
tion, novel ecological modeling methodologies, biodiversity prediction, and the effects of
climate change on terrestrial biodiversity [7,8].

Sect. Tuberculata H.T. Chang belongs to the genus Camellia L. and is named after its
“ovary and pericarp, both of which are markedly tuberculate”. Callima tuberculata Chien
was discovered by the famous botanist Prof. Qian Chongping in Sichuan, China and first
reported in 1939 [9]. Subsequently, in 1981, Chang Hongda first proposed the group of
Callima tuberculata Chien based on its original traits, and categorized it into the six species
discovered. To date, 18 species have been reported from this group [10,11]. Sect. Tuberculata
is endemic to the southwest and parts of southern China, mainly in the karst landscape of
southwest China, with Guizhou as the center of distribution and spreading to neighboring
provinces. It grows mostly in limestone zones, showing strong regionalization, and is
one of the representative taxa of typical karst regions [12-14]. Therefore, the evolution,
distribution, and dispersal of sect. Tuberculata have been of interest to researchers, including
phylogeny, community characteristics, and other aspects [15-19]. However, little has been
reported on the potential distribution areas of sect. Tuberculata under climate change,
with some reports focusing more on resource surveys and zonation studies of some of
the important taxa of this group of plants at provincial scales, within nature reserves, or
at smaller regional scales such as mountain systems [20,21]. As an endemic taxon of the
genus Camellia that maintains its original traits, sect. Tuberculata has gone through a long
evolutionary history. Predicting the spatial change pattern of its potential release area
based on the species distribution model and analyzing the important environmental factors
affecting its geographic distribution are of great scientific significance for the protection
and conservation of reconstructing the endemic vegetation in this region.

The geographical distribution ranges of the species and their trends in different periods
under different climatic conditions show similarities and differences due to environmental
changes. The prediction model of a suitable area can reveal the future trend of sect.
Tuberculata and its main environmental influence factors. Therefore, in this study, 18 sect.
Tuberculata plants that have been reported were selected, and, based on the optimized
MaxEnt model and ArcGIS v10.8 software, sect. Tuberculata plants were simulated from the
Last interglacial (LIG), Last glacial maximum (LGM), Mid-Holocene (MH), Contemporary
(Current), 20202040 (2030), 2040-2060 (2050), 2060-2080 (2070), and 2080-2100 (2090)
geographic distributions and spatial change patterns. This will reveal the environmental
impact factors affecting the distribution of sect. Tuberculata plants and their possible habitat
areas, with a view to providing a theoretical basis for the in-depth field investigation,
conservation, development, and utilization of sect. Tuberculata, and, at the same time,
providing an auxiliary basis of geographical distribution for the study of this group of
plants in the phylogenetic classification.

2. Results
2.1. Model Optimization and Accuracy Validation

The default settings of the MaxEnt model were generated by conducting trials to
fit the 65 occurrence points of sect. Tuberculata plants [22]. We found that RM = 2 and
FC = QP minimized the complexity and overfitting and maximized the accuracy. The
accuracy of the model was then evaluated through its ROC curve. The average AUC was
0.951 + 0.15 for all historical, current, and future climate scenarios (Figure 1), indicating
that the predictions of the optimized MaxEnt model produce a smooth ROC curve with
an AUC of >0.9. Hence, the fine-tuned model can produce reasonable predictions of the
response of sect. Tuberculata to climate change (in terms of the geographic range), and
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accurately predict its potential distribution. This result also shows that the MaxEnt model
can produce highly credible predictions of the potential range of sect. Tuberculata plants.
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Figure 1. The verification of the ROC curve of prediction for sect. Tuberculata by the MaxEnt model.

2.2. The Most Influential Climatic Factors for the Geographic Range of Sect. Tuberculata Plants

The most important climatic factors for the geographic range of sect. Tuberculata plants
were determined from the output of the MaxEnt model, jackknife test of regularized train-
ing gain contribution, permutation importance, and univariate response curves (Table 1,
Figures 2 and 3). As presented in Table 1 and shown in Figure 2, the gain contributions of
the mean diurnal temperature range (bio2), subsoil base saturation (S_bs), annual tempera-
ture range (bio7), mean temperature of the driest quarter (bio9), seasonality of UV-B (uvb2),
and mean UV-B of the highest month (uvb3) were 46.9%, 10.4%, 10.1%, 8.9%, 7.1%, and
3.4%, respectively (86.8% cumulatively). Therefore, these six factors are the most important
environmental factors for the range of sect. Tuberculata.

Table 1. Importance of each dominant environment variable in the MaxEnt model.

Environmental Variables Description Contribution (%) Suitable Range
Bio2 Mean diurnal range 46.9 <7.83°C
S_bs Subsoil base saturation 10.4 <53.36%
Bio7 Annual temperature range 10.1 <27.49 °C
Bio9 Mean temperature of the driest quarter 8.9 —7.75-7.75°C
Uvb2 Seasonality of UV-B 7.1 <1.31 x 10° W/m?
Uvb3 Mean UV-B of the highest month 3.4 <5089.61 W/m?2

Based on the above six dominant environmental factors, single-factor simulations were
carried out, and the single-factor response curves characterized the relationship between
the predicted species’ pure presence probability and each variable, which can clearly reveal
the correlation between the presence probability of the suitable area of the plants in sect.
Tuberculata and the dominant factors. It is generally considered that a presence probability
greater than 5% can be regarded as the most favorable range for species growth [23].
From the single-factor response curves (Figure 3), it can be seen that the probability of the
existence of sect. Tuberculata is 0 when the average daily difference in temperature (bio2) is
greater than 13.2 °C, and its existence probability increases with the decrease in bio2, and
the probability of the sect. Tuberculata distribution reaches its peak when bio2 equals to
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5.5 °C, which is the optimal fitness for submission. Taking the existence probability greater
than 0.5 as the optimal fitness range, the optimal fitness range of sect. Tuberculata in bio2
is less than 7.83 °C. Similarly to bio2, the sect. Tuberculata existence probability increased
with the decrease in bio7, S_bs, uvb2, and uvb3, with the optimal peaks of 13.1 °C, 0,
0.89 x 10° W/m?, and 3350 W/m?, respectively, and the optimal ranges of bio7 less
than 27.49 °C, S_bs less than 53.36%, uvb2 less than 1.31 x 10° W/m?2, S_bs less than
53.36%, uvb3 less than 1.31 x 10° W/m?2, and uvb3 less than 5089.61 W/m?2. When bio9
is equal to —33 °C, the distribution probability of sect. Tuberculata is infinitely close to 0,
and its existence probability is improved with the increase in bio9, etc. The distribution
probability of sect. Tuberculata reaches its peak when bio9 is equal to 0 °C, which is the
optimal condition for survival, and then, with the continued increase in bio9, the existence
probability is reduced gradually, and it is extremely low when it reaches 22.5 °C. The
existence probability is extremely low, so the optimal survival range of sect. Tuberculata in
bio9 is —7.75 t0 7.75 °C.
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Figure 2. Evaluation of major environmental factors by the jackknife method.
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Figure 3. Relationship between potential suitable areas and single factor response variables. (A), Mean
diurnal range; (B), Subsoil base saturation; (C), Annual temperature range; (D), Mean temperature of
the driest quarter; (E), Seasonality of UV-B; (F), Mean UV-B of the highest month.
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Table 2. Potential habitat areas for sect. Tuberculata in different periods.

Climate Scenarios High (x10° km?) Medium (x10° km?) Low (x10° km?)
Last Interglacial 0.01 0.12 0.5
Last Glacial Maximum 0.01 0.05 0.1
Mid Holocene 0.01 0.06 0.09
Current 0.21 0.35 0.49
SSP2.6 0.21 0.35 0.53
2030s SSP4.5 0.12 0.26 0.49
SSP8.5 0.16 0.3 0.51
SSP2.6 0.18 0.38 0.58
2050s SSP4.5 0.19 0.43 0.58
SSP8.5 0.22 0.41 0.6
SSP2.6 0.17 0.31 0.54
2070s SSP4.5 0.16 0.32 0.57
SSP8.5 0.07 0.2 0.48
SSP2.6 0.21 0.41 0.54
2090s SSP4.5 0.12 0.33 0.66
SSP8.5 0.1 0.3 0.62

2.3. Potential Habitat of Sect. Tuberculata Species in the Current Climate

The results of our study (Figure 4 and Table 2) showed that sect. Tuberculata plants are
largely distributed between 22.54°-30.96° N and 103.83°-111.76° E. In the current climate
(Figure 4), their total habitat area is 1.05 x 10° km?, and their main area of distribution is
southwestern China and some parts of China’s coastline.
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Figure 4. The potential habitat areas of sect. Tuberculata plants in China under the current climate.

High-suitability areas: these areas are mainly located in Guizhou, central and southern
Sichuan, central and southern Chongging, located at the junction of Guangxi, Yunnan and
Guizhou provinces and a small part of Hunan China. The total area of high-suitability areas
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is 0.21 x 10° km?, and they account for 20% of the total habitat area. Medium-suitability
areas: these areas are generally located around high-suitability areas, and include eastern
Yunnan, northeastern Sichuan, northern Chongqing, the border between Hunan and Hubei,
central and northern Guangxi, central Fujian, and eastern-central Zhejiang. The total area of
medium-suitability areas is 0.35 x 10° km?, and they account for 33.33% of the total habitat area.
Low-suitability areas: these areas are located in central Yunnan, Hainan, southern Guangxi,
spots in northern Guangdong, the Qin Mountains in southern Shaanxi, the Dabie Mountains in
eastern-central Hubei, eastern Hunan, the entirety of Jiangxi, central Anhui, southern Henan,
and southern Xizang. The total area of low-suitability areas is 0.49 x 10° km?, and they account
for 46.67% of the total habitat area.

2.4. Simulation of Potential Habitat Areas for Sect. Tuberculata Plants in the Past and Future

The potential distribution of sect. Tuberculata plants was predicted for eight different
periods. Based on the results (Table 2 and Figure 5), we found that the total habitat area of
sect. Tuberculata decreased from 0.63 x 10° km? in the LIG to 0.16 x 105° km? in the LGM,
remained at 0.16 x 10° km? in the MH and pre-modern period, and subsequently increased
to 1.05 x 10° km? in the current period. Therefore, the potential habitat area decreased
after the LIG, stabilized during the LGM and MH, and subsequently rapidly increased in
the current period. The area of highly suitable habitats did not change throughout these
periods, but the areas of the medium- and low-suitability habitats gradually decreased
from the LIG to the MH.
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Figure 5. Distribution changes of the suitability of sect. Tuberculata in historical period and 2030.
(LIG, Last Interglacial; LGM, Last Glacial Maximum; MH, Mid Holocene; SSP2.6, Low-concentration
greenhouse gas emissions; SSP4.5, Medium-concentration greenhouse gas emissions; SSP8.5, High-
concentration greenhouse gas emissions).

As presented in Table 3 and shown in Figure 6, the total habitat area was predicted
to decrease in the future. In all three scenarios for 2030, the total habitat area will stay
greater than 0.87 x 10° km?. In the SSP2.6 scenario, the total habitat and high-suitability
areas were predicted to be 1.09 x 10° and 0.21 x 10° km?, respectively, which are similar to
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those in the current period. In the SSP4.5 scenario, the total habitat and high-suitability
areas will be 0.87 x 10° and 0.12 x 10° km?, respectively, which are 0.18 x 10° and
0.09 x 10° km? less than those in the current period. In the SSP8.5 scenario, the total habitat
and high-suitability areas will decrease by 0.05 x 10° and 0.08 x 10° km? compared with
those in the current period to 0.97 x 10° and 0.16 x 10° km?, respectively.
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Figure 6. Distribution changes of the suitability of sect. Tuberculata in 2050, 2070, and 2090. (SSP2.6,
Low-concentration greenhouse gas emissions scenario; SSP4.5, Medium-concentration greenhouse
gas emissions scenario; SSP8.5, High-concentration greenhouse gas emissions).

In all three scenarios for 2050 (Figure 6), the total habitat area was predicted to remain
above 1.14 x 10° km?. In the SSP2.6 scenario, the total habitat area will be 1.14 x 10° km?,
which is 0.09 x 10° km? larger than that of the current period. The high-suitability area
will be 0.18 x 10° km?, which is 0.03 x 10° km? less than that of the current period. In
the SSP4.5 scenario, the total habitat area will be 1.2 x 10° km? (0.15 x 10> km? higher
than that of the current period), whereas the high-suitability area will be 0.19 x 10° km?
(0.02 x 10° km? less than that of the current period). In the SSP8.5 scenario, the total habitat
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and high-suitability areas will be 1.23 x 10° and 0.22 x 10° km?, namely, 0.18 x 10° and
0.01 x 10° km? higher than those of the current period, respectively.

In all three scenarios for 2070 (Figure 6), the total habitat area will remain above
0.75 x 10° km?. In the SSP2.6 scenario, the total habitat and high-suitability areas will be
1.02 x 10° and 0.17 x 10° km?2, which are 0.03 x 10° and 0.04 x 10° km? less than those
of the current period. In the SSP4.5 scenario, the total habitat area will be 1.05 x 10° km?
(unchanged from that of the current period), whereas the high-suitability area will be
0.16 x 10° km? (0.05 x 10° km? less than that of the current period). In the SSP8.5 scenario,
the total habitat and high-suitability areas will be 0.75 x 10° and 0.07 x 10> km?, namely,
0.3 x 10° and 0.14 x 10° km? less than those of the current period, respectively.

In all three scenarios for 2090 (Figure 6), the total habitat area will remain above
1.02 x 10° km2. In the SSP2.6 scenario, the total habitat area will be 1.16 x 10° km?
(0.11 x 10° km? higher than that of the current period), while the high-suitability area
will be 0.21 x 10° km? (unchanged from that of the current period). In the SSP4.5 scenario,
the total habitat area will be 1.11 x 10° km? (0.06 x 10° km? higher than that of the current
period), whereas the high-suitability area will be 0.12 x 10° km? (0.09 x 10° km? less than
that of the current period). In the SSP8.5 scenario, the total habitat and high-suitability
areas will be 1.02 x 10° and 0.1 x 10° km?, namely, 0.3 x 10° and 0.11 x 10° km? less than
those of the current period, respectively.

In summary, the potential high-suitability area for sect. Tuberculata will be less than
those of the current period in all 12 future climate scenarios. However, the habitat areas
predicted for the SSP8.5 scenarios were generally lower than those predicted for the SSP2.6
scenarios. As shown in Figure 6, the most suitable habitats for it varied from one period to
another by differing degrees. Nonetheless, the geographical range was always located in
the karst region in southwestern China and centered on Guizhou, from which it dispersed to
other adjacent provinces. Additionally, although the potential habitat areas were relatively
contiguous in the current period, they could become fragmented owing to human activity
or climate change. Nonetheless, in the four future periods, habitat fragmentation appeared
to be relatively mild.

2.5. Changes in the Spatial Pattern of Sect. Tuberculata Habitats

From the LIG to the MH, the size of the habitat of sect. Tuberculata initially decreased
and subsequently increased (Table 3 and Figure 7). During the LIG, a habitat area of
12.0 x 10° km? (22.93%) was added, whereas that of 1.86 x 10° km? (12.45%) was lost.
The newly added habitats were in central and eastern Yunnan, eastern Sichuan, southern
Guangxi, northern Guangdong, Fujian, Hainan, and southern Jiangxi. The lost habitats
were located in the Qinling Mountains of Shaanxi and the junction between Henan, Hebei,
and Shandong. During the LGM, new habitat areas amounted to 18.92 x 10° km?, whereas
0.37 x 10° km? of old habitat was lost. Therefore, the habitat of sect. Tuberculata underwent
large changes during the cold climatic conditions of the LGM, especially in southwestern
China. Predictions based on the MaxEnt model indicate that sect. Tuberculata has emerged
in new habitats in Guangxi, Guizhou, eastern Sichuan, Chongqing, Hunan, southern Hubei,
western Chongqing, and northern Jiangxi in China. Therefore, the karst region in southwest
China may be a natural refuge for sect. Tuberculata. The lost habitat areas were mainly
located in Henan and the border between Anhui and Hubei. During the MH, new, retained,
and lost habitats amounted to 20.31 x 10°, 1.16 x 10°, and 1.75 x 10° km?, respectively.
The lost habitat areas were located in Henan, the Qilian Mountains in central Shaanxi, and
the junction between Shandong, Henan, Jiangsu, and Anhui. The difference between the
MH and LGM in terms of added habitat areas was small, at only 1.39 x 10° km?.
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Figure 7. Changes in the spatial pattern of the habitats of sect. Tuberculata in the historical period
and in 2030. (LIG, Last Interglacial; LGM, Last Glacial Maximum; MH, Mid-Holocene; SSP2.6,
Low-concentration greenhouse gas emissions scenario; SSP4.5, Medium-concentration greenhouse

gas emissions scenario; SSP8.5, High-concentration greenhouse gas emissions).

Table 3. Changes in the range of sect. Tuberculata in each period.

Climate Scenarios

Increase (x10° km?)

Stable (x10° km?)

Shrink (x10° km?)

Last interglacial
Last Glacial Maximum

Mid Holocene
2030sSSP2.6
2030sSSP4.5
2030sSSP8.5
2050sSSP2.6
2050sSSP4.5
2050sSSP8.5
2070sSSP2.6
2070sSSP4.5
2070sSSP8.5
2090sSSP2.6
2090sSSP4.5
2090sSSP8.5

12
18.92
20.31

2.12
0.4
0.78
2.64
3.44
4
1.33
2.15
0.31
247
3.2
297

9.98
3.14
1.75
20.92
18.05
19.78
21.33
21.65
21.71
20.22
19.78
15.6
21.84
20
18.3

1.86
0.37
1.16
1.14
4.01
2.28
0.73
0.41
0.35
1.84
2.28
6.46
0.23
2.06
3.76

Between the 12 climate scenarios, SSP4.5 and SSP4.5 for the 2050s and 2090s, respec-
tively, were predicted to have the largest additions in habitat area compared with the
current period, at 3.44 x 10° and 3.2 x 10° km?, respectively (Figure 8). The newly added
habitats will be located in the junction between Shandong, Henan, Jiangsu, and Anhui,
southern Gansu, and the Qinling Mountains in central Shaanxi. Habitat addition was small-
est in the SSP4.5 and SSP8.5 scenarios for the 2030s and 2070s, respectively (at 0.4 x 10°
and 0.31 x 10° km?, respectively), whereas habitat loss was largest in the SSP8.5 scenario
for the 2070s, at 6.46 x 10° km?; in this scenario, the primary areas of habitat loss were
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predicted to be in the Wuyi Mountains (Jiangxi and Fujian), Dabie Mountains, and Qinling
Mountains in eastern and northern Hubei, and parts of the Qinling Mountains in southern
Shaanxi, southern Guangxi, and central Guangdong. Habitat loss was smallest in the
SSP8.5 and SSP2.6 scenarios for the 2050s and 2090s, respectively (0.35 x 10° and 0.23 x
10° km?, respectively).

80N 90°N 100N noN 120N 130N 80N 90°N 100° N 1o N 120N 130N 30N 90N 100N 110N 120N 130N

2050 SSP 2.6 B 2050 SSP 4.5 -+ 2050 SSP 8.5 <

B Increase 3 ! B Increase
[ Stable , , [ Stable
10| I Shrink I Shrink
5 i I i
2070 SSP 2.6 é’ 2070 SSP 4.5 he 2070 SSP 8.5 ¢

w0k

30°E

2E

B Increase \ | B Increase 3 I B Increase \ i
[T Stable , [T stable i . [ Stable . )
o B Shrink i B Shrink B Shrink ] e
Lme o m e 7 Lmme o m we . 22 cmme m m wo t ’
2090 SSP 2.6 ﬁ‘f 2090 SSP 4.5 ¢* 2090 SSP 8.5 4;

B Increase 4

B Increase / B Increase g
[T Stable \ I [T Stable N | [ Stable \ I
I Shrink I Shrink I Shrink

10°E; o mue s m _w o mme s e _ww o mome s e e : 108

N EX] 00N TN 20N BN TN SN oo N TN TN TN N N TN TN TN TN

Figure 8. Changes in the spatial pattern of the habitats of sect. Tuberculata in 2050, 2070, and 2090.
(SSP2.6, Low-concentration greenhouse gas emissions; SSP4.5, Medium-concentration greenhouse
gas emissions; SSP8.5, High-concentration greenhouse gas emissions).

In summary, these predictions show that the range of sect. Tuberculata will become
increasingly concentrated and less fragmented. The areas of habitat loss were mainly present
in the Dabie Mountains and Qinling Mountains in eastern and northern Hubei, and parts of
the Wuyi Mountains in Jiangxi and Fujian, which were centered on Guizhou and radiated
outward to parts of the neighboring provinces. Conservation measures should be prioritized
in these areas, as they are likely to be sensitive areas for habitat loss in the future.

2.6. Shifts in the Centroid of the Sect. Tuberculata Range

Here, the shifts in the centroid of the range of sect. Tuberculata from one period to
another were simulated by calculating its geometric center in each period [24]. As presented
in Table 4 and shown in Figure 9, the centroid of the current range of sect. Tuberculata is
located in the western part of Yiyang City in Hunan Province. During the LIG, LGM, and
MH, the centroid was located 252.75, 360.18, and 623.48 km, respectively, away from its
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current position to the north. These shifts indirectly indicate that the climate has undergone
significant changes between the LIG and MH. Overall, the centroid progressively shifted
northward during these periods, but shifted southwest during the transition from the MH
to the current period (Table 4 and Figure 9).

Table 4. Shifts in the centroid of the range of sect. Tuberculata in each period.

