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Climate change has a great impact on plant growth and agricultural production, es-
pecially on the growing season, growth rate, and growth distribution. Climate change
can prolong the plant growing season and expand the areas suitable for crop planting [1],
as well as promote crop photosynthesis thanks to increased atmospheric carbon dioxide
concentrations. However, an excessive carbon dioxide concentration in the atmosphere may
lead to unbalanced nutrient absorption in crops and hinder photosynthesis [2], respiration,
and transpiration, thus affecting crop yields [3,4]. Irregular precipitation patterns and ex-
treme weather events such as droughts and floods can lead to hypoxia and nutrient loss in
the plant roots [5]. An increase in the frequency of extreme weather events directly damages
plants and expands the range of diseases and pests [6]. In addition, climate change will also
affect soil moisture content, temperature, microbial activity, nutrient cycling, and quality,
thus affecting plant growth [7]. Plants are the basis of agricultural production, and the
uncertainty of climate change brings challenges and opportunities to the sustainable pro-
duction of plants. Therefore, it is important to understand the mechanisms through which
climate change impacts plants and agriculture and take adaptive measures to promote
sustainable agricultural development.

This Special Issue of Agronomy, “Climate Change and Agriculture—Sustainable Plant
Production”, focuses on the interaction between climate change and agriculture. The
collection features a total of ten papers, six of which (including two reviews) deal with
crops and four of which discuss soils. The research included in this Special Issue covers the
impact of temperature/climate change on the yield and quality of rice, wheat, and olive oil;
the adaptation strategies of crops in the face of climate change; the impact of climate change
on soil nutrient cycling; and the spatial-temporal characteristics and influencing factors
of the normalized vegetation index (NDVI), which are analyzed using various models.
Moreover, the mechanism of early maturing of short-season cotton, high-yield cultivation
methods, and carbon planting strategies of organic vegetables are discussed in detail.

The first two articles included in this Special Issue focus on the impact of environ-
mental factors on soil and vegetation. Based on previous studies on the stoichiometric
relationship of C:N:P, Zhang et al. compared the spatial distribution of the stoichiomet-
ric relationship of C:N:P:K between farmland and grassland soils at different scales in
the agropastoral ecotone of Inner Mongolia. The authors then explored the influence
of environmental factors on soil stoichiometry, combining their results with Spearman
correlation analysis. They concluded that there are differences in C:N:P:K stoichiometric
relationships between farmland and grassland soils. The average annual precipitation
has a significant influence on the soil stoichiometric relationship in farmland, while the
soil stoichiometric relationship in grassland is more significantly affected by the average
annual air temperature. The study reveals the important effects of land use patterns and
environmental factors on soil nutrient cycling. In the future, based on this research result

Agronomy 2024, 14, 1236. https:/ /doi.org/10.3390/agronomy14061236 1 https://www.mdpi.com/journal /agronomy
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and combined with the C:N:P:K stoichiometric relationship between farmland soil and
plants, the stoichiometric relationship mechanism of different agricultural management
methods and its effects on biomass distribution can be studied to improve agricultural
production efficiency [8]. Meanwhile, Hou et al. focused on the climate warming and aridi-
fication which have been ongoing in Maowusu Sandland for the past 20 years. The authors
explored the impact of climate warming and aridification on vegetation change and predict
future vegetation growth trends using a deep learning model. This improved prediction
accuracy and provided new perspectives for sustainable agricultural development [9].

With the intensification of global climate change, both high and low temperatures will
harm crop yield and quality. It is therefore crucial to study the impact of climate change on
crop growth, yield, and quality. Rice, wheat, and olive oil are major agricultural products
under threat from climate change. Oh et al. evaluated the growth of and physiological
processes in rice using plant height, chlorophyll, the normalized difference vegetation
index (NDVI), and maximum photosynthetic rate (Amax). The authors used the heating
degree day index to evaluate the effect of heat stress on yield. The growth, ripening, and
senescence of rice during the whole growing season were studied under high-temperature
conditions. The results show that rice was not affected by heat stress during the tillering
stage, but there was a cumulative effect during the booting stage. At 3 °C above AT
(AT + 3 °C), the photosynthetic capacity of rice was maintained for a long time in the grain-
filling stage [10]. Zhang et al. found that current studies on the growth and development
of winter wheat mainly focus on the formation stage of heading and yield after flowering,
while relatively few studies discuss the jointing stage. Therefore, Zhang et al. focused on the
changes in the physiological characteristics of the typical variety “Ji Mai 22” under different
low-temperature conditions and different durations in view of the low-temperature stress
endured by winter wheat during the jointing stage. The results show that under low-
temperature stress, the photosynthetic parameters, aging characteristics, and endogenous
hormone levels of the leaves of “Ji Mai 22” showed varying degrees of change, and it
was found that the lower limit of growth temperature during jointing was —3 °C [11].
The influence of climate change on the quality and composition of vegetable oil, a daily
necessity, cannot be ignored. Bortoluzzi et al. studied how climatic conditions affect the
composition of olive oil produced by centenarian olive trees. In their study, 25 centenarian
olive trees located in the Cda Valley region of Northern Portugal were evaluated for two
consecutive years. It was found that changes in climate conditions significantly affected
the composition of olive oil. Among them, the results of the second-year evaluation
showed that the proportion of palmitic acid in the olive oil increased significantly, while
the content of stearic acid and arachidonic acid decreased. In addition, the concentrations
of 3-tocopherol, hydroxytyrosol, and tyrosol also changed significantly. These preliminary
results lay a foundation for future studies to explore the response of olive oil components
of century-old olive trees to different climate change scenarios [12].

Under conditions exacerbated by climate change, heat stress seriously threatens plant
growth and yield in warm environments. It is crucial to study genes related to heat toler-
ance, especially for plants that typically lack the ability to resist high temperatures. In light
of this, Wang et al. chose the bottle gourd (Lagenaria siceraria (Mol.) Standl.) as their re-
search object and compared the gene expression characteristics of two varieties—"“Mei feng”
(heat-resistant) and “Lv long” (heat-sensitive)}—under heat stress conditions. Through tran-
scriptome analysis and other methods, the differential expression of a series of key genes
was found. Genes related to the MAPK signaling pathway and bHLH transcription factor
were up- or down-regulated especially significantly. Subsequently, the expression patterns
of these genes were verified by quantitative real-time PCR, further confirming the reliability
of the RNA-Seq results. The transcriptome analysis conducted in the study revealed some
key genes that may be related to plant heat resistance, providing new research ideas for
the future improvement of heat-resistant vegetable varieties and a fresh perspective on
the molecular mechanisms of plant heat resistance. The study provides an important
foundation for coping with the challenge of heat stress caused by climate change [13].
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As an important factor supporting plant growth, soil is crucial to agricultural produc-
tion and sustainable land use. Jiang et al. took quaternary red soils under different land
use patterns as the research object and quantitatively analyzed the evolution characteristics
of soil nutrients, thus providing an important reference for selecting and optimizing land
use patterns and improving soil productivity and management levels. Nutrient change is
related to vegetation type, coverage rate, fertilization method, and species [14]. In addition,
based on the Cornell Soil Health Assessment system, the authors established a quaternary
red soil health evaluation system and found that land use patterns had significant effects on
soil health. In general, the health status of quaternary red soils under different land use pat-
terns was better than that of buried quaternary red soil without human activity influences,
showing a trend of evolution towards healthy soil. This indicates that human land use
activities promote the healthy development of quaternary red soils to a certain extent [15].

The remaining two articles collated in this Special Issue focus on innovative ap-
proaches to agriculture, focusing on short-season cotton and carbon farming, respectively.
Qi et al. provided a detailed overview of the early-maturing mechanism of short-season
cotton, including its morphology, physiology, and molecular biology, and discussed its ap-
plications in the fields of planting pattern optimization, saline-alkali soil planting, machine
picking, and cultivation without plastic cover. With the continuous progress of breeding
technology, the lint rate and fiber quality of the new generation of short-season cotton
varieties have been significantly improved while maintaining early maturity, high yield,
and stress resistance [16]. On the other hand, Avasiloaiei et al. systematically reviewed
the literature to assess the impact of carbon agriculture strategies for organic vegetable
cultivation on carbon sequestration, soil health, and crop productivity, revealing the poten-
tial of carbon agriculture practices for improving the sustainability of organic agriculture
systems. Carbon sequestration rates can be effectively improved through cover planting,
reduced tillage, and composting application. The findings of the systematic review are a
key foundation for the promotion of sustainable agricultural development [17].

Collectively, these studies focus on the effects of climate change on soils, vegetation,
and crops, as well as exploring adaptation mechanisms in different ecosystems. Through
stoichiometric relationship analysis, deep learning modeling, and transcriptome analysis,
the challenges imposed by climate change on agricultural production are revealed. The
adaptation mechanisms of plant growth and the various physiological processes and gene
expression changes in the face of climate change and heat stress are also discussed. In
addition, the establishment of a soil health evaluation system and the impact of different
land use patterns on soil health are also emphasized, highlighting the importance of
evidence-based land management to improve soil productivity and ecosystem stability.
Overall, these studies provide important references for the improvement of agricultural
production efficiency in the future, emphasize the key role of scientific management in
addressing the challenge of climate change, and provide theoretical and practical guidance
for achieving sustainable agricultural development.

Acknowledgments: The authors sincerely thank all those who contributed to this Special Issue. Our
acknowledgements also extend to the anonymous reviewers for their constructive reviews of the
manuscripts.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Short-season cotton is a type of cotton variety characterized by its abbreviated cycle, rapid
development, and concentrated flowering and boll setting. Compared with full-season cotton, short-
season cotton facilitates an easier attainment of desirable maturation even when sown relatively
late. This advantage of late sowing and early maturation eliminates the necessity for plastic film
mulching, thereby creating opportunities for diversified double cropping, such as cotton-wheat,
cotton-garlic, cotton-rape, and cotton-triticale systems. This paper provides a comprehensive review
of the morphological, physiological, and molecular biological mechanisms underlying early maturity
in short-season cotton. Furthermore, the significance and application of short-season cotton is
discussed in relation to optimizing planting patterns and methods, promoting its cultivation in saline
fields, developing machine-harvested cotton, and encouraging plastic mulch-free cotton planting.
Based on these analyses and discussions, the paper proposes future strategies aimed at enhancing
the breeding and cultivation of short-season cotton. These findings serve as valuable references for
global breeding and cultivation research, and application of short-season cotton in the future.

Keywords: short-season cotton; early maturity; physiological mechanism; cultivation modes

1. Introduction

Short-season cotton (Gossypium hirsutum L.) is an ecotype that is characterized by a
relatively compact growth form, concentrated flowering and boll setting, and a short growth
and development period, leading to early maturity upon late sowing [1,2]. Although China
began breeding early maturing cotton as early as the mid-19th century, the initial short-
season cotton varieties developed in the early stages had shortcomings such as low lint
percentage and poor fiber quality [3]. However, recent advances in breeding techniques
have resulted in significant improvements in lint percentage and fiber quality of newly
developed short-season cotton varieties, while retaining their early maturity, high yield, and
stress resistance [4]. Noteworthy examples of such varieties are CCRI 50, CCRI 67, Xinluzao
42, and Lumian 532, which exhibit a lint percentage exceeding 38%, fiber length surpassing
28 mm, breaking specific strength over 28 cN/tex, and micronaire value below 4.8. These
fiber quality parameters meet the requirements of cotton production and textile industry.

Moreover, the adoption of short-season cotton has offered new alternatives for regions
with potential multi-cropping in China. Particularly, the direct sowing of short-season
cotton after garlic (Allium sativum L.) in the southwestern cotton region of Shandong [5]
and sowing of short season-cotton after rape (Brassica campestris L.) or wheat (Triticum
aestivum L.) in the cotton region of the Yangtze River Basin [6] have emerged as predom-
inant cultivation models. These approaches not only enhance land use efficiency and
align with agricultural structural adjustments [7], but also contribute to the reduction in
plastic film usage, curbing surface pollution in farmland, and fostering environmentally
friendly and sustainable agricultural practices. This review presents insights into the
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characteristics of short-season cotton varieties, mechanism behind early maturity, current
cultivation and utilization status, and future development prospects of this crop. The pri-
mary objective is to offer guidance and references for the genetic breeding and cultivation
of short-season cotton.

2. Characteristics of Short-Season Cotton

Short-season cotton, a distinctive variety, exhibits a growth period lasting 100-115 days,
which is notably shorter 20-30 days than full-season cotton types [1,8-10].

The cultivation characteristics of short-season cotton mainly manifest in various plant-
ing modes. For instance, in the Huang-Huai-Hai cotton region, cotton-wheat intercropping
is utilized, whereas the double-season planting mode of wheat (rape) transplanting or
direct seeding is adopted in the cotton region of the Yangtze River Basin. In the northwest
inland cotton region, the one-season cotton planting mode is favored. Early-maturing
cotton offers flexibility in sowing time, with the Huang-huai-Hai cotton area typically
concentrated between 15 May and 5 June. Empbhasis is placed on dense planting and
dwarfing cultivation, involving high density (75,000-120,000 plants ha~1!), early topping
(9-11 fruit branches left per plant before and after 20 July), and appropriate chemical regu-
lation to control plant height at 75-95 cm. This approach shapes a rational plant structure
and regulates per plant production, maximizing population advantages and achieving high
yield and efficiency [11].

According to Yu et al. [12] early maturity in cotton harnesses local light and heat
resources optimally, thereby yielding enhanced productivity and economic benefits within
specific climatic cultivation conditions. Consequently, the morphological attributes of early-
maturing cotton or short-season cotton, can be summarized as follows: Firstly, the initial
fruit branch on the main stem is positioned lower and 4-6 or lower, thereby promoting
early development. Secondly, the internode between the main stem and fruit branch is
short, rendering the plant compact with a low height, and a minimal angle between the
main stem and fruiting branch, thus efficiently utilizing light energy, reducing nutrients
consumption, and facilitating the transportation of photosynthetic products to reproductive
organs. Thirdly, an abundance of moderate-sized bolls is present in the middle and lower
parts of a plant, featuring a short maturation period, early and concentrated boll opening,
and easy dehydration post-maturity [4,12].

The northwest inland cotton-growing region offers favorable conditions for high-
density cultivation of short-season cotton due to its limited frost-free period, ample light
resources, and well-established cotton mechanization, aimed by water-saving irrigation
and continuous promotion of new varieties. In the northern Xinjiang region of this cotton-
growing area, short-season cotton displays a growth period of 100-112 days, with a plant
height ranging from 75 to 85 cm and the first fruiting branch positioned more than 15 cm
above the node [13,14]. These environment factors and cultivation practices create an
advantageous environment for production short-season cotton in northern Xinjing.

3. The Early-Maturity Mechanism of Short-Season Cotton

Early maturity is the most significant feature of short-season cotton, which has con-
tributed to its widespread adoption in multiple cropping systems and regions with super
early-maturity conditions. The research and utilization of short-season cotton commenced
with an exploration of its early-maturity mechanism. In recent times, advancements in
molecular biology technology have enabled partial disclosure of the molecular mecha-
nism responsible for early maturity in short-season cotton. Building upon current re-
search, the early-maturity mechanism in short-season cotton primarily manifests in the
following aspects.
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3.1. Characteristics of Photosynthesis and Carbon and Nitrogen Metabolism in
Short-Season Cotton

The intensity of photosynthesis and carbon and nitrogen metabolism plays a pivotal
role in both the accumulation of cotton plant biomass and the transition from vegetative
growth to reproductive growth [15]. Research by Deng et al. [16] indicates that the short-
season cotton variety CCRI 10 exhibits higher chlorophyll content than the medium-mature
cotton variety, thereby enhancing its photosynthesis intensity. This observation might be
attributed to the thicker leaves and longer palisade tissue cells in CCRI 10. Furthermore, for
summer-sown short-season cotton, the photosynthetic peak occurs at the initial flowering
stage, resulting in an advancement of both the production and accumulation of photo-
synthetic products. Consequently, this advancement serves as a foundational element in
facilitating early square, flowering and boll setting. In addition, Shen et al. [17] argued that
the early-maturing CCRI 10 exhibits a shorter transport period of photosynthetic products
to reproductive organs than the later-maturity CCRI 16 and CCRI 36. In their investigation
using 14C isotope tracer technology, Guo et al. [18] analyzed the distribution of carbon as-
similation products among cotton varieties with different maturities. The findings revealed
that the proportion of photosynthate transport in short-season cotton varieties during the
seedling stage, with a predominant allocation to the terminal bud and a smaller allocation
to the root, whereas the opposite pattern was observed in medium-maturity varieties.
During peak squaring, the proportion of carbon assimilates transported from short-season
cotton varieties to terminal buds was significantly higher than that of medium-maturity
varieties, which contributes to early maturity. Following squaring, the carbohydrate (sol-
uble sugar and starch) allocated to the reproductive organs in short-season cotton was
significantly higher than that in medium-maturity cotton, benefiting the fiber development
of short-season cotton [16]. Overall, the earlier appearance of the photosynthesis peak
and the increased photoassimilate partitioning to the reproductive organs are essential
mechanisms driving the early maturity of short-season cotton.

Nitrogen metabolism plays a crucial role in both the growth of cotton plants and
the development of fibers. Prior to flowering, early-maturing cotton primarily directs its
resources towards trophosome expansion, involving root development, stem elongation,
and leaf growth, subsequently transitioning to squares. During this period, nitrogen
absorption and utilization are relatively low but accelerate after square formation. The peak
of nitrogen absorption and utilization occurs during the flowering and boll-setting stage.
Notably, early-maturing varieties exhibits an earlier peak in nitrogen absorption compared
with mid-maturing varieties [19]. When short-season cotton is sown in spring, its leaves
consistently maintain higher levels of non-protein nitrogen throughout various growth
stages, particularly during the flowering stage, compared to medium-maturity cotton. For
instance, the non-protein nitrogen content in short-season cotton CCRI 10 is 47.0% higher
than that of medium-maturity cotton CCRI 31, indicating the significance of non-protein
nitrogen as a determinant of material accumulation [16]. Conversely, when short-season
cotton is sown in summer, the total nitrogen content in the leaves remains consistent with
that in spring, but the protein nitrogen content increases significantly. The content of 12,
10, and 15 amino acids in CCRI 10 is higher than those in CCRI 31 during the squaring,
flowering and boll-setting stage, respectively. Notably, aspartic acid experiences the most
significant increase, and the higher amino acid content plays a crucial role in ammonia
transport and protein synthesis, thereby ensuring vigorous nitrogen metabolism, rapid
protein transformation, and accelerated organic development. Yu et al. [12] highlight that
early-maturing varieties exhibits higher catalase and sulfhydryl compounds activities than
late-maturing varieties. Additionally, the protein and amino acids levels in early-maturing
cotton varieties are significantly higher than those in medium-maturing cotton throughout
the growth period, providing a material foundation for its high yield within a limited time.

The early peak of nitrogen absorption rate and the vigorous nitrogen metabolism con-
stitute another important mechanism for the early maturity of short-season cotton. During
peak squaring, the buds of short-season cotton display significantly higher carbohydrate
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allocation (soluble sugar and starch) to reproductive organs compared to medium-maturity
varieties, facilitating early maturity. Furthermore, after squaring, short-season cotton al-
locates a significantly higher number of photosynthetic products to reproductive organs
than medium-maturity cotton, which contributes significantly to fiber development in
short-season cotton [16]. These observations indicate that the early appearance of the
photosynthesis peak and the preferential distribution of photosynthetic products to re-
productive organs are essential mechanisms driving the early maturity of short-season
cotton.

3.2. Flower Bud Differentiation and Hormone Regulation Characteristics of Short-Season Cotton

Cotton exhibits an indeterminate growth habit encompassing both vegetative growth,
such as rooting, leafing, and branching, and reproductive growth, including budding,
flowering, and boll setting. It is commonly acknowledged that cotton’s reproductive
growth commences with the process known as “squaring”; however, it should be noted
that cotton flower buds have already undergone differentiation before this stage, making
it the true initiation of cotton’s reproductive growth. This differentiation occurs after
complex physiological, biochemical, and morphological changes in the cotton seedling
under suitable environmental conditions, such as light and temperature. The development
of cotton flower bud serves as the foundation for the subsequent formation of cotton
bolls and fiber yield. The timing and number of flower bud differentiations significantly
influence boll suitability, as well as the overall yield, making flower bud differentiation
vital to cotton yield and quality [20]. Ren et al. [20] conducted research on early and
mid-maturing cotton cultivar, “CCRI 16” and “CCRI 12”, respectively. They found that
morphological differentiation of flower buds, transitioning from vegetative to reproductive
growth, occurred when the second true leaf unfolded for the early-maturing cultivar and
when the fourth true leaf expanded for the mid-maturing cultivar. Chen [21] also observed
that early-maturing cotton varieties exhibited earlier flower bud differentiation compared
to medium- and late-maturing varieties. The flower bud differentiation is influenced not
only by external factors but also by intricate internal factors. Nutrients serve as the basis
for flower bud formation, while plant hormones play a crucial role in regulating this
process [22].

The flower bud differentiation in upland cotton is under the comprehensive regulation
of multiple hormones [22,23]. The endogenous hormone content and dynamic balance
significantly impact the bud differentiation in upland cotton. Higher concentrations of
gibberellic acid (GA3), cytokinin (CTKs), and abscisic acid (ABA), as well as lower con-
centrations of indoleacetic acid (IAA), are conducive to the flower bud differentiation in
upland cotton. Additionally, higher levels of CTK/IAA, ABA/IAA, and GA3/IAA, along
with lower levels of ZR/GA3 and ABA /GAS3, promote flower bud differentiation in upland
cotton [20,23-25]. Moreover, the regulation mechanism of hormones on flower bud differ-
entiation varies across different parts of the plant. For instance, low levels of IAA promote
flower bud differentiation in cotton stem tips, whereas high levels promote differentiation
in main stem leaves [24]. Shen et al. [17] observed that the contents of IAA and Zeatin
riboside (ZR) in the functional leaves of three short-season cotton varieties peak during the
transition vegetative to reproductive growth, from squaring to the flowering stage.

Ren et al. [20] demonstrated that high levels of IAA in stem tips have an inhibitory ef-
fect on flower bud differentiation in cotton. In both early-maturing and medium-maturing
cotton varieties, the IAA content decreases significantly at the onset of flower bud differ-
entiation, supporting the notion that the reduced IAA content in stem tips benefits cotton
flower bud differentiation. Cytokinin’s high levels enhance nutrient transport to the repro-
ductive organs while reducing distribution to the vegetative organs, thereby promoting
flower bud differentiation [26]. In conclusion, the regulation of endogenous hormones in
different parts of the cotton plant plays a crucial role in promoting early differentiation and
flower bud formation, contributing to the early maturity of short-season cotton.
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3.3. Molecular Mechanism of Early Maturity in Short-Season Cotton

The early maturity of cotton is a complex trait controlled by multiple genes, and it
is characterized by metabolic changes and material transformation rate [4,27]. Flowering
time, which is closely associated with early maturity, is regulated by various pathways
such as the autonomous pathway, photoperiodic pathway, vernalization pathway, GA
pathway, temperature pathway, and age pathway. Therefore, studying the function of
key genes involved in the flowering pathway in cotton is highly significant [28-30]. In
Arabidopsis thaliana L., the FLOWERING LOCUS T (FT) gene plays a crucial role in flowering.
It acts as a transcription factor, integrating signals from internal genetic information and
external environmental cues. The FT gene triggers a flowering transition by transmitting
signals downstream from the apical meristem to promote the expression of flowering genes,
ultimately leading to flower bud differentiation and flowering [31,32]. The gene GhFLPI,
associated with cotton flowering time, was isolated using genomic DNA and cDNA from
the leaves of CCRI 36. Its expression is primarily detected in flower buds, suggesting a
specific role in the regulation of cotton flowering time [33]. Moreover, the expression level
of GhFLP1 in early-maturing varieties (CCRI 36, CCRI 74) was significantly higher than
medium-maturing varieties (CCRI 60, SCRC 28), implying a potential link between the
gene and the early maturity of cotton [34].

Previous studies have indicated the influence of gibberellin (GA) and salicylic acid (SA)
on plant flowering [34-38]. Zhang et al. [33] observed that the expression of GhFLP1 was
induced by exogenous GA and SA in cotton seedlings. In Arabidopsis thaliana, functional
verification of the gene through Agrobacterium tumefaciens mediated transformation resulted
in reduced rosette leaf number and earlier flowering. An analysis of endogenous flowering
gene expression in transgenic Arabidopsis revealed up-regulation of certain flowering-
promoting genes (e.g., AtFT, AtAP1, AtLFY, AtSOC1) and down-regulation of the flowering-
inhibiting gene AtFLC [39,40]. These findings suggest that GWFLP1 potentially regulates
flowering time in upland cotton, offering a basis for the development of new transgenic
early-maturing cotton varieties.

Wang et al. [41] examined the expression patterns of the GHFLP5 gene in different
cotton varieties and observed that it was primarily expressed in leaves. The peak expression
of GhFLP5 in the early-maturing variety CCRIS0 occurred earlier than in the mid-maturing
variety SCRC 28, aligning with previous studies on cotton flower bud differentiation. This
suggests a potential role of GHFLP5 in flower primordia development. The expression of
GhFLP5 increased after stimulation with SA and ABA, while the application of Jasmonic
acid (JA) suppressed its expression. Heterologous expression of GhFLP5 in Arabidopsis
thaliana resulted in an early flowering phenotype, indicating its involvement in regulating
flowering through the IAA and GA pathways [42].

In a genome-wide association study (GWAS), Ma et al. [42] found that the expression
of the GhCIP1 gene was significantly higher in early flowering varieties (6-8 true leaves)
during the flowering decision stage, than that in late flowering varieties. Further verification
using virus-induced gene silencing (VIGS) demonstrated that the silencing of GhCIP1 in
cotton plants led to the absence of fruit branches and flower buds, indicating its major
role in regulating cotton flowering time. Additionally, the GHUCE gene in early flowering
cotton was found to be involved in the regulation of cotton fiber initiation and development.
Jia et al. [43] observed significantly higher expression levels of the candidate gene EMF2,
related to early maturity, in the early-maturing variety CCRI 74 compared to the late-
maturing variety Bomian1.

Utilizing molecular markers closely associated with quantitative trait locus (QTL)
for assisted selection enables the identification of single-nucleotide polymorphism (SNP)
or QTL alleles linked to prematurity, thus reducing breeding time and enhancing breed-
ing efficiency [44]. Fan et al. [45,46] generated an F2 mapping population comprising
207 individual plants derived from the parental lines CCRI 36 and TM-1. They detected
12 QTLs associated with early-maturity traits in short-season cotton. Two of these QTLs
were specifically related to flowering period and pre-frost flowering rate, factors that con-
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tribute to early maturity. These QTLs accounted for 38.45% and 39.73% of the phenotypic
variance, respectively. Ai [47] conducted crosses between upland cotton varieties Xinluzao
8 and Xinluzao 10 with upland cotton TM-1 to establish F2 and F2:3 family populations.

Two genetic maps of early-maturing upland cotton varieties were constructed using
simple sequence repeats (SSR) markers and composite interval mapping (CIM), and a
total of 61 significant QTLs were detected. Yang [48] constructed an F2:9 recombinant
inbred population using the short-season cotton variety CCRI 36 and the island cotton
introgressive line material G2005 with a background of upland cotton as parents, and
detected a total of 43 QTLs related to early maturity. QTL mapping of cotton early maturity
based on high-density genetic maps revealed a total of 247 QTLs related to early-maturity
traits (squaring, flowering, whole growth stage, plant height, fruit branch beginning
node, fruit branch beginning node height), and 55 QTL overlap regions were found on
22 chromosomes, accounting for more than 60% of the total QTLs [49]. Li et al. [49] detected
47 early-maturity-related QTLs on 26 chromosomes, with a phenotypic variation explained
(PVE) of 2.61% to 32.57% for each QTL. They predicted and annotated 112 genes within
the PVE interval and found that the expression levels of Gh-D03G0885 and Gh-D03G0922
candidate genes in early-maturity variety CCRI 213 were significantly higher than those in
mid-maturity variety SCRC 28, suggesting that the Gh-D03G0885 and Gh-D03G0922 genes
may play a role in controlling cotton flowering.

Su et al. [50] developed a multitude of SNP markers through genome sequencing
and identified 13 associations between 8 SNP loci and 5 early-maturing traits. They
observed a significant increase in the expression level of the CotAD-01947 gene during
flowering in early-maturing varieties (CCRI 50 and CCRI 74) compared to mid-maturing
varieties (SCRC 28 and CCRI 41). In another study by Wang et al. [51], the regulatory
mechanism of miRNA in flower bud differentiation of upland cotton was investigated.
It was discovered that miRNA plays a role in inducing flower bud differentiation by
regulating the expression of target genes. Specifically, miR164 and miR166 facilitate shoot
tip meristem development and shoot differentiation in upland cotton by targeting NAC and
HD-Zip III transcription factors, respectively. The regulation of gibberellin is governed by
the SPL transcription factor of the miR156 target gene. Ghrmirn16 targets the F-box protein
and contributes to the ubiquitin-mediated degradation pathway, leading to a decrease in
gibberellin content and an increase in IAA content. Another miRNA, GhrmiRn2, indirectly
regulates sugar signals by targeting 3-Hexosaminidase, thereby providing energy for
flower bud differentiation and promoting the expression of genes associated with ABA
synthesis and signal transduction.

4. Cultivation of Short-Season Cotton in China

Short-season cotton in China primarily grows in three traditional ecological areas: the
northern super early-maturing ecological area, the Yellow River basin ecological area, and
the Yangtze River basin ecological area. The northern super early-maturing ecological area
is mainly located in Northern Xinjiang and the Hexi Corridor, where short-season cotton
is cultivated as full-season cotton. In the Yellow River valley, which spans the Huang-
Huai-Hai cotton region, double cropping is the primary planting method, including relay
intercropping of cotton-wheat or cotton-garlic and direct seeding after wheat or garlic
harvest. The ecological area of the Yangtze River basin consists mainly of two types of
planting: direct seeding after garlic harvest and transplanting after wheat harvest (Figure 1).
In recent years, there has been a significant expansion in the cultivation and utilization of
short-season cotton, driven by the need to restructure the planting industry and promote
environmentally friendly production practices. This expansion includes the adoption of
techniques such as non-plastic mulching cotton and machine-picked cotton varieties [52].

10



Agronomy 2023, 13, 2770

Traditional planting "

New planting

Traditional planting

New planting

Figure 1. Schematic diagram of cultivation models for short-season cotton in different ecological regions.

4.1. Direct Seeding of Short-Season Cotton following Preceding Crop Harvest

Implementing direct seeding of short-season cotton following garlic (wheat or rape)
harvest is a prevalent cultivation method in cotton-growing regions along the Yellow River
and the Yangtze River Basin. However, this approach requires significant material and
labor inputs, leading to increased costs and limited mechanization. With rising labor
costs in China’s progressing economy and society, the traditional intercropping method
of garlic (wheat, rape) and cotton has become incompatible with modern agricultural
production. Therefore, reforming conventional cotton planting techniques and adopting
a lighter and more streamlined cotton production process are crucial technical solutions
to address current challenges in the cotton industry. Transitioning from interplanting
full-season cotton in garlic (wheat) fields to direct seeding of short-season cotton after
garlic (wheat) harvest provides a viable perspective for achieving this goal. This transition
involves shifting from sparse planting to dense dwarfing, from fine pruning to no pruning,
from multiple fertilization rounds to one-time fertilization, and from multiple harvesting
episodes to centralized boll formation and single harvest [53,54].

A light and simplified cultivation technique for direct seeding of short-season cotton
after garlic has been developed in recent years. This technique involves high-density
planting to achieve concentrated boll formation. Its adoption has significantly improved
the mechanization level of double cropping in Southwest Shandong Province [54]. It entails
selecting short-season cotton varieties with growth periods of no more than 110 days,
compact plant structures, and strong boll-setting capabilities. The sowing process is
performed mechanically before the end of May, without thinning the seedlings, thus
maintaining a plant density of 90,000-120,000 plants per hectare. Consequently, in late
July, topping of the plants is needed, eliminating the need to remove vegetative branches.
Plant height is controlled between 80 and 90 cm using a combination of chemical control
and fertilization. Defoliation is conducted in late September to facilitate centralized boll
opening and enable a one-time picking process [55].

In certain regions within the Yangtze River Basin and Yellow River Basin, the adoption
of light simplification and mechanized cotton planting has been increasing. This trend
has led to research and demonstrations of mechanical direct seeding techniques after the
harvest of rape and wheat. Short-season cotton’s brief growth period, concentrated boll
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formation, and ease of management facilitate efficient soil utilization and environmentally
friendly production [56].

4.2. Cultivating Short-Season Cotton without Plastic Mulching

The primary cotton-producing region in northwest China faces significant challenges
during the sowing period, including low soil temperature, a short frost-free period, and
water scarcity. Plastic film mulching has effectively addressed these issues by increasing soil
temperature, conserving water, and maintaining moisture. However, its use has resulted
in numerous problems in agriculture and the ecological environment. These problems
include soil structure damage, reduced cultivated land quality, hindered cotton seedling
emergence, and compromised cotton fiber quality [52,57-59]. To address these challenges,
Yu [12,52] introduced the concept of “short-season cotton with non-mulching cultivation”
and conducted a six-year demonstration using the early-maturing cotton variety “Zhong-
mian 619” in Shaya County, Xinjiang. Through late sowing, increased planting density,
shallow burial, and drip irrigation, successful non-mulching cultivation was achieved. Pre-
liminary results demonstrate a seed cotton production of 4800-5250 kg ha~!, eliminating
film residue pollution and showcasing promising prospects for further development [52].

China has a considerable amount of saline soil, both inland and coastal. Exploiting
cotton’s robust salt tolerance by cultivating it in saline soil proves to be a promising
approach to enhance cotton production stability [56]. Previous studies have shown the
effectiveness of furrow border plastic film mulching for full-season cotton in severe coastal
saline alkali soil and flat plastic film mulching for short-season cotton in mild saline
alkali soil, optimizing land utilization and achieving positive economic outcomes [60,61].
However, the pollution caused by residual film and the variations in heat and rainfall
conditions between the Yellow River Basin and Northwest inland cotton regions make
non-mulched short-season cotton more conducive in the former. Therefore, late sowing of
non-mulched short-season cotton in mildly saline soil or low-yield cotton fields presents a
viable solution to residual film pollution.

In a five-year study by Qi et al. [62,63], it was demonstrated that non-mulched short-
season cotton yielded comparable results to mulched short-season cotton in terms of seed
cotton yields, boll density, average boll weight, lint percentage, and fiber quality parameters
such as fiber length, strength, micronaire value, elongation rate, and uniformity. Further-
more, the earliness of non-mulched short-season cotton, which was achieved through early
flower bud differentiation, rapid flowering and boll setting, and concentrated boll opening,
was desirable and comparable to that of mulched short-season cotton. An important advan-
tage of cultivating short-season cotton without mulching is the avoidance of plastic residual
pollution, resulting in cost savings and environmental benefits. Therefore, this approach
proves to be more economical and efficient. Considering the implications for sustainable
cotton production in medium- and low-yield fields of the Yellow River Basin cotton region,
the cultivation of short-season cotton without mulching emerges as a crucial option.

4.3. Double Cropping of Short-Season Cotton and Triticale

In recent years, there has been a shift in cotton cultivation towards the northwest
inland region, where it now accounts for over 83% of the country’s cotton planting area.
Conversely, the cotton planting area in the Yangtze River and Yellow River valleys has been
in decline. The traditional cotton cultivation practices in these valleys are labor-intensive,
relying on intensive cultivation to achieve high yields, resulting in high management
costs and significant labor input. However, due to rapid economic development and
urbanization, the rural labor force in China has experienced a sharp decline. Consequently,
the traditional cotton planting methods are no longer suitable for the current environment
in the Yangtze and Yellow River valleys. Therefore, it is crucial to reform and simplify the
cotton cultivation system in these regions [64].

In the Yangtze and Yellow River valleys, there have been a variety of cotton planting
systems for a long time, including both one cropping and two cropping systems. Currently,
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it is highly significant to develop flexible and diverse cotton planting models in order to
stabilize the overall cotton planting area, increase yield and efficiency per unit area, and
revitalize the cotton industry in these regions. However, the limited thermal resources in
the cotton region of the Yellow River Basin pose a major obstacle to the development of
double-cropping crops. In order to address this limitation, relay interplanting or intercrop-
ping methods are often employed to compensate for the lack of heat, thereby enhancing
the intercropping index and economic benefits. Nevertheless, it should be noted that
relay interplanting or intercropping requires high labor inputs and lacks mechanization
convenience [65-67].

Utilizing the significant advantages of short-season cotton such as its short growth
period, concentrated flowering and boll setting, as well as the favorable characteristics of
forage crops like triticale and oats including high harvest elasticity and nutritional value,
the implementation of a double-cropping system for short-season cotton and forage crops in
the Yellow River Basin cotton region proves to be an effective approach to achieve enhanced
productivity efficiency. Cui et al. [68] have demonstrated this double-cropping mode and
produced promising results. Other researchers, including Mao [69], Wang et al. [70], Yao
et al. [71], and Zheng et al. [72], have also corroborated the productivity and benefits
associated with the double cropping of short-season cotton and forage crops in the Yellow
River Basin. This model has been instrumental in the development of high-quality cotton
production in the region.

4.4. Replanting Short-Season Cotton after Calamities

The prolonged growth period of cotton makes it vulnerable to hail disasters in regions
with unpredictable cold and hot airflows. Effective measures must be implemented to
minimize or eliminate losses resulting from these calamities [73]. Cotton plants exhibit
strong compensatory effects on both biological and economic yield due to their indeter-
minate growth habit following physical damage, such as hailstorms during the squaring
stage [74]. Mild to moderate damage in cotton fields requires immediate and enhanced
field management practices to mitigate yield reduction. Conversely, severely affected fields
necessitate prompt replanting. The choice of replanting strategy should be context-specific.
In Shandong Province, China, the appropriate action depends on the timing of the dis-
aster. If the disaster occurs before 5 May; it is advisable to consider planting medium-
and early-maturity cotton varieties. If the disaster occurs before 5 June, replanting using
short-season cotton varieties becomes a viable option. However, after 5 June, cultivating
crops with shorter growth cycles, such as mung beans and edible beans, becomes the only
feasible approach.

5. Prospects of Short-Season Cotton in China

China’s main cotton-producing areas exhibit complexity and diversity in terms of
planting systems, modes, and varieties due to national conditions such as a large population,
limited land, and significant ecological and production variations among these regions. As
the development of light and simplified cotton and mechanized production advances, the
importance of short-season cotton is expected to grow. In cotton regions with abundant
resources like water, fertilizer, light, and heat, the adoption of mechanical direct seeding
of short-season cotton after stubble can promote light and simplified cotton cultivation in
multi-cropping and efficient cotton fields. In regions with limited light and heat resources,
high salinity, or poor soil fertility, short-season cotton can be cultivated once a year without
plastic film planting. By increasing density and fully utilizing the advantages of smaller
individual plants and larger groups, the cultivation can bring about diversification through
double cropping with forage crops like triticale and oats annually. This approach reduces
pesticide and labor input, minimizes plastic film usage, and ensures high and stable
yields, making it a cost-effective, environmentally friendly, and efficient method for cotton
production. In future research and application of short-season cotton, it is important to
focus on the following aspects:
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Investigating the early-maturing mechanism of short-season cotton: Collaborating across
multiple disciplines and employing techniques such as gene editing in physiology and
molecular biology, researchers can unveil the mechanism of early maturity in short-season
cotton from the perspective of flower bud differentiation. This will provide valuable
theoretical support for molecular breeding of short-season cotton.

Developing new short-season cotton varieties: Short-season cotton also has its own draw-
backs, such as lower yield potential than full-season cotton, and some short-season cotton
varieties have lower fiber quality than full-season cotton. By utilizing a combination of
molecular breeding technology and conventional breeding methods, researchers can create
short-season cotton varieties with characteristics such as extra early maturity, salt alkali
tolerance, low temperature tolerance, high yield potential, and excellent fiber quality. These
new varieties will serve as an essential guarantee for achieving high yield and superior
cotton quality.

In-depth study of mechanized production technology for short-season cotton without mulching:
Expanding the research on agronomic technology for diversified planting of short-season
cotton without mulching in suitable cotton regions is crucial. The focus should be on
enhancing trial production and developing supporting machinery for sowing, plant protec-
tion, and harvesting. This, in turn, will facilitate the integration of agricultural machinery
and agronomy to establish a diversified planting technology system for short- season cot-
ton. The promotion of this technology can be facilitated through demonstrations, technical
training, media publicity, and other means, enabling the widespread adoption of light,
cost-effective, green, and efficient cotton production.

In conclusion, short-season cotton offers numerous advantages, including its rapid
growth cycle, early maturation, and potential for diversified double-cropping systems.
Moreover, mechanical sowing is achieved via adoption of short-season cotton. In addition,
due to high plant density and good earliness, short-season cotton is also conducive to
mechanic cotton picking. Therefore, the use of short-season cotton has promoted the mech-
anization of cotton production in China. This paper highlights the morphological, physio-
logical, and molecular mechanisms underlying its early maturity, making it a promising
option for optimizing planting patterns and cultivation in different environments. As cot-
ton production becomes more mechanized and simplified, short-season cotton is expected
to play a crucial role. Further research is recommended to explore its early-maturation
mechanisms, develop new varieties, and advance comprehensive mechanized production
technology without mulching. These efforts will ultimately promote cost-effective, envi-
ronmentally friendly, and efficient cotton production. These findings serve as valuable
references for global breeding and cultivation research, and the application of short-season
cotton in the future.
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Abstract: The urgent need to mitigate greenhouse gas (GHG) emissions has prompted the exploration
of various strategies, including the adaptation of carbon farming practices, to achieve sustainability in
agricultural systems. In this research, we assess the viability of carbon farming practices for organic
vegetable growing in Europe. The study explores the potential benefits of these practices, including
GHG emissions’ mitigation and improved soil health, biodiversity, and ecosystem services, while
also acknowledging the need for further research to optimize implementation strategies and foster
widespread adoption. However, the suitability and effectiveness of carbon farming practices in
organic vegetable production systems remain uncertain. The analysis considers the measurement and
estimation methods employed to assess changes in soil carbon stocks and the potential environmental
and economic implications for farmers. Despite a substantial body of data demonstrating the
sustainable attributes of carbon farming and its multifaceted advantages, a degree of hesitancy
persists. Considering this, we propose undertaking a concise strengths, weaknesses, opportunities,
and threats (SWOT) analysis to evaluate multiple aspects of carbon farming. The findings reveal that
carbon farming practices can be viable and advantageous in organic vegetable production. Carbon
farming practices, such as cover cropping, reduced tillage, compost application, and agroforestry, can
significantly enhance the sustainability of organic farming systems. Implementing these practices
can mitigate greenhouse gas emissions, improve soil health and fertility, and promote biodiversity
conservation. Farmer education and support, policy measures, and continued research are crucial for
maximizing the potential of these practices for a sustainable future. These practices also contribute to
developing climate-friendly agricultural systems, promoting environmental resilience, and reducing
the ecological footprint of organic vegetable production. However, further research is needed to
optimize implementation strategies, address site-specific challenges, and foster widespread adoption
of carbon farming practices in organic vegetable production.

Keywords: soil carbon storage; soil fertility; ecological vegetable system; GHG mitigation;
regenerative practices

1. Introduction

Currently, humanity can only effectively address environmental and climate change
issues if it fully embraces ecological principles for genuine sustainability. However, history
has repeatedly shown that we tend to take substantial action only during crises and that
we often fall short of complete commitment. In this framework, the widely endorsed
DNSH (Do No Significant Harm) principles, which have recently gained popularity among
political factors, signify nothing more than a return to fundamental ecological values by
striving to “not significantly harm” the environment.

Carbon, as an essential element, plays a fundamental role in life on Earth. It forms the
building blocks of human DNA and is pervasive in our food [1]. However, using carbon-
based fossil fuels over the past century for energy generation and industrial processes has

Agronomy 2023, 13, 2406. https://doi.org/10.3390/agronomy13092406 18 https://www.mdpi.com/journal /agronomy



Agronomy 2023, 13, 2406

led to the accumulation of greenhouse gas (GHG) emissions, primarily carbon dioxide
(COy), in the atmosphere. This accumulation has caused various detrimental effects,
including global climate warming, biodiversity loss, increased ocean acidity, and severe
meteorological phenomena (droughts, heatwaves, floods, wildfires, severe thunderstorms,
mudslides, and landslides) [2].

Therefore, the situation has become critical, and it has led to the imposition of extreme
measures. At the European level, this means the achievement of zero greenhouse gas
emissions by 2050, with an intermediate stage aiming at a 55% decrease by 2030 compared
to the currently recorded value, according to the EU Climate Law [3]. It is said that farming
represents the “single biggest cause” of the worst air pollution not only in Europe but also
in China, the US, and Russia. Hence, restrictive measures regarding a series of agricultural
practices need to be applied, and a new approach in farming techniques and technologies
has thus become imperative. Paustian et al. and Mattila et al. [4,5] stressed the crucial role
of carbon sequestration in agricultural soils to mitigate climate change.

Carbon farming encompasses a range of agricultural techniques (cover cropping, no-
till farming, agroforestry, crop rotation, organic farming, use of perennial crops, managed
grazing, wetland restoration, use of biochar, compost and mulching, reforestation and
afforestation) designed to capture atmospheric carbon and store it within the soil and in
crop roots, wood, and leaves. Additionally, Tariq et al. [6] define carbon farming as a
comprehensive approach to maximize the uptake of carbon dioxide from the atmosphere
and enhance its storage in plant matter and soil organic matter across working landscapes.
This holistic approach involves implementing practices that are proven to accelerate the
removal of CO, from the atmosphere and facilitate its sequestration in vegetation and soil.

A study conducted by Fageria [7] illustrates that the intake of soil organic matter
and composition, which is inextricably linked with the amount of carbon stored at the
soil level and water retention capacity, is impacted by management practices. A direct
correlation between soil organic matter and its ability to retain water while enhancing
structure and productivity has been outlined by several studies [8-10], with an inverse
relationship between drought and disease occurrence [9,11,12]. Certain studies [13,14]
have emphasized the significance of promoting agricultural practices that facilitate organic
matter sequestration in the soil, thus reducing environmental CO, levels. Carbon farming
is pivotal in aligning with new ecological standards concerning climate change resilience
and impact [4,5,15,16].

Considering these factors, our study aimed to investigate and establish a symbiotic
connection between ecological vegetable cultivation methods and carbon farming practices.
This objective stems from the inherent similarities in the operational principles of both
approaches, which emerged naturally and highlighted the potential for synergies between
these two critical fields.

2. Materials and Methods
Systematic Literature Review

In this review article, we performed a comprehensive systematic literature review
(SLR) following the guidelines outlined in the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) methodology (Table 1). Our main objective was to
systematically review and synthesize the existing literature on carbon farming strategies
in organic vegetable cultivation, assess their impact on carbon sequestration, soil health,
and crop productivity, and identify gaps in the research. Mainly, the present study was
developed by means of no fewer than nine questions of paramount importance for the
subject, as follows: (1) How have carbon farming strategies been defined and conceptual-
ized in the context of organic vegetable cultivation? (2) What are the primary objectives
and goals of implementing carbon farming strategies in organic vegetable cultivation? (3)
What are the key carbon sequestration practices employed in organic vegetable cultiva-
tion? (4) How do carbon farming strategies impact soil health parameters? (5) How do
carbon farming practices influence crop productivity (yield) and quality (nutrient content,

19



Agronomy 2023, 13, 2406

pest resistance) in organic vegetable cultivation? (6) What economic benefits or costs are
associated with the adoption of carbon farming strategies in organic vegetable cultivation?
(7) What are the key barriers and challenges faced by farmers when implementing these
strategies? (8) What areas require further investigation to enhance our understanding of
these strategies? (9) How do government policies and regulations impact the adoption and
effectiveness of carbon farming strategies in organic vegetable cultivation?

Table 1. Data source and selection activities according to PRISMA methodology.

Phase Number Activity Description
Phase 1 Research database identification using Web of Science, Scopus,
Google Scholars, ScienceDirect, MDPI, and Springer.com
Assessment of the research papers with relevance for the subject

Phase 2 . - . .

published in prominent journals

Removal of papers that were found irrelevant to the subject or

Phase 3 TP

could cause scientific incoherence
Phase 4 Draft the actual paper, including the relevant literature

Some of the keywords used to find the relevant scientific papers were: carbon farm-
ing, carbon sequestration, carbon in vegetable organic farming, and soil management in
organic farming. In a subsequent stage, a qualitative data analysis was performed using
Covidence systematic review software (Veritas Health Innovation, Melbourne, Australia.
Available online www.covidence.orgmanagement accessed on 20 August 2023)-studies
were identified, analyzed, and ranked, focusing on their content and thematics to ensure
their significance and relevance to the selected topic. With this in mind, we conducted a
systematic literature review, examining 273 scientific papers related to the subject (Table 2).

Table 2. Keywords used and the number of scientific papers generated.

Number of Research Papers

1st Keyword Used 2nd Keyword Used Initial Search _ After Filtering
Carbon farming 855 46
Carbon sequestration 1054 73
Organic biochar 723 21
Organic conservation tillage 162 7
Agroforestry 136 6
Organic cover crops 398 19
Organic nutrient management 103 11
Organic soil management Vegetable cultivation 908 34
Permaculture 50 11
Organic carbon footprint 206 6
Urban farming system 218 12
Conservation farming 309 14
Regenerative practices 188 11
Zero budget farming 7 2
Total number of research papers 5317 273

The studies selected for this synthesis met the following criteria: to be relevant so
that the data provided has practical applicability—given the novelty degree of the subject
studied, this condition is implied; all the data presented have a solid scientific back-
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ground; and the opinions of the authors are well argued and find approval within the
scientific community.

Furthermore, to highlight the potential feasibility of carbon farming measures practical
to organic vegetable cultivation, we conducted a SWOT analysis, highlighting the four
essential aspects: strengths, weaknesses, opportunities, and potential threats.

Similarly, to highlight the trend of specific aspects such as emissions generated by
human activities, particularly in agriculture, or the areas occupied by organic farming at
the European level, relevant databases for these fields were consulted, such as Statista,
European Environment Agency, or IFOAM Organics Europe.

3. Results and Discussion
3.1. Qverview

Our goal is to evaluate the potential of carbon farming to reduce agricultural green-
house gas emissions, including carbon dioxide, methane, and nitrous oxide, which are
significant contributors to climate change. By implementing sustainable land management
practices, maximizing carbon sequestration, and minimizing carbon emissions, we consider
carbon farming as an opportunity to mainly transform the organic vegetable cultivation
system into effective carbon sinks and contribute to a more sustainable future.

Efforts to combat GHG emissions should prioritize a combination of mitigation and
adaptation strategies [17,18]. This involves shifting towards low-carbon energy sources,
enhancing energy efficiency, advocating for sustainable transportation and production
methods, improving waste management approaches, and implementing nature-based
solutions into action in order to manage pollution in key industrial sectors, as shown in
Figure 1. International cooperation and collaboration are vital to accelerate the deployment
of clean technologies and knowledge sharing to achieve significant emission reductions [19].

Distribution of greenhouse gas emissions worldwide in 2020

Electricity and heat

Transportation 15.
Manufacturing/Construction 13.10%

Agriculture 12.30%

Fugitive emissions 6.80%

Industrial processes FG.GO%
6

Building
Waste
Land-Use Change and Forestry

Other fuel combustion

Figure 1. Distribution of greenhouse gas emissions worldwide in 2020 by sector (https://
www.statista.com/statistics /241756 / proportion-of-energy-in-global-greenhouse-gas-emissions/, ac-
cessed on 23 June 2023).

Equity and fairness are crucial factors to be considered in the scientific examination
of global greenhouse gas (GHG) emissions [20]. Developed countries bear a historical
responsibility due to their substantial contributions to cumulative emissions, necessitating
supporting developing nations as they transition towards low-carbon economies [21].

The sources of agricultural emissions are diverse and significant, contributing to the
global challenge of climate change (Figure 2). Livestock production, particularly enteric
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fermentation and manure left on pasture, is a significant source of agricultural greenhouse
gas emissions. Addressing this issue requires promoting efficient feed conversion, adopting
improved manure management systems, and exploring alternative protein sources [22].

Sources of Agricultural Emissions

Enteric termentation
Manure left on pasture .
Synthetic fertilizers 11.80%
Rice cultivation 10.10%

Manure management 6.80%

Burning avanna 5.40%

Manure applied to Soils 3.60%

Cultivation of organic soils 2.70%

Burning - Crop residues 0.40%

Figure 2. Sources of Agricultural Emissions (https://www.wri.org/insights/5-questions-about-
agricultural-emissions-answered, accessed on 12 July 2023).

Furthermore, at the European level, the emissions from agriculture represent a sig-
nificant concern in terms of environmental impact and climate change (Figure 3). Policy
frameworks at the regional and national levels and financial incentives could play a crucial
role in driving the adoption of sustainable agricultural practices [23]. Riccaboni et al. [24]
emphasize the preeminence of supporting research and innovation in agriculture, facilitat-
ing knowledge exchange among farmers, and raising awareness among consumers about
the environmental impact of their food choices.

Thus, Verschuuren [25] highlights the significant progress that can be made in reducing
greenhouse gas emissions and contributing to building a more resilient and sustainable
agricultural sector by addressing emissions from agriculture at the European level. Fytili
and Zabaniotou [26] discuss the need for a holistic and collaborative approach involving
farmers, policymakers, researchers, and consumers to successfully transition towards a
low-carbon and environmentally responsible agriculture industry.

GHG net emissions/removals by land use, land use change, and forestry (LULUCF)
encompass alterations in atmospheric concentrations of all greenhouse gases linked to
changes in forests and land use practices, comprising, yet not restricted to, (1) the discharge
and sequestration of CO; resulting from variations in biomass stocks due to forest admin-
istration, logging, fuelwood collection, etc.; (2) the transformation of existing forests and
natural grasslands into alternative land uses; (3) the sequestration of CO; resulting from
the abandonment of previously managed lands (e.g., croplands and pastures); and (4) CO,
emissions and removals [27].

Organic agriculture has experienced significant expansion at the European level,
driven by consumer demand for healthier and more sustainably produced food (Table 3).
The sector’s core principles, including prohibiting synthetic pesticides and fertilizers,
promote biodiversity conservation, soil health, and reduced environmental impact. These
practices can potentially mitigate greenhouse gas emissions, protect water resources, and
preserve natural habitats [28].
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Figure 3. GHG projections with existing measures (WEM scenario) from the agricultural sector (kilo-
tons of CO, equivalents) at the EU-27 level in 2023 (excluding LULUCEF) (https://www.eea.europa.
eu/data-and-maps/data/data-viewers/eea-greenhouse-gas-projections-data-viewer, accessed on
2 July 2023).

Table 3. Organic agriculture in 2021 at the European level (adaptation based on IFOAM Organics Europe).

Percentage of Organic Organic Land Area
COUNTRY Agricultural Land (%) (1000 Hectares)
Liechtenstein 40.20 1
Austria 26.50 679
Estonia 23.00 227
Sweden 20.20 607
Switzerland 17.40 181
Italy 16.70 2186
Czech Republic 15.80 558
Latvia 14.80 291
Finland 14.40 328
Slovakia 11.70 223
Denmark 11.40 300
Germany 10.80 1802
Spain 10.80 2635
Slovenia 10.80 52
Greece 10.10 535
EU-27 9.60 15,600
France 9.60 2777
Lithuania 8.90 262
Croatia 8.10 122
Portugal 7.80 308
Belgium 7.40 102
Hungary 5.90 294
Cyprus 5.70 8
Luxembourg 5.20 7
Norway 4.60 45
Romania 4.30 579
Netherlands 4.20 76
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Table 3. Cont.

Percentage of Organic Organic Land Area
COUNTRY Agricultural Land (%) (1000 Hectares)
Poland 3.50 509
United Kingdom 2.80 489
Ireland 1.90 87
Montenegro 1.70 4
Bulgaria 1.70 86
Turkey 0.90 328
Serbia 0.70 24
Republic of North Macedonia 0.60 8
Malta 0.60 0.1
Kosovo 0.50 2
Iceland 0.40 6
Bosnia and Herzegovina 0.10 2
Albania 0.10 1

The vegetable cultivation sector has a two-fold impact on the environment. Firstly,
it contributes to climate change (CC) through various activities (soil tillage, fertilization,
irrigation, fossil fuel consumption). Secondly, the resulting environmental changes, in turn,
affect vegetable production. Thus, a reciprocal relationship exists between horticultural ac-
tivities and their ecological consequences, impacting the climate and fresh food production
sector [17,18].

Organic farming (OF) embraces a comprehensive strategy for agricultural operations
and food cultivation, emphasizing eco-friendly and climate-conscious methodologies, pre-
serving natural resources, the fostering of biodiversity, and adhering to stringent standards
of animal welfare and production [29,30]. Regarding the eco-friendly practices, OF pri-
oritizes environmentally friendly methods by avoiding the use of synthetic pesticides,
herbicides, and chemical fertilizers. Instead, it relies on natural alternatives and sustain-
able practices to manage pests, weeds, and soil fertility. In terms of the climate-conscious
methods, OF aims to mitigate climate change by reducing greenhouse gas emissions and
promotes practices such as crop rotation, cover cropping, and reduced tillage, which help
sequester carbon in the soil and enhance soil health. For the preservation of natural re-
sources, OF places a strong emphasis on protecting natural resources such as soil and
water, promoting practices that prevent soil erosion, improve soil structure, and conserve
water resources. Furthermore, OF encourages biodiversity in agricultural landscapes. This
includes planting diverse crop varieties, creating habitats for beneficial insects and wildlife,
and avoiding monoculture farming, which can be detrimental to biodiversity. In organic
livestock farming, animals are typically raised under higher welfare standards compared
to conventional methods. This includes providing access to the outdoors, pasture graz-
ing, and adhering to strict regulations regarding animal health and well-being. Not least,
OF adheres to strict production standards and certification processes. These standards
encompass everything from soil management and pest control to animal husbandry and
food processing. Third-party organizations certify farms and products as organic to ensure
compliance [29,30].

Lal [31] defines carbon sequestration and carbon farming extensively. Carbon seques-
tration involves transferring carbon dioxide (CO;) from the atmosphere and long-lasting,
secure storage at the soil level by improving the accumulation of organic and inorganic
carbon stocks. This is achieved through the adoption of appropriate land use practices and
a set of recommended management techniques, such as mulch farming [32,33], conserva-
tion tillage [34], agroforestry [35], diverse cropping systems [36-39], cover crops [40,41],
and integrated nutrient management, including the use of manure, biosolids, compost,
sustainable forest management, and improved grazing [42]. The sequestration of soil
organic carbon (SOC) is influenced by agricultural systems that promote the incorporation
of significant amounts of biomass into the soil, minimize soil disturbance, protect soil and

24



Agronomy 2023, 13, 2406

water resources, enhance soil structure, increase the activity and diversity of soil organisms,
and strengthen elemental cycling processes.

Thus, carbon farming is presently a prominent aspect of sustainable agricultural
practices due to its climate-related advantages, primarily through carbon sequestration in
agricultural soils [43,44]. Soil carbon levels are closely linked to soil organic matter [45],
which significantly influences the soil’s structure, health, and nutrient content. Alterations
in soil organic matter resulting from climate change and modifications in management
approaches can impact water retention capabilities.

A series of very well-documented studies highlighted the preeminence of the organic
farming system in terms of carbon sequestration at the soil level. Thus, Gattinger et al. [46]
revealed that over 14 years, the soil organic carbon stocks in the upper 20 cm were
3.50 4 1.08 Mg C ha~! higher in organic than in nonorganic systems. In the same way,
Leifeld and Fuhrer [47] determined in their review an average annual increase in the SOC
concentration in organic systems of 2.2% compared to conventional methods, where it
did not vary significantly. Furthermore, using calculations based on the combination of
single practices, such as extensification, improved rotations, residue incorporation, and
manure use, Freibauer et al. [48] assessed the C sequestration potential of organic farming
in Europe to be 0-500 kg ha=! y~1.

Recently, Palayukan et al. [49] emphasized that the implementation of ecological farm-
ing methods resulted in notable enhancements in the physical and chemical characteristics
of the soil. Additionally, these practices increased the accessibility of the organic carbon
fraction. Likewise, Sardiana [50] demonstrated the preeminence of an ecological farming
system in terms of carbon sequestration, highlighting an annual increase of 1.13 tons per
hectare compared to conventional farming practices. Thus, most findings emphasize the
organic farming potential for increasing C stocks in agricultural soils [31,51,52].

Moreover, Tuomisto et al. [53] reported a distinct correlation between organic veg-
etable growing and external carbon inputs, which were higher than the conventional
system. Blair et al. [54] and Tejada et al. [55] certified an improved soil structure among the
apparent benefits.

However, adopting a holistic approach when considering organic materials in agri-
culture is essential. Although organic materials can influence soil’s physical and chemical
properties, it becomes crucial to address the specific type and origin of these materials. For
instance, peat is commonly used as an organic horticultural substrate, but its production in-
volves the destruction of peatlands, which has profound environmental and climate change
implications [56,57]. Therefore, it is imperative to carefully evaluate the sustainability and
ecological consequences of using organic materials in horticultural practices.

Furthermore, considering a comprehensive approach that addresses the interplay
between soil, plants, and the environment is of utmost importance. Recently biostimulants
and biofertilizers, such as plant-growth-promoting rhizobacteria (PGPR) and arbuscular
mycorrhizal fungi (AMF), have gained popularity in horticulture due to their positive ef-
fects on plant nutrition [58-60]. Utilizing the natural activity of soil microbes, biostimulants
hold immense potential for breaking down toxins in the soil and harnessing the in situ soil
microbial activity [61]. Similarly, biofertilizers can promote plant growth by aiding nitrogen
fixation and phosphorus solubilization. Additionally, they synthesize plant hormones such
as indole acetic acid and cytokinins and promote gibberellin synthesis within plants [62,63].
Moreover, they contribute organic acids and enzymes, enhancing water and nutrient uptake
and bolstering systemic resistance against diseases [64,65]. Optimizing the synergistic inter-
actions between soil and environmental factors, along with implementing good agricultural
practices, including the strategic utilization of effective plant-beneficial microorganisms
in the root zone, epitomizes the concept of smart agriculture. This integrated framework
effectively harnesses the potential of these combined approaches [66-68].
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3.2. Environmental Impact of Organic Vegetable Cultivation on Carbon Emissions

Regarding the carbon footprint (CF) in organic vegetable production, Adewale et al. [69]
conducted a study on a small organic vegetable farm. They highlighted soil emissions,
irrigation, fuel use, and organic fertilizer as the main hotspots. A viable option in this
matter is replacing gasoline and diesel with biodiesel and the alternative of solar-powered
irrigation systems instead of grid-powered irrigation systems that could determine a
reduction in the farm’s CF of 34%. Regarding vegetable crops, cauliflower, potato, and
pepper displayed the highest CF ha~!.

The organic farming system emits significantly less CO, per unit of land than the
conventional method. On the other hand, when reported on per unit of production, both
the organic and the conventional systems demonstrate similar emissions, primarily due to
the lower yield levels associated with organic farming [70].

According to Kiistermann and Hiilsbergen [71], the energy consumption per hectare
in the organic farming system is significantly lower, approximately 2.75 times less, com-
pared to the conventional method. Furthermore, the organic system exhibited substantially
reduced nitrous oxide (852 CO, eq kg~ ! compared with 1307 CO, eq kg~ ! recorded
in conventional farming) and carbon dioxide emissions (349 CO, eq kg~ ! as opposed
to 707 CO, eq kg'), along with significantly higher carbon sequestration rates
(+110 kg Cha~! a~! = reduction in the greenhouse potential by 415 kg CO, eq ha! a™!) [71].

Over the past two decades, numerous studies have examined the environmental
impact of agricultural practices on the production of organic vegetables and their carbon
footprint. Thus, Smith et al. [72] revealed that organic vegetable production had an energy
input of 50% compared to conventional carrots, 65% for onions, and 27% for broccoli.
Fritsche and Eberle [73] found that GHG emissions (CO, eq kg_l) were between 15% and
31% lower for organic tomatoes than conventional ones. De Backer et al. [74] stated that
an organic leek crop releases only 33% of conventional system emissions. The same trend
was recorded for organic potato crops [75-77]. Antithetically, Ziesemer [78] highlighted
that organic carrot and potato production had 43% higher energy inputs per unit of output
due to mechanical weeding. Overall, Wood et al. [79] showed that organic vegetable
production has about 50% of the energy intensity of conventional systems. It was observed
that various organic crop rotations generated lower N,O emissions per hectare compared
to conventional rotations. Regarding energy usage for fertilization, a critical aspect of
organic vegetable cultivation, the scientific community agrees that applying compost and
manure entails relatively low fuel and energy costs [80,81].

Organic farming has a higher potential for carbon sequestration than conventional
farming systems [82]. Additionally, organic fertilization, the incorporation of crop residues
into the soil, and the cultivation of cover crops have the potential to increase N,O emissions.
However, cultivating deep-rooted crops can help mitigate NO3 leaching [83].

3.3. Exploring the Connection between Organic Vegetable Farming and Carbon Sequestration

The exclusion of agrochemicals’ utilization with a substantial carbon footprint in
organic agriculture (OA) production can yield notable advantages for the climate and
natural resources. Synthetic nitrogen (N), phosphorus (P), and potassium (K) fertilizers,
pesticides, and other agrochemicals contribute to the deterioration in soil organic matter,
leading to its depletion, as well as the pollution of water sources [29], and having a direct
contribution to climate change [17,18].

Numerous strategies for increasing carbon sequestration in organic vegetable cultiva-
tion have been evidenced by the scientific literature. For example, adopting a perennial
vegetable system can have a beneficial impact on mitigating climate change, promoting bio-
diversity, and improving nutritional value. Regarding carbon sequestration, it is estimated
that the large-scale cultivation of perennial vegetables would induce an intake between
22.7 and 280.5 MMT CO, eq/year by 2050 [84].

Soil management strategies in organic farming have a significant role in global en-
vironmental conservation, particularly in increasing soil carbon levels, e.g., by recycling
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organic matter. According to Sanchez-Marafion et al. [85], assessing soil organic carbon in
organic farming systems is crucial for understanding their impact on carbon sequestration.
Other studies have highlighted that organically managed soils tend to have higher soil
carbon than conventional farming systems [46,86]. Organic farms have the potential to
mitigate greenhouse gas (GHG) emissions due to practices such as legume cultivation for
nitrogen supply and reduced reliance on external inputs such as fertilizers and agrochemi-
cals. Hence, organic vegetable cultivation could potentially reduce global GHG emissions
by approximately 20% by avoiding industrial nitrogen fertilizers [87]. Furthermore, the po-
tential carbon sequestration capacity of organic farming could offset 40-72% of the world’s
annual agricultural GHG emissions. These findings have been confirmed by other studies,
indicating that organic fertilizers can increase soil carbon content more than chemical
fertilizers [88-90].

The utilization of cover crops represents another crucial technological link for enhanc-
ing carbon sequestration at the soil level. For instance, Adewale et al. [69] found that about
498 kg C ha~! yr~! were lost from the soil’s top 30 cm without cover crops as opposed
to 57 kg with cover crops, which means 1826 and 209 kg CO, eq ha~! yr~1, respectively.
Additionally, incorporating cover crops significantly reduced estimated soil greenhouse
gas (GHG) emissions by 41%.

Using legumes in crop rotation and multiple cropping systems offers the following
advantages: it preserves and potentially enhances soil quality, boosts the yields of vegetable
crops, and exerts a positive influence on the functioning of the ecosystem [91,92]. Further-
more, Jensen et al. [93] indicated other benefits of cutting N fertilizers, such as mitigating
the farmer’s costs and environmental risks related to greenhouse gas emission release.

Biochar research is experiencing rapid growth, primarily due to its potential for carbon
sequestration [94]. Additionally, biochar holds promise as a technology for immobilizing
pollutants [95], waste management, enhancing soil fertility [96], and use as a sustainable
growing media and peat replacement [56,97]. Previous studies have linked the impact of
biochar on crop yield to various factors, including increased cation exchange capacity and
nutrient retention [56,98], raised pH and base saturation [97,99], elevated availability of
phosphorus [98], and improved plant-accessible water content [100].