Index Longitude (°) Latitude (°) Distance (km)
LIG 111.68 30.28 252.75
LGM 112.05 31.20 360.18
MH 113.17 33.43 623.48
Current 110.89 28.12 0.00
SSP2.6 110.61 28.60 60.06
2030s SSP4.5 110.44 28.02 44.76
SSP8.5 110.38 28.02 50.58
SSP2.6 110.68 28.26 25.40
2050s SSP4.5 110.80 28.77 73.02
SSP8.5 110.92 28.77 72.98
SSP2.6 110.88 28.39 30.79
2070s SSP4.5 110.67 28.76 75.29
SSP8.5 110.01 28.19 84.53
SSP2.6 111.02 28.50 44.62
2090s SSP4.5 111.39 29.38 149.10
SSP8.5 110.72 29.50 155.18
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Figure 9. Location of the shift of the centroid of suitable areas for sect. Tuberculata under different

climate scenarios in different periods.

In the SSP2.6 scenario, the centroid was predicted to shift northwest in 2030, and
subsequently southward from 2030 to 2050. It will then shift toward the northeast direction
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from 2050 to 2070 and continue to shift in this direction from 2070 to 2090. In the SSP4.5
scenario, the shifts in the centroid will be southwestward from the current period to 2030,
northeastward from 2030 to 2050, westward from 2050 to 2070, and northeastward from
2070 to 2090. In the SSP8.5 scenario, the shifts in the centroid will be southwestward from
the current period to 2030, northeastward from 2030 to 2050, southwestward from 2050
to 2070, and northeastward from 2070 to 2090. The largest shift in the centroid (relative to
the current position) was observed in the SSP8.5 scenario for the 2090s, at 155.18 km. The
shortest shift in the centroid was observed in the SSP2.6 scenario for the 2050s, at 25.40 km.
Overall, the centroid is expected to shift northwest in the future; from its current
position, it will shift towards the Wuyi Mountains in northwestern Hunan. In particular,
climate change will cause a shift in the range of sect. Tuberculata toward higher latitudes.

3. Discussion
3.1. The Most Important Environmental Factors for the Distribution of Sect. Tuberculata

The MaxEnt model is an important research tool for biodiversity, conservation, and
evolution studies [25-28]. In the study, the MaxEnt model was used to predict the potential
ranges of sect. Tuberculata plants in the past, present, and future. The six dominant environ-
mental factors for sect. Tuberculata were obtained using the jackknife method, contribution
rates, and univariate response curves, and were determined as bio2, S_bs, bio7, bio9, uvb2,
and uvb3. The most important factor is bio2, namely, the mean diurnal temperature range.
Therefore, temperature is the most important environmental factor for the range of sect.
Tuberculata, followed by the intensity of UV radiation. In particular, the climate restricts
the geographic range of these plants on the regional scale, and the most important climatic
factors are hydrothermal. In a previous study on the climatic factors affecting C. rubimuri-
cata in the Guizhou Maolan National Nature Reserve [29], the temperature was found to be
the most important factor of all, which is consistent with our findings. Guo et al. studied
the germination and physiological characteristics of C. rubituberculata in karst regions and
found that temperature was the most important factor for seed germination, followed by
illumination [30]. Hence, temperature factors are more important than illumination factors
for it. Its range was mainly located in southwestern China and centered on Guizhou, from
which it dispersed to adjacent provinces. Southwestern China has a wet subtropical and
mountainous climate and is a classic mountain-and-valley habitat for East Asian flora, with
a complex terrain typical of karst regions. Owing to this unique geology and climate, the
flora of this region are usually xerophytes and lithophytes [31,32]. To achieve respiration
and photosynthesis, a plant must be provided with a suitable range of temperatures, and
the optimal range varies from one species to another [33]. Excessively low temperatures
can lead to frost damage, which, in turn, inhibits growth [34]. Sect. Tuberculata is a typical
karst flora whose distribution can span a wide range of environmental conditions. In phy-
tomorphological studies, its leaves have characteristics closely related to cold and drought
resistance, such as low stomatal density and trichomes on the leaves. These features allow it
to have high photosynthetic and heat dissipation efficiencies, which helps them survive in
harsh environments [18]. The next most important factor is UV intensity, which indirectly
affects photosynthesis, thus influencing the plant’s distribution [35].

3.2. Changes in the Potential Habitable Range of Sect. Tuberculata Plants and Centroid Analysis

Studies regarding the potential distribution pattern of sect. Tuberculata plants in the
presence of climate change play an important role in informing species conservation and
ecosystem preservation efforts. The distribution of each species reacts differently to climate
change. In this study, we simulated the possible geographic ranges of sect. Tuberculata at
different periods using the MaxEnt model and the ArcGIS system. This is the first study of
its distribution; we found that it is mainly distributed between 22.54°-30.96° N latitude
and 103.83°-111.76° E longitude. This range is primarily located in southwestern China,
which is consistent with previous findings. This also shows that the optimized MaxEnt
model can accurately and effectively predict its range [36]. Climate plays an important
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role in determining the distribution of a species; hence, the distribution of some species
is a reflection of the climate [5]. Based on the results, we found that sect. Tuberculata is
mainly located in the karst highlands of Guizhou, which is consistent with the results of
previous studies [14]. Between the LIG and current period, its habitat initially decreased
and subsequently increased to its maximum in the current period. Therefore, its habitat has
expanded to some extent during the current period. The unique climate of the karst region
creates a humid and shady environment, which is an ideal habitat for sect. Tuberculata.
Although its potential habitats were relatively contiguous during the LIG, LGM, and MH
periods, they have become fragmented during the current period. We speculate that this
could be caused by increased CO, emissions and human activities, such as logging. In
the four future periods, the habitable area for sect. Tuberculata will decrease by varying
degrees (depending on the emissions mitigation scenario) compared with that in the current
period. Therefore, it may not adapt well to the climatic conditions of the future. In the
predictions, we found that the loss of habitats in the 2070s and 2090s was relatively low in
the SSP2.6 scenario but large in the SSP8.5 scenario. We speculate that this is because the
high-emissions SSP8.5 scenario leads to worsened environmental conditions and higher
temperatures, which exacerbates fragmentation in the habitat of sect. Tuberculata. Therefore,
we show that global warming poses a tremendous challenge to it.

According to centroid analysis, the current centroid of the sect. Tuberculata habitat was
located in the western part of Yiyang city in Hunan. The centroid shifted northward during
the LIG-MH, and subsequently shifted southwestward during the current period. Global
warming was found to shift the centroid of its potential habitat toward higher latitudes,
which is consistent with previous findings [37,38]. In the past, sect. Tuberculata gradually
adapted to the wet and humid mountainous environment owing to changes in the terrain;
in the future, it may evolve to migrate towards lower altitudes. However, the potential
range of a plant is not only affected by climate and terrain, but also by human activities
and other abiotic factors, which can also its their growth and development [39]. Therefore,
future studies on the range of sect. Tuberculata should simultaneously consider the plant’s
intrinsic physiology and ecosystem, and human factors, in their models to improve the
predictive accuracy.

4. Materials and Methods
4.1. Data Collection and Processing

The occurrence records of sect. Tuberculata plants were obtained from online platforms,
such as the Chinese Virtual Herbarium (https:/ /www.cvh.Ac.cn/, accessed on 10 February
2024), Global Biodiversity Information Facility (https://www.gbif.org/, accessed on 10
February 2024), and Plants of the World Online (https://powo.science.kew.org/, accessed
on 10 February 2024). Moreover, 86 occurrence records were obtained from field surveys
in 23 locations. The occurrence records were sorted by species name, longitude (X), and
latitude (Y), and stored as .csv files. By keeping only one point out of all points within
a range of 10 km, 71 data points were obtained. To avoid the occurrence points close
to each other, the “trim duplicate occurrences” tool in ENMTools was used to exclude
redundant data points in each 10 x 10 km grid. Finally, 65 valid occurrence points were
obtained (Figure 10), which were stored in a .csv file and subsequently used in the MaxEnt
model [40].

4.2. Acquisition and Selection of Environmental Data

To study the potential habitat range of sect. Tuberculata plants, range prediction was
conducted using 60 environmental factors in eight periods, namely, the LIG, LGM, MH, cur-
rent period, 2020-2040 (2030), 2040-2060 (2050), 20602080 (2070), and
2080-2100 (2090). The environmental factors include 19 bio-climatic factors, three ter-
rain factors, 32 soil factors, and six ultraviolet (UV) factors. The 19 climatic factors were
obtained from Worldclim (http:/ /www.worldclim.org/, accessed on 25 February 2024) [41],
which includes data for the current period (1970-2000) and projections for future periods
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(2021-2100). The SSP2.6, SSP4.5, and SSP8.5 (aggressive, moderate, and weak emission miti-
gation) climate scenarios from Community Climate System Model version 4 (CCSM4) were
used as future climate projections. Version 2 of the Beijing Climate Center Climate System
Model (BCC-CSM2-MR_2.5) was used as the atmospheric circulation model, as it performs
well in the prediction of air temperatures and precipitation in China [42—44]. The terrain
data were obtained from Worldclim, and the slope and aspect data were obtained through
ArcGIS. The soil factors were obtained from the China dataset of the Harmonized World
Soil Database (v1.1) (http://vdb3.soil.csdb.cn, accessed on 25 February 2024). The UV data
were obtained from the glUV dataset (http://www.ufz.de/gluv/, accessed on 25 February
2024) [19]. In order to prevent overfitting due to multicollinearity between environmental
factors, we performed a Spearman correlation test the environmental data based on the
model contribution in R (4.1.1) [45]. All environmental factors with correlations higher
than 0.8 and low model contributions were excluded; thus, the remaining 20 statistically
and biologically significant environmental factors were used for range modeling (Table 5).
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Figure 10. Screened occurrence points of the sect. Tuberculata plants.
Table 5. Relative importance of each environmental factor in the MaxEnt model.
Variable Description Percent Contribution (%) Permutation Importance (%)
bio2 Mean diurnal range (Mean of monthly (max 469 142
temp-min temp))
s_bs Basic saturation (lower level) 104 8.4
bio7 Temperature annual range 10.1 30.3
bio9 Mean temperature of driest quarter 8.9 5.4
wb2 Annual UV-B see.lso.nahty (standard 71 06
deviation)
uvb3 Mean UV-B of highest month 3.4 0
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Table 5. Cont.

Variable Description Percent Contribution (%) Permutation Importance (%)
biol5 Precipitation seasonality 2.7 0.7
elevation Altitude 2.3 16.3
t_sand Sand content (upper layer) 2.3 14
biol2 Annual precipitation 2.3 10
slope Slope 1.6 1.1
biol4 Precipitation of driest month 1.1 8
s_teb Exchangeable salt base (lower layer) 0.3 13
t_gravel Percent of gravel (upper layer) 0.3 0.3
aspect Aspect 0.2 0.3
biol6 Precipitation of wettest quarter 0.1 1.1
uvb4 Mean UV-B of lowest month 0.1 0.4
s_gravel Percent of gravel volume (lower layer) 0 0
s_esp Exchangeable sodium salt (lower layer) 0 0.1
t_caso4 Sulfate content (upper layer) 0 0

4.3. Building and Optimizing the Model

Optimization of MaxEnt model parameters was carried out using “kuenm” in R
v3.6.3. [21]. Accordingly, parameter combinations were created by combining regularization
multiplier (RM) values from 0.5 to 4 (in increments of 0.5) with six feature classes (FCs),
namely, L, LQ, H, LQH, LQHP, and LQHPT (L: linear, Q: quadratic, H: hinge, P: product, T:
threshold) [46,47]. The kuenm package was then used to test the parameter combinations,
and the fit and complexity of each candidate model was assessed using the delta of their
Akaike information criterion (AIC) values (AAIC) [48,49]. The parameter combination
resulting in the lowest AAIC was used to construct the MaxEnt model, and the resulting
model was evaluated using the area under the curve (AUC) of its receiver operating
characteristic (ROC) curve. The AUC scores were interpreted as follows: <0.6: failed,
0.6-0.7: poor, 0.7-0.8: fair, 0.8-0.9: good, and >0.9: excellent [40].

4.4. Model Assessment

Twenty environmental variables and 65 occurrence points were included in the MaxEnt
v3.4.4 model [48-50]. The model parameters were configured as follows: (1) In the model,
75% of the distribution points were used as training data, while the remaining 25% were
used as test data, with other settings kept at their default values. (2) The environmental
response curve and predicted range map were plotted. (3) The jackknife method was
used to evaluate the importance and contribution of each environmental factor, and the
logistic output format was used. All other parameters remained in their default settings.
Accuracy validation was conducted by evaluating the ROC AUC value (0 to 1) derived
from the MaxEnt model’s output; the larger the AUC, the higher the credibility of the
model’s predictions [21]. The AUC values were interpreted as follows: <0.7: poor, 0.7-0.8:
fair, 0.8-0.9: good, and >0.9: excellent [42].

4.5. Classification of Habitat Areas

Based on the classification criterion used for sect. Tuberculata plants in China [50]
and the output of the MaxEnt model, the potential habitats for sect. Tuberculata plants
were classified into four types using the natural breaks method. In particular, the potential
area of distribution was segmented into four areas based on the average logistic values
and actual area of distribution of the plants, namely, non-suitable (0-0.2), low suitability
(0.2-0.4), medium suitability (0.4-0.6), and high suitability (0.6-1) areas. Breaks were then
input manually, and the total habitat area was obtained by combining the medium- and
high-suitability areas.
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4.6. Centroid Analysis

The direction and distance of species habitat shifts can be inferred from the changes in
the habitat’s centroid [49]. Here, the kuenm R package was used to compute changes in the
spatial pattern of the total habitat area in each period, as well as the habitat’s centroid [51].
Finally, the SDM was used to track the coordinates of the centroid, thus determining the
centroid of sect. Tuberculata plants in each period. The calculated coordinates of the centroid
were then used to determine the distance of habitat shift [52].

5. Conclusions

In the study, a MaxEnt model optimized by the kuenm R package was used to predict
the distribution and potential habitat areas of sect. Tuberculata plants in three historical
periods, the present, and 12 future climate change scenarios. The size of its potential habitat
area in the current climate was 1.05 x 10° km?, and the highly suitable habitats were located
in Guizhou, central-southern Sichuan, the Wuling Mountains in Chongqing, the Panjiang
Basin, and Southwestern Hunan. In the centroid analysis, the centroid of its potential
habitat will shift from lower to higher latitudes in the northwest direction. We expect that
our findings will help inform future field surveys of sect. Tuberculata plants, as well as their
conservation and rehabilitation. Additionally, our results will act as auxiliary evidence for
its geographic range in phylogenetic studies.
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Abstract: In this study, the emphasis is on assessing how satellite-derived vegetation indices respond
to drought stress characterized by meteorological observations. This study aimed to understand
the dynamics of grassland vegetation and assess the impact of drought in the Wielkopolskie (PL41)
and Podlaskie (PL84) regions of Poland. Spatial and temporal characteristics of grassland dynamics
regarding drought occurrences from 2020 to 2023 were examined. Pearson correlation coefficients
with standard errors were used to analyze vegetation indices, including NDVI, NDII, NDWI, and
NDD], in response to drought, characterized by the meteorological parameter the Hydrothermal
Coefficient of Selyaninov (HTC), along with ground-based soil moisture measurements (SM). Among
the vegetation indices studied, NDDI showed the strongest correlations with HTC at r = —0.75,
R? = 0.56, RMSE = 1.58, and SM at r = —0.82, R% = 0.67, and RMSE = 16.33. The results indicated
drought severity in 2023 within grassland fields in Wielkopolskie. Spatial-temporal analysis of NDDI
revealed that approximately 50% of fields were at risk of drought during the initial decades of the
growing season in 2023. Drought conditions intensified, notably in western Poland, while grasslands
in northeastern Poland showed resilience to drought. These findings provide valuable insights for
individual farmers through web and mobile applications, assisting in the development of strategies
to mitigate the adverse effects of drought on grasslands and thereby reduce associated losses.

Keywords: drought stress; grasslands; hydrothermal coefficient of selyaninov; plant response;
satellite imagery; vegetation indices

1. Introduction

Plant stress is a critical focus of environmental research, particularly in the context
of climate change, ecosystem ecology, and conservation efforts [1,2]. Understanding how
plants respond to various stressors such as drought, heat, cold, salinity, and pollution
is essential for predicting how ecosystems will respond to changing environmental con-
ditions [3]. In the face of climate change, extreme weather events such as heatwaves,
droughts, and floods are becoming more frequent and severe. These events have had a
significant impact on plant health and productivity. By studying the responses of plants to
these stressors, researchers can better predict which species are most vulnerable and which
may be more resilient in a changing climate. This knowledge is crucial for developing
effective conservation strategies and mitigating the impacts of climate change on plant
biodiversity. In grassland ecosystem ecology, plant stress research is particularly important
because grasslands are highly sensitive to environmental changes [4,5].

Grassland ecosystems provide essential services such as carbon sequestration, water
filtration, and habitat for a diverse range of species [6,7]. Understanding how different
grassland species respond to stress can help researchers predict how these ecosystems will
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change in the future and develop strategies to conserve their biodiversity and ecosystem
functions [8]. Additionally, plant stress research is essential for agriculture, as it helps
farmers select crop varieties that are more resilient to environmental stressors, ultimately
increasing crop yields and food security [9]. By studying plant stress responses, researchers
can also develop new techniques for sustainable agriculture, such as drought-resistant
crops and more efficient irrigation systems [10]. Therefore, plant stress plays a crucial role
in environmental research, helping scientists understand how plants respond to chang-
ing environmental conditions and developing strategies to conserve biodiversity, protect
ecosystems, and ensure food security in a changing climate [11].

Remote sensing has revolutionized the way we detect and monitor plant stress by
providing valuable information on the spectral responses of plants to various stressors [12].
It involves the collection and interpretation of data from a distance, often using satellites,
aircraft, or drones equipped with sensors capable of detecting different wavelengths of
light. One of the key benefits of remote sensing for detecting plant stress is its ability to
capture large-scale, spatially explicit information about plant health and vigor [13]. By
measuring the spectral reflectance of plants across different wavelengths of light, remote
sensing can provide valuable insights into the physiological and biochemical changes
that occur in plants under stress. For example, stressed plants often exhibit changes in
chlorophyll content, leaf water content, and canopy structure, which can alter their spectral
reflectance properties. Remote sensing techniques such as multispectral and hyperspectral
imaging can detect these changes by measuring the amount of light reflected by plants at
specific wavelengths [14].

Multispectral imaging systems typically capture light in a few discrete bands, such
as the visible and near-infrared spectra (NIR), allowing us to calculate vegetation indices
such as the commonly used Normalized Difference Vegetation Index (NDVI). These indices
provide valuable information about plant health and vigor, with low values indicating
stressed or unhealthy vegetation [15]. This allows researchers to detect subtle changes
in plant physiology and biochemistry associated with stress [16]. It is important to note,
however, that this relationship does not hold for all vegetation indices. Other indices, such
as the Enhanced Vegetation Index (EVI) or the Water Band Index (WBI), may respond
differently to plant stress. In some cases, higher values could indicate stress or other
physiological changes. Therefore, remote sensing science and techniques play a crucial
role in detecting and monitoring plant stress by providing valuable information on the
spectral responses of plants to various stressors [17]. By combining remote sensing data
with ground-based observations and models, we can understand how plants respond to
environmental stress and develop strategies to mitigate the impacts of stress on agricultural
productivity, ecosystem health, and biodiversity conservation [18,19].

A widely used satellite data source comes from the Sentinel-2 satellites, which are
highly popular due to their open-access policy, providing freely available data to the
public [20,21]. The Sentinel-2 satellites provide high-resolution imagery at 10 m up to
60 m with a wide swath at 290 km, allowing for detailed observation and monitoring of
changes in land cover [22], water bodies [23], vegetation, and ecosystems [24]. Secondly,
the Sentinel-2 satellites capture imagery in 13 spectral bands, ranging from the visible
to the shortwave infrared (SWIR), enabling researchers to analyze various vegetation
indices and detect changes in plant health, biomass, and stress levels [25]. Additionally, the
satellites revisit the same area on the Earth’s surface every 5 days with both satellites in
operation, providing a frequent revisit time for regular monitoring of changes in vegetation,
land cover, and environmental conditions. Lastly, the global coverage provided by the
Sentinel-2 satellites allows researchers to monitor changes in vegetation, land cover, and
environmental conditions across the entire planet.

A notable limitation of using Sentinel-2 for monitoring vegetation, including drought
stress, is its optical sensor’s susceptibility to cloud cover, which can obscure the satellite’s
view of the Earth’s surface [26]. This issue is particularly challenging in regions such as
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Poland, known for frequent cloud cover, where it can significantly hinder the continuity
and reliability of the data [27,28]. Therefore, in our study, we used near-cloud-free images.

Our study aims to explore which commonly used vegetation indices retrieved from
Sentinel-2 satellite imagery best capture changes in grassland vegetation caused by drought
stress. We evaluated in situ measurements conducted during the growing season, as well as
meteorological datasets, to identify conditions indicating drought. Then the meteorological
and satellite imagery-based retrievals were examined to figure out the plant stress due to
drought conditions. The manuscript proceeds with further analyses focusing on (1) the
contribution of different vegetation indices from Sentinel-2 to determining plant drought
stress, (2) the impact of utilizing high-resolution temporal satellite observations under
frequent cloud coverage on the detection of drought severity in grasslands in Poland, and
(3) the potential applications of our study’s findings for plant science and mapping drought
stress using earth observation data.

The innovative aspect of this research lies in its evaluation of various Sentinel-2
vegetation indices specifically tailored to detect plant stress, determining which most
accurately reflect changes in grassland vegetation due to drought, and incorporating high-
resolution temporal analysis under conditions of frequent cloud coverage, with implications
for enhancing drought stress mapping using remote sensing data.

2. Materials and Methods

The following steps were taken to examine the sensitivity of satellite-derived vege-
tation indices to plant drought stress: (1) conducting field measurements in grasslands
from 2020 to 2023; (2) creating a database of meteorological parameters to investigate
drought conditions; (3) developing a database of vegetation indices primarily for identi-
fying drought using Sentinel-2 imagery; (4) investigating and detecting drought through
cross-verification of in situ and meteorological data with satellite information; and (5) cul-
minating in the creation of illustrations that present spatiotemporal variations of drought
intensity in Polish grasslands. We have included brief descriptions for context and em-
ployed color coding to visually distinguish between each step (Figure 1).