Multiple strategies are available for carbon sequestration in organic vegetable culti-
vation soils, referred to as “adaptive restorative practices”, as outlined in Table 4. These
practices include no-tillage or reduced tillage intensity [101], the increased input of crop
residues [102], the application of organic manure [103], the utilization of cover crops [104,105],
the implementation of organic mulching [32,33], nutrient management [106,107], a reduc-
tion in or the elimination of fallow periods [108,109], and the restoration of permanent
forests and grasslands [31,110-114]. These strategies are primarily characterized by min-
imizing soil disturbance and increasing the application of organic matter. Furthermore,
Nishimura et al. [115] underlined the effectiveness of the legume intercropping system and
crop rotations [116] for soil fertility enhancement, with nitrogen and phosphorous having a
pivotal role in the process.

Regarding soil tillage practices in organic vegetable cultivation, some studies
suggest the potential of maintaining soil organic carbon by implementing no-tillage
techniques [101,117].

An alternative and feasible approach is the adoption of natural farming (NF) [118], a
low-input, no-tillage system incorporating weed residue mulching. This system, initially
developed by Fukuoka [119], involves cutting weeds using a brush cutter and utilizing the
resulting residues as a natural cover for the area.
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Table 4. Carbon farming measures suitable for ecological vegetable growing.

Measures Expected Results References
Shifting conventional tillage to no-till farming cuts emissions by [31]
30 to 35 kg C/ha per season
Rethink tillage management Higher SOC after 5 years o.f organi.C vegetable production by [101]
adopting no tillage
Formation of macroaggregates under long-term [120]
conservation tillage
Provides nutrients to the soil [40]
Use of cover crops Decreases soil NO3 by 30% [41,104,121]
C sequestration outweighs N,O emissions [105]
Higher SOC compared to conventional tillage system [117,122]
. . Higher mineralized soil N compared with tilled systems [123,124]
Crop rotation and no tillage
An overall decline of up to 7.6% in GWP (net global [125]
warming potential)
. . . 1000 kg of cereal residue generates 12 to 20 kg N, 1 to 4 kg P,
Use of grain crop residues as fertilizers 7030 kg K, 4 to 8 kg Ca, and 2 to 4 kg Mg [102]
. . low-input NT with weed residue mulching
Adapting a natural farming system increases soil carbon sequestration by 0-7.5 cm for 8 years [126]
Adjusts soil N cycle and reduces N losses [127]
An average 63% increase in symbiotic biological dinitrogen (N;) [127]
Use of biochar— fixation in crops and an 11% enhancement of plant N uptake
the carbonaceogs prodgct obtalneFl from Supplies nutrients to soils that stimulate biological N, fixation [128,129]
the organic material pyrolysis
Enhances crop yields [130]
Reduces N»,O emissions [131,132]
Soil erosion control Measurement of emissions compared with burial of C [72,133]
under erosional processes
Mitigate organic matter degradation that impacts the [42]
atmosphere similar to fossil fuel combustion
Management of farming practices: Enhances soil organic carbon level and fertility [106,107]
- Long-term organic matter application Reduces N,O emissions [105,134]
Magnifies free-living N fixation rates in the soil and/or
N [135]
nodulation in N-fixing crops
Speeds up the rate of chemical weathering and consumes
atmospheric CO [136]
- Use of silicate rock amendments p 2
Decreases both methane and N>, O emissions [137,138]
Water resources conservation Water-efficient farming systems = water conservation [31,139]
= water harvesting
Carbon trading market scope Short-term (3-5 years) measure of proficiency of [140,141]

SOC level changes

3.4. Advantages and Disadvantages of Carbon Farming: Exploring the Upsides and Downsides

Many research studies [142-146] have highlighted several co-benefits of carbon farm-
ing, including but not limited to the promotion of food and nutritional security, the purifi-
cation and renewal of water resources, the enhancement of biodiversity, and the restoration
of degraded soils and ecosystems.

28



Agronomy 2023, 13, 2406

Several meta-analyses comparing organic and conventional farming systems have
consistently concluded that organic farming systems exhibit superiority in soil organic
matter content [46,53,147].

Organic vegetable systems are foremost in terms of carbon sequestration due to the
utilization of organic amendments and cover crops [148,149], as well as the implementation
of more diverse crop rotations [150,151]. It is essential to underline that these technological
aspects are not limited solely to certified organic systems.

From a financial standpoint, carbon markets offer farmers the opportunity to generate
additional income by implementing recommended management practices (RMP) that focus
on sequestering soil organic carbon (SOC) and reducing emissions [152,153].

All of the recommended practices for carbon farming offer clear environmental advan-
tages. For instance, adopting no-till practices promotes the formation of soil aggregates,
facilitating long-term storage of carbon while reducing CO, emissions associated with
disturbance [154]. Cover cropping enhances both above- and below-ground plant biomass,
thereby increasing carbon inputs to the soil [154]. Although it can contribute to carbon
storage in both above- and below-ground biomass, agroforestry may compete with crops
for land unless intercropped [155]. Various soil amendments, such as biochar, silicate
rock, and organic amendments, are gaining momentum as carbon sequestration practices.
While they may have similar practical uses, their pathways for carbon sequestration differ
significantly. Biochar, for example, adds and stabilizes carbon in the soil, silicate rock
amendments accelerate weathering processes, and organic amendments enhance crop
productivity and subsequent carbon formation in the soil [127,136].

Organic vegetable cultivation practices are distinguished by reduced reliance on syn-
thetic inputs, resulting in lower usage of chemically synthesized products and a decreased
demand for primary energy compared to conventional systems [66].

The vegetable farmers were willing to adapt practices such as retaining crop residue,
using no-till techniques, and applying organic mulch [142]. Gruda [33] reported that organic
mulch can improve water retention, balance soil temperature, increase vegetable growth,
and reduce weed growth by withdrawing light [32]. Field and greenhouse trials confirmed
these results, showing up to 63% fewer weeds and significant growth improvements in
crops such as head lettuce and sugar melons, even when it was impossible to suppress
all kinds of weeds [32]. In terms of potential drawbacks, it is crucial to highlight the
findings from the studies of Leifeld and Fuhrer [47] and Powlson et al. [156] that suggest
the beneficial impact of organic vegetable cultivation on soil organic carbon content may be
attributed to the higher application of organic fertilizers compared to conventional systems.
Consequently, increasing soil organic carbon content may not necessarily represent actual
carbon sequestration.

An additional concern is represented by lower average yields recorded in organic
vegetable cultivation systems. This implies that a larger land area would be required to
ensure a comparable availability of energy and protein for human consumption in the
scenario of a global shift to 100% organic agriculture by 2050 [157]. A similar viewpoint
was discussed by Smith et al. [158], who highlighted the necessity for increased land use
to compensate for the predicted 40% lower yields in organic production. However, this is
only sometimes realizable. Converting more natural habitats for agriculture could lead to
deforestation and the loss of biodiversity, thereby compromising delicate ecosystems [159].
Moreover, such an approach may exacerbate land degradation and soil erosion issues [160].
In regions with limited arable land, expanding cultivation areas might prove impractical
and could trigger conflicts over land ownership [161]. In addition, expanding organic
farming through increased land use might have socioeconomic implications [162]. Small-
scale farmers, who predominantly practice organic agriculture, could face challenges
acquiring more land due to escalating costs and limited availability [160]. Large-scale land
conversion might lead to the displacement of local communities, altering their traditional
ways of life and threatening their livelihoods [163].
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A distinct correlation exists between the sequestration of organic soil carbon and the
corresponding nitrogen intake. According to Hungate et al. [164], approximately 10 g of
organic carbon requires around 1 g of additional nitrogen. Thus, the potential consequences
of increased N,O emissions and NO3 ™~ leaching from agricultural soils in organic systems
due to the heightened demand for additional nitrogen fertilizers should be considered and

further evaluated [108].

Another constraint is that, on a production unit basis, the energy use and carbon
footprint do not frequently favor organic systems [165,166]. A summary of the main
potential advantages and disadvantages carried out as a SWOT analysis is presented in
Table 5, as evidenced by numerous reviewed studies.

Table 5. SWOT analysis of carbon farming practices for ecological vegetable cultivation.

STRENGTHS References WEAKNESS References
On a production unit bases, both
The organic vegetable system uses less energy energy use and carbon footprint
and stores higher values of C per hectare [53,166,167] are higher in organic [165,166]
vegetable growing
Reduced soil erosion improves soil structure and [168,169] Carbon lasting/persistence [170]
water quality, and reduces sedimentation ’ and stabilization
Reducing tillage minimizes the use of irrigation Political, economic, and
. . . . . [168,169] . [171]
water by increasing soil water-holding capacity social factors
C sequestration may lead to a cut
. in food and fiber production
Improves water quality and ecology [168,169,172,173] causing higher food prices and [168,169]
reducing exports.
Soil health upgrade [174,175]
Food safety [177]
Public health welfare [178]
Heightened N,O emission [105,176]
Carbon sequestration at the soil level is a process
characterized by three features: naturalness, [31,141,179]
environment friendly, and cost-effective
Enhances soil CHy oxidization capacity [180-182]
OPPORTUNITIES References THREATS References
Integration of SOC monitoring and Carbon . ,
. . . Policymakers and farmers
footprint into the organic farming [183] di . [184]
e ivergent targets and interests
certification process
Use of stacking environmental credits so that [185] Unattractive carbon contracts [186,187]
payments overcome costs
Facilitation of carbon farming contracts for [188-190]
leased farmland
Farmers could receive payments from the
government grounded in the area of land [191-193] Land ownership and the
enrolled in a GHG mitigation program challenge of farm leasing [185]
Biodiversity preservation [194]
Poverty mitigation [195]
Infrastructure upgrading [196]

As a future perspective, Adewale et al. [183] suggest that including carbon footprint
and soil organic carbon monitoring in the organic farming certification process would
increase compliance with the final rule and upgrade the available information about carbon

sequestration and the carbon footprint of organic agricultural systems and practices.
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3.5. The Synergy between Organic Vegetable Cultivation and Some Emerging Systems within the
Context of Carbon Farming

Recently, there has been an increasing interest in developing innovative agricultural
systems prioritizing sustainability, productivity, and environmental stewardship. Several
low-input agricultural systems, including permaculture, urban gardening, agroforestry,
conservation agriculture, and Zero Budget Natural Farming (ZBNF), exhibit genuine poten-
tial for transforming our approach to food production, emphasizing efficiency, ecological
balance, and resilience. These innovative approaches offer promising solutions for reduc-
ing greenhouse gas emissions, sequestering carbon, and enhancing overall environmental
sustainability.

Urban gardening can significantly reduce the carbon footprint of food production
and distribution by enabling local cultivation. This approach minimizes transportation
emissions and lowers energy consumption, which is commonly associated with long-
distance food supply chains [197].

Urban gardening, combined with organic farming, represents a sustainable and envi-
ronmentally friendly approach that encompasses various benefits. This practice promotes
local food production, improves food security, and contributes to climate change mitigation.
Moreover, it addresses public health issues and provides a means of adapting to geopoliti-
cal challenges in urban areas. Overall, urban gardening and organic farming are integrated
solutions supporting multiple sustainability aspects in urban environments [29].

The agroforestry system increases organic matter accumulation in soil surface residues.
It promotes more effective conservation of biodiversity. Sequestering carbon in trees and
soil contributes to mitigating CO, emissions and addresses the challenges posed by climate
change [35].

Recent studies on perennialization highlight that the intentional integration of peren-
nial species can have positive effects on various ecosystem services, including provisioning
(agricultural yields), regulating (pest control, hydrological cycles, water quality, carbon
sequestration, and storage), and supporting (soil quality, pollination) services [198]. Fur-
thermore, permaculture’s focus on enhancing yield through beneficial interactions has
anticipated the emergence of the functional diversity field, where ecologists now refer to
this phenomenon as overyielding driven by complementarity or facilitation [199].

A brief description of the main characteristics of low-input systems is presented in
Table 6.

Table 6. New types of low-input vegetable growing systems and the carbon farming approach.

A New Type of Vegetable Synergy with Organic
o .o E Ref
Cultivation System Vegetable Cultivation xpected Outcomes elerences
Make use of recycled materials Allev1ate§ env1ronm'ental footprint
and actively contributes to the
sourced from the local area, such as [39]
. development of a
compost produced from bio-waste - .
sustainable bioeconomy

Urban farming Adjusts temperatures, mitigates air

Supply ereen areas within pollution, and enhances air quality,
PPy green thereby fostering healthier and [37]

urban environments . . .
sustainable urban environments in
response to climate change
Precision farming and minimum Enhances crop vield in sand
tillage, crop rotation, and op y1¢ Y [200]
. . acidic soils
residue retention
Conservation farming Preservation and restoration of Initiates a soil quality restoration

crucial soil characteristics, including process that addresses [34]

organic carbon content, structure, and
biological diversity and activity

microbiological activity and soil
fauna diversity
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Table 6. Cont.

A New Type of Vegetable Synergy with Organic
Cultivation System Vegetable Cultivation Expected Outcomes References
Tree leaves offer sufficient nutrients
Integration of trees into annual food ffor ‘ll).ulldlrgg and Tu.stammg. soil
crop systems (both perennial and ertility and supplying nutrients
Agroforestry system annual species): trees and to plants [35,201]
vegetable crops Enhance carbon storage in both
above-ground and
below-ground components
. Natur.a ! resources and . Significant positive contribution to
implementation of diverse cropping .
Zero Budget Natural . preserving the ecosystem and
. systems, and utilizing products e . [38]
Farming (ZBNF) : . mitigating the detrimental effects
derived from cow dung and urine to .
1 caused by agrochemicals
enhance soil biology
The pursuit of enhancing beneficial Minimizes waste, hl.lman labo.r,
connections between elements to energy, and resource inputs while
Permaculture establishing systems that maximize [36,202]

attain optimal design and harness

benefits and achieve high holistic

their rgistic potential - - e
CIr synergistic pote integrity and resilience

The emergence of new low-input agricultural systems reflects society’s growing recog-
nition of the urgent need for sustainable and resilient food production. Permaculture,
urban gardening, agroforestry, conservation agriculture, and Zero Budget Natural Farming
are just a few innovative approaches that promise to transform the agricultural landscape.
Integrating ecological principles, minimizing external inputs, and prioritizing long-term
sustainability contribute to a more food-secure, environmentally friendly, and socially
inclusive future. Embracing and further developing these approaches will pave the way
for a more resilient, ecologically conscious, and carbon neutral agricultural sector.

The presented study should be perceived as consistent with conventional vegetable pro-
duction. The era of pitting these approaches against each other has passed. Smith et al. [158]
conducted a life-cycle assessment to evaluate the impact of a complete shift to organic
food production in England and Wales on net greenhouse gas (GHG) emissions. Findings
suggest significant deficiencies in the production of most agricultural products compared
to a conventional baseline. While organic farming reduces direct GHG emissions, compen-
sating for domestic supply shortfalls through increased overseas land use results in higher
net emissions. To effectively address climate change, combining both approaches with a
prioritization of sustainable practices would be beneficial. These two approaches have the
potential to complement each other greatly. While this has been true in the past, we believe
it will continue to be the case.

To summarize, Figure 4 presents an antithetical exposition of the main recommended
management practices (RMPs) for carbon farming in contrast to the principal polluting
elements from agriculture.
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Figure 4. The influence of carbon farming recommended management practices compared to the
main agricultural polluters.

4. Conclusions

Carbon farming practices demonstrate significant potential for enhancing the sustain-
ability of organic farming systems. Implementing these practices can contribute to carbon
sequestration, mitigate greenhouse gas emissions, and improve overall soil health and fertil-
ity. Incorporating cover cropping, reduced tillage, compost application, and agroforestry in
organic farming can effectively increase carbon sequestration rates. These practices enhance
soil organic matter content, promote nutrient cycling, and support organic agricultural
systems’ long-term productivity and resilience.

Carbon farming practices in organic farming systems mitigate climate change im-
pacts and offer co-benefits such as improved water infiltration, reduced soil erosion, and
increased biodiversity. These practices enhance ecosystem services through biodiversity
conservation and contribute to the sustainability of organic farming, promoting habitat
diversity, supporting beneficial organisms, and strengthening the overall ecological balance
of agricultural landscapes.

Further improving soil structure and moisture retention, these practices help mitigate
the effects of extreme weather events, such as droughts and floods, on crop productivity.

The sustainability benefits of carbon farming practices extend beyond the farm level.
By sequestering carbon in soils, organic farming systems contribute to reducing atmo-
spheric carbon dioxide levels and addressing global climate change challenges.

Adopting carbon farming practices requires careful consideration of site-specific
factors such as soil type, climate, and available resources. Tailoring these practices to
local conditions and organic farming systems is crucial for maximizing their effectiveness
and sustainability. The successful implementation of carbon farming practices in organic
farming relies on farmer education and support, as well as access to technical expertise
and financial incentives. Policy measures and collaborative efforts among stakeholders are
essential for promoting the widespread adoption of these practices.

Long-term monitoring and research are necessary to assess the persistence and stability
of carbon sequestration achieved through carbon farming practices in organic farming.
Continued scientific investigation will provide insights into these practices” scalability,
economic viability, and environmental benefits. Integrating carbon farming practices into
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organic farming represents a promising pathway towards sustainable agriculture. These
practices align with organic farming principles, enhance soil carbon stocks, and contribute
to climate change mitigation and adaptation goals.

In conclusion, scientific evidence underscores the potential of carbon farming practices
to enhance the sustainability of organic farming systems. These practices offer a valuable
approach to achieving a more sustainable and resilient agricultural future by sequestering
carbon, improving soil health, and providing additional ecological benefits. Efforts should
focus on knowledge dissemination, policy support, and further research to optimize the
implementation and maximize the potential of carbon farming practices in organic farming
for a sustainable future.
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Abstract: The health status of Quaternary red soil is a comprehensive reflection of the production
and ecological service functions, which directly affects agricultural productivity and ecosystem
sustainability. Based on the Cornell Soil Health Assessment (CASH) system frame, a health evaluation
system for Quaternary red soils was established including the soil’s physical, chemical, and biological
indicators. The soil’s health status under different land use patterns (the buried Quaternary red soil,
sparse forest and grassland, grassland, woodland, and arable land) was systematically diagnosed in
the low hilly region of western Liaoning Province. The results showed significant differences in the
soil health comprehensive index of the Quaternary red soils under different land use patterns (the
whole soil), presenting a trend of woodland (0.64) > arable land (0.61) > grassland (0.49) > sparse
forest and grassland (0.37) > buried Quaternary red soils (0.33). The woodland and arable land are
at a healthy level, the grassland and sparse forest and grassland are at a sub-healthy level, and the
buried Quaternary red soil is at an unhealthy level. The health status of the topsoil layer (A) under
different land use patterns has a trend of woodland (0.86) > arable land (0.73) > grassland (0.70) >
sparse forest and grassland (0.67). This is consistent with the overall health status of the profile,
better than that of subsoil layer (B), which presents a trend of arable land (0.41) > grassland (0.40)
> woodland (0.38) > sparse forest and grassland (0.34), with relatively poor soil health conditions.
Opverall, the soil health status of the four land use patterns is better than that of the buried Quaternary
red soils, showing an evolution trend towards healthy soil. This indicates that at this stage, human
land use activities have to some extent promoted the healthy development of Quaternary red soils.
The Quaternary red soils of the woodland have a healthy status, and the land use pattern is suitable
and can be scientifically recommended in low mountain and hilly areas.

Keywords: soil properties; soil health evolution; arable land

1. Introduction

Quaternary red soils are mainly distributed in areas south of 30° N and are important
soil resources in China [1,2]. Influenced by factors such as the parent material, topogra-
phy, living organisms, time, climate, and human activities [3], especially climate changes,
Quaternary red soils have undergone a certain degree of desilication, iron and aluminum
accumulation, and clayification, with the presence of reddish, heavy-textured soils called
“red clay” [4]. Due to the strong desilication, iron and aluminum accumulation in Qua-
ternary red soils, and people’s unreasonable utilization, they are more prone to issues
such as acidification, hardpan formation, erosion, and low fertility, limiting the sustainable
use of land resources [5]. Therefore, it is essential to carry out soil health assessments of
Quaternary red soils under different land use patterns, systematically and comprehensively
diagnose their health status, and provide a theoretical basis for the sustainable management
and use of land resources.
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Soil health refers to the ability of soil, as a living system, to maintain biological pro-
ductivity and the environmental quality of air and water and to promote the health of
plants, animals, and humans within the scope of ecosystems and land use [6]. Soil is
a complex composite formed by the integration of soil physics, soil chemistry, and soil
biology; so, a comprehensive selection of multiple indicators should be used to diagnose
soil health [7]. Physical indicators include soil texture, bulk density, water content, and
aggregate stability, etc. [8-10]. Chemical indicators include soil nitrogen, phosphorus,
potassium, and organic carbon, etc. [8-10]. Biological indicators include microbial diversity,
total biomass, biomass carbon, and microbial groups, etc. [8-10]. Due to the large quantity,
variety, and rapid change of soil organisms, they show dynamic changes in time and space,
and it is difficult to form a stable relationship with environments [9-11]. Therefore, there
has been some difficulty in conducting quantitative research on them, and the biological
indicators have not been widely used [11,12]. However, with the rapid development of
bioinformation technology in recent years, scholars have gradually realized the importance
of soil biodiversity, and more and more biological indicators have been used to assess
soil health conditions [10,13,14]. Soil’s physical, chemical, and biological indicators are
independent from and related to each other [15]. Scholars rarely use one of the indicators
alone in soil health evaluation but synthesize and analyze the evaluation results by combin-
ing a variety of evaluation indicators [8,15]. The Cornell Soil Health Assessment (CASH)
method involves various forms of soil evaluation indicators and mathematical function
models for the graded determination of soil [7], making it a more advanced soil health
assessment method.

Based on the research background, the study aims to establish a soil health assessment
system for Quaternary red soils under different land use patterns based on the CASH
method frame. The results are expected to improve our understanding of the health of
Quaternary red soils and provide a theoretical basis for maintaining the multifunctional
ecosystem and promote the sustainable utilization and protection of soil resources.

2. Materials and Methods
2.1. The Study Area Descriptions

The northeastern Quaternary red soils are mainly distributed in the western part
of Liaoning Province, China. The studied region is mountainous and hilly, located in
places from the Inner Mongolia Plateau to the east coastal plain [3,16]. According to
several field investigations, Quaternary red soils are mostly found in the middle and lower
parts of low hills and gentle slopes, as well as in the high terraces [16]. The Quaternary
red soil is classified as Argosols in the Chinese Soil Taxonomy [17], corresponding to
Alfisols in the Soil Taxonomy [18] and Luvisols in the World Reference Base for Soil
Resources [19]. Combining these and referring to soil survey data, such as the Soil Series of
China—Liaoning Volume, along with field investigations, Wujianfang Town in Chaoyang
City was selected as the typical research area. The region belongs to the North Temperate
Continental Monsoon climate zone, with an average annual temperature of 5.4-8.7 °C and
an average annual precipitation of 450-580 mm [20,21].

2.2. Sample Collection

Following several field investigations in the area, a relatively stable region was found
to contain an evolution sequence of Quaternary red soils, derived from the same Quaternary
red soil stratum, under different land use patterns such as sparse forest and grassland, grass-
land, woodland, and arable land, and a nearby buried Quaternary red soil underground.
The investigated Quaternary red soils were basically consistent in the parent material, to-
pography, climate, and time of soil formation (derived from a stratum), except for the land
use pattern. The effects of different land use patterns on the soil under the same soil forming
factors could be then discussed. Typical samples of sparse forest and grassland, grassland,
wood land, and arable land were collected within the same stratum [3], and a Quaternary
red soil profile buried underground was collected as the reference baseline (Figure 1).
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Figure 1. (a) The sampling area location of Chaoyang City, Liaoning Province, China; (b) the
schematic distribution map of the sampling points; (c) the profile photos of the Quaternary red soils
under different land use patterns. The schematic map was plotted based on the base map of the
World Topographic Map (2016) using Arc GIS 10.2.2.

CL-02 represents the sparse forest and grassland. The main herbaceous type of CL-02
is Themeda triandra Forssk, and the forest types are Vitex nequndo, Ulmus pumila L., and Pinus
massoniana Lamb., with a vegetation coverage of 30%. CL-03 represents the grassland. The
main herbaceous type of CL-03 is Themeda triandra Forssk, with a vegetation coverage of
30%. CL-04 represents the woodland. The forest types of CL-04 are Vitex nequndo, Ulmus
pumila, and shrubbery, with a vegetation coverage of 35%. CL-05 represents the arable land.
The main vegetation type of CL-05 in the growing season is maize (Zea mays L.). MC-02
represents the buried Quaternary red soil, which is buried under the ground.

Before sowing, around 10,000 kg of organic manure (sheep manure) and 1200 kg of
maize fertilizer (the ratio of N-P,O5-K,O was 18-10-12, and the total nutrient content was
40%) were applied per hectare on the arable land. No irrigation was conducted throughout
the year. No additional management was given to the other land use patterns during
vegetation growth. A typical soil profile was collected for each different land use pattern
as the research object. Detailed descriptions of the profiles were conducted according to
the Manual of Soil Description and Sampling [22]. The pedogenic horizon samples were
collected from bottom to top in the profile. At the same time, the surface samples (0-30 cm)
affected by human activities were collected at 10 cm intervals. The collected samples were
air-dried indoors and stored for the following analysis.

Soil samples (0-20 cm) under different land use patterns were collected to analyze
the microbial diversity. Each sample was collected at 5 random points along the “S” curve
using a soil auger (with an inner diameter of 5 cm) and a cutting ring (100 cm?). The root
residues and litter on the soil surface were carefully removed with sterile gloves. The five
soil samples under the same land use pattern were thoroughly mixed into a mixed sample.
The above sampling process was repeated three times in each land use pattern and packed
into sterile polyethylene sealed bags, respectively. The samples were transported in dry ice
and stored in the refrigerator at —80 °C immediately upon arrival at the laboratory. The
widely used Shannon index was used to show the bacteria diversity, which does not have
any units. The higher the Shannon index, the greater the bacteria diversity.
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2.3. Laboratory Methods
2.3.1. Basic Soil Physicochemical Properties

Basic physical and chemical properties were determined using conventional laboratory
methods. The soil bulk density was determined using the cylindrical core method [23]. For
the soil pH, the 10.00 g 10-mesh soil sample was placed in a small beaker. Then, 25 mL of
distilled water without CO, was added and stirred for 1 min. Then, the beaker stood for
30 min, and the sample was measured using a pH meter (PHSJ-3F, Shanghai, China).

2.3.2. Soil Organic Carbon (SOC) and Soil Total Nitrogen

The 0.04-0.05 g 100-mesh soil sample was placed in a tint boat. After being packed
and compacted, the sample was measured by an elemental analyzer produced by the
Elementar Analysensysteme (GmbH, Vrrio E1 III) to obtain the contents of SOC and soil
total nitrogen [24]:

Soil organic matter (SOM) =SOC x 1.724,

where 1.724 is the conversion coefficient of soil organic carbon to soil organic matter.

2.3.3. Soil Total Phosphorus and Soil Total Potassium

The 0.25 g 0.149-mesh soil sample was placed in a nickel crucible. Then, 2 g sodium
hydroxide was added to the nickel crucible and mixed with the soil sample thoroughly.
The nickel crucible was put into a high-temperature electric furnace and melted at 720
°C for 15 min. After cooling, the sample was removed and dissolved and then filled into
a 100 mL volumetric bottle for the determination of the total phosphorus [25] and total
potassium content [26].

2.3.4. Microbial Diversity

The total DNA in soil was extracted by an Omega M 5635-02 kit. After DNA quantifi-
cation, the Illumina sequencing library was established with a nucleic acid purifier. MiSeq
Reagent Kit V3 (600 cycles) was used to determine 2 x 250 bp double-ended sequencing
(Perseno Bio, Shanghai, China, http:/ /www.personalbio.cn, accessed on 1 July 2023). Ac-
cording to the selection of the sequencing region, PCR amplification was performed using
specific primers with Barcode. The 338F (5'-barcode + ACTCCTACGGGAGGCAGCA-3)
and 806R (5'-GGACTACHVGGGTWTCTAAT-3") amplified the V3V4 region of the bacterial
16SrRNA gene. In addition, ITS5 (5-GGAAGTAAAAGTCGTAACAAGG-3') and ITS2
(5’-GCTGCGTTCTTCATCGATGC-3') amplified the ITS1 gene region of the fungus. The
Vsearch method was used to remove the low-quality sequences from the sequencing results.
According to the sequence structure and primer sequence at both ends of the sequence, the
effective sequence was obtained, and the direction of the sequence was corrected. Vsearch
software classified the sequences with a similarity threshold above 97% into an OTU (Op-
eration Taxonomic Unit) and generated an OTU table. QIIME2 (April 2019) was used to
comparatively analyze the representative sequences of the OTU, the database of 165 rRNA
Greengenes, and the UNITE database, and to obtain the species classification information
of each OTU. The Alpha diversity index calculated based on the OTU clustering results can
reflect the richness and diversity of the microbes [27]. Among them, the Shannon index
was used to show the bacteria diversity in the study.

2.4. The CASH System Frame
2.4.1. The Selection of Evaluation Indicators

In the Cornell Soil Health Assessment system, thirty-nine physical, chemical, and
biological indicators were selected as the potential evaluation indicators [7]. According
to the minimum dataset theory [28], the selected soil health evaluation indicator should
be sensitive, dominant, independent, and practical. Indicators that do not have the above
characteristics should be removed from the soil health evaluation system. Therefore, the
indicators in Table 1 were preliminarily selected to establish the soil health evaluation
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indicators. In addition, the soil texture has a significant effect on other soil properties and
soil functions [7], and a texture indicator can indicate different soil health conditions in soils.
Therefore, the soil texture also should be included in the evaluation indicator data set [7].

Table 1. Soil characteristics and functions corresponding to the evaluation indexes in the CASH frame.

Evaluation Indexes

Soil Health Indicators

Soil Function and Properties

Physical Indicators

Soil texture
Soil aggregates’ stability (0.25-2 mm)

Available water content of soil
Soil surface hardness
Subsurface hardness of soil

All functions and properties of soil
Aeration, infiltration, root growth of superficial layer,
soil hardening
Soil water retention
Root growth of plough layer
Root growth of deep layer, soil leaching

Biological Indicators

Soil organic matter content

Soil active carbon content
Soil protein content
Soil respiration

Soil carbon storage, soil water, and
fertility conservation
Soil organic matter provides biological growth ability
Nitrogen supply capacity
Pressure of soil-borne pests

Chemical Indicators

pH
Soil available phosphorus
Soil available potassium

Toxicity and nutrient availability
Phosphorus availability
Potassium availability
Availability of trace elements, element imbalance,

T 1 ici
race elements and toxicity

2.4.2. The CASH Level Division

The CASH soil health index (SHI) was calculated based on the scores of the determined
indicators. A total score of soil health less than 20% means the level of soil health is very
low. A total score of soil health between 20 and 40% means the level of soil health is low. A
total score of soil health between 40 and 60% means the level of soil health is medium. A
total score of soil health between 60 and 80% means the level of soil health is high. A total
score of soil health more than 80% means the level of soil health is very high [7].

2.5. The Selection Method of Soil Health Evaluation Indicators

A preliminary selection of soil health evaluation indicators was conducted using
database retrieval and literature analysis. The China National Knowledge Infrastructure
(CNKI) database was used as the literature analysis retrieval database, searching for
materials related to soil health evaluation from 1 January 2000 to 31 March 2023. In total,
116 soil health evaluation indicators were compiled by reading 132 articles. The indicators
were classified into three categories: soil physical evaluation indicators, soil chemical
evaluation indicators, and soil biological evaluation indicators.

2.6. Data Processing

We constructed a minimum dataset (MDS) [29] by selecting soil health evaluation
indicators through principal component analysis (PCA) [30] and combining normal values
(Norm) with correlation analysis to analyze the correlation between the indicators in the
MDS. Indicators with smaller main body correlation degrees were retained, and redundant
ones were eliminated to the greatest extent. To study the relationship between the soil health
indicators and evaluation objects within a certain range, i.e., the relationship between soil
indicators and soil health, the fuzzy mathematical membership function was used [30,31].
Based on the CASH method frame, the soil health indicator membership functions were
divided into three function types, including the increasing type, decreasing type, and
intermediate optimal type [7] (Table 2).

Then, the Bartlett spherical test was used to determine whether the final soil health
evaluation indicators selected in the MDS conformed to the normal distribution trend of
the initially selected soil indicators [30].
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Table 2. Types and calculation formulas of fuzzy mathematics membership functions.

Typeslg)irll\(/:[tei:)r;:bsershlp Computing Formula Parameter Description
. . 1, x>0b
Membershlp fulnctlon of X—a Y(x): membership function;
incremental type y(x) = b= A<x< b x: the measured value of the index;
a a: lower limit of the threshold;
0, x<a b: upper limit of the threshold.
Membership function of 1, x<a
decreasing type y(x) = X b, i<x<b
a—b
0, x>0
Y(x): membership function;
Membership function of y(x) = X: the measured value of the index;
the intefme diate 1, by > x>by al: lower limit of the threshold;
optimal form XA <x<by a2: upper limit of the threshold;
p é{a:z:l a > x>by b1: lower limit of the optimal value;

0, x<ajorx>a b2: upper limit of the optimal value.

The CASH method does not take into account the weight of soil attribute indicators,
resulting in relatively low accuracy at the regional scale. To further optimize, the weighted
comprehensive method was used to determine the comprehensive SHI. Referring to the soil
quality index calculation method and according to the weights and membership obtained
from PCA, the cumulative method was used to calculate the comprehensive SHI. The
formula is as follows [7,32]:

SHI =Y ' (HixC) (1)

where SHI is the comprehensive soil health index, Hi is the membership of the i-th eval-
uation indicator, Ci is the weight of the i-th evaluation indicator, and n is the number of
evaluation indicators [32].

2.7. The Graphic Outline of the Indicator Selection and Soil Health Index Calculation

The graphic outline of the indicator selection and soil health index calculation was
showed in the Figure 2.
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Figure 2. The graphic outline of the indicator selection and soil health index calculation.
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3. Results
3.1. Screening Soil Health Evaluation Indicators for Quaternary Red Soils under Different Land
Use Patterns

In total, 31 soil physical evaluation indicators were screened (Figure 3). Among them,
the usage frequency of soil bulk density was the highest at 41.70%; followed by the soil clay
content, the soil layer thickness, and the soil texture, with usage frequencies higher than
20.00%; aggregate stability and soil porosity, as indicators of soil mechanical stability and
permeability, had usage frequencies of 16.70% and 15.20%, respectively, in the literature.
Considering that soil health evaluation indicators should have simple measurement, strong
operability, and a strong correlation with soil while being representative, the infiltration
rate, soil saturation, and litter thickness were rarely selected.
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Figure 3. The selection frequencies of soil physical indicators in the literature.