Meteorological
observations for
drought conditions

Regression
analysis

Creating a database of

Ground meteorological parameters  \/egetation indices Detecting drought ~ Spatiotemporal patterns

from ERAS-Land to calculate . through cross- .
measurements HTC and investigate drought from Sentinel-2 verification of in-situ of erUght severity
conditions and meteorological
data with satellite

information

Collection of vegetation
indices designed for
drought mapping and
derived from cloud free
Sentinel-2 satellite images

Spatiotemporal variations
of drought intensity in
Polish grasslands

Field measurements of soil
moisture with TRIME-PICO64
at grasslands during the
growing seasons 2020-2023

Figure 1. The process of examining the sensitivity of satellite-derived vegetation indices to plant
drought stress at grasslands in Poland from 2020 to 2023.

2.1. Study Areas

The study areas, which are highlighted with a red frame in Figure 2, are spread
across different regions of the country, each characterized by unique natural conditions
that include variations in terrain, water bodies, and vegetation structures. These areas
vary from lowlands to hilly terrains, influencing the types of soil, their structure, and
their properties. Furthermore, the sites range from regions with intense human activity to
more pristine areas, adding to their diversity and making them valuable for research. In
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Google Earth
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the Podlaskie region of northeastern Poland, coded as PL84 under NUTS 2 (NUTS2 is a
classification level in the NUTS (Nomenclature of Territorial Units for Statistics) system
of the European Union, used for regional analysis and allocation of structural funds), the
landscape is mostly lowland but features a variety of terrain. The presence of rivers like
the Biebrza and Bug enhances the region’s ecological diversity by supporting a rich mosaic
of aquatic and wetland ecosystems. These river valleys are often humid, fostering unique
ecological conditions that are conducive to the growth and development of the extensive
grasslands [29].

18°E 21°E A°E

Figure 2. Location of field measurements conducted at grasslands highlighted by red dots in
Wielkopolskie (PL41) and Podlaskie (PL84) provinces in Poland.

Conversely, the Wielkopolskie region in western Poland, coded PL41 under NUTS 2,
features a more balanced topography, predominantly composed of lowlands interspersed
with some hilly areas. The Wielkopolskie Lowland, lying at the heart of this region,
exemplifies a typical lowland terrain characterized by flat or gently rolling landscapes
ideal for intensive farming [30]. This region is traversed by numerous rivers and streams,
including the significant Warta River, which is a key hydrographic feature of the landscape.

Climatically, the regions span various climatic zones of Poland, leading to differences
in temperature, precipitation, and vegetative periods. These climatic conditions directly
influence soil development and its agricultural utility. Podlaskie experiences a moder-
ately warm continental climate with a shorter growing season, with an average annual
temperature of 6.5 °C and annual rainfall of 550 mm [31]. In contrast, Wielkopolskie is
characterized by a warmer transitional climate with milder winters and warmer summers,
where the average annual temperature is 7.5 °C and the total rainfall is 500 mm [32]. Both
regions have experienced increases in temperatures and more frequent extreme weather
events, such as droughts and heavy rainfall, in recent years [33]. In Wielkopolskie, key
challenges include severe drought [34] and soil erosion [35].

The distribution and characteristics of grasslands across Poland present significant
challenges for nature conservation [36]. Typically, these grassland patches are relatively
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small in size, increasing the risk of local species extinction. Additionally, they are often
situated at considerable distances from one another, impeding the movement of populations
between patches and hindering their ability to re-establish [30]. Analyses have shown
that the proportion of permanent grasslands in the agricultural land structure in 2020
is significantly higher in the Podlaskie Voivodeship compared to Wielkopolskie, with
proportions of 38.2% and 13.9%, respectively [30].

2.2. Field Measurements

Ground measurements were conducted in the grasslands recognized in the Podlaskie
and Wielkopolskie voivodeships (Figure 1). A total of 46 field sites were selected for ground
measurements, with 23 sites in each of the two voivodeships. Field sites were chosen to
capture the variability and spatial distribution of the vegetation. In the Wielkopolskie
region, the study area consisted of three fields smaller than one hectare, eighteen fields
ranging from one to ten hectares, and two fields larger than ten hectares. Conversely, in
the Podlaskie region, there were four fields smaller than one hectare and nineteen fields
between one and ten hectares.

Ground measurements were synchronized with Sentinel-2 overpasses and were car-
ried out every three to four weeks during the growing season from April to September.
Table 1 lists the field campaign dates from 2020 to 2023. The frequency of ground measure-
ments depended on cloud cover observations, the distances between specific fields, and
the accessibility of convenient locations for easy access. During the ground campaigns, two
biophysical parameters characterizing soil conditions and vegetation state were measured
at the field sites: soil moisture (SM; measured to a depth of 15 cm) using the TRIME-PICO64
(Ettlingen, Germany) and grass height using the Electronic Bluetooth® Plate Meter EC-20,
supported by photo documentation.

Table 1. Ground measurement dates were conducted at Wielkopolskie and Podlaskie voivodeships
across the years 2020-2023.

Year Wielkopolskie Podlaskie
2020 16.06, 22-23.06, 30.06, 15.07, 18.07, 06.08, 12-13.08, 06-08.07, 28-29.07, 18-20.08,
23.08, 09-10.09, 17.09, 24.09 30.09, 01.10
24.04, 26.04, 08.05, 10.05, 21.05, 04-05.06, 17.06, 21.06, 10-11.05, 09-10.06, 29-30.06,
2021 02-03.07, 17.07, 29.07, 31.07, 02.08, 21-22.08, 04.09, 26-27.07,
06.09, 19.09, 23.09 23-24.08
22.04, 30.04, 07.05, 20.05, 22-23.05, 27.05, 18.06, 25.06,
2022 08.07,20.07, 24.07, 10-11.05, 22-23.06, 27-28.07

06-07.08, 25.08, 28-29.09

29.04, 02.05, 12.05, 21.05, 17.06, 24.06, 09.07, 16.07,
27.07,05.08, 13.08, 26-27.08, 10.09, 23-24.09

2023 19-20.04, 24-25.05, 05-06.07

2.3. Satellite Data Acquisition

The Sentinel-2 program, part of the Copernicus program, offers several advantages for
environmental research and monitoring (https://sentinel.esa.int/web/sentinel /missions/
sentinel-2 (accessed on 13 July 2024). The grassland areas in the Podlaskie region include
three Sentinel-2 granules: 34UED, 34UFD, and 34UFE. Similarly, the grass fields in the
Wielkopolskie region include three Sentinel-2 granules: 33UWT, 33UWU, and 33UXU.
The satellite data are accessible from orbits 22, 122, 79, 36, and 136, allowing for image
acquisition every 5-6 days. Sentinel-2A and Sentinel-2B satellite images at processing level
2A were automatically retrieved using Google Earth Engine (GEE), a cloud-based platform
offering geospatial data, tools, and computational power for analyzing and visualizing
satellite imagery and other geospatial data. Users can access and analyze the data using
various programming languages, such as Python and JavaScript. GEE also provides a
range of tools for data processing and analysis, including machine learning algorithms for
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image classification and time-series analysis [37]. For this study, we utilized the JavaScript
API within the Earth Engine Code Editor. The climate in the two regions is moderately
continental, characterized by a short growing season, prolonged snow and ice cover, and
significant cloudiness. Consequently, we filtered the satellite data to include only those
images with less than 10% cloud cover. Table 2 provides a comprehensive list of the selected
Sentinel-2 images for the years 2020-2023 over the study areas.

Table 2. Number of S2 imaging scenes across years 2020-2023 used for the study.

Year Wielkopolskie Podlaskie
2020 108 60
2021 97 48
2022 107 45
2023 100 59

Next, satellite meteorological datasets from ERA-5 Land, developed by the European
Centre for Medium-Range Weather Forecasts (ECMWF), were utilized. ERA-5 Land is
renowned as a top-tier tool for analyzing worldwide weather conditions and represents an
enhanced iteration thanks to the incorporation of currently used technologies and refined
algorithms [38]. The ERA5-Land dataset offers a spatial resolution of 0.1 degrees, equivalent
to approximately 9 km x 9 km, providing detailed meteorological insights across diverse
Earth regions. Spanning from 1950 to the present, this dataset facilitates the examination
of climate trends over decades. Encompassing a wide range of meteorological variables,
including air temperature, humidity, wind speed, atmospheric pressure, precipitation, and
more, ERA5-Land provides a comprehensive toolkit for analysis. These parameters are
accessible at different atmospheric levels. Demonstrating its versatility, ERA5-Land has
proven invaluable in various scientific domains such as climate studies [38], land cover
and vegetation seasonality [39], and weather forecasting [40]. In our study, we exploited
ERA5-Land data, specifically daily averaged air temperature and daily total precipitation,
to find out the sensitivity of remote sensing-based drought indices at grasslands.

2.4. Meteorological Drought Assessment

To investigate the meteorological conditions for grass development and detect drought,
ERA-5 Land datasets comprising daily air temperature (Figure 3) and daily total precipita-
tion (Figure 4) at grasslands during the growing season from 2020 to 2023 were utilized. It
was observed that the distributions of average daily temperatures from 2020 to 2023 for
grasslands in two distant voivodeships did not differ significantly. However, the thermal
conditions for grass growth in both regions exhibited frequent temperature fluctuations,
especially in 2022 and 2023, when temperature observations often surpassed the critical
threshold of 20-25 degrees Celsius for average daily temperature. This threshold is consid-
ered the limit for thermal stress in plants under Polish climate conditions [41]. Additionally,
concerning daily rainfall totals, distinct differences were observed in the temporal distri-
bution of grasslands in both regions. In the Podlaskie Voivodeship, there were frequent
instances of large daily rainfall totals exceeding 50 mm in 2020. Conversely, during a
similar period in the Wielkopolskie Voivodeship, relatively consistent rainfall events were
recorded, with daily totals not exceeding 40 mm. In subsequent years, daily rainfall totals
generally ranged from 10 to 20 mm, depending on the observation period.

Next, the Hydrothermal Coefficient (HTC), also known as Selyaninov’s coefficient [42],
was calculated to estimate meteorological drought conditions in grasslands. This widely
used metric for drought monitoring in central and eastern European countries [43,44]
characterizes the atmospheric moisture conditions that contribute to drought. The HTC
is closely linked to the productivity of various grassland types [45]. Considering the
widespread use of HTC in research, it was deemed an appropriate method for assessing
the occurrence and intensity of drought.
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Figure 3. Average daily air temperature from March to October in 20202023 in the Wielkopolskie (a)
and Podlaskie (b) voivodeships.
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Figure 4. Daily total precipitation from March to October in 2020-2023 in the Wielkopolskie (a) and
Podlaskie (b) voivodeships.

The HTC combines air temperature and precipitation parameters over a specific period.
HTC is calculated as the ratio of accumulated air temperature to accumulated precipitation
over a given period. It is defined by the following Equation (1) [42]:

1057, P,
HTC = %ﬂpl @
i=1

where

n—Ilength of the preceding period in days;
P,—precipitation amount on the ith day (mm);
T;—daily average of the air temperature on the ith day (°C).

This study adopted the widely accepted classification into nine HTC classes [46]. The
HTC values are as follows: extremely dry (HTC < 0.4), very dry (HTC 0.4-0.8), dry (HTC
0.8-1.1), quite dry (HTC 1.1-1.4), optimum (HTC 1.4-1.7), quite humid (HTC 1.7-2.1),
humid (HTC 2.1-2.6), very humid (HTC 2.6-3.0), and extremely humid (HTC > 3.0). In
order to investigate the complexity and dynamics of meteorological drought for each
analyzed moment within the growing season from 2015 to 2023, the median of the HTC
index over the preceding 30 days (HTC30) was determined. The 30-day median HTC
index is described as valuable because it smooths out short-term fluctuations and outliers,
offering a more consistent and reliable measure of heat transfer performance [44].
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2.5. Vegetation Indices Calculations

To assess how sensitive satellite-derived vegetation indices (VIs) are to plant stress,
we selected and calculated VIs specifically designed for drought mapping using Sentinel-2
images of the study area. Initially, we identified the most commonly used spectral vegeta-
tion indices, which capture various aspects of plant growth, drought detection, and canopy
water content. These VIs are detailed in Table 3.

Table 3. Spectral indices used in study.

Short Name Full Name Formula Authors

NDVI Normalized Difference Vegetation Index NDVI = Rsap — Rees Rouse et al., 1973 [47]
Rga2 + Rees

NDII Normalized Difference Infrared Index NDII = Rsa2 — Rie10 Hardisky et al., 1983 [48]
Rgar + Rig10

NDWI Normalized Difference Water Index NDWI = Rs60 — Ri240 Gao, 1996 [49]
Rgeo + Ri240

NDDI Normalized Difference Drought Index NDDI = NDVI— NDWI Gu et al., 2007 [50]

NDVI+ NDWI

The Normalized Difference Vegetation Index (NDVI) is a widely used measure of plant
health and density, derived from the difference between the maximum absorption of red
light and the maximum reflectance of near-infrared light. NDVI values range from —1to 1,
with higher values representing healthier and more abundant vegetation. This index is in-
strumental in monitoring vegetation and detecting changes in ecosystems and biodiversity.
However, its accuracy can be influenced by atmospheric conditions, the soil background,
and the structure of the plant canopy [51]. Moreover, when vegetation is dense and covers
100% of the ground, NDVI gives poor estimates of vegetation productivity because it is
saturated and does not reflect the increase in biomass [52,53]. The Normalized Difference
Infrared Index (NDII) specifies vegetation moisture and leaf water content. NDII values can
range from —1 to 1, with higher values indicating greater water content in vegetation and
lower values indicating less moisture. NDII is particularly useful for monitoring grassland
productivity [54], detecting mowing frequency [55], and assessing plant hydric stress [56].
The Normalized Difference Water Index (NDWI), primarily developed by Gao in 1996 [49],
is utilized to monitor changes in moisture levels and water content in grassland plants [57].
The last one, the Normalized Difference Drought Index (NDDI), was developed by Gu in
2007 [50] for assessing drought in grasslands. It is based on the relationships between two
previously established indices: NDVI and NDWI. The value of the NDDI index increases
with the severity of the drought. Assuming minimum drought criteria for NDVI < 0.5 and
NDWI < 0.3, a drought condition occurs at NDDI > 0.25. The NDDI has been validated for
evaluating drought conditions in grasslands in India [58] and Mongolia [59].

2.6. Estimating Drought Response to Vls

Considering that the NDVI and NDWI indices are included in the NDDI calcula-
tion and given that NDII is regarded as a less efficient indicator for monitoring drought
conditions [57], we focused on investigating the sensitivity of the latest NDDI indicator
values in relation to meteorological records. Additionally, ground measurements were used
for cross-validation to assess the usefulness of the index that best characterizes drought
severity. Furthermore, to verify drought severity, which is described within the value
ranges of NDII and NDDI, we examined the significance of the relationships between them.
We conducted a verification of the usefulness of vegetation indices through regression
analysis in two stages. First, we assessed the extent to which changes in HTC values are
reflected in the values of S-2 NDDI used as a drought indicator, and we examined their
consistency with in situ soil moisture measurements taken at grassland sites from 2020
to 2023. The second stage focused on investigating drought severity by examining the
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relationship between NDDI and NDII. Finally, temporal variations of drought severity
with 5-2 NDDI at individual grassland parcels in the Wielkopolskie region during the
growing season across the years 2020-2023 were studied. The performance statistics of
the correlations were evaluated using various metrics, including the Pearson correlation
coefficient (r), the coefficient of determination (R?), which is the square of the correlation
coefficient, as well as the mean bias error (MBE), mean absolute error (MAE), and root
mean square error (RMSE).

3. Results

The heatmaps (Figure 5) visualize temporal patterns of HTC30 during the growing
seasons across years from 2015 to 2023 in Wielkopolskie and Podlaskie. The HTC30
is segmented into ten-day periods throughout the growing season, which spans from
day 80 to day 300 of the year. The heatmaps illustrate a transition in meteorological
conditions from wetter to drier over the years. Until the end of March (DOY 60-90), the
data show predominantly “wet” and “extreme wet” conditions (blue shades), while during
the growing season lasting until the end of September (DOY 90-270), there is a mix of
all categories, indicating diverse conditions. In the most recent years, there has been a
clear shift towards “dry” and “extremely dry” conditions (red shades). Specifically in
Wielkopolskie, we noted frequent extreme dry and very dry conditions, i.e., 119 out of 216,
which constitute 55% of all observations. This pattern suggests a long-term trend towards
increased dryness, with significant seasonal variability within each year, reflecting the
changing climate and its potential impact on the studied area. On the other hand, Podlaskie
has experienced moderately dry and moderately wet conditions in recent years. The
heatmaps provide a visual representation of changing conditions over time and highlight a
shift towards drier conditions in recent years, which is critical for understanding long-term
climatic trends and planning for future environmental and resource challenges.

H B N
S Vo ey ™Mo Oy
e, @//J/Wef’ od@rer ’/’715
v W, e{y

&

Figure 5. Temporal patterns of HTC30 at Wielkopolskie (left) and Podlaskie (right) regions during
the growing season from March (DoY 60) until the end of October (DoY 300) in 2015-2023.

Figure 6 shows the relationship between NDDI and HTC, characterized by a significant
negative correlation coefficient r = —0.75 and R? = 0.56. The errors are relatively low,
i.e., MBE = 0.04, MAE = 1.28, and RMSE = 1.58. The blue trend line illustrates that
as NDDI increases, HTC decreases, indicating that higher NDDI values, which signify
greater drought severity, are associated with lower HTC values, reflecting drier conditions.
The data points are predominantly concentrated within the lower NDDI range (0 to 1.5)
and the higher HTC range (1 to 4), thereby substantiating the negative correlation. This
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strong relationship suggests that NDDI is an effective index for identifying areas with
lower hydrothermal conditions, supporting its use for monitoring drought severity in the
studied region.
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Figure 6. Relation between HTC and NDDI estimated across all satellite observations over grasslands
recognized in this study.

To substantiate the hypothesis regarding the relationship between SM and NDDI, an
investigation was conducted (Figure 7). The analysis revealed a strong negative correlation
between the drought index and soil moisture at r = —0.82 and R? = 0.67, indicating that
higher NDDI values are associated with lower soil moisture levels. The regression line and
the scatter of the points show that soil moisture decreases as NDDI increases, reinforcing
the inverse relationship.

While NDII and NDDI are considered appropriate for determining drought severity,
the relationship between NDII and NDDI was investigated as well (Figure 8). A blue
exponential regression line runs through the data points, highlighting the general trend
between NDII and NDDI at the level r = —0.71, R? = 0.50, with a relatively low RMSE of 0.94.
The line indicates that as NDDI values increase, NDII values tend to decrease, suggesting a
negative correlation between the two indices. The plot also features annotations dividing
the data into two regions: “stressed” and “severely stressed”. The “stressed” region,
marked with an orange ellipse, contains a cluster of data points where NDII values are
positive (ranging from 0 to 0.2) and NDDI values are relatively low (up to around 0.5).
This region indicates conditions of moderate stress. In contrast, the “severely stressed”
region, outlined with a red ellipse, encompasses data points where NDII values are lower
(ranging from —0.1 to —0.3) and NDDI values are higher (from around 0.5 to 3.0). This
area represents conditions of severe stress, where higher drought conditions correspond
with lower NDII values. Overall, the scatter plot provides a visual representation of the
negative correlation between NDII and NDDI, emphasizing the varying levels of stress
indicated by different clusters of data points. NDDI offers several advantages over NDII
for determining drought conditions. NDDI is specifically designed to measure drought by
combining information from both vegetation and soil moisture content. This dual focus
makes it a more targeted and direct indicator of drought stress. In contrast, NDII primarily
measures vegetation moisture content, which can be influenced by a variety of factors other
than drought, such as plant health, soil type, or recent rainfall. Consequently, while NDII
provides valuable information about vegetation health and moisture, it does not exclusively
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indicate drought conditions. NDDI’s design to specifically detect drought stress makes it a
more effective and reliable tool for identifying and assessing drought severity.
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Figure 7. Relation between SM and NDDI estimated across all satellite observations over grasslands
recognized in this study.
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Figure 8. Relation between NDII and NDDI for classifying stressed and severely stressed plants
to drought.

Figure 9 comprises four scatter plots, each representing the occurrence and intensity of
drought conditions measured by NDDI across the years 2020-2023 at individual grassland
fields in Wielkopolskie. Each plot showcases how NDDI values fluctuate over time, with
each data point corresponding to observations from various fields or stations, indicated
by distinct colored markers. In the 2020 plot, NDDI values generally remain low, with
only a few instances where values exceed 1, indicating mild drought conditions. However,

150



Plants 2024, 13, 2319

NDDI

NDDI

in 2021, there is a noticeable increase in NDDI values, especially around DOY 100-150,
where several points exceed 3, signifying more severe drought conditions. The 2022 plot
shows a broader distribution of higher NDDI values, particularly between DOY 100 and
200, with some points reaching up to 5, indicating very severe drought conditions during
this period. The 2023 plot continues this trend, with numerous observations exceeding 2
and several reaching up to 5, particularly between DOY 100 and 200, suggesting persistent
and severe drought conditions. Overall, the data indicates a trend of increasing drought
severity over the four-year period, with 2022 and 2023 experiencing the most significant
drought conditions. This pattern highlights the importance of continuous monitoring and
analysis of NDDI values to manage and mitigate the impacts of drought on agricultural
fields and other affected areas.
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Figure 9. Temporal variations of S-2 NDDI at individual grassland parcels in the Wielkopolskie
region during the growing season across the years 2020-2023.

4. Discussion

This study demonstrated that satellite-derived indices for detecting plant stress offer
new opportunities for continuous temporal and spatial monitoring of grassland vegetation
health. The findings support the hypothesis that terrestrial ecosystems remain under stress
due to hydrothermal conditions affecting the state and development of grass plants. The
severity of the drought in 2023 was attributed to a significant increase in HTC, accompa-
nied by higher daily air temperatures and a notable decrease in daily rainfall. Our study
confirmed that the utilization of hydrothermal coefficients (HTC) enables us to explore
spatio-temporal patterns of meteorological drought, thereby facilitating the detection of
drought stress in grass plants. While HTC offers a comprehensive approach to quantifying
the combined influence of temperature and moisture on vegetation, there are some lim-
itations associated with their application. Their calculation entails complexities, relying
on sophisticated models and algorithms, which can be computationally demanding [60]
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and may not uniformly capture the impact of temperature and moisture variations across
different vegetation types and geographical regions, potentially introducing biases in
interpretation [61]. Furthermore, the accuracy of HTC estimates hinges on the availabil-
ity and quality of input data, including meteorological observations and remote sensing
imagery [44].

In this study, well-validated Sentinel-2 surface reflectance products were used to deter-
mine vegetation indices (VIs) and analyze drought dynamics for 2020-2023. Shepherd [62]
confirmed the quality of compositions from Sentinel-2 satellite images, demonstrating the
use of improved cloud-free and composited daily, weekly, or monthly mosaics for regular
land monitoring. Due to unfavorable weather conditions in Poland, where clouds are
present on average 150 days per year [63], S-2 imaging scenes with less than 10% cloud cov-
erage were taken into consideration. As shown in Table 2, the number of acquired images
for the two distinct areas varied significantly across different years. For the Wielkopolskie
region, nearly twice as many cloud-free or minimally cloudy satellite images were obtained.
This spatial relationship confirms observations of spatial variability in the number of cloudy
days in Poland, as documented by Sypniewska [63]. Moreover, a consistent and repeatable
amount of annual Sentinel-2 scenes was collected for the years 2020-2023, regardless of
geographic location. Similar variations in the availability of cloud-free or minimally cloud-
covered satellite optical data have been noted in previous grassland studies conducted
under Polish climate conditions [64,65]. This variability is an important factor to consider
in future studies. Therefore, we recommend that future research investigating temporal
patterns in remote sensing data should account for this factor and explicitly evaluate its
impact on drought stress in grass plants.

Among the tested vegetation indices and relationships presented in Figures 6 and 7,
the NDDI has shown the strongest correlation with HTC and SM. The NDDI is highly
applicable for detecting drought severity in grasslands due to its sensitivity to both veg-
etation and soil moisture conditions. It integrates NDVI and NDWI, leveraging the red
and near-infrared spectra critical for NDVI and the shortwave infrared spectrum essential
for NDWI. NDVI captures the photosynthetic activity of plants by distinguishing between
healthy vegetation and stressed or sparse vegetation using red and NIR reflectance. NDWI,
on the other hand, is sensitive to leaf water content, utilizing the SWIR spectrum to detect
moisture levels in vegetation. By combining these indices, NDDI provides a comprehensive
measure of both plant health and water stress, enabling more accurate and timely detection
of drought conditions in grasslands. This dual sensitivity allows for better monitoring and
management of drought impacts, ultimately aiding in the preservation of these critical
ecosystems, as noted in the previous studies of Artikanur [66] and Patil [67]. Meteorological
conditions significantly influence the values of NDDI, providing an added value in this
study for detecting plant stress (Figure 9). The integration of meteorological data, such
as temperature and precipitation, with NDDI allows for a more accurate assessment of
drought severity and its impact on vegetation. This enhanced detection capability is crucial
for understanding the extent of stress in plants, particularly in Polish grasslands under
various climate zones, where the interplay between climatic factors and plant health is
complex and dynamic [68-70].

The analysis of VIs revealed that plant drought stress can be detected and moni-
tored using the NDDI provided at a 10-m spatial resolution from S-2 imagery. While
many studies have analyzed drought in Poland using commonly used indices such as the
Drought Information Satellite System (DISS) at a coarse 1000 m spatial resolution [71] and
the Standardized Precipitation Evapotranspiration Index (SPEI) based on meteorological
observations at a 0.25-degree spatial resolution [34], our approach offers local farmers the
opportunity to investigate drought conditions with much greater precision at individual
field levels. Farmers in the Wielkopolska region, which is strongly affected by soil ero-
sion [35], should take particular interest in these types of analyses. Research examining
drought frequency between 2001 and 2023, conducted using the DISS index methodology
with satellite data from the Terra MODIS satellite [71], has highlighted that agricultural
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fields and grasslands in Wielkopolska are significantly more vulnerable to drought com-
pared to the Podlaskie region (Figure 10). Therefore, the critical focus remains on linking
adverse conditions for grass vegetation growth and providing precise spatial information
at a resolution of 10 x 10 m, along with frequent temporal updates. These requirements are
met by the satellite observations provided within the Earth Observation Copernicus S-2.
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Figure 10. Frequency (%) of drought occurrences derived from satellite Terra MODIS observations
across 2001-2023. White lines highlight our study areas.

In the context of tracking drought severity with high temporal and spatial accuracy
for individual farmers in Wielkopolskie, Figure 11 unveils new insights for utilizing S-2
NDDI observations. The figure illustrates the proportion of grassland fields endangered by
drought in ten-day periods across four years. In 2023, drought risk peaked early in the year,
notably between DOY 70 and 90, with over 50% of fields affected, a significantly higher
proportion compared to the same period in other years. Another substantial increase in
2023 occurred around DOY 150 and 230, once again surpassing the other years. In contrast,
2021 exhibited consistently low drought risk throughout the year, while 2020 and 2022
showed moderate risk spikes at various periods. These data indicate that 2023 experienced
more severe and frequent drought conditions in grassland fields, especially in the early
and mid-year periods, underscoring a notable escalation in drought risk compared to
previous years.
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Figure 11. Frequency (%) of individual parcels in Wielkopolskie with recognized drought severity
estimated from satellite Sentinel-2 NDDI observations across 2020-2023.

Examining drought sensitivity in agriculture has been the subject of numerous stud-
ies conducted by various researchers [72-74]. It has been proven that satellite-derived
information provides valuable, repeatable, and near-real-time data. However, utilizing the
Normalized Difference Drought Index (NDDI) with Sentinel-2 data for mapping drought
severity comes with several uncertainties and limitations. One primary challenge is the
variability in atmospheric conditions, such as cloud cover and aerosol presence, which
can affect the accuracy of satellite imagery and its availability (Table 2). Additionally,
the spatial resolution of Sentinel-2, while high, may still miss small-scale variations in
drought conditions within heterogeneous landscapes. The temporal resolution also poses a
limitation, as a ten-day period from five-day revisits might not capture rapid changes in
soil moisture and vegetation stress. Furthermore, the NDDI relies on the accuracy of both
NDVI and NDWI, which can be influenced by factors such as soil background, vegetation
type, and phenological stage [51,57]. Calibration and validation of NDDI data against
ground-based measurements are essential to ensure reliability but can be resource-intensive
and geographically limited [67]. Thus, during field campaigns (Table 1), we collected in
situ soil moisture data to confirm the reliability of the NDDI. These factors collectively
introduce uncertainties in the assessment and mapping of drought severity, potentially
affecting the precision of drought monitoring and decision-making processes [75].

5. Conclusions

The examination of vegetation indices to assess drought stress across various grass-
land regions in Poland has provided valuable insights into the intricate interplay between
environmental factors and meteorological observations. This study emphasizes the critical
role of effective grassland management in promoting agricultural sustainability amidst
challenges posed by climate change, which often manifests in drought occurrences. The
findings underscore the necessity for adaptive management strategies that prioritize re-
silience within agricultural systems. Distinct growth patterns in grasslands were observed,
particularly concerning drought, as indicated by NDDI observations. While Wielkopolskie
experienced increased drought occurrences in the first decades of the growing seasons from
2022 to 2023, Podlaskie exhibited stable conditions with minimal variations. These findings
underscore the importance of considering local environmental factors when analyzing
vegetation dynamics.

154



Plants 2024, 13, 2319

Additionally, the examination of meteorological conditions revealed significant re-
gional differences, particularly in temperature and precipitation. The year 2023 presented
considerable challenges for vegetation development, characterized by unfavorable condi-
tions across all study areas. These observations underscore the vulnerability of agricultural
systems to climatic variability and the importance of adaptive management strategies. The
use of the NDDI index for assessing drought response provided insights into distinguishing
between wet and dry conditions. Significant variations in drought occurrences and the pro-
portion of fields at risk were identified within Poland, influenced by climatic fluctuations
and grassland management practices. The use of the NDDI index proved invaluable for
assessing vegetation water content, offering a potential tool for monitoring and managing
grassland resources.

The implications of these findings extend beyond academic research, holding prac-
tical significance for agricultural stakeholders. By enhancing our understanding of the
relationship between environmental conditions and biomass production, farmers and land
managers can implement more effective cultivation practices and grassland management
strategies. This knowledge is particularly crucial given changing climatic conditions, where
adaptive approaches are essential for ensuring the resilience and sustainability of agri-
cultural systems. In conclusion, this study provides valuable insights into the complex
dynamics of vegetation growth and response to drought across diverse agricultural land-
scapes. By elucidating the influence of environmental factors on agricultural outcomes, it
lays the groundwork for informed decision-making and sustainable resource management
in response to evolving climatic challenges.
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Abstract: Our study utilized 374 geographical distribution records of H. mutabilis and 19 bioclimatic
factors, employing the MaxEnt model and the Geographic Information System (ArcGIS). The key
environmental variables influencing the suitable distribution areas of H. mutabilis were analyzed
through the comprehensive contribution rate, permutation importance, and Pearson correlation
coefficient. Based on this analysis, the contemporary and future suitable distribution areas and
their extents were predicted. The results indicate that the key limiting factor affecting the suitable
distribution areas of H. mutabilis is the precipitation of the driest month (bio14), with secondary
factors being annual precipitation (bio12), annual mean temperature (biol), and annual temperature
range (bio7). Under contemporary climate conditions, the total suitable area for H. mutabilis is
approximately 2,076,600 km?, primarily concentrated in the tropical and subtropical regions of
southeastern China. Under low-to-medium-emission scenarios (SSP1-2.6, SSP2-4.5), the total suitable
area of H. mutabilis shows a trend of first decreasing and then increasing compared to the current
scenario. In contrast, under high-emission scenarios (SSP5-8.5), it exhibits a trend of first increasing
and then decreasing. The spatial pattern changes indicate that the retention rate of suitable areas for
H. mutabilis ranges from 95.28% to 99.28%, with the distribution centers primarily located in Hunan
and Guizhou provinces, showing an overall migration trend towards the west and north. These
findings suggest that H. mutabilis possesses a certain level of adaptability to climate change. However,
it is crucial to consider regional drought and sudden drought events in practical cultivation and
introduction processes. The results of our study provide a scientific basis for the rational cultivation
management, conservation, and utilization of germplasm resources of H. mutabilis.

Keywords: climate change; Hibiscus mutabilis; MaxEnt model; potential suitable habitats

1. Introduction

Climate, as a primary controlling factor in ecosystems, has profound impacts on
species’ geographical distributions and ecological processes [1,2]. Numerous reports indi-
cate that climate change can lead to restricted growth or death of certain plants [3], further
causing habitat fragmentation [4] and even species extinction [5]. Against the backdrop of
global climate change, research on species’ suitable habitats has become increasingly urgent.
Establishing species distribution models to simulate and predict potential geographical dis-
tributions of species has become a crucial method for understanding species—environment
relationships, conserving biodiversity, and rationally utilizing species resources.

The application of species distribution models (SDMs) has become a pivotal tool in
the study of ecology and conservation biology [6,7]. Among these models, the MaxEnt
model, developed by Phillips, is a spatial distribution model at the geographic scale based
on the maximum entropy theory [8]. It is highly favored for its efficiency and accuracy, as
it integrates limited species presence data with environmental information to effectively
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understand species distribution patterns and explore their relationships with environmental
variables. The MaxEnt model is now widely used to study the impact of climate change on
species distribution [9,10], such as Osmanthus fragrans [11], Cotoneaster multi florus [12], and
Primula filchnerae [13]. The findings from these studies provide valuable guidance for the
conservation of genetic diversity and the management of germplasm resources [14,15], and
have further heightened public concern about climate change [16].

Hibiscus mutabilis (H. mutabilis), belonging to the genus Hibiscus in the family Mal-
vaceae, is native to China and is now widely distributed in tropical and subtropical regions
of Asia, Africa, North America, and South America [17]. As a common ornamental plant, it
is extensively planted and utilized for its outstanding landscape aesthetics and ecological
functions [18,19]. Additionally, the leaves of H. mutabilis possess significant medicinal value,
typically offering anti-inflammatory, detoxifying, expectorant, antipyretic, and anesthetic
effects [20]. Current research on H. mutabilis, both in China and internationally, primarily
focuses on its medicinal value [21,22], stress tolerance [23,24], and pest and disease man-
agement [25,26]. However, there have been no systematic studies on its potential suitable
habitats, influencing factors, or possible responses to future climate change.

Our study focuses on H. mutabilis, utilizing the MaxEnt model and Geographic In-
formation System (ArcGIS) technology to simulate and predict its suitable habitats in
both contemporary and future periods. By investigating the primary bioclimatic factors
influencing its geographical distribution and analyzing the spatial variation patterns of its
suitable habitats, this research aims to provide theoretical support for the rational cultiva-
tion and management of H. mutabilis. Additionally, it seeks to offer scientific evidence for
the conservation and utilization of its germplasm resources.

2. Materials and Methods
2.1. Data Collection
2.1.1. Occurrence Data

The distribution data for H. mutabilis were primarily sourced from the Global Biodi-
versity Information Facility (GBIF, http://www.gbif.org, accessed on 20 May 2024), the
Chinese Virtual Herbarium (CVH), and the National Specimen Information Infrastructure
(NSII). The collected distribution data were processed and filtered as follows: (1) Duplicate
records were removed, and for records with specific locations but without coordinate
information, latitude and longitude coordinates were obtained using Google Earth. (2) To
avoid spatial autocorrelation, the collected distribution data were imported into the ArcGIS
system for buffer analysis. For distribution points less than 10 km apart, only one point was
randomly retained. Ultimately, we obtained 985 valid distribution records of H. mutabilis
worldwide and 374 valid distribution records in China (Figures 1 and 2). Data on the
distribution of H. mutabilis in China (Figure 2) were used for modeling according to the
methodology of Du [27] and Zhang [28].
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Figure 2. Current distribution of H. mutabilis in China.
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2.1.2. Predictor Variables

The contemporary and future climatic data used in this study were sourced from
the WorldClim database (http://www.worldclim.org, accessed on 20 May 2024). The
climate data for the contemporary period (1970-2000) and three future periods (2050s,
2070s, and 2090s) were obtained using the BCC-CSM2-MR climate model. The selected
climate scenarios include low forcing (SSP1-2.6), medium forcing (SSP2-4.5), and high
forcing (SSP5-8.5) [29].

2.2. Data Processing and Selection
2.2.1. Bioclimatic Variables Screening

To increase the accuracy of the simulation and prediction results, we first conducted
a preliminary simulation of the distribution points of H. mutabilis using MaxEnt v.3.4.4
combined with 19 bioclimatic factors, then excluded bioclimatic factors with a contribution
rate of 0 [30]. Subsequently, we used ArcGIS 10.8 to extract the values of the remaining
bioclimatic factors for the valid distribution points of H. mutabilis. Pearson correlation
analysis was performed on the extracted values using SPSS Statistics 22.0. When the
absolute value of the correlation coefficient between two variables |r| was less than 0.8,
the correlated variables were retained. When |r| exceeded 0.8, the variables were selected
based on their contribution rates to the model and their permutation importance [31]. The
final set of bioclimatic factors was then used to study the contemporary and future suitable
habitat distribution of H. mutabilis in China.

2.2.2. Species Distribution Model Parameter Setting

The potential distribution of H. mutabilis was mapped using MaxEnt version 3.4.4. In
the model, 75% of the distribution points were used as training data, while the remaining
25% were used as test data, with other settings kept at their default values [32,33]. The
MaxEnt model includes a jackknife test to analyze the contribution and importance of
environmental variables. It uses the area under the receiver operating characteristic curve
(AUC) to estimate model accuracy. The AUC value ranges from 0 to 1, with a model AUC
value exceeding 0.8 considered to indicate excellent accuracy [34].

2.2.3. Prediction of Potential Suitable Habitats

The asc format files from the MaxEnt model results were imported into ArcGIS
software(10.8 version). Following the classification methods of Li and Deng et al. [35,36],
the suitable habitats were divided into four categories: non-suitable (p < 0.2), low suitability
(0.2 < p < 0.4), medium suitability (0.4 < p < 0.6), and high suitability (p > 0.6). Using
ArcGIS, the data were converted to raster format and reclassified. A map of China was used
as the base map to visualize the potential distribution of H. mutabilis for the present, 2050s,
2070s, and 2090s. The area of potential suitable habitats for each period was calculated
using the spatial analysis module in ArcGIS.

2.2.4. Changes in the Area and Shifts in the Distribution Center of Suitable Habitats for
H. mutabilis

Using the current suitable habitat area as a reference, the MaxEnt model was employed
to cross-validate the suitable habitats under past and future scenarios. This approach was
used to predict and calculate the changes in suitable habitat area for H. mutabilis across
different scenarios. Subsequently, by tracking the changes in the centroid of the habitat
layers, the distribution centers and migration routes of suitable habitats for H. mutabilis
from the present to nine future scenarios were determined.

3. Results
3.1. Model Accuracy Evaluation

In the current scenario, the ROC curve results indicate an AUC value of 0.920 (Figure 3),
significantly higher than the random prediction value of 0.5. In the output results for the
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three different climate scenarios across three future periods, the AUC values for both the
training and testing datasets are also above 0.9. This demonstrates that the MaxEnt model
is stable and reliable, making it suitable for accurately predicting the suitable habitats for
H. mutabilis in China.
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Figure 3. ROC prediction results of MaxEnt model.

3.2. Key Environmental Factors Influencing the Distribution of Suitable Habitats for H. mutabilis

We retained all 19 bioclimatic factors after the pre-simulation results showed that all
of them had positive contribution rates. Subsequently, factors with absolute correlation
values greater than 0.8 were removed, resulting in 11 climatic factors retained for further
analysis. According to the MaxEnt model’s contemporary prediction for H. mutabilis
(Table 1), the precipitation of the driest month (bio14) had the highest contribution rate,
followed by annual precipitation (bio12), with these two factors accounting for 82.2% of the
total contribution. The contribution rates of mean annual temperature (biol), temperature
annual range (bio7), mean diurnal range (bio2), precipitation of the coldest quarter (bio19),
and precipitation of the warmest quarter (biol8) were relatively low, being 3.4%, 2.4%, 2.2%,
2.2%, and 2%, respectively. The lowest contribution rates were observed for precipitation of
the wettest quarter (bio8), isothermality (bio3), mean temperature of the warmest quarter
(bio10), and precipitation seasonality (bio1l5), all of which were below 2%. These results
indicate that precipitation-related bioclimatic factors accounted for 89.3% of the total
contribution, while temperature-related factors accounted for 10.7%. This suggests that
precipitation is the key environmental variable influencing the growth of H. mutabilis and
plays a decisive role in its geographical distribution.

Table 1. Contribution of screened climatic factors to the potential distribution area of H. mutabilis.

No. Bioclimatic Factor Variable Contribution Rate/% Permutation Importance
Biol4 Precipitation of the driest month 59.4 6.6
Biol2 Annual precipitation 22.8 13.1

Biol Annual mean temperature 3.4 13.1

Bio7 Variation range of annual average temperature 2.4 38.1

Bio2 Mean diurnal range 22 2.6
Biol9 Precipitation of the coldest quarter 2.2 0.9
Biol8 Precipitation of the warmest quarter 2 11.1

Bio8 Mean temperature of the wettest quarter 1.8 7.8

Bio3 Isothermality 14 2.4
Biol0 Mean temperature of the warmest quarter 1.4 2
Biol5 Coefficient of variation of precipitation 12 2.4
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The response curves of the main climatic factors (Figure 4) indicate a positive cor-
relation between the probability of H. mutabilis presence and precipitation. When the
precipitation of the driest month exceeds 19.55 mm, the habitat becomes more suitable for
H. mutabilis growth, with a presence probability greater than 0.6 [25]. When the precipita-
tion of the driest month ranges from 64.16 to 222.20 mm, the presence probability exceeds
0.9, indicating optimal growth and distribution conditions. Regarding annual precipitation,
when it exceeds 1372.96 mm, the presence probability is greater than 0.6, peaking at around
0.989 when annual precipitation reaches 2791.76 mm. After this point, the probability starts
to decline, but remains suitable for survival. Additionally, temperature also plays a role
in the growth of H. mutabilis. The presence probability is high when the mean annual
temperature ranges from 16.22 °C to 25.85 °C, peaking at approximately 0.81 at 24.47 °C.
When the annual temperature range is between 5 °C and 30.95 °C, the presence probability
exceeds 0.6, peaking at around 0.987 when the annual temperature range is 14.79 °C.
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Figure 4. Response curves of main bioclimatic factors. (a) the relationship between precipitation of the
driest month(X-axis) and the probability of the H. mutabilis distribution(Y-axis); (b) shows the relation-
ship between annul precipitation(X-axis) and the probability of the H. mutabilis distribution(Y-axis);
(c) shows the relationship between annul mean temperature(X-axis) and the probability of the
H. mutabilis distribution(Y-axis); (d) shows the relationship between variation range of annul average
temperature(X-axis) and the probability of the H. mutabilis distribution(Y-axis).