A total of 35 soil chemical indicators were screened (Figure 4). Among them, the usage
frequency of organic matter content was the highest at 87.10%; the soil pH value was second
at 72.00%; total nitrogen, total phosphorus, and total potassium were the main soil nutrient
elements supporting the growth of aboveground crops, participating in crop photosynthesis
and other physiological functions, with usage frequencies of 50.00%, 48.50%, and 34.10%,
respectively; cation exchange capacity, reflecting the soil buffering performance, had a
usage frequency of 19.70%, slightly higher than the conductivity usage frequency of 12.90%;
since the measurement methods of soil trace elements were complicated and costly, they
were rarely used by researchers.

A total of 29 soil biological indicators were screened (Figure 5). Among them, the usage
frequency of soil urease was the highest at 19.00%; phosphatase and catalase, reflecting
the soil enzyme activity, had usage frequencies of 16.70% and 11.40%, respectively. With
the development of science and technology, the accuracy of soil health evaluation has also
increased, and soil microbial diversity can directly reflect the soil fertility status, with a
usage frequency of 14.40% through the application of scientific and technological means.
However, microbial diversity was rarely selected due to its dynamic changes in time and
space; thus, it is difficult to form a stable relationship with environments.

According to the principles that soil health indicators should have representativeness,
universality, sensitivity, repeatability, and operability [7], combined with the characteristics
of Quaternary red soils [1,2], this study preliminarily selected 12 indicators including the
soil layer thickness, the soil bulk density, the soil texture, the clay content, the aggregate
stability, the profile configuration, the soil pH value, the organic matter content, the soil
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nutrient element content (total nitrogen, total phosphorus, and total potassium), and the
microbial diversity.
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Figure 4. The selection frequencies of soil chemical indicators in the literature.
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Figure 5. The selection frequencies of soil biological indicators in the literature.

3.2. Final Evaluation Indicator Confirmation

An MDS was constructed, and PCA, Norm values, and correlation analysis were used
to screen suitable soil evaluation indicators for the study.

After using SPSSAU for data collation and analysis, the test statistic value for PCA
was 0.75, and the eigenvalue was greater than 1. The value after the Bartlett spherical test
was lower than the 0.05 significance level, indicating that there were connections between
variables and meeting the requirements for PCA [31].

From the loadings of the initially selected 12 soil evaluation indicators on each princi-
pal component, the indicators were divided into four key components. The first component
matrix included four indicators: profile configuration, soil layer thickness, pH value, and
total phosphorus content; the second component matrix contained clay content and organic
matter content; the third component matrix contained total potassium content and aggre-
gate stability; the fourth component matrix contained total nitrogen content and microbial
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diversity. Six soil health evaluation indicators had Norm values greater than 1. The total
nitrogen had the highest value for 1.68. The remaining evaluation indicators were ranked
by Norm value size in the following order: pH (1.46), organic matter (1.36), bulk density
(1.24), total phosphorus (1.23), and total potassium (1.20). One indicator was selected from
each of the four component matrices, and three additional indicators were added based
on the Norm values. The indicator screening rate reached 41.70%, effectively eliminating
the impact of redundant information between the indicators on soil health evaluation and
optimizing the soil health evaluation index system. Finally, the MDS included the pH
value, the organic matter content, the total potassium content, the microbial diversity, the
total nitrogen content, the bulk density, and the total phosphorus content.

3.3. Comparison of the Soil Health Evaluation Indicators of Quaternary Red Soils under Different
Land Use Patterns

The soil bulk density of the Quaternary red soils under different land use patterns
was in the following order (Table 3): sparse forest and grassland (1.57 g-cm~2) > woodland
(1.53 g-cm’3) > arable land (1.49 g-cm’3) > grassland (1.23 g-cm’3) > buried Quaternary
red soils (1.12 g-cm~3) (Table 3). The sparse forest and grassland had the greatest bulk
density compared to the buried Quaternary red soils. Studies have shown that when the soil
pH is between 6.50 and 7.00, crops generally have a better nutrient absorption effect. The
pH values of the Quaternary red soils under different land use patterns showed a trend of
buried Quaternary red soils (6.09) > arable land (5.91) > woodland (5.84) > grassland (5.81)
> sparse forest and grassland (5.76), with no significant difference and overall weak acidity.
The organic matter content showed a trend of woodland (12.65 g-kg~!) > arable land
(6.26 g-kg 1) > sparse forest and grassland (4.00 g-kg~!) > grassland (3.17 g-kg~!) > buried
Quaternary red soils (1.93 g-kg~!), with the woodland having the highest organic matter
content. The total nitrogen content showed a trend of woodland (0.70 g~kg’1) > arable land
(0.35 g-kg 1) > grassland (0.34 g-kg ') > sparse forest and grassland (0.30 g-kg~!) > buried
Quaternary red soils (0.19 g-kg 1), with the overall soil total nitrogen content being low.
The total phosphorus content showed a trend of woodland (0.05%) = arable land (0.05%)
= buried Quaternary red soils (0.05%) > grassland (0.04%) = sparse forest and grassland
(0.04%), with no significant difference and overall low content. The total potassium content
showed a trend of arable land (2.75%) > buried Quaternary red soils (2.72%) > sparse forest
and grassland (2.71%) > grassland (2.68%) > woodland (2.64%). The microbial diversity
showed a trend of woodland (10.72 mg-g~!) > arable land (10.40 mg-g~!) > sparse forest
and grassland (10.15 mg-g~!) > grassland (9.82 mg-g~!) > buried Quaternary red soils
(5.96 mg-g~!). Among them, the woodland had a rich microbial content when compared
to other Quaternary red soils under different land use patterns, indicating the soil was
relatively barren.

Table 3. Comparisons of the Quaternary red soil health evaluation indicators (the whole soil) between
different land use patterns.

The Measured Value of the Index

Buried Sparse

Index
Quaternary Forest and Grassland Woodland Iir::(lle
Red Soil Grassland
pH 6.09 5.76 5.81 5.84 591
Bulk degguy 1.12 157 1.23 1.53 1.49
(g-em™)
Organic Eatter 1.93 4.00 3.17 12.65 6.26
(g'kg™")
Total nltE?gen 019 0.30 0.34 0.70 0.35
(&kg™)
Total p}(t)(/)jphorus 0.05 0.04 0.04 0.05 0.05

50



Agronomy 2023, 13, 2026

Table 3. Cont.

The Measured Value of the Index

Index Buried Sparse Arable
Quaternary Forest and Grassland Woodland Land
Red Soil Grassland
Total p(f;tj‘ssmm 2.72 2.71 2.68 2.64 2.75
Microbial diversity 5.96 10.15 9.82 10.40 10.72
(bacteria)

Notes: the numbers are the average of three samples. The microbial diversity does not have any units.

3.4. Soil Health Evaluation
3.4.1. Determining the Weights

Soil health indicators refer to indicators that can reflect a certain health attribute of
soil [7]. The weights of the indicators are different due to their different impacts on the soil
health status [33]. The PCA method can comprehensively balance the related influence of
various soil evaluation indicators and is often chosen by researchers [30].

The weight values of various soil health indicators for Quaternary red soils under
different land use patterns are shown in Table 4. In the buried Quaternary red soils,
the weight proportion of the organic matter was the highest at 16.16%, and the weight
proportion of the soil bulk density was the lowest at 11.21%; in the sparse forest and
grassland red soils, the weight proportion of the total phosphorus content was the highest
at 15.26%, and the weight proportion of the pH value was the lowest at 12.11%; in the
grassland red soils, the weight proportion of the total potassium content was the highest at
15.49%, and the weight proportion of the soil bulk density was the lowest at 9.19%; in the
woodland red soils, the weight proportion of the organic matter content was the highest at
14.50%, and the weight proportion of the soil bulk density was the lowest at 13.79%; in the
arable land red soils, the weight proportion of the pH value was the highest at 16.02%, and
the weight proportion of the total phosphorus content was the lowest at 8.46%.

Table 4. Weight values of the Quaternary red soil health evaluation indicators on the MDS under
different land use patterns.

Weight Value of Different Land Use Patterns (%)

Buried Sparse

fndex Quaternary Forest and Grassland Woodland ‘?::Clle
Red Soil Grassland

pH 13.33 12.11 14.90 14.46 16.02
Bulk density 11.21 14.81 9.19 13.79 15.18
Organic matter 16.16 14.24 15.35 14.50 14.86
Total nitrogen 16.13 14.01 15.46 14.47 14.75
Total phosphorus 14.16 15.26 14.97 14.01 8.46
Total potassium 15.85 15.25 15.49 14.48 15.36
Microbial diversity 13.16 14.32 14.63 14.30 15.36

3.4.2. The Coefficient of Variation of the Soil Health Indicators

The smaller the coefficient of variation, the smaller the deviation, the smaller the
fluctuation of the measured indicators, and the more stable the indicator. Combined with
Pearson correlation analysis, the comparison of the coefficient of variation of various
indicators found (Table 5) that the coefficient of variation of the total phosphorus was the
highest at 74%, which is a highly sensitive indicator; the coefficient of variation of the soil
microbial diversity was between 20% and 50%, which is a moderately sensitive indicator;
the coefficients of variation of the pH, bulk density, organic matter, total nitrogen, and total
potassium were between 0% and 20%, which are low sensitivity indicators.
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Table 5. Coefficients of variation for the seven Quaternary red soil health evaluation indicators under
different land use patterns.

Index H Bulk Organic Total Total Total Microbial

P Density Matter Phosphorus Nitrogen Potassium Diversity
Standargg)e‘”a“on 0.26 0.16 0.4 0.31 0.08 0.01 2.90
Mean 5.94 1.45 6.23 0.42 2.72 0.05 9.51
Coefficient of variation 11.20 7.00 74.00 2.90 18.80 30.50

(%)

3.4.3. The SHI and Its Classification

By running the fuzzy membership function formula, each indicator was calculated
separately to obtain the membership of the soil health indicators. Then, combined with the
weight values of each indicator obtained from the PCA [30], the SHI values were calculated
based on the SHI formula. The soil health index of the minimum dataset (MDS-SHI) (seven
final soil indicators) ranged from 0.22 to 0.81, with an average of 0.40.

Referring to the CASH method frame for the soil health level divisions, three scoring
functions (increasing, decreasing, and optimal) were used [7,34], combined with the classifi-
cation standards of the soil nutrient indicators. The upper critical value in the classification
standard was set as a score of 10, and the lower critical value was set as a score of 1 [7,34].
Subsequently, the measured values of the selected indicators under different land use pat-
terns were sorted in ascending order, and the score comparison curve was drawn to obtain
the scores of each soil health indicator. Finally, the sum of the scores corresponding to the
measured values of each indicator was compared with the sum of the scores corresponding
to the upper critical value of the overall indicator. In this study, seven soil health evaluation
indicators were selected, and the sum of the scores corresponding to the upper critical
value of the overall indicators was 70. Finally, three evaluation levels of Quaternary red
soils under different land use patterns were determined. According to the results of the SHI
calculation, the range of levels was [0-1.00]. The evaluation index SHI > 0.6 was classified
as healthy soil, the evaluation index 0.4 < SHI < 0.6 indicated sub-healthy soil, and the
evaluation index SHI < 0.4 indicated unhealthy soil [7,34].

The comprehensive health indexes of the Quaternary red soils under different land
use patterns, such as the buried Quaternary red soil, sparse forest and grassland, grassland,
woodland, and arable land, were 0.33, 0.37, 0.49, 0.64, and 0.61 (Figure 6), respectively. The
health status of the Quaternary red soils under different land use patterns tested showed
significant differences with a sequence for woodland > arable land > grassland > sparse
forest and grassland > buried Quaternary red soils. The comparison results showed that
the soil health value of the woodland was highest, and the buried Quaternary red soils was
the lowest.

The MDS-SHIs of the buried Quaternary red soils and sparse forest and grassland
soils were 0.33 and 0.37, respectively, less than 0.40, belonging to the unhealthy level; the
grassland SHI was 0.49, between 0.40 and 0.60, belonging to the sub-healthy level. The
SHI of arable land and woodland was 0.61 and 0.64, respectively, belonging to the healthy
soil types. Therefore, the Quaternary red soils of woodland and arable land belong to the
healthy level.

In order to further explore the impact of different land use patterns on the health
status of Quaternary red soils, the topsoil layer (A) and subsoil layer (B) of each profile
were compared.

The pH values of the topsoil layers were not significantly different (Table 6), all
samples showed weak acidity. The soil bulk density of the topsoil layer of grassland was
the lowest at 1.23g-cm~3, and the arable land soil was the highest (1.54 g-cm~3). The
organic matter and total nitrogen contents of woodland were the highest (30.53g-kg ! and
1.58g-kg 1, respectively), providing sufficient nitrogen nutrients for plant growth. The total

52



Agronomy 2023, 13, 2026

phosphorus content was similar in soils under different land use patterns, all presented low
content. The maximum Shannon microbial diversity in arable land was 10.72. The topsoil
layers” health status was woodland (0.86) > arable land (0.73) > grassland (0.70) > sparse
forest and grassland (0.67) (Figure 6), consistent with the profile soil health evaluation
results. Among them, the soil health status of woodland was the best, and that of the sparse
forest and grassland was the worst. According to the soil health grading standard, the
SHI of the Quaternary red soils under the four land use patterns was greater than 0.60, all
belonging to healthy soil types. Overall, the topsoil layers” health status of Quaternary red
soils under different land use patterns was relatively good.
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MDS-SHI
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0.0
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Figure 6. Comparisons of the Quaternary red soil health evaluation indexes under different land
use patterns.

Table 6. Contents of the soil health evaluation indexes for A and B horizons of the Quaternary red
soils under different land use patterns.

Sparse Forest and Grassland Grassland Woodland Arable Land

Index A B A B A B A B
pH 5.63 5.8 5.62 591 5.67 5.92 5.75 5.99
B‘élfc‘jf};;ty 1.35 1.64 1.23 1.33 1.38 1.61 1.54 1.46
Or“g(;f‘li(;ﬂ*;tter 9.33 221 7.46 1.36 30.53 371 12.93 2.93
Toiagl.i‘;f?)gen 0.55 0.21 0.78 0.18 1.58 0.27 0.57 0.24
Total phosphorus (%) 0.05 0.04 0.06 0.04 0.07 0.04 0.06 0.05
Total sz,’/:;‘ssmm 2.62 2.74 2.61 2.75 2.71 2.60 2.76 2.75
ﬁf;‘;;f; 10.15 10.15 9.82 9.82 104 104 10.72 10.72

The differences in the pH values of the subsoil layers in the Quaternary red soil
profiles were not significant (Table 6), all showing weak acidity. The grassland had the
lowest bulk density (1.23 g-cm~3), and the sparse forest and grassland had the highest bulk
density (1.64 g-cm~3). Like the topsoil layer analysis results, the woodland had a higher
organic matter and total nitrogen content (3.71 g-kg ! and 0.27 g-kg !, respectively). The
differences in the total phosphorus content were not significant, all showing a poor state,
but the total potassium content was higher. The microbial diversity of the arable land was
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the highest. The soil health status of the subsoil layer showed the trend of arable land
(0.41) > grassland (0.40) >woodland (0.38) > sparse forest and grassland (0.34) (Figure 7).
According to the soil health grading standards, the SHI of the sparse forest and grassland
and woodland was less than 0.40, belonging to the unhealthy level; the SHI of the grassland
and arable land was between 0.40 and 0.60, belonging to the sub-healthy level; overall, the
health status of the subsoil layers under different land use patterns was relatively poor.
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Figure 7. Comparisons of the Quaternary red soil health evaluations for topsoils and subsoils under
different land use patterns.

It can be seen that topsoil layers were directly affected by frequent human land use
activities, resulting in significant differences in the health status of the topsoil layers and
subsoil layers (Figure 7). The health status of the Quaternary red soil topsoil layers (A)
under different land use patterns was consistent with the overall profile health status trend,
better than the health status of the subsoil layer (B), with the subsoil layer health status
showing a trend of arable land > grassland > woodland > sparse forest and grassland.
Overall, the health indexes of the sparse forest and grassland, grassland, woodland, and
arable land were higher than that of the buried Quaternary red soils (0.33), indicating that
certain human land use activities have improved the soil health status, with the woodland
having the best health status, making it a suitable land use pattern in low mountain and
hilly areas.

3.5. Soil Health Evaluation Result Verifications

In order to evaluate the accuracy of the MDS-SHI, the soil health index of the total
dataset (TDS-SHI) (12 initially selected soil indicators) was calculated. The TDS-SHI ranged
from 0.20 to 0.71, with an average of 0.31 and a coefficient of variation of 21.30%.

The soil health evaluation results were verified using linear regression, in the case
of undetermined independence, to ensure the accuracy of soil health evaluation results.
Linear regression analysis was performed based on the relative deviation coefficient. There
was a highly significant positive correlation (p < 0.01) between the soil health compre-
hensive index of the TDS-SHI and the MDS-SHI, proving that the MDS-SHI under PCA
was reasonable and correct (Figure 8). This indicated that the results of the established
health evaluation system of Quaternary red soils under different land use patterns was
representative.
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Figure 8. The correlation of the Quaternary red soil health evaluation between the results using the
minimum dataset (MDS-SHI) and the total dataset (TDS-SHI).

4. Discussion

Soil health is affected by many factors [33,34]. The established health evaluation
system is a preliminary exploration of the study on Quaternary red soils. In order to
continuously improve the health evaluation system, more detailed and comprehensive
analysis and investigation are needed, such as index optimization, membership function
selection, weight value determination, and soil health classification.

4.1. The Selection of the Health Evaluation Indicators for the Quaternary Red Soils under Different
Land Use Patterns

The advantage of the SHI method is that it can fully consider the influence of the mea-
sured value, weight, and interaction of evaluation indicators on the evaluation results [7,34].
In the selection of the soil health indicator (Figure 2), the representativeness, universality,
sensitivity, reproducibility, and the measurement cost, as well as its appropriate range and
threshold should be considered [7,35,36]. In the study, 116 potential indicators were firstly
selected according to the CNKIL Through frequency screening and combining with factors
such as the topography, climate, hydrological conditions, and soil properties, 12 evaluation
indexes were further selected. Based on the frame of the Cornell Soil Health Evaluation
system [7], seven evaluation indicators including the bulk density, pH, organic matter
content, total potassium content, total nitrogen content, total phosphorus content, and
microbial diversity were determined using the MDS, PCA, and Norm values. Theoretically,
the more evaluation indicators, the closer the evaluation results are to the real condition
of the soil health [35,36]. However, the indicators that can be used in the actual operation
process are limited. Thus, it is necessary to use limited data to obtain the results closest to
reality. Therefore, indicators can be flexibly selected for health evaluation according to the
local conditions [34-37]. The significant correlation between the SHI-MDS and SHI-TDS
further indicates that the MDS can replace the TDS to accurately evaluate the health status
of Quaternary red soils under different land use patterns (Figure 8).
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4.2. Changes in the Health Status of Quaternary Red Soils under Different Land Use Patterns

The health index of the Quaternary red soils under different land use patterns was
obtained by calculating the SHI-MDS. The reference base of the buried Quaternary red soils
was not affected by human activities, maintaining the original characteristics. Long-term
compaction resulted in a soil structure that was compact, sticky, and poorly permeable. In
addition, with the low precipitation and dry climate, the rate of organic matter mineralization
was far higher than the rate of humus. Therefore, the organic matter content, soil nutrient
content, and soil microbial diversity were low. The SHI was 0.33, which is in an unhealthy state.

When the buried Quaternary red soils were exposed to the surface, the health status
of the Quaternary red soils varied under different human land use activities, showing the
trend of woodland (0.64) > arable land (0.61) > grassland (0.49) > sparse forest and grassland
(0.37) > buried Quaternary red soils (0.33). According to the classification criteria of soil
health [7,34], soils with an index below 0.4 are unhealthy, those between 0.4 and 0.6 are
sub-healthy, and those above 0.6 are healthy. Among them, the Quaternary red soils under
woodland and arable land use patterns showed a relatively healthy state. Woodland has
a larger amount of biomass returned from trees and shrubs each year, and plant residues
covering the surface help to conserve soil and water [38]. At the same time, the decomposition
of fallen leaves participates in the soil humification process, increasing the soil nutrient content
and creating a suitable environment for microbes [38—40]. Higher microbial diversity promotes
the accumulation of organic matter and nutrient cycling [39], significantly improving the
health status of the red soils. Therefore, the health index of woodland was the highest at 0.64,
reaching the standard of healthy soils. The arable land ranked second, with a health index of
0.61. Human activities, such as applying organic fertilizers and chemical fertilizers, increase
and maintain soil nutrient content in the arable land [41]. In addition, machine plowing
loosens the topsoil layers, improving the structure and permeability of the red soils, making
it suitable for microbial survival and enhancing soil health [35]. In the study area, with a
semiarid climate and scarce precipitation, plant growth in woodland is greatly restricted due
to extensive management. However, the relatively fine management of arable land brings
their health status close to that of woodland under the influence of human land use activities.
For the grassland (0.49) and sparse forest and grassland (0.37), the aboveground biomass is
mainly annual herbaceous plants, and the organic matter returned to the soil through plant
residues is limited. Compared to woodland and arable land, these areas have lower economic
value and are under extensive management. Their external conditions are insufficient, and
their internal conditions are scarce, making their health status lower than that of arable land
and woodland and showing a sub-healthy soil state. Overall, the soil health status of the four
land use patterns, woodland, arable land, grassland, and sparse forest and grassland, are
better than that of the reference base buried red soils (0.33). This indicates that current human
land use activities promote the development of red soils towards a better health status.

In order to further explore the impact of different land use patterns on the health
status of Quaternary red soils, the topsoil layer (A) and subsoil layer (B) of the red soils
were analyzed and studied under different land use patterns. The health index of the
topsoil layer ranged from 0.67 to 0.86, showing a trend of woodland (0.86) > arable land
(0.73) > grassland (0.70) > sparse forest and grassland (0.67), which was consistent with
the overall trend of the soil health status in the profile. The health indexes of the red
soils under different land use patterns in the study were greater than 0.6, belonging to the
healthy level. In woodland, grasslands, and sparse forest and grasslands, the surface is
covered with fallen leaves and branches all year round, which helps to maintain moisture
and a suitable temperature [39,40]. At the same time, the decomposition of plant residues
returns nutrients to the soil, improving the organic matter content and promoting microbial
survival [40]. The increase in microbial diversity also promotes nutrient cycling in the soil,
leading to healthier soil development [39]. However, for grasslands and sparse forest and
grasslands dominated by annual herbaceous plants, the ground cover is not as high as
that of woodland, and the aboveground biomass and coverage rate are lower than those of
woodland. These conditions result in a lower humification process and microbial diversity
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than woodland, leading to a less healthy soil status for the grasslands and sparse forest
and grasslands. For arable land, the topsoil layer is directly affected by human plowing
and farmyard manure and chemical fertilizers, which improves the fertility status, making
it comparable to woodland. Compared to the buried Quaternary red soils (0.33), the
health status under different land use patterns has developed to varying degrees towards
healthier soil conditions. Human land use activities directly affect the topsoil layer, having
the greatest impact on its characteristics [35,41].

As the soil depth changes, the influence of human activities is limited [40], resulting in
a weaker impact on the subsoil layer (B). Affected by the continental monsoon climate in
the northern temperate zone, the study area has low precipitation and a dry climate [20,21].
Compeared to the topsoil layer, which becomes looser and has a higher organic matter content
under the influence of human land use activities, the subsoil layer is more compact, with
poorer water permeability, and lower nutrient content, which affects the microbial activity,
thus influencing the accumulation of humus and the transformation and formation of soil
nutrient elements [35,42]. Therefore, the soil health level of the subsoil layer was lower than
that of the topsoil layer, and the difference was significant. The SHI ranged from 0.34 to
0.41, presenting a trend of arable land (0.41) > grassland (0.40) > woodland (0.38) > sparse
forest and grassland (0.34). Arable land and grasslands exhibited a sub-healthy soil state,
while woodland and sparse forest and grasslands exhibited an unhealthy soil state. The
reason for the relatively high health status of the arable land is that humans pursue a higher
crop yield, applying large amounts of organic and chemical fertilizers [33,43]. Mechanical
plowing allows some fertilizers to enter the subsoil layer directly [43]. After plowing, the
topsoil layers become loose, and nutrients can easily move to the subsoil layer, making
its soil health status better than other land use patterns [43]. Compared with the SHI of
the paleosol profile, the soil health status has declined, but compared with the reference
buried red soils (0.33), the soil health status has also improved, albeit with a weak degree
of change towards a healthy soil state.

Combining the above analysis, it is clear that when buried Quaternary red soils are
exposed and used by humans, factors such as topographic features, climatic characteristics,
hydrological features, different human land use activities, soil properties, and external
environmental characteristics can lead to changes in the soil health. Compared with buried
Quaternary red soils, the health status under other land use patterns has improved to vary-
ing degrees and is developing towards healthier soil. At this stage, soil health has become
an important limiting factor in regional land use in agricultural production practices. It is
necessary to plan, manage, and use land scientifically and rationally according to the local
conditions. While obtaining crop yields, it is also essential to improve the soil health and
gradually achieve the sustainable use of paleosol resources.

5. Conclusions

The buried red soils have not been affected by human land use activities, main-taining
their original state. Due to their long-term compacted state, their permeability and aeration
are poor, with low organic matter content and low soil microbial diversity. The SHI was
0.33, indicating an unhealthy state. As the buried red soils are exposed to the surface due
to erosion and other factors and affected by different land use activities, the soil health
improves, transitioning to various degrees of healthier states. This suggests that to a certain
extent, land use activities positively impact the health of the Quaternary red soils.

Compared with the buried Quaternary red soils, the health index of soils under differ-
ent land use patterns showed a trend of woodland (0.64) > arable land (0.61) > grassland
(0.49) > sparse forest and grassland (0.37) > buried Quaternary red soils (0.33). Among
them, buried Quaternary red soils were classified as unhealthy, grasslands and sparse forest
and grass-lands were sub-healthy, while woodlands and arable lands were healthy.

The soil health trend in the topsoil layer (A) of the Quaternary red soils under different
land use patterns was consistent with the profile health status, namely woodland (0.86) >
arable land (0.73) > grassland (0.70) > sparse forest and grassland (0.67) > buried Quaternary
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red soils (0.33). Except for buried the Quaternary red soils, the topsoil layer under other
land use patterns was in a healthy state.

The health status of the subsoil layer (B) showed a trend of arable land (0.41) >
grassland (0.40) > woodland (0.38) > sparse forest and grassland (0.34) > buried Quaternary
red soils (0.33) and was in a sub-healthy state.

The soil health conditions under the four types of land use were better than those
of the buried Quaternary red soils, showing a trend towards soil health. This suggests
that human land use activities in the low mountain and hilly areas have to some extent
promoted the healthy development of the Quaternary red soils.

The woodland red soil is in a healthy status and is suitable land use pattern for low
mountain and hilly areas. The research results are expected to provide a scientific basis
for adjusting the land use structure and a reference for scientific management and use in
similar regions, to promote the sustainable use of the Quaternary red soils.
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Abstract: Rice is one of the major food crops, particularly in Asia. However, it is vulnerable to high
temperature and has high yield fluctuations. Monitoring crop growth and physiological responses to
high temperatures can help us better understand the agricultural impacts of global warming. The aim
of this study is to monitor growth, development, and physiological responses to high temperature
conditions on paddy rice and to assess their combined effects on yield. In this study, changes to
growth, maturity, and senescence in paddy rice throughout the growing season were identified under
elevated air temperature conditions created by a temperature gradient field chamber (TGFC). That
facility provides a gradient from the ambient air temperature (AT) to 3 °C above AT (AT + 3 °C). To
represent crop physiology and productivity, we measured the plant height, chlorophyll, normalized
difference vegetation index (NDVI), and maximum photosynthetic rate (A;x) to assess growth and
physiological processes, and heat stress effects on four yield measurements were assessed using the
heating degree day index. Rice height increased more rapidly in the AT + 3 °C treatment from the
early growth stage to heading, while SPAD and NDVI decreased more rapidly at AT after heading.
The Ajqx of AT and AT + 3 °C was not significantly different in the tillering stage. However, it was
higher at AT in the booting stage but higher at AT + 3 °C in the grain filling stage. These results
indicate that paddy rice was not affected by heat stress at the tillering stage, but a cumulative effect
emerged by the booting stage. Further, photosynthetic capacity was maintained much later into
the grain filling stage at AT + 3 °C. These results will be useful for understanding the growth and
physiological responses of paddy rice to global warming.

Keywords: paddy rice; crop growth; yield; elevated temperature; spikelet sterility; temperature
gradient field chamber (TGFC)

1. Introduction

Rice is a staple crop for more than half the world’s population, and the cultivation
and consumption of rice are widespread in the Asian region [1]. However, it is vulnerable
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to high temperature and has high yield fluctuations [2]. The impacts of global warming,
associated with climate change, are increasing over time. According to the IPCC’s 2021
special report, if the current trend continues, the global mean temperature increase will
exceed 1.5 °C above pre-industrial levels between 2030 and 2052, and is projected to
reach 3 °C by 2100 [3]. In addition, abnormal weather phenomena, such as extreme high
temperatures, are expected to occur more frequently in most areas. Recently, abnormal
high temperature phenomena, including heatwaves and tropical nights, have frequently
occurred in the Korean peninsula [4,5]. Rice is one of the three major food crops and the
second largest food supply in the world after wheat, meeting about 80% of the food calorie
requirements of more than half of the world’s population. It is a critical crop in the context
of food security, but it is vulnerable to high temperatures and has high yield fluctuations.
In particular, high temperatures during the reproductive and flowering stages are directly
linked to the yield [6-9], and by 2050, 27% of rice-growing areas are expected to experience
at least five days of heat stress during these stages [10].

Previous studies have shown that heat stress shortens the growth and development
stage of crops (e.g., [11-13]). Moreover, extremely high temperatures reduce the size
of crops and decrease the total amount of photosynthesis during the whole growing
season [14]. Kim et al. [15] reported that the early termination of grain filling in high
temperature conditions was due to a loss of sink capacity rather than leaf senescence,
resulting in an increased distribution of dry matter to leaves and stems.

Crop heat stress due to heatwave events will affect growth and physiological processes,
ultimately expressed as yield and biomass losses [11]. In particular, photosynthesis and
respiration, which are sensitive to temperature conditions, can affect the total biomass
of a crop and are often responsible for final yield fluctuations [16]. Many studies have
shown that the photosynthetic response to temperature can be explained as a parabolic
curve in which photosynthesis is suppressed at low and high temperatures, but the optimal
temperature also changes seasonally, with mutable photosynthetic efficiency at varying
temperatures [17]. However, it has been reported that light use efficiency at the leaf
and canopy scale decreases under stress conditions, such as high and low temperatures,
drought, and biotic stresses [18,19].

Increased mean air temperature and abnormal high temperature events, such as ex-
treme heatwaves, affect the growth and physiological conditions of crops throughout the
growing season. Moreover, high temperature phenomena during the growing season
reduce a crop’s capacity to gain any possible beneficial effects of increased accumulated
degree days under global warming [20]. The benefits of the expected rise in CO, concen-
trations can also be eliminated due to temperature increases [21]. In addition, even if the
temperature is not high throughout the growing period, extreme events such as heatwaves
can cause serious damage to rice production because pollen viability in rice exposed to
high temperatures is reduced [6,22]. This spikelet sterility will not only reduce yield but
will also affect growth and physiological responses during the reproductive growth period.

Monitoring and quantifying the growth and physiological responses of crops to global
warming is critical for making informed policy decisions that affect food security. Thus,
non-destructive and efficient optical measurement methods have been used in many studies
to assess the impacts of climate change on crops. In particular, the SPAD value, which is
clearly proportional to the concentration of nitrogen present in the leaves, has been used
in many studies to determine the chlorophyll content in the leaves. In addition, many
studies have demonstrated that photosynthetic capacity and leaf growth vary with leaf
nitrogen content [23-25]. The normalized difference vegetation index (NDVI) is widely
used to represent the biomass and health of vegetation, and it is useful for monitoring the
growth of crops; moreover, the accumulated effect of the environment on a crop can be
expressed as photosynthesis at the leaf level. Therefore, the purpose of this study is to
monitor growth, development, and physiological responses to high temperature conditions
on paddy rice and to assess their combined effects on yield.
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2. Materials and Methods
2.1. Experimental Facility and Conditions

This study was conducted in a sunlit temperature gradient field chamber (TGFC)
installed in a paddy field at the Agricultural Practice Training Center of Chonnam National
University, Gwangju, Korea (35°10’ N, 126°53' E; elevation 33 m) in 2016 and 2018. The
TGFC is a special-purpose heating facility based on field conditions that consists of one
heater and three ventilators: two small fans and one large fan. The entrance is always
opened, and the innermost ventilator operates to make the air moving from the entrance
to the back smoothly through the chamber. Along the length of the TGFC, four units,
labeled TO, T1, T2, and T3, are installed to measure the air temperature and humidity from
the entrance (T0) to the back of the chamber (T3). Using the heater and ventilators, the
TGFC is designed to maintain the temperature gradually increasing to a 3 °C higher air
temperature (AT + 3 °C) at the innermost part of the chamber, compared to the ambient
temperature (AT) at the entrance. When the air temperature difference between TO (AT)
and T3 (AT + 3 °C) is lower than 3 °C, the heater is operated to inject heated air, and when
it is higher than 3 °C, the speed of the ventilator fans is increased [26]. A detailed depiction
of the TGFC is shown in Figure 1.
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Figure 1. A schematic illustration of the TGFC for exposing paddy rice to a gradient of warmed con-
ditions, from the ambient temperature (AT) at TO to 3 °C above the ambient temperature (AT + 3 °C)

at T3. The mean ambient temperatures during the rice growing season in 2016 and 2018 were 26.5
and 26.9 °C, respectively.