3.3. Predicting the Suitable Habitat Range of H. mutabilis under Climate Change
3.3.1. Prediction of Contemporary Potential Habitats for H. mutabilis

The simulation results of the MaxEnt model for the potential suitable habitat of
H. mutabilis in contemporary China (Figure 5) indicate that the potential moderately to
highly suitable habitat is mainly distributed in the southern regions, including Guang-
dong, Guangxi, Hainan, and Taiwan. In addition, it extends to eastern regions such as
Fujian, Zhejiang, Jiangxi, and Shanghai, as well as most parts of Jiangsu and Zhejiang
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Provinces. Moderate to highly suitable habitats are also observed in central regions such as
Hunan, Hubei, and southern parts of Henan, as well as in southwestern regions including
Chonggqing, eastern and southern parts of Sichuan, Chengdu Plain, and most parts of
Guizhou, except the northwest, which borders Yunnan Province. The total area of potential
moderately to highly suitable habitats is approximately 158.72 x 10* km? (Table 2).
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Figure 5. Current potential distribution area of H. mutabilis.

Table 2. Predicted area of potential habitats in different periods.

Climate Scenarios

Area (10* km?) Current 2050s 2070s 2090s

SSP1-2.6  SSP2-45  SSP5-85 SSP1-2.6  SSP2-45  SSP5-8.5  SSP1-2.6  SSP2-4.5  SSP5-8.5

LSDA 48.94 53.85 58.69 73.28 62.75 59.67 57.13 58.92 53.36 48.42
MSDA 87.02 87.07 78.93 88.27 69.76 78.49 80.27 82.57 76.06 88.61
HSDA 71.70 58.64 64.06 85.99 66.12 67.60 75.25 70.97 76.83 71.59
TSDA 207.66 199.56 201.68 247.55 198.63 205.75 212.65 212.46 206.25 208.63
HSDA-Current —13.06 —7.64 14.30 —5.58 —4.10 3.55 -0.73 5.13 —0.11
HSDA/TSDA (%) 0.35 0.29 0.32 0.35 0.33 0.33 0.35 0.33 0.37 0.34
TSDA-Current —8.10 —-5.98 39.89 -9.03 —-1.91 4.98 4.80 —1.41 0.96

Note: LSDA represents low-suitable distribution area; MSDA represents medium-suitable distribution area; HSDA
represents highly suitable distribution area; TSDA represents total suitable distribution area; HSDA-Current
represents the change in the highly suitable area compared to current times; TSDA-Current represents the change
in the total suitable area compared to current times; SDA /TSDA (%) represents the proportion of highly suitable
distribution area to total suitable distribution area.
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3.3.2. Future Potential Habitat Prediction for H. mutabilis

In this study, we employed the MaxEnt model to predict the potential suitable habitats
of H. mutabilis under three climate scenarios (S5SP1-2.6, SSP2-4.5, and SSP5-8.5) for the 2050s,
2070s, and 2090s. Spatial distribution maps of potential suitable habitats (Figure 6) and the
changes in habitat area for each category are presented in Table 2.
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Figure 6. Optimum distribution of H. mutabilis in China under future climate scenarios at different
periods.

From Figure 6, it is evident that in the forthcoming decades, the moderately to highly
suitable habitats of H. mutabilis will be primarily concentrated in provinces such as Guangxi,
Guangdong, Fujian, Jiangxi, Hunan, and Zhejiang, with a tendency for the highly suitable
habitats to shift southward and contract. Under the SSP126 and SSP245 climate scenarios,
the area of suitable habitats will initially decrease and then increase. Specifically, by the
2050s and 2070s, the area of highly suitable habitats will decrease by 13.06 x 10* km? and
7.64 x 10* km? and 7.64 x 10* km? and 3.06 x 10* km?, respectively. By the 2090s, under
the SSP245 scenario, the area of highly suitable habitats will increase by 5.13 x 10* km?
compared to contemporary levels. Conversely, under the SSP5-8.5 scenario, the area of
highly suitable habitats will increase by 14.30 x 10* km? and 3.55 x 10* km? in the 2050s
and 2070s, respectively, exhibiting an overall increasing trend followed by a decrease. By
the 2090s, the area of highly suitable habitats will decrease below contemporary levels.
Across all climate scenarios, the area of moderately suitable habitats exhibits an overall
decreasing trend, while the area of low suitable habitats shows a significant increasing
trend compared to contemporary levels.
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3.4. Spatial Pattern Changes and Distribution Center Migration Trends of H. mutabilis Habitat
under Climate Change

3.4.1. Spatial Pattern Changes of H. mutabilis Habitat under Different Climate Scenarios

Through the spatial pattern changes of H. mutabilis habitat under different future
climate scenarios (Figure 7, Table 3), it can be observed that the majority of contemporary
suitable habitats for H. mutabilis remain preserved, with a retention rate ranging from
95.28% to 99.28%. These preserved habitats are mainly concentrated in regions such as
Guangdong, Guangxi, Taiwan, Fujian, Zhejiang, Shanghai, Hunan, Hubei, Chongqing,
Guizhou, eastern Sichuan, Chengdu Plain, southern Shaanxi and Henan, and southern
Anhui and Jiangsu, among others. Under the SSP1-2.6 and SSP2-4.5 climate scenarios, the
loss rates of suitable habitats exceed the increase rates during the 2050s and 2070s. The
areas where habitats are lost are primarily concentrated in central Henan, northern Jiangsu,
and northern Anhui. However, by the 2090s, under the SSP2-4.5 scenario, the increase rate
of suitable habitats will exceed the loss rate, with new habitats mainly distributed in belt-
shaped patterns across Jiangsu, Anhui, Henan, and Shaanxi, as well as in scattered patterns
in Sichuan and Yunnan. Under the SSP5-8.5 climate scenario, the increase rates of suitable
habitats will exceed the loss rates during the 2050s and 2090s. In particular, during the
2050s, the area of newly suitable habitats will increase by 7.46 x 10* km?, with the highest
increase rates mainly concentrated in the northern parts of Jiangsu Province, southern parts
of Sichuan Province, and northern parts of Yunnan Province. However, during the 2070s,
the loss rate of suitable habitats will exceed the increase rate, with scattered areas of habitat
loss in Yunnan Province, northern Jiangsu Province, and northern Anhui Province.
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Figure 7. Spatial transformation pattern of the suitable area of H. mutabilis in different periods.
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Table 3. Spatial transformation pattern of the suitable area of H. mutabilis in different periods.

Climate Scenarios

Area (10* km?) 2050s 2070s 2090s
SSP1-2.6 SSP2-4.5 SSP5-8.5 SSP1-2.6 SSP2-4.5 SSP5-8.5 SSP1-2.6 SSP2-4.5 SSP5-8.5
Reserved-SDA 197.58 197.85 205.14 199.85 202.49 202.54 202.54 205.92 204.09
Lost-SDA 10.10 9.84 257 7.84 5.16 5.13 5.16 1.77 3.60
New-SDA 1.96 0.89 7.46 1.77 3.20 3.69 4.63 6.71 452
NSDA 754.20 755.27 748.68 754.38 752.93 752.47 751.52 749.42 751.60
Loss rate (%) 4.86 4.74 1.24 3.77 2.49 2.47 2.48 0.85 1.73
Increasing rate (%) 0.94 0.43 3.59 0.85 1.54 1.78 2.23 3.23 2.18
Retention rate (%) 95.14 95.28 98.79 96.24 97.51 97.53 97.53 99.16 98.28

Note: Reserved-SDA represents reserved suitable distribution area; Lost-SDA represents lost suitable distribution
area; New-SDA represents new suitable distribution area; NSDA represents non-suitable distribution area.

3.4.2. Trends in H. mutabilis Distribution Center Migration under Different
Climate Scenarios

As depicted in Figure 8, under contemporary climatic conditions, the distribution center
of H. mutabilis is located in Huaihua City, Hunan Province (109°23'53" E, 27°30'08" N).
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Figure 8. Centroid migration of H. mutabilis under future climate scenarios.

Under the SSP1-2.6 climate scenario, in the 2050s, the distribution center will shift to
Jiangkou County, Tongren City, Guizhou Province (108°37'15” E, 27°44’01"” N), moving
approximately 80.95 km northwest compared to the contemporary center. By the 2070s,
the distribution center will revert to Zhijiang Dong Autonomous County, Huaihua City,
Hunan Province (109°45'42" E, 27°37'40" N), shifting about 38.81 km northeast compared
to the contemporary center. In the 2090s, the distribution center will relocate to Songtao
Miao Autonomous County, Tongren City, Guizhou Province (109°45'42" E, 27°37'40"” N),
approximately 72.84 km from the contemporary center.

Under the SSP2-4.5 climate scenario, in the 2050s, the distribution center will be
situated in Wanshan District, Tongren City, Guizhou Province (108°59'49" E, 27°27'10” N),
approximately 40.45 km from the contemporary center. By the 2070s, the distribution center

168



Plants 2024, 13, 1744

will move to Jiangkou County, Tongren City, Guizhou Province (108°51'44" E, 27°42/33" N),
about 57.10 km northwest of the contemporary center. In the 2090s, the distribution center
will shift to Suiyang County, Zunyi City, Guizhou Province (107°19'23" E, 27°55'10” N),
moving approximately 210.92 km northwest from the contemporary center.

Under the SSP5-8.5 climate scenario, in the 2050s, the distribution center will be lo-
cated in Jiangkou County, Tongren City, Guizhou Province (108°46'05"E , 27°31'18" N),
approximately 63.36 km west of the contemporary center. By the 2070s, the distribution
center will move to Fenghuang County, Xiangxi Tujia and Miao Autonomous Prefecture,
Hunan Province (109°31'03” E, 27°54’01” N), shifting about 84.93 km northeast compared
to the contemporary center. In the 2090s, the distribution center will relocate to Sinan
County, Tongren City, Guizhou Province (108°00'37" E, 27°43'47" N), moving approxi-
mately 150.25 km northeast from the contemporary center. Overall, under different climate
scenarios, the distribution center of H. mutabilis exhibits a tendency towards westward
migration in the 2050s, followed by a general northward trend in the 2070s and 2090s.

4. Discussion
4.1. Key Climatic Factors Restricting the Distribution of H. mutabilis

This study reveals that the precipitation of the driest month is the most crucial en-
vironmental variable influencing the distribution of H. mutabilis, with the other three
variables being annual precipitation, mean annual temperature, and temperature annual
range, which are also significant factors affecting its distribution. Within a certain range,
the probability of H. mutabilis presence is positively correlated with the driest month’s
precipitation. When the driest month’s precipitation is less than 9.373 mm, it is not suitable
for the survival of H. mutabilis. However, when the driest month’s precipitation exceeds
64.16 mm, the probability of H. mutabilis presence is extremely high. Additionally, when the
annual precipitation ranges from 1372.96 mm to 2791.76 mm, the probability of H. mutabilis
presence is directly proportional to the annual precipitation. When the annual precipitation
is less than 852.39 mm, it is not suitable for the survival and distribution of H. mutabilis.
Conversely, when the annual precipitation exceeds 2791.76 mm, although the probability
of H. mutabilis presence slightly decreases, it still remains highly suitable for its distribution.
These findings indicate that the growth and distribution of H. mutabilis are influenced
by precipitation, with drought being a limiting factor for its distribution range. Previous
studies have suggested that H. mutabilis is intolerant to drought and tolerant to waterlog-
ging conditions [37], exhibiting the development of adventitious roots adapting to flooded
environments [24,38] without affecting flowering or ornamental characteristics. However,
drought adversely affects seed germination efficiency and plant vigor [39,40], further
highlighting its high water demand, which is consistent with the results of this study.

In addition to precipitation, the mean annual temperature and temperature annual
range are also important climatic factors influencing the distribution of H. mutabilis. The
MaxEnt model prediction results indicate that a mean annual temperatures exceeding
16.2 °C is highly suitable for the survival and distribution of H. mutabilis, with the prob-
ability of its presence peaking at 24.5 °C. Beyond this threshold, the probability of its
presence noticeably declines. Conversely, mean annual temperatures ranging from —5.8 °C
to 13.04 °C are not suitable for the survival and distribution of H. mutabilis. Studies have
shown that the greatest challenge faced by H. mutabilis when introduced in northern re-
gions is the inability to safely overwinter [41]. The results of this study suggest that mean
annual temperature may be a key factor limiting the introduction of H. mutabilis to northern
regions of China.

Temperature annual range also significantly influences the survival and distribution of
plants. Combining response curves of climatic factors, it is observed that the probability of
H. mutabilis presence is inversely proportional to temperature annual range. As temperature
annual range increases, the probability of H. mutabilis presence markedly decreases. When
the temperature annual range reaches 33.87 °C, the probability of H. mutabilis presence is
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less than 0.2, indicating that environments with relatively stable temperatures are more
suitable for its growth.

4.2. Spatial Pattern Changes of H. mutabilis Habitat and Distribution Center Migration

The sixth phase of the Coupled Model Intercomparison Project (CMIP6), organized by
the World Climate Research Programme (WCRP), represents the highest level of climate
model simulation and prediction. With numerous participating models, scientifically
designed experimental methods, and vast simulated data, CMIP6 provides more reliable
estimates. Our study, based on the CMIP6 framework, effectively reveals the spatial pattern
changes of H. mutabilis habitats and the migration of its distribution center under three
new Shared Socioeconomic Pathway (SSP) scenarios. Under the SSP1-2.6 and SSP2-4.5
scenarios, the habitat area decreases in the 2050s and 2070s, but increases in the 2090s.
Previous studies indicate that with the increasingly evident trend of global climate warming,
future temperatures and precipitation are expected to increase compared to contemporary
conditions [42]. However, the actual conditions may be more complex [43-45]. For instance,
in the SSP2-4.5 climate scenario, Wen et al. [46] pointed out that, in the mid-to-late 21st
century (2050s and 2070s) in the Yangtze River Basin, temperatures will increase while
precipitation decreases, but by the late 21st century (2090s), precipitation will increase by
6% and 4.7%, respectively. According to the relationship between climate factors and the
probability of H. mutabilis presence, it can be inferred that temperature and precipitation
will synergistically affect and alter the spatial distribution pattern of H. mutabilis, with
precipitation playing a more critical role. In future periods, extreme precipitation events
in southeastern China are expected to increase, with the probability under SSP1-2.6 being
lower than that under SSP5-8.5 [47]. Data from relevant research institutions indicate that
under the SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios, future temperatures will rise by 2
°C, 3 °C, and 5°C, respectively. Higher temperatures and increased precipitation resulting
from high emission levels will, to some extent, favor the distribution of H. mutabilis.
However, under future climate scenarios, extreme precipitation events are expected to be
more complex, with droughts becoming more frequent. Therefore, attention should be
paid to regional and sudden drought events during the introduction, domestication, and
cultivation management of H. mutabilis [43].

Research suggests that species in the northern hemisphere may increasingly mi-
grate to higher latitudes with the trend of global warming intensification [48]. Accord-
ing to the predictive results of this study, the contemporary potential distribution cen-
ter of H. mutabilis is located in Zhijiang Dong Autonomous County, Hunan Province
(109°23'53" E, 27°30'08” N). This region belongs to a subtropical monsoon humid climate
zone characterized by mild climate, concentrated rainfall, and an annual average tempera-
ture ranging from 15.8 °C to 17.3 °C, with annual precipitation between 1156.4 mm and
1432.9 mm, making it highly suitable for the survival and distribution of H. mutabilis.

Furthermore, under different climate scenarios, the future distribution center of
H. mutabilis shows a trend of westward and northward migration, mainly appearing in
Tongren City and Zunyi City, Guizhou Province. Although this region is significantly
affected by monsoons, currently, the summer temperatures in Guizhou are lower than
those in Hunan, with more frequent dry spells during the summer monsoon season [49].
Additionally, the annual precipitation is lower, making the suitability conditions inferior
to those of Hunan Province. However, forecasts indicate that temperatures in Guizhou
Province are generally expected to increase compared to historical levels, with a tendency
for increased precipitation in the future, providing favorable conditions for the migration
and survival of H. mutabilis [50].

4.3. Conservation Strategies and Recommendations

The study on species geographical distribution responses to climate change holds
significant value in providing scientific data support for species conservation [51,52]. Cindy
pointed out that the shared suitable distribution areas of species in different periods often
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become “climate refuges” for the species due to stable climates [53]. Our study reveals
that the highly suitable areas for H. mutabilis in both contemporary and future scenarios
are located in Guangdong, Guangxi, Taiwan, Zhejiang, Shanghai, Anhui, Hunan, Hubei,
Chonggqing, Guizhou, eastern Sichuan, and the Chengdu Plain. Establishing conservation
areas or germplasm repositories for H. mutabilis in these regions could effectively protect
its genetic diversity. The distribution centers of H. mutabilis in contemporary and future
climate scenarios are mainly located in Hunan and Guizhou provinces, making them key
areas for H. mutabilis breeding. Additionally, the data indicate no records of H. mutabilis
distribution in Hainan Province currently. However, predictive results suggest that most
areas in Hainan Province will be highly suitable habitats for H. mutabilis under current and
future climate scenarios. With an annual precipitation of 1500-2500 mm and an average
annual temperature of 22.5-25.6 °C, Hainan Province possesses suitable hydrothermal
conditions for the survival and distribution of H. mutabilis, thus warranting efforts for its
introduction and cultivation.

5. Conclusions

Using ArcGIS software and the MaxEnt model, this study predicted the potential
suitable habitats of H. mutabilis under nine different contemporary and future climate
scenarios. The results indicate that the key limiting factor affecting the survival and
distribution of H. mutabilis is the precipitation of the driest month, with precipitation
playing a dominant role relative to temperature factors. From the perspective of potential
distribution areas, H. mutabilis is suitable for growth and distribution in tropical and
subtropical humid regions. In scenarios with low emissions (SSP1-2.6, SSP2-4.5), the area of
highly suitable habitats decreases compared to contemporary levels, while in scenarios with
high emissions (SSP5-8.5), the area of highly suitable habitats increases. This phenomenon
may be attributed to the influence of changes in precipitation on future climate factors.
The contemporary distribution center of H. mutabilis is located in Huaihua City, Hunan
Province. Under different future climate scenarios, the distribution center mainly shifts to
Tongren City and Zunyi City in Guizhou Province and Xiangxi Autonomous Prefecture
in Hunan Province. In the 2050s, there will be a westward trend, while in the 2070s and
2090s, there will be a general trend of northward migration. Hainan Province has climatic
conditions suitable for the growth and distribution of H. mutabilis, making it suitable
for its introduction and cultivation. The results of this study provide guidance for the
introduction, cultivation, genetic diversity conservation, and breeding management of
H. mutabilis. However, factors other than bioclimatic factors, such as altitude and soil type,
may also affect its survival and distribution. Future research will incorporate more factors
into H. mutabilis habitat prediction to further provide a theoretical basis for the protection
and scientific planting management of H. mutabilis germplasm resources.
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Abstract: The spatial shifts and vulnerability assessments of ecological niches for trees will offer
fresh perspectives for sustainable development and preservation of forests, particularly within the
framework of rapid climate change. Betula luminifera is a fast-growing native timber plantation species
in China, but the natural resources have been severely damaged. Here, a comprehensive habitat
suitability model (including ten niche-based GIS modeling algorithms) was developed that integrates
three types of environmental factors, namely, climatic, soil, and ultraviolet variables, to assess the
species contemporary and future distribution of suitable habitats across China. Our results suggest
that the habitats of B. luminifera generally occur in subtropical areas (about 1.52 x 10° km?). However,
the growth of B. luminifera is profoundly shaped by the nuances of its local environment, the most
reasonable niche spaces are only 1.15 x 10° km? when limiting ecological factors (soil and ultraviolet)
are considered, generally considered as the core production region. Furthermore, it is anticipated
that species-suitable habitats will decrease by 10 and 8% with climate change in the 2050s and 2070s,
respectively. Our study provided a clear understanding of species-suitable habitat distribution and
identified the reasons why other niche spaces are unsuitable in the future, which can warn against

artificial cultivation and conservation planning.

Keywords: ensemble model strategy; habitat suitability; climate change; Betula luminifera

1. Introduction

Future agriculture and forestry will use integrated technologies such as remote sens-
ing and geographic information system (GIS) to ensure that farms and plantations are
more efficient, safe, and environmentally friendly. Indeed, the aggregate area of forest
plantations in China has been on a consistent rise; nevertheless, the recent trajectory has
exhibited a 19.75% decrement, dwindling from 10.1 x 10* km? (ninth national inventory)
to 8.4 x 10* km? (eighth national inventory) [1-3]. Can we provide more reasonable pro-
tection and utilization strategies for perennial trees based on niche-based GIS modeling
technology? At present, niche-based GIS modeling is commonly adopted to project species’
potential habitats, especially at large spatiotemporal scales [4-6]. Through niche-based GIS
modeling theoretically, with the available species occurrence and environmental variables,
which can calculate species niche characteristics in mathematical space consist of corre-
sponding variables by using various mathematics algorithms [7,8]. It resulted in mapping
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the species’ potential distribution across landscapes and projecting its habitat distributions
across space and time using GIS modeling technology.

Previously, several mathematics algorithms have been successfully used in niche-
based GIS spatial simulations, each with their own advantages [9,10]. However, it should
be stated that no single niche-based GIS modeling algorithm is appropriate for all future
climate scenarios [11,12]. Hence, in order to decrease nondeterminacy due to various
algorithms’ choice biases, an ensemble model (EM) strategy that integrates the message
from individual niche-based GIS models and allocated various statistical algorithms has
been offered. The EM strategy has already been proven to dramatically promote models’
precision and reliability [11,13-15]. Recently, it has been generally recommended that the
species spread’s restrictions be examined in habitat estimation, particularly accounting
for future variable environments during the modeling processes [16,17]. Generally, the
environmental factors that restrict spread contain categorical variables (e.g., different types
of soil). In the scope of the currently available niche-based GIS model technology, only
maximal entropy algorithms (MaxEnt) could effectively handle categorical variables [18,19].