The daily mean, maximum, and minimum air temperatures during the rice growing
season (from transplanting to 120 days after transplanting) were 1.2, 1.1, and 1.3 °C greater
in2016 and 1.5, 2.1, and 1.3 °C greater in 2018 relative to the average of 1981-2010 (Figure 2).
In particular, there was an unprecedented heatwave event in July and August 2018. In this
study, the Ilmi variety of Oryza sativa L. japonica, one of the leading Korean rice cultivars,
was used because it is known to be resistant to high temperature stress [27]. The mid-late
maturing Ilmi cultivar was transplanted after sowing the seeds into the TGFC on 3 June
2016 (DOY 155), and 1 June 2018 (DOY 152), and harvested on 13 October 2016 (DOY
287), and 27 September 2018 (DOY 270). The number of transplanted rice plants was
3 per hill, and the plant density was 15 x 30 cm. In this experiment, three TGFCs were
used in both years, with 960 (12 x 80) rice plants grown per TGFC in an area of 43.2 m?
(1.8 x 24 m). Fertilizer treatments of 845.2 g N (nitrogen), 972 g P (phosphorus), and
547.2 g K (potassium) per TGFC, based on an N:P:K of 9:4.5:5.7 kg per 10 acre, were applied
at planting. Two more supplemental fertilizers were applied based on a 5:2:3 ratio.
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Figure 2. Daily mean air temperature (A,D), maximum air temperature (B,E), and minimum air

temperature (C,F) at the experimental site in 2016 (A-C) and in 2018 (D-F). The average values for

1981-2010 are shown in each panel. Vertical red and blue lines indicate the heading date at AT and at
AT + 3 °C, respectively.

2.2. Meteorological Data Acquisition

Air temperature (T,) and relative humidity (RH) were measured at T0, T1, T2, and
T3, from the entrance to the back of the TGFC. The data were recorded every 5 min in
a data logger (CR10X; Campbell Scientific, Logan, UT, USA) and used to automatically
maintain the temperature gradient in the TGFC. Other meteorological data, including
photosynthetically active radiation (PAR) and solar radiation, were measured inside and
outside the TGFC using a quantum sensor (LI-190R; LiCor Inc., Lincoln, NE, USA) and a
pyranometer (LI-200R; LiCor Inc., Lincoln, NE, USA), respectively. Temperature data for
the experimental years 2016 and 2018, and for the years 1981-2010, in order to contextualize
the relative weather conditions of the experimental years, were obtained from the Korea
Meteorological Administration (KMA, https:/ /data.kma.go.kr/cmmn/main.do (accessed
on 21 November 2023)).

2.3. Heating Degree Day (HDD) Index

The optimum and threshold growth temperature varies according to cultivars and
developmental stages, with limits to how much this can be simplified [28,29]. However, in
general, the optimum growth temperature of rice is known to be from 20 to 35 °C, and the
threshold temperature affecting grain yield is 34-35 °C [6,7,28,30]. The temperature affects
various determinants of rice yield and contributes to variation in overall yield [31]. The
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number of panicles per unit area is directly linked to the number of effective tillers and
depends on environmental conditions post transplanting, but it is almost unaffected after
the spikelet differentiation stage. The number of spikelets per panicle is determined by the
difference between the number of differentiated spikelets and the number of spikelets that
degenerate after forming. The differentiation and degeneration of spikelets are most likely
to be affected by the environment for 5 to 35 days before heading [32]. The grain filling rate
and 1000-grain weight depend on environmental conditions after the heading stage. Heat
stress during this period causes spikelet sterility and reduces the accumulation of starch
and amylose, negatively affecting the grain filling rate and quality [33].

According to previous studies, the final grain yield shows the most significant rela-
tionship with the grain filling rate, and the higher the intensity of heat stress at anthesis, the
more the sterility increases, and the more conspicuous the relationship becomes. Also, since
the harvest index (HI) depends on the final grain yield, it may change heavily depending
on the environmental conditions after the heading stage [29]. Heat stress in plants is a
complex function of the intensity and duration of high temperatures. Additionally, in the
evaluation of heat stress in crops, not only the instantaneous temperature of the moment
but also the accumulated temperature is important. Accumulated heat stress is expressed
as growth effects through physiological processes, ultimately affecting the final yield. Thus,
in this study, the heating degree day index (HDD) was used as a stress index to comprehen-
sively evaluate the duration and intensity of heat stress. The HDD was calculated for each
temperature regime using a modified version of the equations described by Shi et al. [34]:

o di+50 )
HDD35§igo =) 4.5 HD; (1)
HDD — Y5 Hp, 2
3505 = Lad;,—35 i @)
o
HDD;5n = ) 4 HD; 3)
1 24

HD; = T HDD; (4)

0 T < T\ ,.
HDD; = ] = =1,2,...,24 5

where dy, dj, and dm are the date of transplanting, heading, and maturity; T; is the hourly
temperature, which is based on the temperature recorded every 5 min; and Tj, is the
threshold temperature, which was set at 35 °C. Equations (1)—-(3) represent the HDD for
specific factors related to grain yield over a specified period: Equation (1) is for the number
of panicles per unit area; (2) is for the number of spikelets per panicle; and (3) is for the
yield components, total grain yield, and HI. Equations (4) and (5), respectively, quantify
and sum the temperature values above the threshold temperature on day i.

2.4. Monitoring of Plant Growth

To identify growth responses and development stages, the plant height and number
of tillers were investigated in 10 plants in each temperature regime once a week starting
2 weeks after transplanting. The SPAD value was also measured once a week after the
heading stage (69, 75, 84, 89, 96, 110, and 119 days after transplanting (DAT) in 2016 and 75,
83,90, 97, 105, 112, and 119 DAT in 2018) to monitor changes in the chlorophyll contents of
leaves at the leaf level using a portable chlorophyll meter (SPAD-502; Minolta Corp., Osaka,
Japan) based on the differential transmission of red and nearinfrared (NIR) radiation. A
high SPAD value indicates a large amount of chlorophyll in the leaves. For the SPAD
measurement, 20 of the topmost fully expanded leaves were randomly selected, and the
average of consecutive values measured 10-15 times at 5 cm away from the leaf tip to the
middle of the leaf were used.
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A multispectral radiometer (MSR16R; CROPSCAN Inc., Rochester, MN, USA) and
spectrometer (AvaSpec-ULS-2048L; Avantes, Apeldoorn, The Netherlands) were used to
measure the reflectance of paddy rice in 2016 and 2018, respectively. A multispectral
radiometer has 16 wavebands in the 450-1750 nm region and a field of view (FOV) of
28 degrees. The 660 and 800 nm wavelengths were used in this study. A spectrometer has
wavebands in the 300-1100 nm range and a 23-degree FOV. All measurements of reflectance
were conducted at midday under clear-sky conditions at intervals of 7 to 14 days after
the heading stage (69, 78, 82, 89, 97, 109, and 123 DAT in 2016 and 73, 77, 89, 95, 100, 109,
and 117 DAT in 2018). The NDVI is useful for monitoring the growth of crops. It was
calculated as [35]: ( )

Rgoo — Reeo
bV (Rsoo + Reso) ©
where Rgy is the reflectance at 800 nm and Rgg is the reflectance at 660 nm. In this study;,
interpolated NDVI data were used to monitor time-series variations in the chlorophyll
status of leaves, which were related to the photosynthetic capacity at the canopy level.

2.5. Leaf Gas Exchange Measurements

To determine the photosynthetic capacity of leaves at three main phenological
stages—tillering (DAT 38 and 41), booting (DAT 41 and 52), and late grain filling (DAT
90) in 2016 and tillering (DAT 27), booting (DAT 53), and late grain filling (DAT 97) in
2018—under two air temperature regimes of AT and AT + 3 °C, light response curves were
measured using an LI-6400 portable photosynthesis system incorporating an infrared gas
analyzer (LiCor Inc., Lincoln, NE, USA) and equipped with a 2 x 3 cm opaque leaf cuvette
with an internal red-blue LED light source (6400-02B LED; LiCor Inc., Lincoln, NE, USA). In
addition, as supplementary data, chlorophyll contents were measured for all samples using
a portable chlorophyll meter. As samples for the measurement of leaf-level gas exchange,
3 typical middle to topmost fully expanded leaves were selected. All measurement data
were recalculated using the actual leaf area in the interior area (6 cm?) of the leaf cuvette.

All measurements were performed at varying photosynthetically active radiation
levels between 09:00 and 12:00 on clear days. Also, in order to reduce the stress to the leaf,
each measurement was carried out after adaptation to the environmental conditions inside
the leaf cuvette for at least 10-15 min. The measurement entailed starting from the light
intensity equivalent to ambient light and measuring from saturated light to weak light,
with transitions between light intensity made after the intercellular CO, concentration and
net photosynthetic rate remained constant for at least 5 min. The conditions inside the
leaf cuvette were controlled at a leaf temperature of 25-30 °C and relative humidity (RH)
of 40-70%, and a fixed reference CO, concentration of 400 umol mol~! was maintained
using a desiccant, soda lime, and 12 g CO, cylinders (LiCor Inc., Lincoln, NE, USA). A
maximum photosynthetic rate (A;;.x) was calculated for each light response curve using
the A/Q curve protocol of the LI-6400 software (https://www.licor.com/env/support/
LI-6400/software.html (accessed on 21 November 2023), LiCor Inc., Lincoln, NE, USA).
The light-use efficiency at the leaf level (LUEj.,¢) was calculated as the slope of the linear
regression of PAR between 0 and 400 or 500 pmol m~—2 s~ 1.

2.6. Yield and Biomass

All yield components and the biomass were measured after harvest. Samples were
selected as 10 plants in the center of the experimental plot in each temperature regime,
considering border effects. The harvested samples were brought into the laboratory and
immediately separated into stem, leaf, and panicles, and then they were dried in a drying
oven at 70 °C for 3 days or 80 °C for 2 days, and the above-ground dry matter (AGDM)
was measured. Grain yield was estimated using four yield components: the number of
panicles per m?, the number of spikelets per panicle, the grain filling rate (%), and the
1000-grain weight (g). The number of panicles per m? was estimated by multiplying the
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average number of panicles per hill and the number of hills per m?. HI was calculated by
dividing the filled grain weight by the AGDM.

2.7. Statistical Analysis

The growth, physiological responses, and yield of paddy rice to elevated air tem-
perature were statistically analyzed for two temperature regimes, AT and AT + 3 °C.
Independent two-sample t-tests were conducted to verify the significant differences be-
tween temperature regimes for growth and photosynthetic parameters. An analysis of
variance (ANOVA) was carried out to assess the statistical significance of the difference
of the year and temperature regime and their interaction on yield components, total yield
measures, and AGDM. Regression analyses relating yield components and total yield mea-
sures to HDD were conducted to characterize the relationships and determine thresholds.
All statistical analyses were performed with SPSS (IBM SPSS Statistic for Windows, v23.0,
IBM Corp., Armonk, NY, USA).

3. Results and Discussion
3.1. Growth Responses to Elevated Air Temperature

The growth responses to elevated air temperature over the whole growing season were
divided into two parts: plant height was observed to compare the physical size changes
of rice from the early growth stage to heading. After heading, the changes in SPAD value,
indicating the chlorophyll content of leaves [25], and NDVI, indicating the amount of
vegetation, greenness, and photosynthetic capacity of vegetation at the canopy level, were
also monitored (Figure 3). The plant height during the vegetative growth stage showed a
increase under both temperature regimes. Specifically, the plant height increased rapidly in
the effective tillering stage but slowed down in the non-productive tillering stage. The plant
height then increased again in the reproductive stage, including during panicle initiation.
However, a significant resumption of growth during the reproductive stage in the AT +
3 °C treatment did not occur in 2016, with only a slight increase before heading. Some
previous studies (e.g., [14,29]) reported that elevated temperature conditions can often
reduce the size of plants by growth inhibition due to heat stress and shorten the overall
growth period of crops, affecting the accumulative photosynthesis. These discussions are
consistent with the result of shortened non-productive tillering stage in the AT + 3 °C
treatment. This seems to have contributed to an earlier heading by about 4 and 2 days in
2016 and 2018, respectively. However, in both years, growth in the AT + 3 °C treatment
was generally greater from the early growth stage to heading. This implies that growth
inhibition by heat stress may not have significantly occurred in the AT + 3 °C treatment.
The difference between height growth in the two temperature regimes was greater in 2016
(Figure 3A).

In contrast, SPAD and NDVI decreased more rapidly at AT. The SPAD values were
significantly different (p < 0.01) between the two temperature regimes after 89 DAT and
through the late growth period in 2016 (Figure 3B). The SPAD values in 2018 showed a
significant difference (p < 0.05) between the two temperature regimes after 90 DAT and
through the rest of the experiment, though the difference was slightly reduced at the
last measurement (Figure 3D). In 2016 and 2018, the NDVI of AT declined rapidly after
83 DAT and 90 DAT, respectively, while those of the AT + 3 °C treatment declined gradually
(Figure 3B,D). These results show that senescence is delayed by the residual assimilation
products in the stem or leaves after heading since the higher temperatures at the moment
of heading cause spikelet sterility [33]. This means that a higher chlorophyll content is
retained for a relatively long period, thus maintaining the photosynthetic capacity. This
seems to be related to a previous study’s finding that the distribution of dry matter to
leaves and stems increased after the end of grain filling as the senescence of the panicle
rapidly progressed at high temperatures [27].
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Figure 3. Plant height (cm; (A,C)), SPAD value, and normalized difference vegetation index (NDVI;
(B,D)) under two temperature regimes in 2016 (A,B) and 2018 (C,D). Vertical red and blue lines
indicate the heading dates under AT and AT + 3 °C, respectively. Error bars represent standard
deviation; n = 10 and n = 20 for plant height and SPAD, respectively. Significance was assessed using
independent two-sample t-tests: **, p < 0.01; *, p < 0.05; ns, not significant (p > 0.05).

3.2. Leaf Net Photosynthesis

A crop’s LUE can be used for spatiotemporal assessment and monitoring plant stress,
as LUE|.,¢ decreases in stressed leaves compared to normal leaves [36,37]. There were no
significant differences in LUE|¢,¢ in both the tillering and booting stages in 2016 (p > 0.05)
(Figure 4A), but in the AT treatment, it was significantly lower at the grain filling stage
(p <0.01). In the overall patterns of LUEe¢ in 2016, under the AT regime, it showed
relatively little difference from the tillering to the booting stage although in 2016 and 2018 it
had a decreased and increased pattern, respectively. However, the LUE|.,¢ of AT decreased
rapidly in the grain filling stage. Compared to AT, the LUEleaf in the AT + 3 °C regime
slightly decreased in the grain filling stage as an extension of the decline from the tillering
to the booting stage.

The LUEj,¢ of the two temperature regimes at the tillering stage in 2018 showed no
significant difference (p > 0.05) (Figure 4C). However, there was a significant difference
at the booting stage, when the LUEo;s under AT increased above that of AT + 3 °C,
which decreased. Unlike 2016, such a difference of LUE).,f between the two temperature
regimes in 2018 may be due to an extreme heatwave event in 2018. Way et al. [17] and
Yamori et al. [38] reported that plants adapt to the environment even if the amount of
photosynthesis decreases somewhat. Therefore, the relative decrease in photosynthetic
capacity at AT + 3 °C at the booting stage of 2018 may have been the result of the small
plant height difference between AT and AT + 3 °C. At the grain filling stage, it decreased
in both air temperature regimes compared with that of the booting stage, but it decreased
more rapidly in the AT treatment, leading to a significant difference (p < 0.05). Notably,
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the variation in the LUE) ¢ values was quite large at this stage due to the difference of leaf
chlorophyll content between the two temperature regimes (see Figure 3B,D).
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Figure 4. Light-use efficiency (LUE), SPAD values, and maximum photosynthetic rate (Amax) under
AT and AT + 3 °C at the tillering, booting, and late grain filling stages in 2016 (A,B) and in 2018
(C,D). Error bars represent standard deviation; n = 3. Significance was assessed using independent
two-sample t-tests: **, p < 0.01; ¥, p < 0.05; ns, not significant (p > 0.05).

The Ajqx at the booting stage was higher than that of the tillering stage in both
years and decreased at the grain filling stage (Figure 4B,D). No difference between the
two air temperature regimes was observed at the tillering stage, but A;;;x under AT was
significantly higher than that at AT + 3 °C at the booting stage (p < 0.05). Specifically, it
was about 9% and 4% lower at AT + 3 °C than at AT in 2016 and 2018, respectively. At the
grain filling stage, Ajqy in the AT treatment decreased rapidly, whereas in the AT + 3 °C
treatment, it decreased only slightly, resulting in a significantly higher A,y in the AT + 3 °C
treatment (p < 0.01).

The changes in SPAD may have significantly related to photosynthetic capacity such
as Aax. No significant differences in the SPAD values of the photosynthetic samples were
found between the temperature treatments at the tillering and booting stages in both years
(p > 0.05). At the grain filling stage, the SPAD value at AT decreased compared to that of
the previous stage, but at AT + 3 °C, it either decreased slightly or stayed at a similar level
(p < 0.01) (see Figure 2B,D and Figure 3B,D). Thus, the A, difference of two temperature
regimes at the tillering and booting stages can be interpreted in a similar context to the
change in SPAD: the effects of elevated air temperature were not expressed as physiological
responses, but these effects seemed to be expressed cumulatively at the booting stage
(Figure 4B,D).
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Commonly, LUEje,¢ and Ay at AT + 3 °C were higher than those at AT at the grain
filling stage. Physiological heat stress and damage may cause lower grain weight and/or
more spikelet sterility (see the values of grain filling rate and 1000-grain weight in Table 1).
These will bring a loss of sink capacity in the grains, as evidenced by the relatively stable
SPAD and NDVI values. Thus, the photosynthetic product stays in the leaves and stems
instead of being reallocated to the grains, delaying leaf senescence.

Table 1. Four yield components and total grain yield, above-ground dry matter (AGDM), and the
harvest index (HI) under different air temperature regimes (TR) in 2016 and 2018. The values are
means + SE based on n = 3 samples. The ANOVA results at the bottom of the table show the
significance levels for the main effects and their interaction.

. No. of Grain . . e
YEAR TR No. of Panicles ¢ i clets per  Filling 1000-Grain  Grain Yield o pynp (g/m2) HI
perm Panicle Rate (%) Weight (g) (g/m?)
2016 AT 291.21 4+ 12.58 90.62 £+ 2.70 90.37 £ 0.70 2523 £0.17 596.38 +45.65 1388.27 +220.83 0.42 + 0.01
AT +3°C 277.18 +7.03 82.36 + 5.28 0.84 +0.77 17.98 +£0.71 3.48 +3.23 1310.72 +£17.98  0.01 £ 0.00
2018 AT 269.28 4+ 14.48 120.53 £ 3.06 87.68 £+ 0.57 2435 +£0.12  688.50 +42.08 1680.29 +133.53 0.41 + 0.01
AT +3°C 267.30 + 3.78 99.10 + 7.87 7.31 +5.26 20.06 + 0.37 45.13 +34.47  1625.22 + 95.83 0.03 + 0.02
YEAR * *% * ns *% *% ns
ANOVA z TR ns *% *3% *3F *% ns 3%
YEAR x TR ns * ** ** ns ns ns

# ANOVA results: **, p < 0.01; *, p < 0.05; ns, not significant (p > 0.05).

3.3. Yield Responses to Elevated Air Temperature

Each yield component—the no. of panicles per m?, no. of spikelets per panicle,

grain filling rate, and 1000-grain weight—and the total grain yield, AGDM, and HI were
investigated under the two temperature regimes (Table 1). Under the AT regime, all
factors were significantly higher (p < 0.01) except for the number of panicles per m? and
AGDM. These results seem to be due to the fact that the influence of water temperature
at the tillering stage is larger than the influence of air temperature [28], although there is
a relationship between air and water temperature. At AT + 3 °C, the number of panicles
per m? was 5 and 0.7%, the number of spikelets per panicle was 9 and 18%, the grain filling
rate was 99 and 92%, and the 1000-grain weight was 29 and 18% lower than at AT in 2016
and 2018, respectively. These results led to a reduction in grain yield of 99 and 93% and in
HI of 98 and 93% in 2016 and 2018, respectively.

The most significant difference was identified in the grain filling rate due to heat
stress-induced spikelet sterility. In 2018, when there was a strong heatwave, the grain filling
rate dropped by 3% compared to 2016, even in AT. However, the heatwave in 2018 did not
reduce grain yield in AT compared to 2016, which appears to be due to the increases in the
number of spikelets per panicle and AGDM (See Table 1) with abundant solar radiation
and near-full-scale sterility damage (see Figure 5C). On the other hand, photosynthetic
capacity (i.e., LUEj,f and Ayx) at the AT + 3 °C treatment, which did not decrease even
during the grain filling stage (see Figure 4B,D), was not of any assistance to grain yield
against the damage of spikelet sterility. This is evidenced from the relatively lower values
of 1000-grain weight at the AT + 3 °C treatment, compared to AT (Table 1).

3.4. Effects of Heat Stress

As a result of evaluating the effects of heat stress using the HDD index, the number
of panicles per m? showed a negative relationship with the HDD (Figure 5A), while the
number of spikelets per grain showed no statistically significant relationship with the HDD
(p > 0.05) (Figure 5B). The grain filling rate, grain yield, and HI decreased rapidly when
the HDD exceeded 5 °C, and were close to 0 when it was above 10 °C (Figure 5C,E F).
This means that when the sum of temperatures greater than or equal to 35 °C per day that
rice plants are exposed to from heading to maturity exceeds 5 °C, these factors rapidly
decrease. The 1000-grain weight showed a significant negative relationship with the HDD

69



Agronomy 2023, 13, 2887

index, with a coefficient of determination (R2) of 0.70 (Figure 5D). The number of panicles
per m? and the number of spikelets per panicle, which are determined in the early growth
stage, are dominated by water temperature rather than air temperature, while the grain
filling rate and 1000-grain weight, determined in the late growth stage, are dominated
by air temperature rather than water temperature [28]. Therefore, heat stress due to
high temperatures during the early stage of growth may be mitigated by the lower water
temperatures relative to air temperatures.
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Figure 5. Relationship between the (A) no. of panicles per m?, (B) no. of spikelets per panicle,
(C) grain filling rate, (D) 1000-grain weight, (E) grain yield, and (F) harvest index and the heating
degree day (HDD) during specific growing periods: the early growth period ((A); from 5 days after
to 50 days after transplanting), the late growth period ((B); from 35 days to 5 days before heading),
and from heading to maturity (C-F). Error bars represent standard deviation.
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Changes in the growth and physiological responses of paddy rice were investigated
under two air temperature regimes, AT and AT + 3 °C. During the vegetative growth
period, the elevated air temperatures in the TGFC accelerated the expansion of leaves
and stems. This is possible to result in increased light capture by the rice canopy, which
can cause large amount of canopy photosynthesis. On the other hand, such rapid growth
brought the heading date forward. The elevated temperature in the heading stage causes
spikelet sterility, which greatly affects the grain filling rate and ultimately largely dominates
grain yield.

4. Conclusions

The cumulative amount of photosynthesis can be reduced during the vegetative
growth period. Further, the little reduced photosynthetic capacity found at the booting
stages under high temperature stress may have a negative effect on grain yield. However,
these effects do not seem to be critical on rice grain yield. Because of the sterility-derived
delayed aging of leaves, the photosynthetic capacity in the grain filling stage was increased,
but it could make up for the loss of grain yield due to spikelet sterility. In 2018, the
heatwave event caused some abnormal rate of spikelet sterility even under AT in the
TGEFC. Given that spikelet sterility increases rapidly with an elevated temperature, the 2018
heatwave can be seen as a critical threshold condition that could damage rice grain yield.
Therefore, future prediction studies on rice yield should consider the relationship between
high temperature and spikelet sterility rates.
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Abstract: In recent years, occurrences of heat waves and drought have become increasingly frequent,
highlighting the undeniable impact of climate change. The rise in temperatures and decline in
rainfall have had severe repercussions on olive trees’ behavior and olive oil production. This study
aims to evaluate the effects of two-year climate variations on olive oils from centenarian olive trees
situated in the Coa Valley region of Northern Portugal. A selection of 25 centenarian plants was
made, and the climate influence on fatty acid content, tocopherols, individual phenols, oxidative
stability, and antioxidant activity was assessed over two consecutive years. During the second year
of the study, a significant variation (p-value < 0.05) in the proportion of palmitic acid was observed,
which increased from 12.9% to 13.6%. Conversely, stearic and arachidic acids exhibited a decrease
from 2.7% to 2.3% and from 0.37% to 0.35%, respectively. Analysis of the oils revealed a noteworthy
difference (p-value < 0.05) in the concentration of 3-tocopherol. The concentration of oils derived
from hydroxytyrosol and tyrosol significantly decreases (p-value < 0.005) during the second year.
Additionally, significant differences (p-value < 0.005) were observed in the total phenol content and
the percentage of ABTS inhibition, both of which decreased in the second year. These findings
reinforce the notion that climatic conditions play a key role in shaping the composition of olive oils.

Keywords: climate change; olive oil; composition; interannual variations

1. Introduction

In recent years, agriculture has been significantly affected by climate change, re-
sulting in negative consequences for crop yield, product composition, and overall food
security [1-4]. These global changes have had a noticeable impact on various regions,
including the Mediterranean, where frequent occurrences of higher temperatures, erratic
precipitation patterns, and extreme winter and summer droughts have been observed [5,6].
These events have raised concerns about the ability of traditional crops, particularly the
olive tree (Olea europaea L.), which thrives in both hot and dry summers and moderately
cold and wet winters, to cope with the adverse effects of climate change [7-11].

Numerous studies have investigated the influence of climate conditions on the chem-
ical properties of olive oils [12-17]. The composition of olive oil primarily consists of
triglycerides, other glycerol esters, and some free fatty acids, accounting for approximately
99% of the 0il’s content. It also contains high amounts of phenols [18,19], sterols, fat-soluble
vitamins, chlorophylls and carotenoids, which are synthesized through various biosynthetic
pathways, triglycerides [20], sterols [21], tocopherols, and fatty acids [20,22,23], among
other compounds. The concentrations and types of compounds present in olive oil are
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influenced by genetic factors, as well as geographic and climatic conditions, cultivation
practices, tree age, olive maturation at harvest, extraction methods, and storage [24,25].
Generally, olive oils obtained from olives grown in colder regions tend to have higher
levels of antioxidants and monounsaturated fatty acids (MUFA, such as oleic acid and the
oleic/linoleic acid ratio), while oils produced in warmer regions are richer in saturated (SFA)
and polyunsaturated acids (PUFA) like palmitic and linolenic acids, respectively [26-29].
The relationship between rainfall and the inhibition of phenol and tocopherol synthesis
has also been explored, revealing an increase in their contents under stressful conditions.
There have been several works that have studied the oils obtained from centenary olive
trees in order to enhance this heritage [30-33]. Furthermore, several authors have reported
that centenarian olive trees produce fruits that originate oils with exceptional nutritional
and sensory characteristics [29,33,34].

Considering the constant climatological situations, it is crucial to assess the production
performance of different olive tree cultivars under diverse climate conditions. Therefore,
the objective of this study is to evaluate the effects of climate conditions in the Vale do Coa
region on the composition of olive o0il obtained from centenarian olive trees. The study
spanned two consecutive years and recorded changes in vital bioactive compounds closely
linked to the oils’ nutritional quality and oxidative stability. The observed variations in the
examined physicochemical parameters can be primarily attributed to climatic conditions,
as each olive oil sample was extracted using the same pilot scale extraction facility and
processing conditions (e.g., temperature and malaxation time). Additionally, the olives were
manually harvested from a selection of 25 centenarian trees at the same maturation stage.

2. Materials and Methods
2.1. Selection, Harvest, and Extraction

A total of twenty-five specimens of centenarian olive trees were selected and georefer-
enced in eight dispersed plots in the Coa Valley region (Portugal). The selection was based
on several parameters that indicate its advanced age, such as structural integrity, general
appearance, and information provided by the producers. Each plant was selected, marked,
and georeferenced which allowed their harvest in the in the different years of study. The
plants integrate the traditional olive groves of the region, which are rainfed and follow
similar agronomic practices and low vegetative development. In general, plants were only
slightly pruned every year, with slight impacts on production, and no major annual fluctu-
ations were observed. The selected plants are uncharacterized centenarian specimens, and
no information is available about the variety. The soil is a schist leptosol, with a very thin
and poor layer, with an approximate slope of 20 to 30%; the plants are planted at 10 x 10 m,
with 100 plants per hectare. In the years under study, no phytosanitary treatment was
carried out, the soil was mobilized in spring and autumn to control weeds, and in April,
fertilization was applied using a compound fertilizer (7:14:14), consisting of 7% N (5%
ammoniacal N and 2% urea N), 14% P,Os5 (11% water soluble), and 14% K,O. The plants
were analyzed over two consecutive seasons (2020 and 2021). For a comprehensive analysis,
approximately 4-5 kg of olives per specimen were collected to ensure a representative
sample. The harvest period occurred from 25th to 31st of October in 2020, and from 2nd
to 10th of November in 2021, approximately 150 to 160 days after the flowering. The
fruits were collected when they reached a maturity index between M2 and M3, as per the
guidelines set by the International Olive Council [35]. These indices are characterized by
fruit skins with red spots covering less than half (M2) or more than half (M3) of the olive.
Within 24 h of harvesting, oils were extracted using an Abencor pilot plant (Comercial
Abengoa S.A., Seville, Spain).

The milling process employed the MC2 MM100 hammer mill (Seville, Spain), equipped
with a 5.5 mm diameter sieve and a 1.5 kW single-phase motor. Subsequently, the resulting
olive paste underwent temperature-controlled malaxation in a MC2 Thermo-Mixer TB-100
(Seville, Spain). This machine offered eight work stations and eight mixing flasks, each
with temperature control and individual blades to ensure thorough mixing. Finally, the
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olive paste underwent centrifugation using the MC2 Centrifugal Machine CF-100 (Seville,
Spain). This machine featured a stainless-steel drum rotating at 3500 rpm, driven by a
1.5 kW three-phase motor, and included an automatic timer. To eliminate solid particles
and residual water, the samples were filtered using Whatman no. 4 paper over anhydrous
sodium sulfate. Finally, the extracted oil was stored in 125 mL dark glass bottles and kept
in a dark place at room temperature situated between 20 and 25 °C for subsequent analysis.

2.2. Meteriological Data

In order to assess the impact of yearly climate conditions on the quality of olive oil, pa-
rameters like the temperature (minimum—TMIN, average—TAVE, and maximum—TMAX),
and precipitation for the two harvest years (2020 and 2021) were collected for the months
of fruit development and fruit maturation. The meteorological data used in this study were
obtained from the IPMA—Portuguese Institute for the Sea and the Atmosphere. These
data were collected from weather stations located closest to the study areas, specifically the
Moncorvo station (Station No.: 0654; Latitude: 41.1899°; Longitude: —7.0185°; Altitude:
539 m). The collected data covers the months from June to November (2020 and 2021), as

shown in Figure 1.
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Figure 1. Meteorological data of average rainfall values and the minimum, average, and maximum

temperatures (TMIN, TAVE, and TMAX, respectively) collected at the Moncorvo station for the years

of 2020 and 2021.

2.3. Fatty Acid Profile

The relative percentages of fatty acid levels were determined using chromatography,
following the guidelines outlined in document COI/T.20/Doc. No 28/Rev. 3, dated
November 2022 [36]. The analysis was conducted using a Chrompack CP 9001 (Burladingen,
Germany) chromatograph equipped with a split-splitless injector set at 230 °C, an FID
detector at 250 °C, and an automatic sampler Chrompack CP-9050 (Burladingen, Germany).
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For the analysis, a 1 pL injection (at a 1:50 proportion) was made, and separation was
achieved using a fused silica capillary column (Select FAME: 50 m x 0.25 mm i.d. Varian,
Palo Alto, CA, USA) manufactured by Agilent. Helium was employed as the carrier gas,
with an internal pressure maintained at 140 kPa. The determination of relative percentages
was carried out by internally normalizing the chromatographic peak area between myristic
and lignoceric methyl esters. To identify and quantify the peaks, a standard mixture of
certified fatty acid methyl esters obtained from Sigma (Barcelona, Spain) was used.

2.4. Tocopherol Contents

The determination of «-, 3-, and y-tocopherol levels was conducted utilizing high-
performance liquid chromatography (HPLC) following the methodology outlined in ISO
9936:2016 [37], with certain modifications. To begin, 50 mg of filtered and diluted olive
oil in n-hexane (Sigma-Aldrich, Germany) was combined with the internal standard tocol
(2-methyl-2-(4,8,12-trimethyltridecyl) chroman-6-ol from Matreya Inc. (Pleasant Gap, PA,
USA). Subsequently, the mixture underwent centrifugation at room temperature, with
a speed of 13,000 rpm for 5 min, and the resulting supernatant was collected for HPLC
analysis. The HPLC equipment employed a normal phase silica column (Supelcosil™
LC-SI; dimensions: 7.5 cm x 3 mm; particle size: 3 pm, from Supelco, Bellefonte, PA,
USA) maintained at a temperature of 23 °C. Elution was performed using a mobile phase
consisting of 1,4-dioxane (Sigma-Aldrich—Allentown, PA, USA) in n-hexane (2.5%, v/v) at
a flow rate of 0.75 mL/min. Analysis of the data was carried out utilizing the ChromNAV
Control Center program—]JASCO Chromatography Data Station (Jasco, Tokyo, Japan),
and the identification of compounds was achieved by comparing their retention times
with authentic standards obtained from Sigma (Barcelona, Spain). The final results were
expressed as milligrams per kilogram (mg/kg) of olive oil and the content of vitamin E
was calculated as the sum of concentrations of «-, 3-, and y-tocopherols.

2.5. Olive Oils Total Content of Hydroxytyrosol and Tyrosol Derivatives after Acid Hydrolysis
of Secoiridoids

The phenolic profile of oils obtained from centenary olive trees in different years was
evaluated following the methodology described by Marx et al. [38]. For this, an HPLC-DAD
system from Jasco (Tokyo, Japan) was used with a data transmitter (LC-Netll/ ADC), two
integrated pumps (PU-4180), an automatic sampler (AS-4050), a column oven (ECOM
Ec02000, Zlin, Czech Republic), and the DAD (MD-4010). The separation of compounds
was performed on a C18 reversed phase column (Kinetex C18; particle size: 2.6 pm; pore
size: 100 A; LC length: 100 mm; internal diameter: 3.00 mm, Phenomenex, Madrid, Spain),
at 35 °C, using a mobile phase composed of water and acetonitrile, both with 0.1% formic
acid, at a flow rate of 0.8 mL/min for 20 min. All samples were injected in duplicates.
The total contents of hydroxytyrosol or tyrosol after hydrolysis were expressed as the
individual sum in mg of hydroxytyrosol or tyrosol, respectively, per kg of oil. Calibration
curves of hydroxytyrosol and tyrosol (R? = 0.9992 and 0.9990, respectively) were prepared
in methanol/water (80:20, v/v) in a concentration range of 0.00031 to 0.0160 mg/mL.