Precision forestry for sustainability and environmental protection cannot ignore the
impact of rapid climate change. In fact, climate change has brought new uncertainties to the
productivity of existing and future large-scale afforestation activities. The rapidly chang-
ing climate may move species’ suitable climate niches from their contemporary ranges,
which is expected to cause maladapted and compromised plantation productivity [20] and
broadly influence existing ecosystems and their socioeconomic activities [21,22]. Indeed,
scientific evidence has proven that global warming is the chief reason for genetic diversity
loss, suitable niche space fragmentation, and the changes in species niche spatial distri-
bution [23,24]. Hence, predicting the changes in these tree plantation distribution areas
will be of great practical and theoretical importance to studying the influence of climate
change. On the other hand, given that environmental factors have perennially served as
the primary driving force influencing the ecological niches of species, spatial shifts as well
as ecological niche vulnerability assessments are necessary for plants, irrespective of the
presence or absence of climate change.

Betula luminifera (H.) Winkl, Betulaceae, is a representative fast-growing and high-
yielding valuable timber tree in China [25,26]. The species is well known for its high-quality
timber, short juvenile phase, and fast growth. It is widely cultivated to provide commercial
timber and promote the space quality of the environment based on ecological restora-
tion and afforestation. However, the natural resources of B. luminifera are threatened by
fragmentation from overharvesting and populations’ genetic diversity reduction [1,27-29].
Therefore, in 2015, to thoroughly maintain the sustainable development of forests, includ-
ing B. luminifera, China prohibited commercial harvesting in natural forests, leading to a
shortage in the domestic timber supply [1,30,31]. As a representative fast-growing timber
plantation, B. luminifera has great development potential for addressing China’s future
large timber gaps. However, rapid global warming has affected the climate variables in the
original niche habitats of B. luminifera [17,24,32], which in turn are expected to increase the
risk of maladaptation and productivity reduction.

Here, B. luminifera, a representative native plantation tree in China, was selected
as the target to analyze habitat area (plantation) changes in contemporary and potential
future climate scenarios using niche-based GIS modeling technology. For this objective, a
comprehensive habitat suitability (CHS) model was developed to implement this analysis.
During the procedure of model conformation, the EM strategy was performed to develop
the climate suitability model and project the potential dynamic change under future climate
scenarios. In addition, the maximal entropy algorithm was utilized to develop habitat limi-
tation models to forecast spread restrictions. Our study is expected to provide a theoretical
basis for B. luminifera planting and management, and the generated information is also
expected to contribute to promoting domestic timber output.
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2. Results
2.1. Model Performance and Key Environmental Variables

To guarantee the reliability and validity of the occurrence data of B. [uminifera, three
standardized processing steps (described in material and method) were implemented.
Finally, a total of 204 samples of B. luminifera existence information (with clear longitude
and latitude) were retained to create the comprehensive habitat suitability model (Figure 1A
and Table S1).
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Figure 1. The geographical distribution of B. luminifera suitable habitats under the current climate
condition. (A) the distribution of B. luminifera occurrence sample points; (B) the suitable habitats of
B. luminifera developed by combining multi-climate model results. (C) The geographical distribution
of different habitat-suitability types of B. luminifera.
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Judging by the model’s evaluation results, all models with TSS values equal to or
exceeding 0.60 and AUC values surpassing 0.85 deemed satisfactory (Figure 2). For each
individual model, all of the ten simulation technologies were closely associated with
the stable and efficient operation of each algorithm. And each model produced higher
estimation values: the average TSS and AUC results were 0.749 and 0.900, respectively.
Particularly, the MARS models exhibited the highest accuracy among the four algorithms,
followed by GLM, GBM, and GAM (Figure 2). Hence, along with the satisfying TSS and
AUC values, this shows that our ensemble model performs well and could offer accurate
results. In addition, the soil and ultraviolet distribution limitation models also produced
high AUC values, with 0.873 and 0.903, respectively. Therefore, the results of the climate
suitability model and the distribution limitation model could be regarded as reasonable for
B. luminifera.
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Figure 2. Mean model estimation values based on two different estimation metrics: the receiver
operating characteristic (ROC) and the true skill statistic (TSS). SRE: surface range envelope, FDA: flex-
ible discriminant analysis, GLM: generalized linear model, GAM: generalized additive model,
MARS: multiple adaptive regression splines, GBM: generalized boosting model, CTA: classification
tree analysis, ANN: artificial neural network, RF: random forest, and MaxEnt: maximum entropy.

Among the selected predictive bioclimatic variables (Table S2), eight climate factors
related to temperature and precipitation were used to build the bioclimate suitability model
of B. luminifera (Figures S1 and S2). The analysis of the climate factors’ contribution to
model formulation reveals that Bio2, Bio3, Bio7, and Bio12 were the dominant bioclimatic
variables (with a contribution rate of more than 10%) affecting the distribution range of
the suitable habitat of B. luminifera. Then, the nonparametric Kruskal-Wallis multiple-
range test was used to disclose the distinct adaptability ranges for these four dominant
bioclimatic variables (Figure 3). Therefore, based on the frequency presentation pattern, we
obtained the thresholds for the main bioclimatic parameters: the mean diurnal temperature
range (Bio2) was from 7 to 8 °C; the isothermality (Bio3) range was from 24 to 28%; the
temperature annual range (Bio7) was from 26 to 31 °C; and the annual precipitation range
was from 1100 to 1600 mm (Figure 3).
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Figure 3. Kernel density plots for climatically related predictive variables in B. luminifera suitable
habitats. (A) Mean diurnal temperature range (Bio2); (B) isothermality (Bio3); (C) temperature annual
range (Bio7); (D) annual precipitation (Bio12).

2.2. The Geographical Scope of B. luminifera Suitable Habitat

The dynamic analysis showed that the core area (about 1.51 x 10° km) of B. luminifera
suitable habitat (Table 1) is mainly distributed in the south and southeast regions of China
(Figure 1B). The distribution areas mainly covered Guizhou, Chongqing, northeast of
Yunnan, southeast of Sichuan, and Tibet provenances (Yunnan—-Guizhou Plateau area and
Hengduan mountains); south of Shaanxi and Henan provenances (belongs to the southern
slope of the Qinling Mountain); Hubei, Hunan, and Jiangxi, south of Anhui and Jiangsu
provinces (Yangtze valley area); Fujian and Zhejiang provinces (Wuyi mountains area);
and north of Guangxi and Guangdong provinces (belongs to the Nanling Mountains)
(Figure 1B).

Table 1. B. [uminifera dynamics of habitat area under future climate scenario/year.

Suitable Habitats (x10° km?)

Future
Unchanged Gain Loss
2050s 1.33 0.15 0.18
2070s 1.26 0.10 0.25

By the 2050s, suitable B. luminifera habitats will shift towards the north of the current
niche (Figure 4). Moreover, new potential distribution areas will appear in the south
of Shaanxi, Henan, Anhui, Jiangsu, and northern Yunan province; the newly expended
habitats are about 0.15 x 10° km? (Table 1). However, part of the current habitats is expected
to be lost (about 0.18 x 10° km?), mainly located in the south of Guangxi and Guangdong
provinces, which are covered in the south of current habitats. Obviously, under these
scenarios/periods, habitat areas with increasing and decreasing trends are almost equal,
but the geography of the suitable habitats will shift towards higher altitudes.
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Figure 4. Projection of climatic habitat suitability for B. luminifera at various periods in China. Merge
represents the intersection region of all possible suitable habitats at the same period.

With the extension of time, the trend of migration to higher latitudes of suitable habitat
will continue in the 2070s, but the amplitude will decrease. New B. luminifera potential
distribution areas will also appear in the north of the current niche, about 0.10 x 10 km?
(Figure 4 and Table 1). However, it is worth noting that under these scenarios/periods,
a large area of suitable habitats will be lost (0.25 x 10° km?). Additionally, the degraded
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potential distribution will not only cover the south of the current habitats under baseline
conditions, but it will also appear in the north of the current niche (Figure 4), which
highlights the uncertainty brought about by climate change. Because the habitat areas
with a decreasing trend are far beyond those with an increasing trend in the 2070s, the
whole potential distribution area will considerably contract. Here, the changes in the area
in potential habitat distribution under all climate change scenarios/periods are mapped
(Figure 4 and Table 2), which clearly show the suitable habitat characteristics and dynamic
migration trend of B. luminifera under future climate change scenarios.

Table 2. Statistical area for suitable habitats distribution changes for B. luminifera under different
representative concentration pathways (SSPs: SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5) at different
times in China.

2050s (x10° km) 2070s (x10° km)
Unchanged Gain Loss Unchanged Gain Loss
SSP1-2.6 1.09 0.02 0.42 1.22 0.04 0.30
SSP2-4.5 131 0.12 0.20 1.07 0.07 0.44
SSP3-7.0 1.14 0.03 0.38 0.86 0.03 0.65
SSP5-8.5 1.08 0.07 0.43 0.81 0.05 0.71

2.3. The Spatial Distribution of Different Types of B. luminifera Habitats

According to the ecological niche model, along with comprehensive consideration of
the limitations on soil and UV-B environment variables, a comprehensive habitat suitability
(CHS) model was developed to estimate the B. [uminifera suitable habitat distribution range,
and this model provided the CHS value for every estimation grid. Hence, eight various
habitat-suitability types of B. luminifera habitats were obtained in this study (Table 3).

Table 3. The codes for the eight habitat-suitability types.

Code Climate Condition Soil Condition UV-B Condition
I Unsuitable Unsuitable Unsuitable
1I Suitable Suitable Suitable
III Suitable Suitable Unsuitable
v Suitable Unsuitable Suitable
\ Unsuitable Suitable Suitable
VI Suitable Unsuitable Unsuitable
VII Unsuitable Suitable Unsuitable
VIII Unsuitable Unsuitable Suitable

In this study, the CHS results showed that B. luminifera’s suitable niche space in
China will decrease if restrictive ecological variables are considered. Based on the area
statistics results, the area of habitat with suitable climate, soil, and UVB conditions (II
type) is about 1.15 x 10° km?; the regions with suitable climate and soil environments
but unsuitable UVB conditions (III type) are about 0.08 x 10° km?; and regions including
suitable climate and UVB environments, unsuitable soil conditions (IV type) are about
0.25 x 10° km? (Table 4). The optimal habitats (II type) were mainly located in Guizhou
and Hunan provinces (Yunnan-Guizhou Plateau), Fujian and Zhejiang provinces (Wuyi
mountains area) (Figure 1C). The most significant and highly suitable regions appeared in
the Yunnan—-Guizhou Plateau area and Wuyi mountains area, generally considered to be
core B. luminifera production region.

In the 2050s, the model forecast indicates that B. [uminifera’s suitable habitats will
shift towards the north and will slightly decrease (Figure 5). Large losses and degraded
niche space will mainly appear in the southern of Nanling mountains regions (in the
south of the current niche), containing Guangxi and Guangdong, and south of the Tibet
provinces. In addition, some new potential distribution areas will appear in the north and
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northeast regions of China, mainly in northern Zhejiang and Hubei, Anhui, and Jiangxi
provinces. The core production area of B. luminifera (suitable habitat type of II) will contract
to 1.07 x 10° km? (a decreased of 6.95%).

Table 4. Habitat area with different suitability types of B. luminifera at various periods in China.
I: unsuitable; II: suitable habitat; III: habitats with an unsuitable UV-B condition; IV: habitats with
an unsuitable soil condition; V: habitats with unsuitable climate conditions; VI: habitats with an
unsuitable soil and UV-B condition; VII: habitats with an unsuitable climate and UV-B condition;
VIII: habitats with unsuitable climate and soil conditions.

Habitats under Future Climate Scenario/Year (x10° km?)

Type
Current 2050s 2070s
11 1.15 1.07 0.99
III 0.08 0.06 0.06
v 0.25 0.29 0.25
\% 0.24 0.31 0.40
VI 0.05 0.06 0.06
VII 0.50 0.51 0.52
VIII 0.27 0.22 0.25

In the 2070s, B. luminifera-suitable habitat areas will continue to move towards the
higher latitude and decrease (Figure 5), since the loss of suitable niche space also occurs in
the south of current areas in Guangxi and Guangdong provinces, but the location shifts
further north than that of the 2050s. In addition, new suitable niche spaces will mainly
appear in the south of Hubei, Anhui, and Jiangsu provinces. The core suitable habitat
area of B. luminifera (suitable habitat type of I) will contract to 0.99 x 10° km? (a decrease
of 13.91%). It is noteworthy that climate change will continuously impact B. luminifera’s
suitable habitat distribution, leading to severe habitat fragmentation with the progression
of time. Here, the characteristics and dynamic migration trends of these eight habitat-
suitability types of B. luminifera are mapped in Figure 5, which clearly shows the changes
in the area for each type under future climate change scenarios in China.

The Geographical Location of Habitats of Varying Suitability

Climate Times
Change
Scenarios 2050s 2070s

;‘ - 30°N if - 30°N
SSP 1-2.6
L 20°N L 20°N
100°E 110°E 120°E
£ L3oon
SSP 2-4.5

F20°N

T T T
100°E 110°E 120°E

Figure 5. Cont.
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Figure 5. The geographical location of different types of suitable habitats for B. luminifera at various
future climate change scenarios in China. Merge showing the intersection region of the suitable
habitats at different scenarios. I: unsuitable; II: suitable habitat; III: habitats with an unsuitable
UV-B condition; IV: habitats with an unsuitable soil condition; V: habitats with unsuitable climate
conditions; VI: habitats with unsuitable soil and UV-B conditions; VII: habitats with unsuitable
climate and UV-B conditions; VIII: habitats with unsuitable climate and soil conditions.

2.4. Changes in Potential Distribution Areas under Climate Change

To quantify the influence of global climate change on the geographical range of these
eight habitat-suitability types, the variance in annual average temperature was counted un-
der various climate scenarios and stages. According to the above data, variations in the suit-
able habitat areas under various climate change scenarios were calculated (Tables 5 and S3),
and the dynamic forecast of the changing trends of the area variation for each suitable type
was mapped (Figure 6).

The results indicated that, with various predicted temperature increments, the area
variation trend of these eight habitat-suitability types can be divided into three groups:
with projected temperature increases, the potential distribution area shows a significant
decreasing trend, including II, III, IV and VI (class one); a relatively steady trend, including
I, VII, and VIII (class two); and an increase significantly trend, including V (class three)
(Figure 6). Notably, the habitat-suitability type area changes in suitable habitat (II), habitats
with unsuitable UV-B conditions (III), habitats with unsuitable climate conditions (V), and
habitats with unsuitable soil and UV-B conditions (VII) were significantly associated with
the different projected temperature increases.
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Figure 6. Area of habitats of differing suitability for B. luminifera at various periods in China. I: unsuit-
able; II: suitable habitat; III: habitats with an unsuitable UV-B condition; IV: habitats with unsuitable
soil conditions; V: habitats with unsuitable climate conditions; VI: habitats with unsuitable soil and
UV-B conditions; VII: habitats with unsuitable climate and UV-B conditions; VIII: habitats with

unsuitable climate and soil conditions.

Table 5. Statistical area for climatic habitat suitability changes for B. luminifera under different
representative concentration pathways (SSPs: SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5) at different

times in China.

2050s (x10° km?) 2070s (x10° km?)

Code  Current  gsp SSP SSP SSP SSP SSP SSP SSP
1-2.6 2-45  3-7.0 5-85  1-2.6  2-45  3-7.0 5-8.5

I 7.07 7.09 7.08 7.08 7.08 7.08 7.08 7.11 7.10
II 1.15 0.86 1.05 0.88 0.84 0.95 0.83 0.69 0.63
I 0.08 0.05 0.05 0.05 0.05 0.05 0.05 0.02 0.03
v 0.25 0.17 0.28 0.19 0.21 0.20 0.22 0.16 0.16
\Y% 0.24 0.53 0.34 0.51 0.55 0.44 0.56 0.70 0.76
VI 0.05 0.04 0.05 0.05 0.05 0.05 0.05 0.02 0.04
VII 0.50 0.52 0.52 0.53 0.53 0.52 0.53 0.55 0.55
VIII 0.27 0.34 0.23 0.31 0.30 0.31 0.29 0.35 0.34

3. Discussion

Future agrarian and silvicultural practices will harness integrated technologies (e.g., GIS)
to assure sustainable conservation, heightened efficiency, and environmental congeniality
on farms and plantations. Here, we have provided a more accurate assessment for the
ecological niche of B. luminifera after considering limiting factors (soil and UV-B). The
actual suitable niche constituted a mere 75.65% in comparison to scenarios where such
factors were not considered. Furthermore, the spatial niche of B. luminifera is expected to be
reduced with climate change, leading to a decrease in the entire spatial niche, suggesting
the risk of maladaptation. Thus, forest management practices, such as in situ and ex situ
protection/conservation and assisted migration, have the potential to curtail the expected
niche losses and the maintenance of forest health and productivity, thereby sustaining
future ecosystem services.
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3.1. Ecological Characteristics of B. luminifera Habitats

A significant climatic characteristic in B. luminifera habitats is that the principal climate
factors may be temperature-related (Figure 3). In order to clarify how global warming
influences B. luminifera’s suitable habitat geographical range, the average value and stan-
dard deviation of the eight climate factors contained in the EM for various climate change
scenarios and stages were counted (Table S4). The results indicated that, for the entire
suitable habitats, the mean value of Biol was about 15.39 °C in current. In the next time
period, the mean annual temperature would represent an upward trend in future climate
scenarios, but the variation was different. In the 2050s, the annual mean air temperature
(Biol) value in the entire suitable habitats may equal 17.53 °C, and by the 2070s, Biol may
reach 18.18 °C, meaning that the temperature increment will be 3.37 °C. In addition, the
annual precipitation (Bio12) exhibited a similar upward trajectory, albeit with a markedly
smoother progression: in the 2050s, the average Biol2 could retain a relatively steady trend;
in the 2070s, the added precipitation will reach 88.41 mm. Bio2, Bio3, Bio4, Bio8, Biol5,
and Bio18 have a high probability of showing a steady or slight increase, indicating that
the seasonal tendencies of temperature and rainfall may remain essentially steady in the
species’ entire suitable habitats.

Our analysis showed that the change in B. luminifera’s suitable habitat area was closely
related to the projected temperature increases, which is consistent with other fast-growing
tree plantation species affected by climate change. For example, there are at least 12 fast-
growing timber tree species with potential distribution areas showing dynamic changes
with different projected temperature increases, e.g., Betula platyphylla (a close relative
species with B. luminifera) and Cunninghamia lanceolata (an important plantation timber tree
in China) [6]. In addition, under the maximum temperature rise’s scenario (e.g., SSP585),
most of the fast-growing tree plantation species will be shifting their suitable niche space
to the north, and a large area of suitable habitat loss, especially in the south of the current
niche under the current climate scenario, will cause severe habitat fragmentation [6]. Such
phenomena align with our research, and the findings in this study highlight the variations
in habitat areas for a representative fast-growing and high-yielding unique valuable timber
plantation under the impact of predicted future climate warming, which will provide more
information for reasonable afforestation under climate change in the future.

3.2. Limitative Effect of Soil and UV-B on B. luminifera Suitable Habitats

B. luminifera is a perennial woody plant. Unfit soil and ultraviolet types will restrict
the extension of plantations. In this study, soil factors were found to be the major variables
that were restricting the range of B. luminifera, particularly in Jiangsu, Anhui, Hubei, and
the east of Sichuan provinces (the suitability type IV). Along with the suitable climatic
environments, the range of unsuitable soil conditions (IV) was 0.25 x 106 km?, which is
44% of the core B. [uminifera habitats. Soil has already been proven to be an important factor
in limiting plant growth and influencing ecosystem productivity [33,34]. Furthermore, an
in-depth understanding of the intricate interplay between soil and climate on plant charac-
teristics reveals that the primary variations are reflected in size disparities at both organ and
plant levels, as well as in leaf development, delicately balancing leaf longevity with plant
growth potential [35]. On the other hand, ultraviolet B radiation, a significant macroclimatic
element exhibiting substantial variations across extensive spatial expanses [36], has been
empirically shown to exert considerable influence on plant germination and growth [37,38].
Recently, the on-going changes in climate are increasingly exposing plants to novel combi-
nations of UV-B and other climate factors, e.g., water availability and temperature [39,40].
In this study, the range of unsuitable UV-B conditions (III) was 0.08 x 10° km? (7% of the
core B. luminifera production region), which is mainly located in southwest China (Figure 5),
demonstrating that the dominant variables restricting the expansion of the species’ suitable
niche space in these regions are likely to contain UV-B. However, it is not yet clear how soil
and UV-B specifically regulate plant growth, and the physiological mechanism also needs
further investigation.
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The scope of environmental factors is likely to change due to the impact of future
climate change. In this study, the decrease in suitability type IV indicates that the most suit-
able habitat of B. luminifera is shrinking under the influence of climate change. In addition,
the suitability types Il and IV also indicate that the newly added suitable environment is
caused by climate change, maybe mostly located in unsuitable soil or ultraviolet conditions.
In this study, the characteristics and dynamic migration trend of eight habitat-suitability
types for B. luminifera were mapped (Figure 5), which clearly shows the geographic location
of the restriction factor for each type under future climate change scenarios in China. There-
fore, forest managers can formulate detailed vegetation protection and utilization strategies
according to the changes in suitable habitat types in specific regions. For example, in
central China, the range of habitat type IV (soil as limiting factors) will gradually decrease
and significantly shift northward, and the new regions that have suitable niche space will
appear to the north of Hubei and Anhui, in Chongqing provinces.

3.3. Management Priorities of B. luminifera under Climate Change

To prevent genetic diversity loss and ecological degradation in B. [uminifera habitats,
the reasonable designation of planting regions will be a key bond based on the species
survival rate with respect to climate warming. Under natural conditions, population gene
flow, migration, and vegetation succession are complicated processes that typically happen
over a long period of time. It is generally accepted that the natural shifting of forest trees
lags far behind the current rapid rate of climate change [5,41,42]. In a previous study, a sig-
nificant linear positive correlation between the afforestation survival rate and the potential
probability of presence by projecting the habitats distribution based on ecological niche
models was found [43]. Concerning B. luminifera, previous studies have also concluded
that the current status of genetic diversity and structure of natural populations is strongly
influenced by suitable niche space fragmentation [26,44]. Therefore, the cultivation of
B. luminifera is one of the most effective methods for protecting the remaining B. luminifera
natural populations [32]. In fact, the scholarly probe into climate change has perennially
been a subject of contention, yet it is indisputable that any shift in the global climate will
have profound ramifications for the existing ecosystem. In this study, employing B. [u-
minifera as a representative case, we forecasted the potential impacts of climate change and
offered bespoke strategies for an optimal response; this evaluation is as vital as scientific
experience, knowledge, and existence itself.