2.6. Oxidative Stability, Total Reducing Capacity, and Antioxidant Activity

The Rancimat 743 equipment (Metrohm CH, Herisau, Switzerland) was used to assess
the oxidative stability (OS) of the samples. Three grams of olive oil were heated at a
temperature of 120.0 = 1.6 °C, while clean, filtered, and dry air was supplied at a flow
rate of 20 L/h. Volatile compounds released during heating were collected in water, and
the water conductivity (uS/cm) was continuously monitored. The point at which the
conductivity curve exhibited an inflection corresponded with the OS value (in h).

To determine the total phenolic compounds, extracts of the oils were obtained through
methanol-water microextraction. The evaluation was performed using a UV-Vis spec-
trophotometer (VIS/UV-1280 Shimadzu) at 765 nm, as previously described [39]. For the
microextraction, 1 mL of methanol-water and 0.5 g of oil were combined in an Eppendorf
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tube, vigorously mixed on a vortex for 1 min, and then centrifuged for 5 min at 13,200 rpm.
The resulting supernatant was collected and transferred to a 10 mL vial. This centrifugation
process was repeated two more times, with an additional 1 mL of methanol-water added
before each repetition. The supernatants were collected and combined in the same vial,
ensuring a final volume of 5 mL with methanol-water. Next, a solution was prepared by
adding 1500 pL of ultrapure water, 0.1 puL of Folin—Ciocalteu reagent, and 100 pL of the
extract. The mixture was vortexed and allowed to stand in the dark for 3 min. Afterward,
300 puL of 20% (w/v) sodium carbonate solution was added, vortexed again, and kept in
the dark for 1 h at room temperature (20-22 °C). Finally, the absorbance of the sample was
measured at 765 nm, and the quantification was made using a calibration curve correlating
the absorbance with the gallic acid concentration of a methanolic solution (R? > 0.9999).
The results were expressed as milligrams of gallic acid equivalents [GAE] per kilogram
of oil.

The antioxidant activity of the samples was evaluated by measuring their total reduc-
ing power and ABTS (2,2’-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)) scavenging
ability. The total reducing power was determined by assessing the elimination of the DPPH
(2,2-diphenyl-1-picrylhydrazyl) radical using a spectrophotometer (UV-VIS/UV-1280 Shi-
madzu spectrophotometer) at 517 nm and 20 °C. For this analysis, sample extraction was
conducted using methanol-water microextraction. A DPPH control solution was prepared
by mixing 0.1 mL of methanol with 3.9 mL of DPPH (0.06 mM) and allowing it to stand
in the dark for 30 min before measuring the absorbance. For the olive oil samples, 0.1 mL
of the methanolic extract was added to 3.9 mL of DPPH (0.06 mM), and the solution was
left in the dark for 30 min before measuring the absorbance. The results were expressed
as the percentage reduction in DPPH activity. The ability of the samples to inhibit the
ABTS radical, in comparison to a standard antioxidant reference (trolox), was determined
following the methodology previously described [40]. To generate the ABTS radical, 440 uL
of K;5,03 (140 mM) was added to 25 mL of ABTS (7 mM), and the solution was kept in the
dark for 12-16 h, at room temperature. After the specified time, the solution was diluted in
ethanol until the absorbance, at 734 nm, reached 0.70 = 0.02. Finally, 100 pL of olive oil was
added to 2 mL of the adjusted ABTS solution, and the average absorbance was measured
at 734 nm. The results were expressed as the percentage of inhibition.

2.7. Statistical Analysis

The statistical differences in the composition and characteristics of the oils between
two consecutive harvest years (2020 and 2021) were assessed using the t-Student test. The
application of the Welch’s correction depended on whether equal or unequal variances
between the groups could be assumed, as determined by the F-test. PCA was employed
as an unsupervised pattern recognition tool to determine if the evaluated composition
and characteristics of the olive oils (such as OS, antioxidant activity, tocopherols and
phenolics contents, and fatty acids profile) could differentiate the oils based on the crop
year. Additionally, LDA was used, in conjunction with the SA algorithm to identify the
most influential non-redundant discriminative parameters. These parameters were selected
based on the best correct classification performances (i.e., sensitivities) achieved during
training and LOO-CV internal validation. The statistical analysis was conducted using the
R statistical program, specifically the open-source packages available in RStudio version
2021.09.0, also known as the “Ghost Orchid” Release (077589bc, 20 September 2021); the
significance level was set at 5%.

3. Results and Discussion
3.1. Meteorological Data

The meteorological data uncovered variations in both the volume and temporal
distribution of rainfall and temperature across the time-periods considered for both years
(Figure 1). Specifically, in 2020, the distribution of rainfall followed a more consistent
pattern, characterized by a dry period in June and a gradual increase in precipitation
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starting from August and culminating in a peak in November (88.9 mm). Conversely, 2021
exhibited significant rainfall levels in June (40.30 mm), followed by a dry phase and a
subsequent surge in precipitation, with the highest amounts observed in September (89.30
mm).

Additionally, differences in temperature were observed between the two years. In
2020, the warmest period occurred in July, registering maximum temperatures of 35.9 °C,
followed by a gradual decline in subsequent months, reaching the lowest minimum in
November (7 °C). Conversely, in 2021, temperatures remained elevated, with the highest
value recorded in August (32.26 °C) and notable minimums in November (3.6 °C).

By examining the maximum temperatures within the time periods, it became evident
that the peak temperature in the second year was slightly delayed compared to the first year.
In 2020, July stood out as the hottest month, while in 2021, the maximum temperatures
were observed in August. Overall, temperatures were generally higher in 2020.

3.2. Fatty Acid Composition

This study aimed to investigate the impact of climatic conditions on the concentration
of fatty acids in olive oil. To achieve this, olive oil samples were obtained from olive trees
aged over 100 years during two consecutive harvest seasons, namely 2020 and 2021. All
samples met the concentration standards set by the International Olive Council [36]. The
fatty acid composition, expressed as relative percentages, exhibited typical proportions of
major fatty acids found in olive oils. The most abundant fatty acid was oleic acid (59-79%),
followed by palmitic acid (9-16%) and linoleic acid (2-18%). On the other hand, stearic
acid (1-3%), palmitoleic acid (0.5-2%), linolenic acid (0.6-1.2%), arachidic acid (0.2-0.4%),
and eicosenoic acid (0.2-0.3%) were present in the lowest concentrations (Table 1).

The results of the study indicated that the composition of the oils was influenced
by the year of harvest. Specifically, a significant variation (p-value < 0.05) was observed
in the proportion of palmitic acid, which increased from 12.9% to 13.6%. Individually, it
was observed that 44% of the studied plants increased their palmitic acid content in the
second year of harvest. It was found that 8% of the plants had a lower content of this
compound, and 48% of the plants did not observe any effects during the year (Table S1
of the Supplementary Materials). In contrast, stearic acid concentrations decreased by
2.7-2.3%, i.e., 84% of the studied plants dropped their content in the second year. The
same was observed for arachidonic acid, which decreased by 0.37-0.35%; that is, 44%
of the plants under study (Table S1). No significant variations were observed in the
remaining fatty acids or proportion of total saturated (SFA), monounsaturated (MUFA),
and polyunsaturated (PUFA) fatty acids (Table 1). These findings are consistent with other
studies conducted in different regions [15,31,41]. Rey-Giménez et al. [15] reported similar
observations, noting that warmer years, particularly during the fruit development period,
led to higher concentrations of palmitic acid, reaching up to 15.2%. In colder climates,
concentrations were found to be around 13.5%.

These studies, along with others, suggest that such conditions may increase the levels
of SFA and PUFA, while decreasing MUFA [28]. In extreme temperatures and arid climates,
such as in desert regions, palmitic acid levels may exceed the permissible 20% threshold,
while oleic acid values may fall below 50% [26]. The region’s climatic data were analyzed
over two years, revealing consistent patterns in temperature and precipitation during 2020.
Rainfall began in August with a total of 14.8 mm and reached its peak in November at
88.9 mm. Concurrently, temperatures gradually decreased from 35 °C in July to 19.3 °C in
October and 15.1 °C in November (Figure 1). In contrast, 2021 exhibited irregularities, with
rainfall occurring early in June at 40.3 mm and reaching its maximum level in September
at 89.9 mm. The rainfall values for July, August, and September were abnormal for this
time, resulting from a storm that caused heavy rains. Excessive water from storms was
not infiltrated into the soil, depriving the crops of the benefits of precipitation during this
period. This phenomenon of heavy rainfall induced by storms is a consequence of climate
change experienced in recent years. In August, high temperatures and dry conditions were
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observed, with a peak temperature of 32.2 °C. Compared to the previous year, October and
November saw a temperature increase of 2 °C, measuring 21.6 °C and 17.6 °C, respectively
(Figure 1). Additionally, the 2 °C temperature rise and significant decrease in precipitation
during the harvest period in October and November could have affected the synthesis
of palmitic acid. The reduction in the concentration of stearic acid in 2021 might be
attributed to its association with the elongation of palmitic acid [42]. Conversely, the
concentrations of arachidonic acid, which were already low, were easily influenced by the
erratic climatic conditions experienced throughout the year. Some authors state that genetic
factors determine the composition of fatty acids in olive oil, while others state that climatic
conditions also have a significant impact. Therefore, it is essential to study the oil content
of centenarian olive trees in different regions with varying climates to understand their
resilience and unique composition. For example, a study conducted by Rodrigues et al. [33]
investigated centenarian olive trees in Portugal during a period from August to September,
characterized by intense droughts and less than 30 mm of precipitation. They observed
significant variations in the concentration of palmitic acid in the olive oils, depending on the
specific olive cultivar. The cv. Redondal exhibited an increase in palmitic acid concentration
of 12-13%, while the cv. Madural showed a decrease by 11-12%. The levels of stearic acid
and arachidic acid found in this study were consistent with previous findings, ranging
from 1-3% and 0.3-0.5%, respectively. Similarly, Hijawi [41] examined centenarian olive
trees in Palestine and discovered fluctuations in oils’ fatty acid concentration based on the
year. Palmitic acid levels ranged from 11.9-14.6% in one year and 10.9-14.9% in another,
while stearic acid concentrations ranged from 2.2—4.5% and 3.7—4.4%, respectively. The
levels of arachidic acid were 0.3-0.7% in one year and 0.6-0.9% in another, indicating high
levels of this compound.

The fruit growth phase occurs from June to August, followed by oil formation and
fruit maturation from September to November. In 2021, unusual rainfall patterns were
observed during these months. While the normal fruit formation period experienced
40.3 mm of rainfall in June, the maturation months saw a shift in rainfall to September
(89.9 mm), October (59.6 mm), and November (11.8 mm). These rainfall values in August
and September deviate from the typical pattern and were the result of two stormy days with
heavy rains. It is known that droughts during the maturation phase, which usually starts
in September, negatively affect the fat content of the fruits [28,43]. The increased rainfall in
October and November, combined with a 2 °C temperature rise compared to 2020, may
have influenced the higher level of palmitic acid. However, due to the high intensity of
rainfall, the water ran off without infiltrating the soil, resulting in the plants being unable
to utilize this water effectively or create a water reservoir for their needs. Temperature
conditions between flowering and harvesting also impact fruit characteristics [44]. Elevated
temperatures during the maturation period generally lead to higher levels of SFA and
PUFA but lower levels of MUFA [26,45,46]. However, in the present study, for these
parameters, no significant differences were observed between years. However, a more
detailed analysis of the results, genotype by genotype, can be found in the tables included
in the Supplementary Materials. These tables show that there are some significant inter-
annual differences on the oils” compositions, being the observed changes depending on
the genotype, i.e., increasing/decreasing trends were observed and differ from genotype
to genotype. However, for the main compounds, similar trends (increasing/decreasing)
for the majority of the studied genotypes were observed. For example, regarding the fatty
acid’s relative abundance, for SFA, MUFA, and PUFA, the year had a significant effect in the
related contents found in 20%, 48%, and 76% of the oils/genotypes. Concerning tocopherols,
the year showed a significant effect on the vitamin E content of the oils extracted in 68% of
the studied genotypes, with an increasing content observed in 60% of those genotypes. Also,
although the annual variation of the total content of hydroxytyrosol + tyrosol after acids
hydrolysis was genotype-dependent, a decreasing trend was observed in 64% of the oils
extracted from each single genotype. On the other hand, the oxidative stability and the total
phenolic content showed an increasing trend with the year in the oils extracted from 60%
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and 88% of the studied genotypes, but the DPPH and ABTS antioxidant capacities showed
a decreasing trend for 88% and 68% of the oils extracted from the studied genotypes.

Table 1. Mean =+ standard deviation (%) of the relative abundance of fatty acids determined in
olive oils extracted from olives of centenarian olive trees located in the Coa Valley, Portugal, for two
consecutive crop years (2020 and 2021), and the corresponding percentage change with the crop year

(A, in %).
; ; Crop Y
N raniat
Palmitic acid (Cj4) 1?;&;:;; 1(?06;1161; 0.0114 * +5.4
Palmitoleic acid (Cqg.1) Oig.;t_g:g)a O(g;t_fi)a 0.9339 ** +1.1
Stearic acid (Cqg.0) 2(Z7i_ g:g)a 28.2:_(2):3)}) <0.0001 * —14.8
Ocadd () THEELT THELTggge g
Linoleic acid (Cyg:) 9(38 igt; ?'2%%146'2; 0.3221 * ~102
Linolenic acid (Cyg.3) 0(8;,5 ;)ﬁ)a 0(3?_?%& 0.9250 ** 0.0
Arachidic acid (Cpg.) 0&3; 3’2; oié;:_g:g)b 0.0138 * —54
Eicosenoic acid (Cpg.1) 0(3;:_ 8:2; 0(3;:_ 8:2; 0.3072 ** +3.6
bURA W7ESZTSAEe e

* t-Student test with Welch’s correction (unequal variances according to the F-test). ** t-Student test without
correction (equal variances according to the F-test). p-values for the t-Student test. Different letters in the same
row show statistically differences from the given mean (p < 0.05).

3.3. Tocopherols Content

The total amounts of vitamin E are variable, clearly depending on several factors,
such as the cultivar, fruit maturation, environmental conditions, agronomic factors (for
example, irrigation, fertilization, incidence of pests and diseases), and the conditions used
during production of oil extraction, storage, etc. [13]. The analysis of the olive oils revealed
the presence of -, -, and y- vitamers, which were quantified. Among these vitamers,
x-tocopherol was the predominant form in olive oils, constituting over 90% of the total
amount as expected in olive oil [10]. Analysis of data from 2020 and 2021 (Table 2) showed
that a-tocopherol levels ranged from 121 to 362 mg/kg in 2020 and from 134 to 323 mg/kg
in 2021, with no significant differences between the two crop years. However, a significant
difference related to the crop year (p-value < 0.05) was observed for 3-tocopherol, which
increased from 1.3 to 2.0 mg/kg; that is, 68% of the plants under study increased the content
of this compound in the second year (Table S2). Although no significant differences in
a-tocopherol were observed in the present study, there are several authors who report
that there are certain factors that affect the amount of this vitamer, namely the maturation
of the fruit influences the amount, decreasing during ripening [17], the cultivar [13], low
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temperatures, and precipitation also influence the amount of vitamer (less precipitation,
higher content) [47].

Table 2. Tocopherols (x-, 3-, and y-) and total vitamin E mass contents (mean + standard deviation,
mg/kg of olive oil) for olive oils extracted from olives of centenarian olive trees located in the Coa
Valley (Portugal), for two consecutive crop years (2020 and 2021), and respective variation with
crop-year (A, in %).

i Crop Y
Tocopherz)lilgl(l);c)entratlon - rop Year -~ p-Value A (%)
a-tocopherol 2(?3130{:376(;13; 2(%430:‘_:362%13; 0.8820 ** —-0.8
B-tocopherol 18;3:?; 2&(1).3:_3'96; <0.0001 * +54.2
Y-tocopherol %05 4:‘_:1:2?;; 58.3:_;:2; 0.3650 ** +11.4

* t-Student test with Welch’s correction (unequal variances according to the F-test). ** t-Student test without
correction (equal variances according to the F-test). p-values for the f-Student test. Different letters in the same
row show statistically differences from the given mean (p < 0.05).

The average concentration of vitamin E in the oils was 260 mg/kg, with a maximum
value of 369 mg/kg (Table 2). These findings align with the existing literature on olive
oils, where vitamin E concentrations typically range from 80 to 500 mg/kg [17], and f3-
tocopherol concentrations typically vary from 1 to 2 mg/kg, consistent with previous
studies [34].

Examining climate data for the two crop years, special attention is given to 2021, char-
acterized by higher temperatures in compared to July (Figure 1). These rainfall values are
unusually high for this period, which typically experiences no rainfall. These fluctuations
during the months of oil accumulation and fruit ripening may have contributed to a signifi-
cant decrease in 3-tocopherol levels. It is known that 3-tocopherol declines during ripening
and can exhibit significant variations due to external conditions, particularly considering
its naturally low concentration [48]. Previous studies have emphasized the influence of
climate on tocopherol composition, suggesting that regions with lower rainfall levels tend
to have higher levels of ax-tocopherol, due to the plant’s synthesis of this compound in
response to water stress. Additionally, low temperatures during the harvest period can
negatively impact tocopherol concentrations [25].

In non-Mediterranean climates, olive oils have been found to have higher concentra-
tions of 3-tocopherol compared to the present study, ranging from 2 to 6 mg/kg, while
alpha-tocopherol concentrations were below 250 mg/kg. These variations were attributed
to different climatic and extraction conditions [45,49]. In locations characterized by high
temperatures, such as olive groves in Egypt, the x-tocopherol concentrations in oils can
reach nearly 800 mg/kg [50].

In previous studies, the concentration of vitamin E in olive oils extracted from cen-
tenarian olive trees in Portugal exhibited a range of 140 to 354 mg/kg, depending on the
specific cultivar and harvest year. Notably, the cvs. Lentisca and Madural closely matched
the values obtained in this study, averaging at 224-335 mg/kg [29].

Although tocopherols are present in olive oils as minor compounds, they play a
crucial role in protecting the oil against autoxidation and possess biological activity when
consumed in the human diet. Besides their stability-enhancing function, it is vital to
explore the potential health benefits associated with tocopherols to enhance the value of
olive oils derived from centenarian trees. Since the composition of tocopherols is influenced
by various factors, documenting the variations in tocopherol composition among these
specimens under different climatic conditions is of utmost importance.
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3.4. Olive Oils Total Content of Hydroxytyrosol and Tyrosol Derivatives

This study aimed to analyze the effect of the year on the levels of two families of
phenolic acids, hydroxytyrosol- and tyrosol-based in two different years. The research
revealed a noteworthy decline (p-value < 0.05) in the concentrations of these compounds
from the first year to the second year. Hydroxytyrosol compounds’ values ranged from 290
to 220 mg/kg, while tyrosol ones exhibited a decrease from 170 to 135 mg/kg. The concen-
tration range for these compounds was found to be 130—400 mg/kg and 36.5-427 mg/kg,
respectively (Table 3). It was observed that this decrease occurred in 68% of the plants for
hydroxytyrosol and 56% of the plants for tyrosol (Table S3).

Table 3.
(mean =+ standard deviation, mg/kg of olive oil) for olive oils extracted from olives of centenar-

Hydroxytyrosol, tyrosol, and total hydroxytyrosol + tyrosol based compounds

ian olive trees located in the Co6a Valley (Portugal), for two consecutive crop years (2020 and 2021),
and respective variations with crop-year (A in %).

Phenolic Acids Crop Year Value A %)
Concentration (mg/kg) 2020 2021 P °
290.2 £ 68.02 220.50 + 62.22 b .
Hydroxytyrosol (1305400.1)  (130.80-380.30) 00001 —240
170.3 £92.02 135.93 +59.19 b "
Tyrosol (36.5-427.3) (41.80-338.40) 0.0169 —202
a b
Hydroxytyrosol + Tyrosol 4606 & 142.4 356.4 =+ 98.7 <0.0001 * -3.3

(167.4-772.7) (179.5-532.3)

* t-Student test with Welch’s correction (unequal variances according to the F-test). p-values for the t-Student test.
Different letters in the same row show statistically differences from the given mean (p < 0.05).

Jiménez-Herrera et al. [51] conducted an investigation focusing on the impact of water
stress, specifically drought, on the levels of phenolic acids in traditional olive groves. The
motivation behind this study stemmed from water scarcity issues in Mediterranean coun-
tries, which led to losses in the olive industry. The researchers observed that under drought
conditions and high temperatures, particularly during fruit growth, the concentration
of hydroxytyrosol and tyrosol decreased, while the total phenol content benefited from
these conditions. In the present study, the climatic conditions during fruit development
were analyzed. It was noted that in 2020, the initial month’s experienced dryness, with
rainfall, gradually increasing until harvest. Conversely, in 2021, droughts occurred in
June and August, accompanied by high temperatures during harvesting months and high
precipitation in October (59.6 mm) and November (11.8 mm) (Figure 1). These conditions
likely contributed to a higher degradation of these compounds rather than their synthesis,
potentially explaining the negative impact on phenolic acid concentrations in 2021.

Anticipating the effects of climate change on water availability, Faghim et al. [52] in-
vestigated the response of olive trees in Tunisian olive groves, located in arid and semi-arid
regions, under different irrigation conditions. They found lower levels of hydroxytyrosol
and tyrosol in oils obtained from non-irrigated olive groves compared to oils from irri-
gated olive groves. The difference was statistically significant (p-value < 0.05), with a
reduction of the contents for both compounds being observed. Specifically, hydroxytyrosol
levels decreased from 290.2 to 220.5 mg/kg, while tyrosol levels decreased from 170.3 to
135.9 mg/kg. Among the olive tree varieties, cv. Chemlali exhibited higher levels of tyrosol
compared to hydroxytyrosol, aligning with findings reported by other researchers [45].
However, Uslu et al. [53], who evaluated the influence of irrigation over a two-year period,
found high concentrations of these compounds in Mediterranean varieties. They observed
a wide range of hydroxytyrosol levels, ranging from 307.3 to 1449.1 mg/kg. Additionally,
they noticed that irrigated varieties exhibited the greatest reduction in tyrosol levels from
one year to the next. The demand for high-quality olive oil with distinct phenolic com-
pound concentrations is increasing [54]. The presence of phenolic acids in olive oil can vary
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due to various factors, including the genotype, ripening stage of the fruit, agroclimatic
conditions, production year, and geographical origin [55]. Given the significant varia-
tion in hydroxytyrosol and tyrosol concentrations in olive oils, it is crucial to characterize
them. Furthermore, there is a possibility of discovering previously unknown centenarian
olive trees with favorable phenolic acid values and observing their potential adaptation to
climate change.

3.5. Oxidative Stability, Antioxidant Activity, and Total Reducing Capacity

The antioxidant capacity of the olive oils was evaluated by measuring oxidative
stability, total phenolic compounds, and antioxidant activity using the DPPH and ABTS
methods. Significant differences (p-value < 0.005) were observed only for total phenols
and the ABTS inhibition percentage with the crop year. Over the period from 2020 to 2021,
the average concentration of total phenols increased from 375 to 569 mg/kg and reached
a maximum value of 965 mg/kg. It was found that this increase occurred in 72% of the
plants under study (Table S4). These findings align with previous studies that reported
levels ranging from 50 to 1000 mg/kg [56]. The maximum value of ABTS inhibition was
54.7%, but there was a decline from 40.8% to 35.0% between the first and second years
(Table 4). This decrease was observed for 60% of the plants under study (Table S4). In
terms of weather conditions, it is observed that the levels of total phenols generally tend
to rise, while the concentrations of phenolic acids and other compounds with antioxidant
capacity may decrease. The increase in phenolic compounds can be attributed to higher
concentrations of oleuropein, a phenolic compound responsible for the characteristic bitter
taste in olive oils [51,57]. The ripening process of the fruit involves various chemical and
enzymatic reactions, which lead to the production of free phenols and changes in the
quantity of different phenolic compounds [58]. Interestingly, unlike hydroxytyrosol and
tyrosol compounds, the total phenols exhibited an increase in 2021 under the analyzed
conditions. This particular year was characterized by irregularities in temperature and
precipitation. Stress-inducing factors, such as early rains in June and September, potentially
accelerated fruit ripening, while low precipitation and higher temperatures in August,
October, and November may have influenced the synthesis of certain phenolic compounds.

Table 4. Oxidative stability (hours), DPPH and ABTS (inhibition %) and total reduction capacity (mg
GAE per kg of oil) (mean =+ standard deviation) for the olive oils extracted from olives of centenarian
olive trees located in the Céa Valley (Portugal), for two consecutive crop years (2020 and 2021), and
respective variation with crop-year (A, in %).

Crop Year
Antioxidant Activity 2020 2021 p-Value A (%)
Oxidative stability 1(86262 18 .'Z)a 1(923.90%42:;; 0.6472 ** +4.7
Total reduction capacity 37(2123:57116007()) ’ 5(6293ili_ 9122%21 2.32 x 1077 * +51.8
ABTS ‘tgfﬁ_ﬁi; 3(2'30.9%455..(;3; 9.07 x 107°* 142

* t-Student test with Welch’s correction (unequal variances according to the F-test). ** t-Student test without
correction (equal variances according to the F-test). p-values for the t-Student test. Different letters in the same
row show statistically differences from the given mean (p < 0.05).

In 2021, there was a decline observed in both the radical inhibition capacity and the
presence of phenolic acids, which are closely associated with the antioxidant properties
of the olive oil. Moroccan olive oils also exhibited significant variations in total phenolic
content across different crop years, primarily influenced by climatic factors, particularly
precipitation [20]. A similar trend was noticed in the oils of cv. Koroneiki, with phenolic
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contents ranging from 493.7 to 566.3 mg/kg [20]. Once phenolic compounds could act as a
defense against trees or plants, the cumulative rainfall can play a crucial role in shaping
the phenolic composition of olives, as water deficit creates a stressful environment for the
olive trees that stimulates the production of these beneficial compounds [25,58]. Phenolic
compounds play a vital role in preventing oxidation and are directly linked to the oxidative
stability values [59]. No notable differences were observed in the present study regarding
oils from Portuguese centenarian olive trees, with the average oxidative stability ranging
from 18 to 19 h and a maximum value of 44.5 h. Similar findings have been reported
for olive oils produced in other geographical regions [13,20,40]. On the other hand, the
DPPH antioxidant method consistently yielded values between the years, with the average
inhibition ranged from 53 to 57%. The presence of different phenolic compounds in varying
concentrations contributes to the unique characteristics of an olive oil, including its flavor,
aroma, quality, as well as its relevance in terms of nutrition and shelf-life [60]. Exploring
the antioxidant activity offers promising prospects in characterizing centenarian olive trees.

3.6. Discrimination of Olive Oils by Crop Year

The observed climate variations in 2020 and 2021 had a noticeable impact on the
composition of the studied olive oils. Specifically, the fatty acids, tocopherols, phenolic
acids, and antioxidant activity of the oils were affected. These effects provide an opportu-
nity to differentiate the oils based on their crop year using principal component analysis
(PCA). The PCA analysis, which considered 17 independent variables (OS; DPPH; ABTS;
hydroxytyrosol; tyrosol; «-, 3-, and y-tocopherol; TPC; Cy6.0, C16:1, Ci8:0, C18:1, Ci8:2, C18:3,
Co0.0, and Cyq.1), revealed three main components: PC1, PC2, and PC3. These components
accounted for 37.0%, 16.5%, and 12.3% of the data variability, respectively. Consequently, it
became possible to distinguish different batches of olive oil based on the harvest years, as
depicted in Figure 2. Olive oils harvested in 2020 were positioned in the positive quadrant
of PC1 and negatively in terms of PC2 and PC3. Conversely, olive oils from the 2021 harvest
exhibited an opposite pattern, with positive values for PC2 and PC3, and negative values
for PC1.

PC 2

PC 3

PC1

Figure 2. 3D PCA plot (PC1: 37%, PC2: 16.5%, and PC3: 1.2%): olive oils extracted from olives of
centenarian olive trees located in the C6a Valley (Portugal) unsupervised differentiation according
to the harvest year (2020: black e; 2021: green A) based on 17 independent variables (OS; DPPH;
ABTS; hydroxytyrosol; tyrosol; o-, 3-, and y-tocopherol; TPC; Cy4.9, C16:1, C18:0, C18:1, Cis:2, Cis3,
Coo:0, and Copr1).
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To further validate the effectiveness of the unsupervised classification, linear discrim-
inant analysis (LDA) was employed in combination with the simulated annealing (SA)
variable selection algorithm. This approach aimed to identify the most relevant variables
among the initial 17 used in PCA, focusing on those with the highest discriminatory power.
By utilizing data from seven selected variables (ABTS; o-, 3-, and y-tocopherol; TPC; Cy4.0,
and Cyg,), a classification LDA-SA model was developed.

This model successfully discriminated the analyzed oils based on their respective
harvest year (2020 or 2021), achieving sensitivities of 100% and 98% for the training and
leave-one-out cross-validation (LOO-CV) procedures, respectively. Notably, in the LOO-CV
validation, only one oil from 2021 was misclassified as belonging to 2020.

4. Conclusions

The primary objective of this study was to examine how interannual climatic condi-
tions influence the composition of olive oil derived from centenarian olive trees. These trees
have endured diverse environmental conditions throughout the years and possess genetic
potential to enhance agroecosystem resilience. Over a two-year period, the impact of yearly
variations on the oils extracted from 25 centenarian olive trees of the Céa Valley region was
analysed. The findings revealed significant effects of climatic variations observed during
the years 2020 and 2021, particularly on fatty acids, tocopherols, phenolic acids, and antiox-
idant activity in the oils under investigation. During warmer years, especially during the
fruit development period, the concentration of palmitic acid, the most variable compound,
reached 15.22%, while in colder climates, it reached 13.53%. Regarding tocopherols, only
the influence of the year was observed for 3-tocopherol. Furthermore, abnormal rainfall
caused by storms was found to potentially alter the composition of phenolic compounds.
Water scarcity creates a state of stress that increases the production of phenolics in olive
oils. Excess water will lead to a decrease in phenolic content. Although these results
are preliminary, they provide a foundation for future studies exploring the response of
centenarian olive trees to different scenarios. Understanding these changes is crucial for
informed decision making.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy13122884 /51, Table S1: Mean =+ standard deviation (%)
of the relative abundance of fatty acids determined in olive oils extracted from olives of centenarian
olive trees located in the Cda Valley, Portugal, for two consecutive crop years (2020 and 2021); Table S2:
Tocopherols (x-, 3-, and y-) and total vitamin E mass contents (mean =+ standard deviation, mg/kg
of olive oil) for olive oils extracted from olives of centenarian olive trees located in the Coa Valley
(Portugal), for two consecutive crop years (2020 and 2021); Table S3: Hydroxytyrosol, tyrosol and
total hydroxytyrosol + tyrosol based compounds (mean =+ standard deviation, mg/kg of olive oil)
for olive oils extracted from olives of centenarian olive trees located in the Coa Valley (Portugal), for
two consecutive crop years (2020 and 2021); Table S4: Oxidative stability (hours). DPPH and ABTS
(inhibition %) and total reduction capacity (mg GAE per kg of oil) (mean =+ standard deviation) for
the olive oils extracted from olives of centenarian olive trees located in the Coa Valley (Portugal) for
two consecutive crop years (2020 and 2021).
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Abstract: To investigate the effects of low-temperature (LT) stress on photosynthetic properties
and senescence characteristics of winter wheat leaves during the jointing stage, an environmental
temperature control experiment was designed at Nanjing University of Information Science and
Technology in 2023, using Triticum aestivum L. cv. “Ji Mai 22" as the test material. Four different tem-
perature levels were set: 18 °C/8 °C (daily maximum /daily minimum temperature; CK), 13 °C/3 °C,
10°C/0°C, and 7 °C/3 °C. The duration of each treatment was 2, 4, and 6 days, respectively. The
experimental findings reveal that the changes in physiological parameters of winter wheat leaves
under low-temperature stress treatments are nonlinear. Under the 3 °C LT treatment, the photo-
synthetic parameters and endogenous hormone levels of wheat leaves significantly decrease after
6 days of stress. Under the 0 °C LT treatment, the photosynthetic parameters, leaf pigment content,
and endogenous hormones of wheat decrease significantly, while under the —3 °C LT treatment, all
the parameters of winter wheat leaves show a significant decline. Generally, the “Ji Mai22” wheat
cultivar has a lower growth temperature limit of —3 °C during the jointing stage.

Keywords: wheat (Triticum astivum L. cv.); net photosynthetic rate; stomatal conductance; transpiration
rate; chlorophyll content; protective enzyme activity; endogenous hormone levels

1. Introduction

Wheat (Triticum astivum L. cv.) belongs to the genus Triticum in the Poaceae family,
which is classified into two types based on sowing time: spring wheat and winter wheat.
Winter wheat is sown in autumn and is known for its strong cold resistance. Wheat is the
world’s largest cereal crop and is widely distributed globally due to its strong adaptabil-
ity [1]. Winter wheat accounts for about 75% of the total global wheat area. In particular,
China is the largest producer of wheat in the world, with winter wheat accounting for over
80% of the total wheat area and over 85% of the total wheat production [2]. Among them,
the Huang-Huai-Hai wheat-growing region in China is the largest wheat-producing area,
with a wheat planting area of 240 million acres, accounting for 68% of China’s wheat area.
Therefore, safe production of winter wheat plays a vital role in ensuring China’s—and
global—food security [3]. The experimental materials in this study were selected from the
largest winter wheat variety, “Ji Mai 22,” in the Huang-Huai-Hai region of China. With its
strong tillering ability and high yield, “Ji Mai 22” has an average annual expansion area
of 15 million acres, with a total planting area exceeding 2.35 billion acres, ranking first
in China.

Low-temperature (LT) stress is one of the primary meteorological disasters that affect
the growth and development of winter wheat [4]. In recent years, with the backdrop
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of global climate instability, extreme temperature events have become more frequent.
The Huang-Huai-Hai region in China has witnessed frequent occurrences of extreme LT
disasters, such as hail and snow, during spring. These events have inflicted substantial
losses on local agriculture and have led to significant reductions in wheat production in
some areas [5]. After the jointing stage, the cold resistance of winter wheat decreases,
making it highly sensitive to LT stress [6,7]. The frequent occurrence of low-temperature
stress during the jointing stage has become a major threat to the safe production of winter
wheat in China. Therefore, by studying the changes in various physiological parameters
of the predominant variety “Ji Mai 22” leaves under different LT stresses in the Huang-
Huai-Hai region, which is prone to frequent LT disasters, we can not only separate the
low-temperature disaster indicators during the jointing stage of “Ji Mai 22” but also provide
a basis for scientific cultivation management of wheat in China and global winter wheat
production [8].