In this study, a macroscopically drawn map of the suitable niche space for B. luminifera
was developed by combining multi-climate model results (Figures 3 and 4). Our results
revealed the intersection region of the suitable habitats at different scenarios (e.g., suitable
area in the 2050s, in Figure 6), which should have priority for protection to guarantee habitat
survival. For example, we found that the most suitable niche space for B. luminifera would
severely decrease and move to higher latitudes with climate change. Furthermore, the avail-
able ex situ steps for the excellently distributed individuals and seedlings in marginally
suitable habitats may be essential to projects by using field survey and provenance testing.
The populations at distribution margins should also be given more consideration for man-
agement, because they demonstrate potential for the development of climate suitability in
the future. Additionally, our research provides a helpful basis for forest management objec-
tives (i.e., reforestation, seed allocation, and assisted migration), which could incorporate
climate change adaptation into forest plan programs of B. luminifera.

4. Materials and Methods
4.1. Species Occurrence Database

B. luminifera existence information has been collected from published scientific litera-
ture and the Chinese Virtual Herbarium (CVH, https://www.cvh.ac.cn/, (accessed on 23
May 2024)). To guarantee the reliability and validity of the occurrence data, only existence
points with clear longitude and latitude were selected, and priority was given to records
from field surveys.
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Based on GIS modeling technology, appropriation geographic point information was
further chosen through the following three standards: (1) duplicate coordinate informa-
tion was removed; considering the resolution of environmental factors, the data were
further condensed to ensure that each grid range (evaluation unit) had a single sample
site; (2) sampling sites originated from different ecological niches to guarantee balance
of species occurrence investigations; and (3) based on meeting the above two principles,
some sampling sites were deleted to guarantee that the space between two occurrence data
was >10 km as possible and the points were evenly distributed. These measures allowed
reducing sample points spatial autocorrelation and minimizing its effect on niche model
prediction results.

4.2. Environmental Factors Database

Three types of environmental variables (climatical, soil, and ultraviolet B) were col-
lected to simulate B. luminifera potential habitat distribution. The climate factors were
19 bioclimatic variables [45], a common dataset usually applied in ecological niche mod-
eling, and originated from the monthly temperature and precipitation values to produce
more meteorologically significant climate variables. The soil type database was obtained
from the Harmonized World Soil Database (HWSD) [46], and the soil properties of topsoil
and subsoil were selected to build the niche model. Ultraviolet radiation B (UV-B) was
derived from the glUV database (http://www.ufz.de/gluv/, (accessed on 23 May 2024)),
with six biologically meaningful factors selected to build the niche model.

Future climate scenarios databases were coming from the WorldClim Coupled Model
Intercomparison Project 6 (CMIP6) dataset (version 2.0) [47]. In this study, the spatial
resolutions of all the baseline and future environment variables were resampled at 30"
(approximately 1 km?). Then, we simulated B. luminifera’s potential habitat distribution
in two future periods: 2041-2060 (2050s) and 2061-2080 (2070s), under the four projected
climate scenarios mentioned above [48-50]. Each of the two future environmental datasets
consisted of four shared socioeconomic pathways (SSPs): SSP126 (slight climate change
conditions), SSP245 (moderate climate change conditions), SSP370 (powerful climate change
conditions), and SSP585 (severe climate change conditions) [51].

The multicollinearity of environmental variables is expected to cause additional un-
certainty for the ecological niche models [11,52]. Indeed, bioclimatic variables have been
proven to cause severe multicollinearity [5,6,53]. Hence, a principal component analysis
(PCA) was implemented to choose the representative climate factors [4,11]. According to B.
luminifera, existence point distribution and the forecasting of the 19 bioclimatic factors in
the habitat space were delimited by the PCA (Figure S1).

Finally, eight climate variables were chosen to build the climate suitability model
(Table S2). Additionally, Pearson product moment correlation coefficients (r) were applied
to check the cross-correlation of all variables, to ensure that their correlation coefficients
were less than 0.6. Ultimately, 8 climatic factors, 12 soil types, and 3 UV-B variables were
selected based on PCA and correlation analyses for niche model construction (Table S2).

4.3. Construction of Niche-Based GIS Modeling

In this study, a CHS niche-based GIS model was constructed to analyze B. luminifera
potential habitat distribution under the different climate scenarios (above). This model
approach included activities of two distinct patterns: (1) a climate suitability model, which
specialized in detecting the dynamic changes of species habitat distribution under future
climate scenarios based on EM strategy; and (2) a distribution restricted model, which
used the MaxEnt algorithm to predict spread restriction [54]. Although B. luminifera has
a wide distribution area, the species does not grow in unsuitable soil and ultraviolet
environments, even though the climate and landform are suitable. Therefore, in this study,
soil and ultraviolet variables were considered limiting ecological factors.
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4.3.1. Climate Suitability Model

According to the EM strategy, 10 commonly niche-based GIS modeling algorithms,
including the surface range envelope (SRE), flexible discriminant analysis (FDA), general-
ized linear model (GLM), generalized additive model (GAM), multiple adaptive regression
splines (MARS), generalized boosting model (GBM)), classification tree analysis (CTA), arti-
ficial neural network (ANN), random forest (RF), and maximum entropy (MaxEnt) [54-57],
were utilized to develop the climate suitability model. This approach was adopted to reduce
the modeling prediction uncertainty caused by different modeling techniques. All model
building steps were implemented on the biomod?2 framework based on R language [58].
The modeling process occurred as follows (Figure S2):

Firstly, pseudo-sampling points were selected. For this process, to decrease the predic-
tion result’s instability caused by randomly generated points, this step was reduplicated
three times to produce three datasets of pseudo-sampling points, with each dataset con-
taining 500 pseudo-sampling points.

Secondly, we conducted single-model development. Ten simulation algorithms were
developed independently using the method of biomod?2 in the R language environment. A
total of 80% of the sampling points (containing occurrence points and pseudo databases)
were freely chosen as training databases, and the remaining 20% was chosen for model
testing (i.e., cross-validation). To decrease the instability due to various data, the true skill
statistic (TSS) and receiver operating characteristic curve (ROC) were applied to estimate
the model representation [59,60], and an individual estimated algorithm was performed
10 times with each sample dataset. Hence, in this process, 120 single models (i.e., 4 single
modeling algorithms, 3 pseudo-absence sampling models, and 10 cross-validation runs)
were built.

Thirdly, we built the EMs. In this step, mean weight values were adopted to blend all
individual models along with TSS values > 0.7 to generate our EMs. Thus, only models with
a TSS value > 0.7 were retained to develop the final ensemble. Then, TSS values were used
to estimate the references and define the weight values of individual models. Equation (1)
presents how the TSS values were utilized to determine the weight of an individual model:

’j

Wi = 1
Y )
Wi is the weight value of j’s results; 7; is the TSS value of model j; and & is the quantity
of models.
The normalization prediction results of an individual model were then redoubled by
the commensurable weight to receive the comprehensive results. Equation (2) illustrates
how the potential habitat suitability index was calculated and the EM was constructed.

n
EMl' = =1 Wj X Xij (2)

EM,; (range [0, 1]) means the habitat suitability index of the estimation unit (grid) i,
which is the estimation index for potential B. [uminifera habitats; W; is the weight value of
J's result; and X;; refers to the value of the estimation grid i of model j’s result.

Based on the above ensemble model, B. luminifera’s potential habitat distribution in
the 2000s, 2050s, and 2070s was performed, and among them, the future climate database
included four SSPs (SSP126, SSP245, SSP370, and SSP585) scenarios. Based on the future
bioclimatic environmental database, an individual model was conducted independently
for every period, and the areas for suitable habitat changes in B. luminifera under different
scenarios/periods were counted. Hence, B. luminifera’s future habitat distribution in
different stages was achieved by averaging the results.

Finally, the binary format that predicted the results of EMs was obtained. In this
process, optimized TSS values based on the testing data were utilized as a reference
(threshold) to convert the ensemble modeling’s results to a binary format [11]. Because TSS
refers to a threshold-dependent metric, but different thresholds can bring about various
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TSS values, in this study, the threshold parallel to the maximal TSS results was selected for
the taxonomy criteria. Based on a unified threshold, the model’s simulation results in the
2000s, 2050s, and 2070s were divided into two types: suitable and unsuitable.

4.3.2. Distribution Limitation Model

Soil variables and UV-B radiation data can supply messages concerning key envi-
ronmental variables that constrain species habitats spatially. Among the ecological niche
model technologies, only the maximum entropy algorithm can utilize categorical data
(e.g., soil texture classification) as input environmental variables. Hence, in order to assess
soil and UV-B suitability requirements, we employed 12 soil and 3 UV-B variables to build
a habitat distribution limitation model by MaxEnt (version3.3.3) [19,60].

In the modeling steps, 75% existence points from the database were freely selected
as training, and the reserving database was applied as testing data. Moreover, 10-time
repeats were conducted to minimize the instability, and the AUC (area under the curve)
was utilized to assess the model operation representation. The MaxEnt prediction model for
the soil variables suitability index scope in 0 to 1 and the maximum training sensitivity plus
specificity were considered as the thresholds to reclassify the results into two types: suitable
and unsuitable soil habitats. Similarly, MaxEnt was also applied to develop a species habitat
spread restriction model to assess its UV-B radiation suitability requirements.

4.4. Comprehensive Habitat Suitability (CHS) Model

Here, a CHS model was developed to estimate B. luminifera’s suitable habitat distribu-
tion, including bioclimate suitability, soil suitability, and UV-B suitability, and this model
provided the CHS value for every estimation grid as below (Equation (3)):

CHS; = TM;(Si(U; ®)

CHS; refers to the comprehensive habitat suitability conditions of B. luminifera of each
estimation grid i; T M; refers to the climate suitability of each estimation grid i under various
environment scenarios; S; refers to the soil limitation index of each estimation grid i; and
U; refers to the UV-B limitation index of each estimation grid i. In the modeling operation,
the soil and UV-B conditions of the future were considered to maintain consistency with
the current period.

4.5. B. luminifera Future Potential Habitats Distribution Areas

The model prediction results contained uncertainties under various future climate
scenarios that were generated by various atmospheric general circulation models (GCMs).
To reduce the effect of various GCMs, the certainty index of B. luminifera’s suitability habitat
(Ci, Equation (4)) was formulated to present the confidence of future prediction as follows:

_ Y'CHS;

Ci
m

)

C; is the certainty index of B. luminifera’s suitability habitat in each climate change
scenario. In this study, eight climate change scenarios were included; CHS; is the com-
prehensive habitat suitability’s result into estimation grid i under the jth GCM. m is the
quantity of GCMs contained in the statistics under this climate change scenario. For each
environmental scenario, the regions along with C; values > 0.5 were considered as the final
suitable habitats.

5. Conclusions

In the present study, a comprehensive habitat suitability (CHS) niche-based GIS
model was developed using the ensemble model strategy and applied for predicting the
suitable climate habitat geographic range of B. luminifera. We found that climate change
will negatively affect the spatial distribution of B. luminifera, resulting in a northward
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range shift and a drastic loss of suitable habitats in the future. Our research provides a
macroscopically drawn map of potentially suitable areas (plantations) of B. luminifera that
were in the intersection region at different scenarios, which was more reliable than the
individual union-intersection habitat under a single scenario/year. Therefore, the present
study provides a valuable basis for reforestation, seed allocation, and assisted migration
of B. luminifera, and it will ultimately help boost the survival rate of afforestation for
B. luminifera.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/plants13111542/s1, Figure S1: The principal component analysis
(PCA) process to select a subset of the environmental factors. A, the distribution of the points of B.
luminifera occurrences in the environmental space defined by the first two PCA axes, illustration of
the distribution of B. luminifera along the first two PCA axes; B, the correlation circle of the selected
bioclimatic variables as a function of these first two PCA axes, illustration of the projection of the
selected bioclimatic variables over the same two PCA axes. Figure S2: Schematic representation
of the methodological methods. Table S1: The occurrence data of Betula luminifera. Table S2: En-
vironmental factors applied to niche-based GIS modeling of Betula luminifera. Table S3: Habitat
area with different suitability type of Betula luminifera at various periods in China. I: Unsuitable;
II: Suitable habitat; III: Habitats with unsuitable UV-B condition; IV: Habitats with unsuitable Soil
condition; V: Habitats with unsuitable climate conditions; VI: Habitats with unsuitable Soil and UV-B
condition; VII: Habitats with unsuitable Climate and UV-B condition; VIII: Habitats with unsuitable
Climate and Soil condition. Table S4: Mean and standard deviation of the eight bioclimatic variables
in mainland China.
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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 Mongpolia 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.

Keywords: chili pepper; Capsicum annuum L.; climate warming; MaxEnt; potential distribution

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-

194



Plants 2024, 13, 1027

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?2, 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?2 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

198



Plants 2024, 13,1027

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

T
109°E

T T
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3.1. Dominant Environmental Variables Affecting the Distribution of Chili Pepper

T
110°30'E

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 (bio18) 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
important 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,
SSP245, 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-
bio19).
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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.
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Abstract: The Qinling Mountains in East Asia serve as the geographical boundary between the north
and south of China and are also indicative of climatic differences, resulting in rich ecological and
species diversity. However, few studies have focused on the responses of plants to geological and
climatic changes in the Qinling Mountains and adjacent regions. Therefore, we investigated the
evolutionary origins and phylogenetic relationships of three Pedicularis species in there to provide
molecular evidence for the origin and evolution of plant species. Ecological niche modeling was
used to predict the geographic distributions of three Pedicularis species during the last interglacial
period, the last glacial maximum period, and current and future periods, respectively. Furthermore,
the distribution patterns of climate fluctuations and the niche dynamics framework were used to
assess the equivalence or difference of niches among three Pedicularis species. The results revealed
that the divergence of three Pedicularis species took place in the Miocene and Holocene periods,
which was significantly associated with the large-scale uplifts of the Qinling Mountains and adjacent
regions. In addition, the geographic distributions of three Pedicularis species have undergone a
northward migration from the past to the future. The most important environmental variables
affecting the geographic distributions of species were the mean diurnal range and annual mean
temperature range. The niche divergence analysis suggested that the three Pedicularis species have
similar ecological niches. Among them, P. giraldiana showed the highest niche breadth, covering
nearly all of the climatic niche spaces of P. dissecta and P. bicolor. In summary, this study provides
novel insights into the divergence and origins of three Pedicularis species and their responses to
climate and geological changes in the Qinling Mountains and adjacent regions. The findings have
also provided new perspectives for the conservation and management of Pedicularis species.

Keywords: divergence; geographic distribution; evolutionary relationship; ecological niche analysis;
Pedicularis

1. Introduction

Climatic oscillations during the Quaternary have profoundly affected the geographic
distribution, migration, and genetic structure of plants in both the Southern and Northern
Hemispheres [1,2]. Although East Asia was not covered much by ice sheets during the
last glacial period, climate oscillations during the late Quaternary strongly impacted the
biological diversity and evolution of many extant species in the region [3,4]. Recent phylo-
geographic studies have shown that climatic changes and historical geological events were
the primary drivers of population expansions/contractions and interspecific divergence in
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plants, which also constructed new ecological niches, leading to the origin and divergence
of new species [5,6]. In addition, the combination of ecological niche modeling (ENM) and
maternal inherited chloroplast DNA (cpDNA) markers were used to predict the geographic
distribution changes of relict plant species and forest trees from East Asia [7,8]. Combining
plant genetic information with niche models could help us investigate the effects of global
climate change on the evolution of alpine plants since the Quaternary, as well as the factors
involved in the origin and differentiation of species [9-11]. These studies provided novel
insights into biodiversity conservation in the context of global climate.

Previous geological studies suggested that the Qinling Orogenic Belt in East Asia
experienced a long evolutionary history and has a complicated composition and struc-
ture [12]. The rapid uplift of the Qinling Mountains since the late Cenozoic was influenced
by changes in deep earth dynamic processes, which dominated the different climatic en-
vironments in mountainous areas and subsequently created the abundant biodiversity of
the Qinling Mountains [13,14]. The Qinling Mountains are a unique biodiversity region
in the world due to their distinctive geographic location, diverse habitats, and climate
types, providing an ideal environment for studying species differentiation and response
patterns of plant species to geological and climatic oscillations. Relevant studies have
investigated the genetic divergence and evolutionary histories of three closely related tree
peony species (Paeonia qiui Y. L. Pei and D. Y. Hong, Paeonia jishanensis T. Hong and W. Z.
Zhao, and Paeonia rockii (S. G. Haw and Lauener) T. Hong and J. J. Li ex D. Y. Hong) in the
Qinling-Daba Mountains [5] and also revealed the population genetic structure of P. rockii
using nuclear gene markers and chloroplast DNAs [15]. These results demonstrated that
the Qinling Mountains as a geographic barrier have profoundly impacted the population
evolution of the endemic species in this region. However, the phylogeographic studies and
population demographic history of endemic plants in the Qinling Mountains and adjacent
areas need further exploration.

Pedicularis (Orobanchaceae) is a genus of hemiparasitic plants distributed through-
out the Northern Hemisphere, mainly in high-latitude or montane habitats. The species
richness and morphological diversity in Pedicularis is confined to a comparatively limited
region of eastern Asia, with approximately 75% of species being endemic to the Himalaya-
Hengduan areas [16,17]. The genus Pedicularis provides an exceptional model or case in
this region for exploring how alpine plants respond to climatic fluctuations and geological
events, as well as the associated interspecific evolutionary processes and population dy-
namics [18,19]. Recently, the evolutionary patterns of three single/low-copy nuclear genes
(CRC, LFY-L, LFY-S) and two chloroplast genes (matK and ycfl) in sixty-five accessions
of Pedicularis sect. Cyathophora from the Hengduan Mountains were investigated, which
revealed that the uplift of the Qinghai-Tibet Plateau and climatic changes may have played
crucial roles in the divergence and speciation of Pedicularis sect. Cyathophora [20]. Moreover,
the effects of climatic oscillations on genetic diversity and phylogenetic relationships in
Pedicularis sect. Cyathophora (Orobanchaceae) on the Qinghai-Tibet Plateau have been also
researched [21,22]. Nevertheless, the evolutionary relationships and species divergence of
Pedicularis species in the Qinling Mountains and adjacent areas are less well known. There-
fore, we focus on three species of Pedicularis (Pedicularis bicolor Diels, Pedicularis dissecta
(Bonati) Pennell and H. L. Li, Pedicularis giraldiana Diels ex Bonati) endemic to the Qinling
Mountains [23]. P. bicolor has been recorded as a vulnerable (VU) species on the IUCN Red
List [24]. P. giraldiana is distributed over most parts of the Qinling Mountains and extends
southwestward in China ranging from 2900 to 3000 m, while P. dissecta is distributed in the
Qinling Mountains of southern Shaanxi province, thriving on rocks at an altitude of 3000
m [23].

In this study, we analyzed phylogenetic relationships and divergence of three Pedicu-
laris species (P. bicolor, P. giraldiana, and P. dissecta) using maternally inherited chloroplast
DNA (cpDNA) sequences. Additionally, we examined niche divergences between the
species through ecological niche modeling (ENM) and compared their spatial distributions
during different historical times. The main objectives of this study were to (1) conduct
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phylogenetic analysis based on plastid genome data; (2) estimate divergence times and
explore their relationships with geological events; (3) evaluate niche differences between
species from both geographic and environmental perspectives; (4) investigate the impacts
of global climate change on the three Pedicularis species in the Qinling Mountains since
the last interglacial (LIG) period and explore their response to climate oscillations and
geological events; and (5) provide references for protecting wild plant population resources.

2. Results
2.1. Phylogenetic Relationship

The phylogenetic relationship of Pedicularis species was reconstructed based on max-
imum likelihood (ML) and maximum parsimony (MP) analyses using the chloroplast
genomes of seventeen Orobanchaceae and three Lamiaceae species. Overall, the topologies
obtained using different methods (ML and MP analyses) were almost identical. It was
shown that all examined Orobanchaceae species formed a monophyletic evolutionary clade
with high bootstrap support (Figure 1). Within this major evolutionary clade, Pedicularis
and Orobanche were found to cluster sister relationships. Each of the two clades formed a
monophyletic branch with a 100% bootstrap value, respectively. P. dissecta and P. bicolor are
both nested branches within Pedicularis; they have high support and are nested within the
larger Pedicularis evolutionary branch. Pedicularis cheilanthifolia Schrenk and P. giraldiana
are grouped together in a single branch with strong support from bootstrap values.

Pedicularis cheilanthifolia

100100~ Pedicularis giraldiana

100/100 Pedicularis longiflora

Pedicularis verticillata
100/100
99/100 ; ; ; 3
Pedicularis hallaisanensis

100/99 Pedicularis muscicola

Pedicularis

Pedicularis resupinata

[ Pedicularis oederi

75195

Pedicularis oederi var. sinensis

100/100 . .
Pedicularis dissecta

100/100

Pedicularis bicolor

100/100

Pedicularis shansiensis

Pedicularis ishidoyana

1007100 100/ ,00' Orobanche crenata
91/100 | Orobanche pancicii

100100} b Opobanche rapum-genistae

Orobanche

Orobanche densiflora

wo/100 [~ Siphocranion macranthum

100/100 | - Siphocranion flavidum outgroups
Scutellaria baicalensis

Figure 1. Phylogenetic tree based on chloroplast genomes of Pedicularis species. Numbers above the
branches are bootstrap values according to maximum likelihood (left) and maximum parsimony
(right) analyses. The three colorful species are main objects of this study.