Photosynthesis is an important physiological process in crop metabolism, and it is
also one of the first physiological functions of plants to be affected under LT stress [7]. The
slightly lower temperatures can activate subcellular antioxidant systems and enhance the
tolerance of winter wheat to subsequent LT stress, while excessive LT stress can inhibit
wheat growth by suppressing oxidative bursts in the photosynthetic apparatus [9]. Scholars
have found that under LT stresses, the net photosynthetic rate, transpiration rate, and
stomatal conductance of winter wheat leaves decrease with decreasing stress temperature,
while the intercellular carbon dioxide concentration shows a trend of initially decreasing
and then increasing with decreasing stress temperature [10]. Photosynthesis in wheat
leaves is weakened at 0 °C, and photosynthetic organs are damaged at temperatures
below —2 °C [11]. Under LT stress, the photosynthetic activity of “Ji Mai 22” winter wheat
decreased more significantly with the increasing severity of the stress, reaching its limit at
—7 °C[12]. LT stress also limited the degree of stomatal opening in wheat, resulting in an
increase and then a decrease in photosynthetic rate, while photosynthetic pigment content
tended to decrease [13,14].

The senescence characteristics of winter wheat leaves have a significant impact on
yield formation, and many scholars have conducted extensive research on chlorophyll,
protective enzyme activity, and endogenous hormones [15-17]. LT stress significantly
reduces the activity of pigment synthesis enzymes in winter wheat, leading to a decrease in
chlorophyll content [18]. Using spectral monitoring techniques for diagnosing leaf chloro-
phyll content under LT stress, it was observed that with increasing severity of LT stress,
the chlorophyll content in winter wheat leaves showed a trend of initially increasing and
then decreasing [19]. LT can cause the accumulation of a large amount of reactive oxygen
species in winter wheat leaves during the jointing stage, leading to lipid peroxidation of
cell membranes [20]. Research has shown that the activity of superoxide dismutase (SOD)
and peroxidase (POD) in the leaves of cold-resistant winter wheat varieties significantly
increases with the increasing severity of LT stress [21]. Under three LT stresses, the activities
of SOD, POD, and CAT protective enzymes in winter wheat leaves significantly increased,
while the number and weight of grains per year decreased significantly, and the changes in
the number of wheat plants and thousand-grain weight were not significant [22].

Endogenous hormones play a critical regulatory role in plant growth, development,
and response to stress. Previous studies on the relationship between endogenous hormones
and cold resistance in winter wheat have shown that under stress conditions, the levels
of indole-3-acetic acid (IAA) and gibberellins (GA) in the roots and floral organs during
the booting stage decrease [23], while abscisic acid (ABA) significantly accumulates [24],
exerting a significant impact on wheat yield. Cold stress leads to a significant accumulation
of ABA in the leaves during the flowering stage of winter wheat, and with increasing
severity of LT stress, the levels of ABA, IAA, and GA in the leaves show a trend of initially
increasing and then decreasing [25].

The adaptability of plants to LT stress has always been a global research topic, and LT
stress is a challenge faced by agricultural development in China [26]. Currently, research
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on the growth and development of winter wheat mainly focuses on the economic yield
formation stage after heading and flowering, while there is less research on the sensitive
jointing stage. Studies on endogenous hormones in winter wheat are mainly related to
tillering and growth, with limited research on leaf stress resistance. We hypothesize that
the physiological parameters of winter wheat leaves do not continuously decrease as the
severity of LT stress increases. Within a certain range of LT, leaves may trigger their self-
protection mechanisms, leading to an increase in some physiological parameters. However,
when the temperature stress reaches the limits that the leaves can withstand, growth ceases
and the leaves begin to senesce. Therefore, this study aims to (1) explore the effects of
LT stress on the photosynthetic properties of winter wheat leaves; (2) study the changes
in protective enzyme activity in winter wheat leaves under LT stress; (3) investigate the
variations of endogenous hormones (ABA, IAA, CTK, GA) in winter wheat leaves under LT
stress; (4) use correlation to analyze the effects of different LT stresses on the photosynthetic
and senescence characteristics of “Ji Mai 22” winter wheat, and propose the minimum
temperature suitable for its growth, so as to provide a scientific basis for the prevention
and control of LT disasters during the wheat jointing stage.

2. Materials and Methods
2.1. Experimental Designs

The winter wheat variety “Ji Mai 22” (semi-winter variety) from China was selected
as the experimental material. Winter wheat seeds were procured from greenhouse growers
in Nanjing, China, and were planted in mid-October 2022 in a Venlo-type greenhouse
at Nanjing University of Information Science and Technology (NUIST). The dimensions
of the greenhouse were 5.0 m (height) x 9.6 m (width) x 30.0 m (length), with a north—
south orientation. Scholars have conducted extensive research on the suitable temperature,
humidity, soil environment, planting density, and other factors in the Huang-Huai-Hai
wheat-growing region [27,28]. In this study, we have taken into consideration these indica-
tors to establish our parameters. The planting density was 300 plants-m?. The soil medium
consisted of peat soil: perlite: vermiculite 2:1:1 (v/v/v), with pH ranging from 7.5 to 8. At
the time of sowing, compound fertilizer (N-P-K: 30%-10%-30%) as a basal fertilizer was
applied at 2500 g/m?, diluted with water (fertilizer: water = 1:100). The winter wheat
was irrigated once every 7 days, ensuring that each plant was irrigated to 70% of the field
capacity (monitored by a soil moisture meter) to avoid water deficiency.

According to the suitable growth conditions for winter wheat [29], the temperature
inside the greenhouse was set at 8 °C (minimum)/18 °C (maximum). The humidity was set
at 75% = 5, and the light intensity was set at 800 umol-m~2-s~!. The photoperiod was set
at 12/12 h (daytime from 6 a.m. to 6 p.m.). When the base internode of the wheat started
elongating and was exposed 2 cm above the soil surface (jointing stage), the winter wheat
was transplanted into nutrient pots with a height of 25 cm, upper diameter of 20 cm, and
lower diameter of 18 cm. In each nutrient pot, five holes were dug near the middle position,
and three plants were transplanted in each hole. The soil medium in the pots consisted of
peat soil: perlite: vermiculite in a ratio of 2:1:1 (v/v/v). Two days after transplantation, a
foliar fertilizer was applied, using a compound fertilizer (N-P-K: 15%-15%-15%) and urea.
The ratio of compound fertilizer to urea was 4:1, and the diluted fertilizer was applied at
a rate of 2000 g per square meter, diluted with water at a ratio of 1:600 (fertilizer: water).
During the experiment, the plants were watered at least every two days (most of the time,
watering was done once or twice a day). All plants were irrigated to 80% of the field
capacity (monitored using a soil moisture meter) to avoid water deficiency. The potted
plants were placed in a controlled environment chamber (TPG1260, Australia) for the
environmental control experiment (Table 1).
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Table 1. Experimental design.

Marker Treatments Temperature [°C] Duration [d]
T1 CK-2d 18/8 2
T2 CK-4d 18/8 4
T3 CK-6d 18/8 6
T4 3-2d 13/3 2
T5 3-4d 13/3 4
T6 3-6d 13/3 6
T7 0-2d 10/0 2
T8 0-4d 10/0 4
T9 0-6d 10/0 6

T10 —3-2d 7/-3 2
T11 —3-4d 7/-3 4
T12 —3-6d 7/-3 6

(1) To make it easier to analyze the study’s results, “minimum temperature-stress days” represent each treatment
in the subsequent expressions. (2) To make the experimental results easy to observe, the T1, T2, and T3 treatments
at the control temperature were collectively referred to as CK.

The environment chamber temperatures were designed according to the range of low
temperatures that occur in northern China during the post-spring winter wheat jointing
stage [30,31], as shown in Figure 1. Four temperature levels (daily maximum tempera-
ture/daily minimum temperature) were set: 7 °C/—3 °C, 10 °C/0 °C, 13 °C/3 °C, and
18 °C/8 °C (CK). The light intensity was set at 800 umol-m2-s!, and the duration was
2, 4, and 6 days, respectively. During the experiment, the relative humidity was set at
70 = 5%, and the photoperiod was set at 12/12 h (daytime from 6:00 a.m. to 6:00 p.m.).
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Figure 1. The setting of dynamic temperature and humidity of an artificial climate chamber.

2.2. Experimental Treatments and Leaf Sampling

On the morning of the day when the LT experiments commenced at 8 a.m., winter
wheat at the jointing stage, exhibiting relatively uniform growth, was randomly selected
and subjected to LT treatments within an artificial climate chamber. There was a total of
12 LT treatments. On the one hand, the recommended planting density for wheat is 200
300 plants-m?. On the other hand, it was necessary to include a sufficient number of wheat
plants in each LT treatment to measure various parameters. Therefore, for each LT treatment,
11 pots of winter wheat were placed (2 pots for measuring photosynthetic parameters,
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2 pots for measuring protective enzyme activity, 2 pots for measuring pigment content,
2 pots for measuring endogenous hormones, and 3 spare pots), with each environmental
chamber having an area of 2.25 m? and a total of 12 environmental chambers simultaneously
conducting treatments.

At the end of the LT stress periods on day 2 (48 h), day 4 (96 h), and day 6 (144 h),
winter wheat at the jointing stage, exhibiting relatively uniform growth, was selected for
the measurements of photosynthetic parameters and pigment content. Additionally, fresh
samples of the selected leaves were wiped clean and placed in zipper bags, then rapidly
frozen in liquid nitrogen, and stored at —80 °C to measure protective enzyme activity and
endogenous hormone content. Each of the measured indicators was sampled three times.

2.3. Testing Content and Methods of Measurement
2.3.1. Determination of Light Response Parameters

Light curve data of winter wheat leaves were measured using the LI-6400 Portable
Photosynthesis System (LI-COR Biosciences Inc., Lincoln, NE, USA) between 9:00 a.m. and
11:00 a.m. on sunny days. Measurements were taken at the same blade position of the
fully expanded penultimate leaf. During the measurements, the leaf chamber temperature
in the LI-6400 was set at 24 °C, the CO, concentration was set at 400 pmol-mol~!, and
photosynthetically active radiation (PAR) was set at 1800, 1600, 1400, 1200, 1000, 800, 600,
500, 400, 300, 200, 100, 50, and 0 pmol-m~2-s~! [32]. The measured parameters included
Pn (net photosynthetic rate), Gs (stomatal conductance to water vapor), Tr (transpira-
tion rate), etc. When measuring the photosynthetic characteristics, three LI-6400 instru-
ments were simultaneously used to measure three wheat leaves and three replicates were
used for the determination of photosynthetic characteristics. The values are presented as
“mean + standard deviation (SD)”.

The light response curve data of winter wheat leaf were fitted with a rectangular
hyperbolic model after measurement [33]. The expression of the model is as follows:

1—BI
i)=a——I—-R 1
where « represents the slope of the light response curve of plant photosynthesis at I =0,
that is, the initial slope of the light response curve, also known as the initial quantum
efficiency. {3 represents the correction coefficient, v is a coefficient independent of light
intensity, and Rd represents dark respiration.

2.3.2. Determination of Chlorophyll Content

The determination of chlorophyll content was conducted following the method pro-
posed by Li [34] as follows. Select healthy and mature leaf samples from the top of winter
wheat plants. Gently wipe the leaf surfaces to remove dust and remove the leaf veins.
Weigh 0.2 g of leaf and then crush it into small pieces. Place the crushed leaf in 25 mL of
95% ethanol solution, seal it, and protect it from light for 48 h until the complete extraction
of chlorophyll from the leaf. Measure the absorbance at 665 nm, 649 nm, and 470 nm
wavelengths using a spectrophotometer (UV1800 Shimadzu) for colorimetric determina-
tion, with three replicates for each treatment. Calculate the chlorophyll content using the
following formula:

chla = 13.95Dgs5 — 6.88Deso )

chlb = 24.96Dggs — 7.32Dggs 3)
chl(a+b) = chla + chlb (4)

car = (1000D47o — 2.05Chla — 114.8Chlb) /245 )

where chla, chlb, chi(a + b), and car represent chlorophyll a (mg-g~!), chlorophyll b
(mg-g~1), total chlorophyll (mg-g~!), and carotenoids (mg-g 1), respectively. D665, D649,
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and D470 represent the absorbance values of the extracting solution at 665 nm, 649 nm, and
470 nm, respectively.

2.3.3. Determination of Protective Enzyme Activity

In each wheat plant, weigh 0.5 g of single-leaf samples from the same position at the
top leaf and place them into a mortar. Add 5 mL of phosphate buffer solution with a pH of
7.8. Grind the mixture in an ice bath and then transfer the homogenate into a centrifuge
tube. Freeze the tube and centrifuge for 20 min. Finally, transfer the supernatant (enzyme
solution) into a test tube and store it at 0—4 °C.

The activity of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) is
determined by the nitroblue tetrazolium (NBT) colorimetric method [35,36], the guaiacol
method [37], and the UV spectroscopic method [38], respectively.

2.3.4. Determination of Endogenous Hormone Content

First, prepare 0.1 g/zeatin (ZT), 0.01 g/abscisic acid (ABA), 0.1 g/indole-3-acetic acid
(IAA), and 5 g/gibberellin (GA) mother solutions separately. Mix these reagents to prepare
a series of standard mixed solutions with different concentrations and store them in brown
volumetric flasks at 4 °C for further use.

The second step involves referring to the method of Yang et al., with some modifica-
tions [39-41] to analyze the four endogenous hormones, zeaxanthin (ZT), gibberellin (GA),
indole-3-acetic acid (IAA), and abscisic acid (ABA), using high-performance liquid chro-
matography (HPLC). Specifically, use 10 mL of 80% cold methanol for overnight extraction
of frozen plant samples. Filter the extract and then perform two additional extractions using
10 mL of 80% cold methanol. Combine the clear extracts from each extraction. Deodorize
the residue with an equal volume of petroleum ether. Discard the ether phase and retain
the aqueous phase. Repeat this step three times. Evaporate the combined aqueous phase
under reduced pressure at 37 °C until the volume is reduced to one-fourth of the original
volume. Adjust the pH of the solution to 2.8 and then extract with an equal volume of ethyl
acetate. Discard the aqueous phase, and combine the ester phase. Repeat this step three
times. Evaporate the ester phase under reduced pressure at 37 °C until it reaches a volume
of 1 mL. Adjust the volume to 2 mL with methanol, and after filtration through a 0.45 pm
microporous membrane, the solution will be ready for analysis.

The chromatographic column used in the experiment is Agilent 5 HC-C18 (150 x 4.6 mm,
5 um). The mobile phase used is a mixture of methanol and 0.075% acetic acid aqueous
solution in a ratio of 45:55 with a flow rate of 0.7 mL/min. The column temperature is
set at 35 °C, and each injection volume is 20 puL. The wavelength range for detection is
210 nanometers.

2.4. Statistical Analysis

For statistical analyses in this investigation, all data were the mean + standard devi-
ation (SD) of 3 biological replications. In order to investigate the effects of temperature,
duration, and their interaction on various physiological parameters of leaf tissue, SPSS
24.0 (SPSS Inc., Chicago, IL, USA) was used for two-way ANOVA, Duncan’s multiple
comparison test (p = 0.05), and correlation analysis.

3. Results
3.1. Effect of LT on the Photosynthetic Characteristics of Wheat Leaves
3.1.1. Effect of LT Stress on Photosynthetic Rate (Pn) of Leaves

Figure 2 shows changes in the light response curve of winter wheat leaves under
different LT stresses. From Figure 2a, it can be observed that except for the —3 °C treatment,
the photosynthetic rate (Pn) of winter wheat leaves showed no significant difference during
the first 400 pumol-m~2-s~! of PAR (photosynthetically active radiation) and then slightly
decreased after reaching the light saturation point. Under the CK treatments, the Pn of
wheat leaves reached a maximum of 29.16 pmol-m—2-s~! at a PAR of 1600 pumol-m—2-s~ 1.
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Under the 3 °C treatments, the Pn of leaves reached a maximum of 25.67 pmol-m~2-s~ 1 at

a PAR of 1200 umol-m~2-s~1, which was 88.03% of the CK value. Under the 0 °C treatment,
the Pn of leaves reached a maximum of 18.15 umol~m’2~s’1 ata PAR of 1000 pmol-m’zs’l,
which was 62.24% of the CK value. Under the —3 °C treatment, the Pn of leaves reached a
maximum of 2.24 umol-m~2:s~! at a PAR of 400 pumol-m~2-s~!, which was only 7.70% of
the CK value and showed an unclear changing trend. From Figure 2b,c, it can be observed
that the trend of Pn in winter wheat leaves remained consistent with the 2d LT stress when
subjected to 4d and 6d stress. However, the Pn at the light saturation point is lower in
the prolonged stress conditions compared with the 2d stress. Furthermore, under —3 °C

treatment, the maximum net photosynthetic rate of winter wheat tended toward 0.

CK 3 oc

=-3°C

Pn(pumol-m?s)

(©)

0 400 600 800 1000 1200 1400 1600 1800 2000

PAR(umolm?sT)

Figure 2. Changes in the light response curves of winter wheat leaves under different LT (low-
temperature) stresses. (a) Light response curves under various LT stresses after 2 days of treatment.
(b) Light response curves under various LT stresses after 4 days of treatment. (c) Light response curves
under various LT stresses after 6 days of treatment. Three replicates were used for determination,
and each value is presented as “mean =+ standard deviation (SD)”.

In conclusion, the photosynthetic rate of winter wheat leaves under different treat-
ments increased to a saturation point and then slightly declined. As the severity of LT stress
increased, the net photosynthetic rate of winter wheat leaves reached the light saturation
point more quickly, but with a smaller maximum net photosynthetic rate. The —3 °C LT
stress had a significant impact on the photosynthetic rate of winter wheat leaves, almost
causing a complete cessation of photosynthesis in the leaves.

96



Agronomy 2023, 13, 2650

3.1.2. Effect of LT Stress on Stomatal Conductance (Gs) of Leaves

Stomata are the main channels through which plants exchange gases with the external
environment. They play a crucial role in balancing water loss and gaining carbon for
biomass production. Stomatal conductance (Gs) represents the degree of stomatal opening
and is a major factor influencing plant photosynthesis, respiration, and transpiration [42].
Figure 3 shows changes in Gs of winter wheat leaves under different LT stresses. From
Figure 3a, it can be observed that for the same duration of stress, Gs of winter wheat
leaves decreased significantly with lower stress temperatures. Among them, Gs under T4
treatment showed little change compared with T1, while Gs of winter wheat leaves under
T10 treatment reached a maximum of 0.03 mmol-m2-s~! at a PAR of 1800 pmol-m—2-s71,
only 33.04% of the maximum value of T1. From Figure 3b, it can be seen that when PAR
was between 100-200 umol-m’2~s’l, Gs of leaves under T2, T5, T8, and T11 treatments
rapidly increased, followed by a slow overall increase. Gs of leaves under the T8 treatment
was significantly lower than that under the T5 treatment. From Figure 3c, it can be seen
that after 6 days of stress, Gs of leaves under T10 treatment could still maintain a relatively
high level, while Gs of leaves under T6 treatment decreased significantly compared with
2d and 4d stresses. Gs of leaves under T9 and T12 treatments remained at a lower level.

0.6
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=2 @
S 3

Gs(mmol-m2s7)
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0 200 400 600 800 1000 1200 1400 1600 1800 2000
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Figure 3. Changes in Gs (stomatal conductance to water vapor) of winter wheat leaves under different
LT (low-temperature) stresses. (a) Gs variation under various LT stresses after 2 days of treatment.
(b) Gs variation under various LT stresses after 4 days of treatment. (c) Gs variation under various LT
stresses after 6 days of treatment. Three replicates were used for determination, and each value is
presented as “mean =+ standard deviation (SD)”.

In summary, as the severity of LT stress increases, Gs of winter wheat leaves tended
to decrease. Specifically, a significant decrease in Gs under 3 °C LT stress occurred after
6 days of stress, while a noticeable decrease in Gs under 0 °C LT stress occurred after
4 days of stress. Under —3 °C LT stress, Gs of leaves remained at a consistently lower level
throughout the stress period.
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3.1.3. Effect of LT Stress on Leaf Transpiration Rate (Tr)

Transpiration of winter wheat leaves can help regulate temperature [43]. Figure 4
shows changes in the leaf transpiration rate (Tr) of winter wheat leaves under different
LT stresses. From Figure 4a, it can be observed that except for the T10 treatment, Tr of
winter wheat leaves under the other LT treatments rapidly increased with increasing PAR
and then stabilized. As the severity of LT stress increased, leaf Tr decreased. Under the
T10 treatment, Tr of leaves remained constant at a level of 0.30 mmol-m—2-s~!, which was
only 8.62% of the highest value under the T1 treatment. From Figure 4b, it can be seen that
leaf Tr under the T2 treatment remained at a relatively high level, while Tr under the T5
treatment reached its peak and decreased significantly earlier than under the T4 treatment.
Tr of leaves under T8 and T11 treatments remained at a lower level. From Figure 4c, it
can be seen that leaf Tr under the T3 treatment remained at a higher level. Tr of leaves
under the T6 treatment reached its peak earlier than under the T5 treatment and was higher
than under the T3 treatment when PAR was between 100-600 pmol-m~2- s~1, then rapidly
decreased. Tr of leaves under T9 and T12 treatments remained at a lower level.
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Figure 4. Changes in leaf Tr (transpiration rate) of winter wheat leaves under different LT (low-
temperature) stresses. (a) Variation of Tr under various LT stresses after 2 days of treatment. (b) Vari-
ation of Tr under various LT stresses after 4 days of treatment. (c) Variation of Tr under various LT
stresses after 6 days of treatment. Three replicates were used for determination, and each value is
presented as “mean =+ standard deviation (SD)”.
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In summary, as the severity of LT stress increases, the transpiration rate (Tr) of winter
wheat leaves decreases significantly. Under CK treatment, the Tr of winter wheat leaves
steadily increases. Under 3 °C treatments, the Tr of winter wheat leaves declines notably
after 6 days of stress. Under 0 °C and —3 °C treatments, the Tr of winter wheat leaves
remains consistently at a lower level.

3.2. Effect of LT Stress on the Pigment Content of Winter Wheat Leaves

The temperature stress duration and the interaction between temperature and stress
duration have a highly significant impact (p < 0.05) on the content of chlorophyll a (chla),
chlorophyll b (chlb), total chlorophyll content (chl(a + b)), and carotenoids (car) (shown in
Table S1).

From Figure 5a, it can be observed that under T1, T2, and T3 treatments, the chla
content in wheat leaves showed an increasing trend, indicating that the leaves were in the
growth phase. In the early stage of stress (2d), there was not much difference in chla content
among the different LT treatments compared with T1. With an increase in the severity of LT
stress, under 3 °C and 0 °C treatments, the chla content in wheat leaves slightly increased
during the middle stage of stress (4d) and significantly decreased during the later stage
(6d). Under the T8 treatment, the chla content reached the maximum value of 3.22 mg-g~!,
showing a growth of 7.04% compared with the T2 treatment. Under the —3 °C treatment,
the chla content in wheat leaves showed a continuous decreasing trend and reached the
minimum value of 2.14 mg-g~! under the T12 treatment, representing a decrease of 33.72%
compared with the T3 treatment.
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Figure 5. Changes in the leaf pigment content of winter wheat leaves under different LT (low
temperature) stresses. (a) Chlorophyll a content. (b) Chlorophyll b content. (c) Total chlorophyll
content. (d) Carotenoid content. Three replicates were used for determination, and each value is
presented as “mean =+ standard deviation (SD)”. Note: Lowercase letters represent Duncan’s test
with p < 0.05.
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Figure 5b shows changes in chlb content of winter wheat under different LT stress
levels. From the figure, it can be observed that similar to chla, chlb in wheat leaves also
exhibited an increasing trend under T1, T2, and T3 treatments. Under 3 °C treatment, there
was not much difference in chlb content compared with T1, T2, and T3, as the severity of
LT stress increased. Under 0 °C treatment, the chlb content in wheat leaves showed little
change during the early to middle stages of stress (2—-4d) but significantly decreased during
the later stage (6d), compared with T1 and T2 treatments. Under the —3 °C treatment, the
chlb content in wheat leaves continuously decreased with the increasing severity of LT
stress. It reached the minimum value of 0.64 mg-g~!, representing a decrease of 40.72%
under the T12 treatment, compared with the T3 treatment.

Figure 5c shows changes in the total chlorophyll content of winter wheat under
different LT stresses. From the figure, it can be seen that under 3 °C and 0 °C treatments,
the total chlorophyll content in wheat showed a slight increase during the early to middle
stages of stress (2—4d) and a decrease during the later stage (6d), with a more pronounced
decrease under 0 °C treatment compared with 3 °C treatment. Under the —3 °C treatment,
the total chlorophyll content in wheat continuously decreased with the increasing severity
of LT stress.

Figure 5d shows changes in car content of winter wheat under different LT stress
levels. From the figure, it can be seen that during the early stage of stress (2d), there was
not much difference in car content among the different LT treatments compared with T1.
During the middle stage of stress (4d), the carotenoid content in wheat showed little change
under different LT treatments compared with the early stage, but there was a significant
difference compared with T2. As the severity of LT stress increased, the car content in
wheat under all treatments decreased significantly. Under the T12 treatment, it reached the
minimum value of 0.36, representing a decrease of 41.90% compared with the T3 treatment.

3.3. Effect of LT Stress on the Activity of Protective Enzymes in Winter Wheat Leaves

The temperature, stress duration, and the interaction between temperature and stress
duration have a highly significant impact (p < 0.05) on the activity of catalase (CAT),
superoxide dismutase (SOD), and peroxidase (POD) in winter wheat leaves (shown in
Table S2).

The CAT activity in winter wheat leaves under different LT stress conditions is shown
in Figure 6a. From the figure, it can be seen that CAT activity in winter wheat leaves
significantly increases with the severity of LT stress under 3 °C and 0 °C treatments. The
largest increase in CAT activity is observed under the 0 °C treatment, reaching a maximum
value of 8.02 U-g~!-min~! at T9, which is a 40.13% increase compared with the T3 treatment.
Under —3 °C treatment, CAT activity in winter wheat leaves decreases significantly with
the severity of stress. At T12, CAT activity is the lowest, which is 4.26 U- g’l-min’l,
representing a 30.61% reduction compared with the T3 treatment.

The activity of SOD in winter wheat leaves under different levels of LT stress is shown
in Figure 6b. From the graph, it can be observed that the LT stress at 3 °C has a minimal
impact on the SOD activity in winter wheat leaves. However, as the severity of LT stress
increases, there is a clear increasing trend in SOD activity. Under —3 °C treatment, the SOD
activity in the leaves shows the most significant enhancement with the increasing severity
of LT stress. In the T12 treatment, it reaches a maximum value of 296.5 2 U-g’1 .min~?,
which is a 66.14% increase compared with the T3 treatment. This indicates that winter
wheat leaves are able to maintain effective scavenging of reactive oxygen species even
under —3 °C LT stress.
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Figure 6. Changes in leaf protective enzyme activity of winter wheat leaves under different LT
(low temperature) stresses. (a) The activity of CAT (catalase). (b) The activity of SOD (superoxide
dismutase). (c) The activity of POD (peroxidase). Three replicates were used for determination, and
each value is presented as “mean + standard deviation (SD)”. Note: Lowercase letters represent
Duncan’s test with p < 0.05.

The activity of POD in winter wheat leaves under different levels of LT stress is shown
in Figure 6¢c. From the graph, it is evident that similar to CAT activity, there is a noticeable
trend of increasing POD activity with the severity of LT stress, reaching a maximum value
of 175.03 U-g~!-min~! in the T9 treatment, which is an 18.21% increase compared with
the T3 treatment. However, under —3 °C treatment, the POD activity in winter wheat
leaves exhibits a significant increase in the early stages of stress (2d), followed by a notable
decrease in the later stages of stress (4-6d), reaching its lowest value of 101.13 U-g~!-min~!
in the T12 treatment, representing a 31.85% reduction compared with the T3 treatment.

3.4. Effect of LT Stress on Endogenous Hormones in Winter Wheat Leaves

The temperature, duration of stress, and the interaction between temperature and
stress duration have a significant impact on the content of zeatin (ZT), gibberellin (GA),
indole-3-acetic acid (IAA), and abscisic acid (ABA) in winter wheat leaves (p < 0.05) (shown
in Table S3).

Figure 7a shows changes in ZT content in winter wheat leaves under different LT
stresses. From the figure, it can be observed that during the early to middle stages (2—4d)
before cold stress, the ZT content in winter wheat leaves increased with the severity of
LT stress and was significantly higher than in the control (CK) treatment. Under the T8
treatment, the ZT content in the leaves reached a maximum of 28.17 pg- g’l, showing a
27.16% increase compared with the T2 treatment. In the later stage of stress (6d), the ZT
content in the leaves under all LT treatments sharply decreased. Under the T12 treatment,
it reached the lowest value of 16.24 pg-g~!, showing a 35.58% decrease compared with
the T3 treatment. This indicates that continuous 6d LT stress significantly affects the ZT
content in winter wheat leaves.

Figure 7b shows changes in GA content in winter wheat leaves under different LT
stresses. From the figure, it can be observed that during the early stage of LT stress (2d),
the GA content in the leaves under various LT treatments did not differ significantly from
the control (CK). However, as the severity of LT stress increased, there was a noticeable
downward trend in the leaf GA content. Among them, the leaf GA content was most
significantly affected by LT stress under the 3 °C treatment.
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Figure 7. Changes in leaf endogenous hormone content of winter wheat leaves under different LT
(low temperature) stresses. (a) The ZT (zeatin content) content. (b) The GA (gibberellin) content.
(c) The IAA (indole-3-acetic acid) content. (d) The ABA (abscisic acid) content. Three replicates
were used for determination, and each value is presented as “mean + standard deviation (SD)”.
Note: Lowercase letters represent Duncan'’s test with p < 0.05.

Figure 7c illustrates changes in IAA content in winter wheat leaves under different LT
stresses. From the figure, it can be observed that the IAA content in winter wheat leaves
under T1, T2, and T3 treatments increased with time, indicating that the wheat leaves were
in the growth stage. The IAA content in the leaves under various LT treatments showed an
initial increase followed by a decreasing trend. Among them, the IAA content in the leaves
under the T5 treatment reached a maximum value of 18.82 ug-g~!, an increase of 65.50%
compared with T2. However, in the later stages of stress (6d), the IAA content in the leaves
under all treatments remained at a lower level.

The effect of LT stress on the content of ABA in winter wheat leaves is shown in
Figure 7d. It can be observed that with the increase in the LT stress, the leaf ABA content
under each LT treatment shows a trend of increasing and then decreasing. Among them,
the ABA content of winter wheat leaves under T5 treatment reached the maximum value
of 0.68 ug-g~!, which increased by 30.83% compared with that of T2 treatment, while the
ABA content of leaves under T12 treatment reached the minimum value of 0.22 pug-g~!,
which decreased by 56.02% compared with that of T3.
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3.5. Correlation Analysis of Various Physiological Indexes of Winter Wheat Leaves with
Temperature and Duration Days

It can be seen that SOD activity and ZT content were negatively correlated with
temperature, and all of them showed an increasing trend with the decrease in temperature.
CAT activity, SOD activity, and chlb content were positively correlated with the number
of days of duration, and all of them showed an increasing trend with the increase in the
number of days of duration. Pn, Gs, and Tr showed highly significant correlations, and all of
them decreased with the increase in the degree of LT stress. Also, chla content, chlb content,
and chl(a + b) content showed highly significant correlations, all of which decreased
with the increase in LT stress. CAT activity and POD activity showed highly significant
correlations, all of which decreased with the increase in LT stress. ZT content, IAA content,
and ABA content showed highly significant correlations, all of which decreased significantly
with the increase in LT stress (Table 2).

Table 2. Correlation analysis.

Stress chl

Variants Temperature D. Pn Gs Tr chla chlb car POD CAT POD T GA 1AA ABA
ays (@a+b)
Temperature 1
Stress days 0 1
Pn 0.925 ** —0.134 1
Gs 0.927 ** —0.265 0.943 ** 1
Tr 0.910 ** —0.247 0.929 ** 0.901 ** 1
chla 0.242 —0.400 0.274 0.325 0.426 1
chlb 0.054 0.291 0 —0.048 0.084 0.705 * 1
chl(a + b) 0.199 —0.273 0.207 0.23 0.348 0.975 ** 0.845 ** 1
Car 0.125 —0.326 0.088 0.167 0.292 0.848 ** 0.710 ** 0.862 ** 1
POD 0.224 —0.124 0.409 0.185 0.376 0.405 0.393 0.429 0.178 1
CAT 0.199 0.214 0.397 0.135 0.352 0.447 0.501 0.494 0.221 0.910 ** 1
SOD —0.898 ** 0.116 —0.964 ** —0.888 ** —0.911* —0422 —0.134 —0.360 —0.190 —0.543 —0.538 1
ZT —0.417 —0.469 —0.061 —0.044 0.071 0.243 —0.287 0.093 0.149 —0.021 0.050 —0.052 1
GA 0.183 —0.749 ** 0.157 0.262 0.382 0.446 0.125 0.376 0.570 0.180 0.029 —0.187 0.202 1
T1AA 0.236 —0.228 0.290 0.348 0417 0.456 —0.098 0.314 0.480 0.030 0.068 —0.353 0.770 ** 0.294 1
ABA 0.122 —0.579 * 0.188 0.300 0.332 0.610* —0.042 0.447 0.535 0.079 0.082 —0.298 0.786 ** 0.540 0.851 ** 1

(1) ** denotes a highly significant correlation at p < 0.01; * denotes a significant correlation at p < 0.05. (2) Pn stands
for net photosynthetic rate, Gs stands for stomatal conductance to water vapor, Tr stands for transpiration rate,
chla stands for chlorophyll a content, chlb stands for chlorophyll b content, chl(a + b) stands for total chlorophyll
content, car stands for carotenoid content, POD stands for peroxidase activity, CAT stands for catalase activity,
SOD stands for superoxide dismutase activity, ZT stands for zeatin, GA stands for gibberellins, IAA stands for
indole-3-acetic acid, and ABA stands for abscisic acid.