2.2. Divergence Time Estimation

Based on the chloroplast genomes, the divergence time estimation indicated that the
two large clades, Pedicularis and Orobanche, diverged approximately 47.7 million years
ago (Figure 2). According to the results, the crown age of the diversification of Pedicularis
was estimated to be around 35.9 Ma (95% highest posterior density, HPD: 20.9-45.0 Ma).
The two sister species in the genus Pedicularis comprising P. giraldiana and P. cheilanthifolia
diverged by about 0.4 Ma (95% HPD: 0.1-1.7 Ma). The crown ages of P. bicolor and P. dissecta
took place at approximately 13.1 Ma (95% HPD: 5.2-23.5 Ma) and 12.9 Ma (95% HPD:
4.1-19.3 Ma), respectively.
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Figure 2. Divergence times based on chloroplast genomes. Blue bars and the numbers below the bars
indicate 95% highest posterior densities of divergence times (million years ago). The three colorful
species are main objects of this study.

2.3. Environmental Variables Analysis

By correlating the factors and geographical data and combining the contribution
amounts, eight climatic variables, including annual mean temperature (biol), mean diurnal
range (bio2), temperature annual range (bio7), mean temperature of the wettest quarter
(bio8), mean temperature of the driest quarter (bio9), mean temperature of the warmest
quarter (biol0), mean temperature of the coldest quarter (bioll), and precipitation of
the warmest quarter (biol8), were finally selected for modeling in this study (Figure 3).
The current potential distribution of P. bicolor is attributed to the biol, bio2, and bio7
variables, which account for 20.3%, 35.9%, and 13.8%, respectively, resulting in a cumulative
contribution percentage of over 60%. The three most significant contributors to the currently
suitable habitats of P. dissecta are bio2, bio9, and biol0, accounting for 32%, 14.7%, and
24.3%, respectively, and representing 71% of the total. The contribution variables of
P. giraldiana are bio2, bio7, and biol8, accounting for 37.9%, 13.9%, and 27.8%, respectively.
These three environmental factors accounted for more than 70% of the total. In summary,
the range of diurnal and annual temperature changes plays a crucial role in influencing the
geographic distributions of three Pedicularis species.

2.4. Dynamic Changes in Geographic Distribution from the Past to the Future

Based on the effective specimen site information, the ecological niche model was used
to simulate the past, current, and future niche distributions of three Pedicularis species. The
areas under curve (AUC) values of each species model test above 0.90, indicating that the
prediction results of the potential distribution area of the species were credible. During the
LIG, the three Pedicularis species occurred, mainly in southwest China (eastern Sichuan,
southern Chonggqing, Guizhou, and northern Guangxi) (Figure 4). In contrast to the LIG
period, the potential distributional ranges of three Pedicularis species shrank to Shaanxi,
Sichuan, and southeastern Gansu province during the last glacial maximum (LGM) period.
From the LGM to the current period, the suitable habitat of three Pedicularis species has
rapidly increased. It appeared that each species gradually migrated northward from the
LIG to the current period.
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Figure 3. Environmental variable contributions of the ecological niche model for three Pedicularis

species. Biol, annual mean temperature; bio2, mean diurnal range; bio7, temperature annual range;

bio8, mean temperature of the wettest quarter; bio9, mean temperature of the driest quarter; bio10,

mean temperature of the warmest quarter; bioll, mean temperature of the coldest quarter; biol8,

precipitation of the warmest quarter.
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Figure 4. Distribution of three Pedicularis species at present, last glacial maximum (LGM), and last

interglacial (LIG) based on ecological niche modeling. The light to dark colors and small to large

numbers of the small squares in the legend correspond to the low to high suitability of the species for

the potential geographic ranges.

The results of the future distributions (2070s) showed a significant reduction in suit-
able habitats for three Pedicularis species compared to the present times, especially highly
suitable habitats, which will shrink to southern Shaanxi under the representative concentra-
tion pathway 2.6 (RCP 2.6) scenario. Additionally, it is worth noting that the distributional
ranges of suitable habitats for P. bicolor and P. dissecta will decrease significantly from 2050
to 2070 under the RCP8.5 scenario (Figure S3).
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2.5. Migration Trends Based on the Centroid of Suitable Habitats

Under various climatic scenarios, the centroid of each species is predicted to migrate
from the south (northern Guizhou) to the north of China (northern Sichuan and southern
Shaanxi) (Figure 5). For instance, it was shown that the three Pedicularis species had
undergone a northward migration from the LIG to LGM periods; while the two species
of P. bicolor and P. dissecta have shifted to the northeast of China, the geographic ranges
of P. giraldiana moved to the northwest of China. Under the RCP2.6 scenario, P. bicolor
and P. dissecta initially migrated southeast and northwest of China for a short distance,
respectively, and then both of them migrated northeast of China in 2070. In the RCP8.5
scenario, all three species will eventually migrate to the east or northeast of China over time.

1057 1o b 105 g < 10575 ng
) 35 ( s
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Figure 5. Migration of the center of suitable habitat for three Pedicularis species. (a) P. bicolor;
(b) P. giraldiana; (c) P. dissecta. LGM, last glacial maximum; LIG, last interglacial; RCP, representative
concentration pathway scenario. RCP2.6 and RCP8.5 are defined according to the radiative forcing
target level from 2.6 W/m? (low carbon emissions) to 8.5 W/m? (high carbon emissions) for 2100.

2.6. Niche Analysis

In the niche comparison analysis, the first two axes explained 88.9% of the total
variation of climatic conditions for the Pedicularis species ranges (PC1 = 70.3%, PC2 = 18.6%)
(Figure 6). The multiple niche plot illustrating the 20% of occurrence density showed
that the realized niche of P. bicolor and P. dissecta were the most closely related, whereas
P. giraldiana was the most widely realized niche and contained both P. bicolor and P. dissecta.
When 100% of the occurrence density was plotted in environmental space, a high degree
of climatic spatial overlap was detected between the ranges. All pairwise ecological niche
modeling comparisons produced high values for Hellinger’s I and Schoener’s D and
displayed high degrees of geographic overlap (Figure 7).

Moreover, P. giraldiana showed a highest niche breadth, covering almost all climatic
niche spaces of P. dissecta and P. bicolor. In the two multiple niche PCA-env plots, it is
evidenced that P. bicolor had the smallest niche breadth compared to the other species.
Additionally, P. bicolor and P. dissecta occupied the drier and colder climatic niches, while
P. giraldiana occupied a warmer and wetter niche.

A pairwise comparison of the climatic niches of three species of Pedicularis showed that
P. bicolor and P. giraldiana have the lowest environmental niche overlap, while P. dissecta and
P. bicolor have the highest niche overlap. The climatic niche classification results indicated
that the “Unfilling” ecological niche accounted for 0-0.126, the “Stability” niche accounted
for 0.276-0.624, and the “Expansion” niche accounted for 0.376-0.724 (Table 1).
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Figure 6. Geographic location of the occurrence records and background areas used for the climatic
niche comparison in the e-space of three Pedicularis species: P. bicolor (blue), P. dissecta (red), and
P. giraldiana (green). (a,b) represent climatic space through the environmental principal components
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respectively. Biol, annual mean temperature; bio2, mean diurnal range; bio7, temperature annual
range; bio8, mean temperature of the wettest quarter; bio9, mean temperature of the driest quarter;
bio10, mean temperature of the warmest quarter; bioll, mean temperature of the coldest quarter;

bio18, precipitation of the warmest quarter.
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Figure 7. Niche identity test for each comparison based on Schoener’s D statistic and Hellinger’s
I statistic. (a—c) represent the comparison results between P. bicolor vs. P. dissecta, P. dissecta vs.
P. giraldiana, and P. giraldiana vs. P. bicolor, respectively. Bars indicate the null distributions of D and I.

Table 1. Comparisons of the current occupied climatic niches between Pedicularis species.

Niche Niche Niche Niche

Overlap Unfilling Stability Expansion
P. bicolor—P. dissecta 0.463 0.036 0.624 0.376
P. dissecta—P. giraldiana 0.204 0.126 0.427 0.573
P. giraldiana—P. bicolor 0.122 0.000 0.276 0.724

3. Discussion
3.1. Evolutionary Relationships

In recent years, an increasing number of studies have used chloroplast genome data
for species phylogeny and interspecific differentiation studies to explore the origin and
evolution of species [25]. The frequent parallel or convergent evolution of characters of
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corollas has resulted in the difficulties of the genus Pedicularis classification [26]. Tradi-
tionally, Pedicularis was placed in the Scrophulariaceae, but molecular evidence showed
that this genus has been shifted to Orobanchaceae and found to be polyphyletic [27-29].
Furthermore, there was little consensus between the phylogenetic tree and conventional
classification in Pedicularis [30]. Yu et al. (2015) constructed a backbone phylogeny of
Pedicularis, with extensive species sampling from the Himalaya—-Hengduan Mountains,
using sequences of the nuclear ribosomal internal transcribed spacer (nrITS) and three
plastid regions (matK, rbcL, and trnL-F) [31]. Liu et al. (2022) reconstructed evolutionary
relationships of the Pedicularis siphonantha Don complex using nrITS and four plastid DNA
loci (matK, rbcL, trnH-psbA, and trnL-F) to resolve taxonomic confusion [32].

Our results showed that two major evolutionary clades were identified comprising
Pedicularis and Orobanche with high bootstrap values (Figure 1). In the first major clade, P.
giraldiana was placed as a sister to P. cheilanthifolia with high bootstrap value support. The
lack of consensus between the phylogenetic tree and previous studies may be explained by
the small sample size of Pedicularis species in previous studies. In agreement with previous
studies, Pedicularis verticillata L. and Pedicularis hallaisanensis Hurus. have clustered the
sister evolutionary clades [33]. Another phylogenetic study showed that Pedicularis species
clustered together and Pedicularis shansiensis P. C. Tsoong and P. dissecta formed a clade
based on complete chloroplast genomes [34]. Additionally, some studies showed that P. dis-
secta and P. bicolor were more closely related to P. shansiensis. However, our study suggested
that these two species formed nested relationships, possibly due to the differences in DNA
molecular markers used in different studies. The intrageneric phylogenetic relationships of
many studies were less consistent based on the different molecular markers, presumably
related to pseudogenization and gene loss (accD and ccsA) in Pedicularis species [35]. In
addition, Yang et al. (2007) detected an unusually high sequence divergence among con-
geners in a comparatively small geographical range, as well as frequent large deletions in
the cpDNA trnT-trnF region of Pedicularis species [36]. To verify species relationships and
interspecific divergence in Pedicularis, it will be crucial to collect more species samples in
future research.

3.2. Species Divergence

It is well known that dated phylogeny is essential for the comprehension of speciation
processes [37]. Our molecular dating results suggested that the crown age of the diversi-
fication of Pedicularis species was estimated to be around 35.9 Ma (Figure 2). This result
was consistent with a recent study and was supported by the earliest pollen fossil record of
Pedicularis from the Eocene in China [20,35-41]. According to our molecular dating analysis,
P. dissecta and P. bicolor may have occurred during the late Miocene (approximately 13.1 Ma
and 12.9 Ma, respectively). This timing is closely associated with the onset of a new period
of tectonic thermal activity and uneven vertical uplift in the Qinling Mountains since the
Miocene [12,42], which might have played crucial roles in the divergence of P. dissecta and
P. bicolor.

Interestingly, the divergence of P. giraldiana and P. cheilanthifolia was dated approx-
imately 0.4 Ma by secondary calibration. Yuan et al. (2011) have also investigated the
population divergence of Paeonia rockii, a species endemic to the Qinling Mountains and
the adjacent area, using cpDNA sequences [15]. The results showed that species divergence
(0.4 to 1.6 Ma) was concurrent with the time scale of the latest rapid uplifts of the Qinling
Mountains during the Pleistocene (approximately 0.7 Ma) [43,44]. Previous studies have
shown that the diversification of Pedicularis cyathophylloides Limpr. during the middle
Quaternary (0.4-2.5 Ma) was estimated by LFY-L nuclear genes [20]. Additionally, it was
discovered that the section Cyathophora of Pedicularis, which was only found in the Sino-
Himalayan regions, formed a well-supported monophyletic group. The species divergence
of this section was largely associated with mountain uplifts and geological oscillations [36].
In summary, in order to further verify the affinities between species, more reliable fossils
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are required for phylogenetic studies, and data from multiple species samples are also
necessary to elucidate the interspecific differentiation of Pedicularis species.

3.3. Population Dynamics Changes

The results of our study indicated that the main suitable habitat of Pedicularis is
currently located in the Qinling Mountains and adjacent areas. Meanwhile, P. bicolor and
P. dissecta have occurred mainly in eastern Sichuan, Guizhou, and Guangxi during the
LIG. In addition, the geographic areas of P. giraldiana were also largely distributed in the
Yunnan-Guizhou plateau, as previously studied by the transition patterns of the genus
Notopterygium species [45]. The ENM revealed that three Pedicularis species reduced their
geographic ranges to the Qinling Mountains and surrounding areas from the LIG to LGM,
which coincided with the cooling climate [46,47]. Some other studies also showed that
the geological and climatic changes have profoundly affected the geographic distributions
and species shifts in the Qinling Mountains and adjacent areas. For example, Jiang et al.
(2023) used species distribution modeling to investigate the geographic range changes of an
endangered herb Primula filchnerae R. Knuth in the Qinling Mountains, and they found that
the species range would migrate to the north of China in the future climatic scenario [48].
Meanwhile, Zhao et al. (2023) detected the geographic changes of a shrub species Bashania
fargesii (E. G. Camus) P. C. Keng and T. P. Yi in the Qinling Mountains, and the authors
have also concluded that the species would migrate to the north of China in the future [49].
Additionally, Zhao et al. (2016) detected the geographic shifts of an endangered alpine
tree species Larix chinensis Beissn. on Taibai Mountain in the Qinling Mountains based on
Maxent models, and the authors revealed that the suitable species habitat would move to
higher elevations in the future [50].

The main climatic contributions of Pedicularis also demonstrated that temperature has
a greater effect on the geographic distributions than the precipitation variable (Figure 6).
The range shift remains comparatively stable after the glacial periods when the climate was
sufficiently warm. When combined with the results of centroid changes, it was clear that
three Pedicularis species migrated northward during the Quaternary (Figure 5). Generally,
climate warming causes the distribution area of many plant species to shift northward in
the Northern Hemisphere [51]. This pattern has also been observed in other plants, such as
Roscoea humeana Balf. f. and W. W. Sm. [52], Panax notoginseng (Burkill) F. H. Chen ex C. H.
Chow [53], and Ziziphus jujuba Mill. [54].

3.4. Climatic Niche Comparisons

Under the combined effects of orogenesis and climate changes, species formation
and ecological niche differentiation are promoted [55]. The interplay of topographic
uplift and climate change in the Himalaya-Hengduan Mountains played a key role in
speciation and differentiation during the Quaternary [6]. For example, ecological speciation
was demonstrated in two parapatric sister species, Roscoea cautleoides Gagnep. and R.
humeana [56]. Additionally, the heat energy and water in Pinus yunnanensis Franch. in the
mountain areas promoted intraspecific genetic divergence [57].

Our niche analysis of the environment variables suggested that the three species
of Pedicularis might have occupied analogous climate niches, with some niche overlaps
according to simulations with a 20% occurrence rate (Figure 6). Furthermore, P. bicolor and
P. dissecta inhabited the drier and colder climatic niches, while P. giraldiana occupies a hotter
and more humid ecological niche, which echoes the previous analysis of the contribution
of ecological factors (Figure 3). Additionally, ecological factors, such as temperature and
precipitation seasonality, have a significant impact on phenology, including flowering time
and growing season [58]. Phenology may have caused gene flow and/or genetic exchange
between populations, resulting in population differentiation [59]. Therefore, further re-
search needs to combine population genetic data and environmental selection variables,
which have important implications for genetic differentiation and origin between lineages
or species, so as to better protect biodiversity in the context of global climate change.
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4. Materials and Methods
4.1. Plant Materials, DNA Extraction, and Genome Assembly

The leaves of P. bicolor and P. giraldiana were collected from the Qinling Mountains
(108°47'10.13"” N, 33°51'27.78" E and 107°46'23.19” N, 33°58'9.58" E, respectively). The
vouchers of plant materials were deposited in the herbarium of Northwest University
(Xi’an, China). Total genomic DNA was extracted from silica-dried leaves using a modified
cetyltrimethylammonium bromide (CTAB) protocol [60].

Paired-end libraries with a 500 bp insert size were constructed and PE150 sequenc-
ing was performed on the Illumina HiSeq 2500 platform. GetOrganelle v1.7.0 was used
to assemble the chloroplast genomes [61]. The final assembly graph was visualized us-
ing Bandage v0.8.1 to authenticate the automatically generated chloroplast genome [62].
The chloroplast genomes were annotated by PGA v1.0 [63] and then manually revised
using Geneious v8.1 [64]. The chloroplast genomes of P. bicolor and P. giraldiana were
deposited in GenBank (accession numbers PP439988 and PP439989, respectively). In addi-
tion, the chloroplast genome sequence of P. dissecta with accession number NC_056312 in
the National Center for Biotechnology Information (NCBI) database was downloaded for
subsequent analyses.

4.2. Phylogenetic Analysis and Divergence Time Estimation

We constructed a phylogenetic tree to determine the evolutionary relationships of
three Pedicularis species using eighteen complete chloroplast genome sequences from
the NCBI database (Table S1). The general time reversible (GTR) + gamma model was
selected based on jmodeltest v2.1.10 tests [65]. The maximum likelihood (ML) analysis was
performed using RAXML v8.1.17 with Lamiaceae as the outgroup and 1000 bootstraps [66].
Maximum parsimony (MP) analysis was conducted in PAUP* v4.0 software according to a
heuristic search and the tree bisection—reconnection (TBR) branch swapping option [67].
The robustness of inferences was assessed by bootstrap resampling 1000 random replicates.

In addition, BEAST v2.4.5 was used to estimate the node ages and topological struc-
tures for Pedicularis species [68]. Referring to a previous study, the crown age of Lamiales
and Orobanchaceae was dated at 74 Ma and 47.7 Ma, respectively [38,39]. The earliest fossil
records of Lamiaceae date back to the early-middle Oligocene around about 28.4 Ma [40].
We applied a GTR model for nucleotide substitution and the “yule process” prior model
with three calibration points. The divergence time was estimated by Markov chain Monte
Carlo analysis for 50,000,000 generations. TRACER v1.5 was used to analyze the output
files to determine whether the effective sample sizes of all parameters were larger than
200. Chronograms with nodal heights and 95% highest posterior density intervals were
generated with TreeAnotator v1.7.5 (the first 5000 trees were discarded as a burn-in) and
displayed using FigTree v1.0.

4.3. Distribution Data Collection

The geographic distribution data of three species of Pedicularis were collected through
our field surveys in the Qinling Mountains. In addition, we combined the Chinese Vir-
tual Herbarium (https://www.cvh.ac.cn (accessed on 4 January 2024)), Chinese National
Knowledge Infrastructure (CNKI, http:/ /www.cnki.net/ (accessed on 4 January 2024)),
National Specimen Information Infrastructure (NSII, http:/ /www.nsii.org.cn accessed on
4 January 2024)), and Global Biodiversity Information Facility (GBIF, https:/ /www.gbif.
org/ (accessed on 4 January 2024)) to determine geographic coordinates. After removing
redundant points, we obtained 55 distribution points for Pedicularis, including 11 points for
P. bicolor, 21 points for P. giraldiana, and 23 points for P. dissecta (Figure S1).

4.4. Ecological Niche Modeling

Previous studies have suggested that in cases of multicollinearity among environ-
mental variables, certain environmental gradients may have a more pronounced effect
on the model outcomes, potentially resulting in greater uncertainty [69,70]. Therefore,
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environmental variables should be screened to reduce the influence of multicollinearity.
The 19 climatic variables were downloaded from the WorldClim database (Table S2). We
examined the correlation between all layers using ENMTools v1.3 [71]. Two variables were
considered highly correlated when the correlation coefficient was above 0.8.

We used MaxEnt v3.3.3 to predict the current, last glacial maximum (LGM, 0.021-0.018 Ma),
Last Interglacial (LIG, 0.140-0.120 Ma), and future (years 2050 and 2070) potential geo-
graphic distributions of three Pedicularis species [72]. For future climate variables, we used
climate data in the 2050s and 2070s. Two representative concentration pathway scenarios
(RCP 2.6 and RCP 8.5) developed by the Intergovernmental Panel on Climate Change
(IPCC) were used in this study, with RCP 2.6 used as the minimum emission scenario
and RCP 8.5 as the maximum emission scenario [73]. We used the default parameters for
MaxEnt and employed the “subsample” method (setting the number of replicates to 20),
with 75% of the species records for training and 25% for testing the model. The overall
performance of the model was assessed by calculating the area under the curve (AUC).
AUC scores range from 0.5 (indicating randomness) to 1 (indicating an exact match), with a
value above 0.9 considered indicative of good model performance [74].

4.5. Niche Comparison Analyses

Niche comparison analysis was performed to test whether the selection of different
types of climatic niches may have contributed to the divergence of three Pedicularis species.
We assessed ENMs in a spatial environment using R packages ecospat v4.0 [75]. Further-
more, to measure niche differences between species, we used ENMTools v1.3 to calculate
the niche overlap statistic Schoener’s D and standardized Hellinger’s I distance [76,77],
where a value of 0 denotes no overlap and 1 indicates complete overlap. To test the null
hypothesis that two species have identical ENMs, we used the niche identity test initially
in ENMTools v1.3. This test compares the observed scores of niche overlap statistics D
and I with their null distribution generated with 100 pseudo-replicates. Finally, niche
overlaps between species were characterized by niche unfilling, niche stability, and niche
expansion [78,79].

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants13060765/s1, Figure S1: Geographical distribution of
the sampled populations of three Pedicularis species; Figure S2: Correlation analysis of various
environmental factors. Figure S3: Prediction of potential geographical distributions of three Pedicularis
species in different climatic scenarios in the future based on ecological niche modeling. Table S1: Taxa
and GenBank accessions used in phylogeny and divergence time analysis; Table S2: Environmental
variable information of distribution area prediction.
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