4. Discussion

Numerous studies have shown that during the jointing stages of winter wheat, its cold
resistance is significantly reduced, making it unable to adapt to the adverse conditions of
late spring frost [44,45]. The jointing stage is a critical period that affects the yield of winter
wheat, and any LT damage occurring during this stage can cause irreparable losses to the
yield [46,47]. In this study, we conducted experiments involving different LT stresses using
the commonly cultivated winter wheat variety “Ji Mai 22” in China. We investigated the
effects of different LT stresses on photosynthetic characteristics, senescence characteristics,
and endogenous hormones of winter wheat leaves, and explored the relationship of each
physiological index with temperature and days of stress through correlation analysis.
This provides a scientific basis for the prevention of LT damage and the quantitative
management of winter wheat growth and development.

Photosynthesis is an essential physiological process in the growth and development of
winter wheat, which is affected by genetic and environmental factors, and its intensity can
be reflected by various factors, such as stomatal conductance (Gs) and transpiration rate
(Tr), which are closely related to the plant’s status and metabolic level [48]. In this study, it
was found that there was a highly significant positive correlation between Pn, Gs, and Tr in
winter wheat leaves under LT stress, and they all decreased with the increase in the degree
of LT stress. This is consistent with Fu’s finding that LT stress limits the photosynthetic
properties of winter wheat leaves [49]. This may be due to the fact that as the severity of LT
stress increases, winter wheat decreases stomatal opening and transpiration rate to maintain
temperature and leaf function, which leads to a decrease in net photosynthetic rate.

The leaf senescence characteristics of winter wheat can be observed from aspects such
as chlorophyll content and protective enzyme activity [12]. In this study, it was found that
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LT stress led to a decrease in chlorophyll content in winter wheat leaves, which is consistent
with the results of recent studies that found a decreasing trend of chlorophyll with the
increase in the degree of LT stresses [13,50]. On the one hand, LT stress reduces the activity
of chlorophyll synthesis enzymes, thus inhibiting chlorophyll synthesis. On the other
hand, LT slows down the metabolism of winter wheat, leading to insufficient raw materials
for chlorophyll synthesis, resulting in a decrease in chlorophyll content. The contents of
chla, chlb, and chl(a + b) were significantly correlated, and all of them decreased with the
increase in the degree of LT stress, whereas the content of car was not significantly affected
by LT stress, which may be attributed to the fact that LT stress is generally accompanied by
drought, and drought will obviously cause car to rise [51].

Under LT stress, plants typically increase the activity of one or more antioxidant
enzymes to adapt to the stress, and the increase in enzyme activity is generally associated
with enhanced resistance [52]. Jin’s research found that LT stress leads to an increase in
SOD, POD, and CAT activity [53]. In this experiment, it was observed that with increasing
severity of LT stress, SOD activity showed a continuous upward trend, while POD and CAT
activities decreased in T11 and T12 treatments. In other words, POD and CAT exhibited
an initial increase followed by a decrease with increasing LT stress severity. This may be
attributed to the partial loss of leaf physiological functions when the severity of LT stress
exceeds its tolerance limit, rendering the protective enzyme system ineffective. CAT activity
and POD activity were highly correlated, while SOD activity was not significantly affected
by LT stress, indicating that the SOD system in winter wheat leaves is more resistant to LT
stress than CAT and POD.

The jointing stage is a crucial period for endogenous hormone regulation in winter
wheat, and it is closely related to its yield [54]. This study found that as the severity of LT
stress increased, the content of ZT in the leaves showed an initial increase followed by a
decrease, while the GA content consistently decreased. This is consistent with the findings
of Yang, who reported a significant decrease in ZT and GA content in winter wheat leaves
under LT stresses [55]. The increase in ZT content in the early stages of leaf development
was found to enhance the activity of SOD, thereby increasing the cold resistance of the
leaves. However, as time progressed and temperature decreased, the growth of the winter
wheat leaves slowed down, leading to a significant decrease in ZT synthesis. The decreasing
trend of GA content indicated a reduction in the antiaging properties of the leaves under
LT stress. In addition, this experiment also observed the content of IAA and ABA. The IAA
content showed an initial increase (2-4d) followed by a decrease (4-6d) under LT stress.
The increase in the early stage may be caused by the onset of LT stress when the leaves
produce a certain degree of resistance, while the later decrease may be due to the fact that
when the stress exceeds the leaf’s ability to withstand stress, the leaf stops its metabolism.
On the other hand, the enhancement of POD activity is due to the reduction of free radicals
caused by LT stress at the same time and, also, to the degradation of the IAA. The ABA
content also showed a trend of increasing and then decreasing, as well as the elevation
of ABA content. On the one hand, LT promoted stomatal closure, which reduced water
runoff and, at the same time, reduced the damage caused by LT stresses. On the other
hand, the LT induced the production of some new proteins related to resistance, while the
decrease might be due to the fact that the leaves did not metabolize when the temperature
was low enough.

Although the study provides a detailed analysis of the changes in photosynthetic
and senescence characteristics of winter wheat leaves under different LT stresses, there
are still some limitations. In future experimental plans, we will continue to focus on
selecting a more representative range of spring wheat, winter wheat, and winter wheat
varieties. Additionally, we will attempt to conduct drought stress experiments. This will
help overcome the limitations of using a single variety and not considering drought stress
in our research. Through these experiments, we hope to gain a more comprehensive
understanding and make comparisons of the physiological responses of winter wheat at
the jointing stage to both low-temperature (LT) stress and drought stress.
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Abstract: The Quaternary red soil widely distributed in China is an important arable land resource.
A quantitative understanding of nutrient changes of Quaternary red soils under different land-use
patterns is the necessary premise for effective regulation, management, and sustainable utiliza-
tion. In this study, five typical Quaternary red soil profiles under different land-use patterns were
taken as the research object in Chaoyang City, Liaoning Province, China. The results showed that:
(1) Buried Quaternary red soils were minimally affected by external disturbances. The contents of
nitrogen (around 0.02%), phosphorus (ranging from 0.06% to 0.07%), and potassium (ranging from
3.12% to 3.50%) were at relatively low levels and homogeneously distributed with depth. (2) The
total nitrogen content of red soils under each land-use pattern showed an increasing trend in the
upper part of the profile (A and B horizons), and a sequence of woodland (CL-04) > grassland
(CL-03) > arable land (CL-05) = sparse forest—grassland (CL-02). The nitrogen content in the lower
part of different land-use patterns was about 0.02%. The phosphorus content of the topsoil layer
remained unchanged (ranging from 0.05% to 0.06%), while the subsoil phosphorus decreased to vary-
ing extents. The potassium experienced leaching in both topsoil and subsoil layers, with the topsoil
losses being lower than that in the subsoil. The range of total potassium content in the grassland
(CL-03) ranged from 2.64% to 4.21%, from 3.91% to 4.44% for sparse forest-grassland (CL-02), from
2.41% to 2.63% for woodland (CL-04), and 2.85% to 2.92% for arable land (CL-05), respectively. The
variation in nutrient content was related to the vegetation type, coverage rate, artificial fertilization
method and species, etc. The accumulative mass change in the sparse forest—grassland increased
by 384.16 g/100 cm?, and the other land-use patterns showed a decreasing trend of arable land
(83.71 g/100 cm?) > woodland (83.71 g/100 cm?) > grassland (83.71 g/100 cm?), with the topsoil
leaching losses being smaller than those in the subsoil layer. The characteristics of windbreak, sand
fixation, and soil and water conservation of the sparse forest—grassland could well hold the nutrient-
rich loess sediments, resulting in increased nutrients in the Quaternary red soil, which is a reasonable
land-use pattern for the Chaoyang area.

Keywords: soil nutrient; nutrient fluxes; horizon evolution; arable land; management

1. Introduction

Quaternary red soils have experienced intense weathering, leaching, desilication, and
iron and aluminum enrichment under warm and humid climate conditions during the Early
and Middle Pleistocene of the Quaternary or even earlier periods [1,2]. Quaternary red
soils retain their original characteristics formed during their formation periods, as well as
features derived from the combined effects of various factors such as biological and human
influences [3]. Quaternary red soils are widely distributed in China, mainly in areas south
of 30° N [4], and are important arable land resources. In northern regions, Quaternary red
soils are mostly buried underground and are exposed to varying degrees at the surface due

Agronomy 2023, 13, 2386. https://doi.org/10.3390/agronomy13092386 108 https://www.mdpi.com/journal /agronomy



Agronomy 2023, 13, 2386

to erosion and other processes. The quality of red soils varied with the influence of different
land-use patterns [3]. Unscientific land use and management can decrease the Quaternary
red soil quality, such as soil erosion, tillage pan formation, structural damage, and fertility
decline, threatening regional agricultural and economic sustainable development [3,5].
Therefore, understanding the changes and evolution of Quaternary red soil under different
land-use patterns is a prerequisite for effectively regulating, managing, and sustainably
utilizing red soil resources [6,7].

As an essential component of soil quality, the soil nutrient composition affects the
soil ecosystem and soil quality [8]. Its distribution, form, content, transformation, and
migration are influenced by natural factors such as parent material and climatic conditions,
and it is also affected by human factors such as different land-use patterns [9]. Land-
use patterns of human intervention directly influence the soil nutrient composition [10].
Appropriate and rational land-use patterns can improve soil nutrient composition and
enhance soil resistance to external environmental factors. Conversely, irrational land-use
and management can alter the earth’s biogeochemical cycles [11], cause soil property and
quality degradation, result in incalculable damage, and threaten the land resources on
which humans depend. Therefore, a quantitative reconstruction of the changes in the
nutrient composition of Quaternary red soils under different land-use patterns is of great
significance for understanding the evolution of the red soil quality and its regulation
and management.

Quaternary red soils are widely distributed in China. In southern China, the area
of Quaternary red soils is more than 101.87 x 10* km?, which has been studied deeply.
The total area of Quaternary red soils in northern China is 1013 km?, which has been
poorly studied. Chaoyang City in Liaoning Province, a low-lying hilly area with a wide
distribution of Quaternary red soils, was selected as the typical research area for this study.
The soil reconstruction model was used to study the evolution of Quaternary red soils
under different land-use patterns. The research results will provide a theoretical basis for
agricultural production practice in the Quaternary red soil distribution area.

2. Materials and Methods
2.1. The Study Area

The Quaternary red soil widely distributed area, Beipiao, Chaoyang City, Liaoning
Province in northeast China (Figure 1), was selected by observing field investigation
results and consulting the China Soil Series, Liaoning Volume, and Liaoning Soil. It is a
mountainous and hilly area and is located in the transition between the Inner Mongolia
Plateau and the eastern coastal plain [12]. The area has been influenced by a northern
temperate continental monsoon, with a current average temperature of 5.4-8.7 °C and
a current annual precipitation of 450-580 mm [13,14]. The Quaternary red soil can be
classified as Argosols, Alfisols, and Luvisols in the Chinese Soil Taxonomy [15], Soil
Taxonomy [16], and the World Reference Base for Soil Resources [17], respectively. The
buried Quaternary red soil (MC-02), 210 cm at depth, without the influence of the modern
climate and human activities, was investigated as the reference base. It had 2.5 YR Hue,
silty loam texture, blocky structure, hard consistence (dry), and showed few clay coatings
and iron-manganese nodules.

2.2. Sample Collection and Pretreatment

Typical Quaternary red soils of sparse forest—grassland (CL-02), grassland (CL-03),
woodland (CL-04), and arable land (CL-05) were collected (Figure 2). The main plants of
each land-use pattern are in Table 1. They are in a relatively flat and stable part derived
from the same stratum and thus share the same topography, parent material, climate,
biology, and formation time with the buried Quaternary red soil (MC-02). The upper part
(0-68 cm) of the MC-02 is loess, and the underlying lower part (68-210 cm) is the buried
Quaternary red soil. Therefore, the underlying lower part (68-210 cm) was used as the
reference base.
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Figure 1. (a) The location map of Chaoyang City, Liaoning Province, China. The schematic map was
plotted based on the World Topographic Map (2016) using Arc GIS 10.2.2. (b) The sampling points
schematic distribution map.
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Figure 2. The Quaternary red soil view under different land-use patterns.

Table 1. The main plants of different land-use patterns.

Vegetation

The Main Plants
Coverage

ProfileNo. Land-Use Patterns

The herbaceous plants: Themeda
triandra Forssk.
Sparse 30% The woody plants: Vitex negundo var.;
forest—grassland heterophylla (Franch.) Rehd., Ulmus
davidiana var.; japonica (Rehd.) Nakai,
and Pinus tabuliformis Carriére.
The herbaceous plants: Themeda
triandra Forssk
The woody plants: Vitex negundo var.;
heterophylla (Franch.) Rehd.; Ulmus
davidiana var.; japonica (Rehd.) Nakai,
and Pinus tabuliformis Carriére.
CL-05 Arable land - Zea mays L.

CL-02

CL-03 Grassland 30%

CL-04 Woodland 35%

110



Agronomy 2023, 13, 2386

A typical soil profile was investigated and samples from pedogenic horizons were
collected under different land-use patterns. The morphologies of Quaternary red soil
profiles were described according to the Manual of Soil Description and Sampling [18]. The
soil samples were transported to the laboratory and airdried. The soils were also sieved
through 100 mesh for upcoming analysis. The investigated profiles were derived from
loess and determined to have a parent material uniformity [3].

2.3. Laboratory Methods
2.3.1. Soil Total Nitrogen

The 0.04-0.05 g 100 mesh soil sample was first packed and compacted, and measured
by an elemental analyzer produced by the Elementar Analysensysteme (Vario EL III,
Elementar Company, Langenselbold, Germany) for the soil total nitrogen content (%) [19].

2.3.2. Soil Total Phosphorus and Total Potassium

The 0.25 g 100 mesh soil sample was thoroughly mixed with 2 g sodium hydroxide
in the nickel crucible. Then, it was put into a high-temperature electric furnace and
melted at 720 °C for 15 min. The melt material was finally dissolved and made up to
100 mL volumetric bottle for the determination of the total phosphorus [20] and total
potassium [21].

2.4. Soil Quantitative Reconstruction Model

The soil reconstruction model (SR) was used to quantitatively calculate gains or
losses of a specific component in a volume of 100 cm® of a weathered soil layer during
pedogenesis [22]. The reconstruction results of a specific component in the unit area can be
quantitatively compared with each other. The unit volume factor (UVF) can describe the
changes in soil volume.

The equations are as follows.

BDw X Ciw
UVF = ——— 1
Bme X Cipm ( )
Djyy = BDy % Cjgy — UVE x (BDpm % Cjp) )

Note: BD;, represents the bulk density of a weathered soil layer; BD,, represents the
bulk density of the parent material of the weathered soil layer; C;;, represents the content of
a stable, referenceable component in the weathered soil layer; Ciy;, represents the content
of a stable, referenceable component i in the parent material; Cj, represents the content
of component j in the weathered soil layer; Cj,,, represents the content of component j in
the parent material of the weathered soil layer; Dj,, represents the change in the content of
component j in the weathered soil layer during pedogenesis.

2.5. Data Processing and Analysis

The Descriptive Statistics and Calculated Variable in SPSS Statistics 17.0 were used for
data statistics. The SigmaPlot 12.5 was used for plotting graphs.

3. Results

The buried red soil has a Hue of 2.5 YR, a value of 6 to 7, and a Chroma of 6 to 8.
It has a silty loam texture, blocky structure, hard consistency in dry conditions, a few
clay coatings, and iron-manganese nodules. These morphologies distribute uniformly
with depth. Compared to the buried red soil, exposed red soils under different land-use
patterns have similar structure and consistency, while their color and texture slightly
vary with depth. Their topsoil (A horizon) and subsoil (B horizon) increase to 5 YR in
Hue, with a darkening value between 4 and 6. The texture of red soils under the sparse
forest—grassland, grassland, and forestland varies from silty loam to silt clay loam/clay
loam with depth, while arable land remains unchanged and distributes uniformly for silty
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loam with depth. The morphology in terms of color and texture can relate to changes
in total nitrogen content, phosphorus content, and potassium content with soil depth.
The darkening color showed by value and finer texture relates to increased total nitrogen,
unchanged phosphorus, and decreased potassium content, and also relates to their fluxes
showing complex nonlinearity relationships.

3.1. Distribution Characteristics of the Total Nitrogen in Quaternary Red Soils under Different
Land-Use Patterns

The nitrogen content of the buried Quaternary red soil (MC-02) is around 0.02% and
homogeneously distributed with depth. The buried Quaternary red soils were exposed
at the surface, and affected by different land-use patterns, resulting in significant changes
in the soil’s total nitrogen content within the profile. The soil total nitrogen in woodland
(CL-04) and grassland (CL-03) varied greatly, ranging from 0.027% to 0.158% and 0.017%
to 0.078%, respectively. The arable land (CL-05) and sparse forest—grassland (CL-02) have
relatively smaller ranges of soil total nitrogen, from 0.019% to 0.057% and 0.018% to 0.055%
(Figure 3), respectively. The total nitrogen content of Quaternary red soils under different
land-use patterns showed a decreasing trend with depth. However, the total nitrogen
content of red soils under each land-use pattern showed an increasing trend in the upper
part of the profile (A and B horizons), and a sequence of woodland (CL-04) > grassland
(CL-03) > arable land (CL-05) = sparse forest—grassland (CL-02). The nitrogen content in the
lower part of different land-use patterns was about 0.02%, which was basically consistent
with the buried Quaternary red soil (Figure 3).
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Figure 3. Distribution characteristics of the soil total nitrogen in Quaternary red soils. (a) Buried
Quaternary red soil; (b) exposed Quaternary red soils under different land-use patterns.

3.2. Distribution Characteristics of the Total Phosphorus in Quaternary Red Soils under Different
Land-Use Patterns

The total phosphorus content in buried Quaternary red soils (MC-02) did not change
significantly with the depth, ranging from 0.06% to 0.07%. The total phosphorus content
under different land-use patterns changed slightly, ranging from 0.05% to 0.06%, which
was greater than that of the buried Quaternary red soil. The total phosphorus content of
red soils under different land-use patterns showed that the upper part was greater than the
lower part (Figure 4).
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Figure 4. Distribution characteristics of the total phosphorus in Quaternary red soils. (a) Buried
Quaternary red soil; (b) exposed Quaternary red soils under different land-use patterns.

3.3. Distribution Characteristics of the Total Potassium in Quaternary Red Soils under Different
Land-Use Patterns

The potassium content in the buried Quaternary red soils (MC-02) first increased and
then decreased with soil depth, ranging from 3.12% to 3.50% (Figure 5). The potassium
content in the soil below 120 cm was uniformly distributed with a depth of 3.12%. The
range of total potassium content in the grassland (CL-03) was the largest, ranging from
2.64% to 4.21%. The content of total potassium in sparse forest-grassland (CL-02) varied
from 3.91% to 4.44%. The total potassium content of the other two land-use patterns was
smaller than that of the buried Quaternary red soil, which ranged from 2.41% to 2.63% for
woodland (CL-04) and 2.85% to 2.92% for arable land (CL-05), respectively (Figure 5).
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Figure 5. Distribution characteristics of the total potassium in Quaternary red soils. (a) Buried
Quaternary red soil; (b) exposed Quaternary red soils under different land-use patterns.
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3.4. Results of the SR Model

Compared with the buried Quaternary red soils (MC-02), the soil nitrogen content
in profiles under different land-use patterns had increased in the surface layer (layer A).
Among them, the woodland (CL-04) had the largest increase, with 0.19 g/100 cm?. The
increase in sparse forest—grassland (CL-02), grassland (CL-03), and arable land (CL-05)
was smaller, which were 0.05 g/100 cm?, 0.07 g/100 cm?, and 0.06 g/100 cm3, respec-
tively. There was almost no change in the soil total nitrogen of subsoil layers (B layer).
The soil phosphorus content in subsoil layers (layer B) under different land-use patterns
reduceded by 0.01 g/100 cm®-0.03 g/100 cm?. The soil potassium content varied greatly
under different land-use patterns, among which the overall potassium content in the
sparse forest-grassland (CL-02) increased by 1.05 g/100 cm? in the surface layer (A) and
1.98 g/100 cm? in the subsoil layer (B). The potassium content in the surface soil of the
grassland (CL-03) increased by 1.29 g/100 cm?®, while that in the subsoil decreased by
0.56 g/100 cm?. The changes in woodland (CL-04) were similar to the arable land (CL-
05). And the potassium content in all layers showed a decreasing trend, with the surface
layer decreasing by 0.55 g/100 cm® and 0.53 g/100 cm?, and the potassium content in the
subsoil layer was smaller than that in the surface layer, decreasing by 0.74 g/100 cm? and
0.70 g/100 cm3, respectively.

4. Discussion

The soil nutrient content is an important indicator for evaluating soil fertility levels [9].
The plant growth and land productivity are limited by the soil nutrient availability [11].
The soil nutrient content can usually reflect the conditions of parent material, climate, and
vegetation, and its vertical distribution can be used to explore the process of nutrient input,
output, and circulation [23]. At the same time, soil nutrients can also reflect the ecosystem
health [23]. Therefore, the characteristics of soil nutrients have become an important
research field in pedology, agronomy, ecology, and environmental science [11,24].

4.1. Changes in the Total Nitrogen in Quaternary Red Soils under Different Land-Use Patterns

The soil nitrogen accumulated through the biological nitrogen fixation process and
non-biological nitrogen fixation process [25]. Biological nitrogen fixation, the main nitrogen
fixation, is the fixation of atmospheric molecular nitrogen into ammonia by nitrogen-
fixing microorganisms in plants under normal temperature and pressure and the catalysis
of corresponding enzymes, which is further transformed into amino acids and protein
compounds [26]. Subsequently, with the death of plants, as residues such as fallen leaves
and dead branches, nitrogen is transformed into the soil component. Different land-use
types have different land cover vegetation. The types and contents of soil organic matter
transformed by plant root exudates, dead leaves, and other residues lead to changes in soil
microbial communities, resulting in the differentiation of soil nitrogen mineralization and
transformation, thus affecting the soil nitrogen content distribution [27].

The buried Quaternary red soils (MC-02) are minimally affected by external factors
(such as human activities) due to being buried, with less external nitrogen input and
weaker soil microbial activity. Therefore, the nitrogen content in the buried Quaternary
red soils was only about 0.02% and distributed homogeneously with depth (Figure 3).
Compared with the buried Quaternary red soils, the surface of sparse forest-grassland
(CL-02), grassland (CL-03), and woodland (CL-04) have plant invasion (herbs and shrubs).
The external nitrogen fixed in plants returned to the soil with the death and decay of plants,
thus increasing the nitrogen content in the surface soil to 0.05 g/100 cm?3, 0.07 g/100 cm3,
and 0.19 g/100 cm?, respectively (Table 2). Although the arable land (CL-05) was covered
by crops during the growing season, most of the soil nitrogen was taken away following
the crop harvest. The soil surface nitrogen content increased by 0.06 g/100 cm?, which
was caused by nitrogen input into the soil through artificial fertilization and other human
activities. These land-use patterns directly affected the nitrogen content in the topsoil [27],
while the subsoil layer was minimally affected. So, the subsoil nitrogen content under
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different land-use patterns remained almost unchanged when compared to the buried
Quaternary red soil (MC-02). The total accumulative change of soil nitrogen under different
land-use patterns showed a trend of woodland (CL-04) (4.50 g/100 cm?®) > sparse forest—
grassland (CL-02) (1.48 g/100 cm?) > arable land (CL-05) (0.97 g/100 cmd) > grassland
(CL-03) (0.72 g/100 cm?). The increase in woodland nitrogen was the largest, mainly due
to its high plant coverage and a potentially large return rate. The large amounts of residues
were accumulated and mineralized, which returned nutrients to the soil and improved
the soil texture and moisture penetration to increase the activity of microorganisms and
enhance the effect of soil nitrogen fixation [27,28]. At the same time, the root decomposition
products in the soil produced acidic substances, promoting the transformation of insoluble
minerals and other substances into effective nitrogen components, thus increasing the
nitrogen content in the soil [28]. While the arable land and grassland had lower vegetation
coverage and return rates, resulting in smaller increases of nitrogen content when compared
to the buried Quaternary red soil.

Table 2. The quantitative reconstruction results of nutrient changes using the soil reconstruction
model (SR).

Profile Horizon Depth TN TP TK MC
No. (cm) (g/100 cm?) (g/100 cm®) (g/100 cm®) (g/100 cm?)
MC-02 2Btr2 90-100 0.00 0.00 0.00 0.00
Ah 0-17 0.05 0.00 1.05 1.10
Btrl 17-65 0.02 0.00 2.45 2.47
CL-02 Btr2 65-151 0.00 0.00 2.15 2.15
Btr3 151-202 0.00 —0.02 1.24 1.22
Variation of the layer B 0.00 —0.01 1.98 1.97
Variation of cumulative mass (g/100 cm?) 1.48 —1.02 383.70 384.16
Ah 0-13 0.07 0.01 1.29 1.37
BA 13-51 0.00 —0.02 —0.59 —0.61
CL-03 Btrl 51-95 0.00 —0.03 —-0.77 —0.80
Btr2 95-160 0.00 —0.02 —0.41 —0.43
Variation of the layer B 0.00 —0.02 —0.56 —0.59
Variation of cumulative mass (g/100 cm?) 0.72 —3.49 —65.84 —68.61
Ah 0-16 0.19 0.01 —0.55 —0.35
CL-04 Btrl 16-52 0.01 0.00 -1.14 -1.13
- Btr2 52-120 0.02 —0.01 —0.52 —0.51
Variation of the layer B 0.01 —0.01 —0.74 —0.73
Variation of cumulative mass (g/100 cm?) 4.50 —0.56 —85.54 —81.60
Ap 0-13 0.06 0.00 —0.53 —047
CL-05 Bt 13-46 0.01 —0.02 —0.38 —0.39
g Btr 46-120 0.00 —0.03 —0.84 —0.87
Variation of the layer B 0.00 —0.03 —0.70 —0.73
Variation of cumulative mass (g/100 cm?) 0.97 -3.16 —81.52 —83.71

Note: MC indicates the mass change of total selected nutrients; TN indicates the total nitrogen; TP indicates the
total phosphorus; TK indicates the total potassium.

4.2. Changes in the Total Phosphorus of Quaternary Red Soils under Different Land-Use Patterns

In the primary ecosystem, the form and circulation of phosphorus in soils are affected
by factors such as the parent material, climate, environment, time, and topography. During
the transition from native ecosystems to systems disturbed by human factors, the form,
content, and distribution of soil phosphorus were affected by the input—output of soil
and by human activities [29]. There is no gaseous form of phosphorus in the soil. The
main ways of soil phosphorus input are plant return, artificial application of chemical
fertilizers, and organic fertilizers. Soil phosphorus output is mainly through two ways:
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plant absorption and runoff infiltration. Soil structure, soil properties, vegetation coverage,
slope, fertilization method, fertilizer amount, and precipitation are factors affecting soil
phosphorus output [30-32]. It is difficult for phosphorus to leach down in the soil, surface
runoff is the main way of soil phosphorus loss [30].

The phosphorus content of buried Quaternary red soils varied between 0.05% and
0.07% with a homogeneous change with depth due to the fact that it was barely affected
by external factors such as runoff (Figure 4). After being exposed to the land surface, the
phosphorus of Quaternary red soils had been changed to varying degrees by different
land-use patterns. Plants absorb the necessary phosphorus for their growth from deep
soil layers. Although a small portion of phosphorus was returned to the surface soil
through crop residue mineralization, most of the phosphorus remained in plants and
was taken away through crop harvest. Additionally, surface runoff caused a part of
phosphorus leaching [33], the topsoil phosphorus remained essentially balanced under
different land-use patterns. The phosphorus in the subsoil decreased due to limited
leaching. The losses of subsoil showed a trend of grassland (3.49 g/100 cm?) > arable land
(3.16 g/100 cm?®) > sparse forest-grassland (1.02 g/100 cm?) > woodland (0.56 g/100 cm?).
Due to the low vegetation coverage rate of grassland and basically no coverage of arable
land after the autumn harvest, the Quaternary red soils were vulnerable to erosion caused
by wind and water, resulting in relatively high phosphorus loss in the profile. The woodland
with a large surface coverage and stable soil structure can hold more phosphorus in soil
when compared to others.

4.3. Changes in the Total Potassium in Quaternary Red Soils under Different Land-Use Patterns

Different land-use patterns lead to differences in soil physical and chemical properties
and then affect the migration and transformation of potassium [34]. The main input modes
of soil potassium are atmospheric dust deposition and external application of potassium
fertilizers, the main output modes are leaching with the soil solution [35].

The potassium content of the buried Quaternary red soil varied between 3.12% and
3.51% and showed a homogeneous change with depth due to being hardly affected by
external factors. Under different land-use patterns, potassium leaching occurred in topsoil
and subsoil layers to varying degrees of Quaternary red soil profiles except for sparse
forest-grassland, which had a greater loss in the subsoil than that in the topsoil. This could
be explained that the potassium is highly soluble and easily migrates with soil solution,
causing a large amount of potassium to leach downward out of the soil. In addition,
plants absorb potassium from the subsoil layer to meet their growth and development [36].
Compared to buried Quaternary red soils, the potassium content of sparse forest—grassland
increased by 383.70 g/100 cm?, while others showed a decreasing trend of woodland
(85.5 g/100 cm?) > arable land (81.52 g/100 cm?) > grassland (65.84 g/100 cm®). The
woodland had the largest loss of potassium. This may be due to the surface vegetation with
a high coverage had absorbed a considerable amount of potassium from the soil, and the
absorbed amount of potassium was greater than the returned amount [37]. The decrease in
arable land was relatively larger, which may be due to that the crops absorbed potassium
and were taken away for harvest, resulting in a very small return of soil potassium, leading
to the decrease in potassium in soil [38]. At the same time, the low vegetation coverage
of arable land was vulnerable to soil erosion, which was also a reason for the decrease in
soil potassium [38]. As a combination of woodland and grassland, sparse forest—grassland
had the characteristics of windbreak, sand fixation, and soil and water conservation, which
could well hold a large amount of potassium-rich loess sediments, resulting in an increasing
trend of potassium in the profile [39].

4.4. The nutrient Evolution of Quaternary Red Soils under Different Land-Use Patterns

Different land-use patterns have a significant impact on the soil nutrient composition
and distribution [40]. The total nutrient mass change (MC) of Quaternary red soils has de-
creased with a wide range, which was due to the serious soil erosion in the Chaoyang area.
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Compared to the buried Quaternary red soil, total nutrients in the topsoil and subsoil
layers under different land-use patterns (except for the sparse forest-grassland) have
experienced different degrees of losses. The loss of the topsoil layer was lower than that
of the subsoil layer. This was because some nutrients could migrate downward with
the soil solution to leach out of the soil, and the lost nutrients were not replenished in
time [41]. In addition, plants absorbed nutrients from deep soil, and the returned amount
was less than the absorbed amount, which was also a reason for the decrease in soil
nutrients. Although fertilization would supply some nutrients in arable land, the applied
fertilizer generally compounds fertilizer and organic fertilizer and does not provide a
specific supplement for a specific element in soil. At the same time, soil erosion would
also aggravate the nutrient leaching. The surface vegetation of the sparse forest-grassland
consisted of woody and herbaceous plants, which could effectively prevent wind erosion,
stabilize the sand, conserve water and soil, and efficiently retain nutrient-rich loess deposits
in the soil. As a result, the accumulative mass change in sparse forest-grassland increased
by 384.16 g/100 cm?. However, the cumulative mass change of other land-use patterns showed
a decreasing trend of arable land (83.71 g/100 cm?) > woodland (83.71 g/100 cm?) > grassland
(83.71 g/100 cm?).

5. Conclusions

Different land-use patterns can cause the redistribution of soil nutrients by affecting
surface vegetation status and soil microbial species, etc., thus affecting land productivity
and soil quality. Therefore, the quantitative research on the evolution characteristics of
soil nutrients under different land-use patterns is of great significance for selecting and
optimizing land-use patterns and improving soil productivity and land management levels.

(1) The buried Quaternary red soil was minimally affected by external disturbances.
The contents of nitrogen, phosphorus, and potassium were at relatively low levels and
homogeneously distributed with depth.

(2) Compared to the buried Quaternary red soil, the topsoil nitrogen content of Qua-
ternary red soils increased under different land-use patterns, while the subsoil nitrogen
content remained relatively stable. The phosphorus content of the topsoil layer remained
unchanged, while the subsoil phosphorus decreased to varying extents. The potassium
experienced leaching in both topsoil and subsoil layers, with the topsoil losses being lower
than that in the subsoil.

(3) The variation in nutrient content was related to the vegetation type, coverage rate,
artificial fertilization method, species, etc.

(4) Compared to the buried Quaternary red soil, their daytime counterparts showed
different degrees of nutrient leaching loss in both topsoil and subsoil layers except for the
spare forest—grassland, with the topsoil leaching losses being smaller than those in the
subsoil layer.

(5) The characteristics of windbreak, sand fixation, and soil and water conservation
of sparse forest—grassland could well hold the nutrient-rich loess sediments, resulting in
increased nutrients, which is a reasonable land-use pattern in the Chaoyang area.
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Abstract: Ecological stoichiometry (ES) is an important index that reflects the balance of various
elements in ecological processes. Therefore, it is of great significance to understand the soil nutrient
cycle to clarify the environmental control of soil carbon (C), nitrogen (N), phosphorus (P), and
potassium (K). In this study, we analyzed the spatial distribution of soil C, N, P, and K contents and
the C:N:P:K stoichiometric characteristics of 020 cm and 20—40 cm of farmland and grassland in
four agro-pastoral areas in Inner Mongolia. Spearman correlation was used to analyze the effects
of environmental factors on the soil C:N:P:K stoichiometric relationship. The results showed that
there was no fixed Redfield ratio for the soil stoichiometric relationship of farmland and grassland in
Inner Mongolia, and the values were 15:2:1:9 to 145:10:1:26 and 25:1:1:29 to 228:15:1:65, respectively.
The stoichiometric relationships between farmland and grassland were consistent with the law of
geographical and spatial heterogeneity. The ratios of C:N, C:P, C:K, N:P, and N:K showed an N
distribution from west to east, while the ratio of P:K showed a V distribution. The stoichiometric
relationships in grassland soil were mainly affected by soil organic carbon and total nitrogen content,
while those in farmland were mainly affected by total nitrogen and total phosphorus content. The
annual mean precipitation has a significant effect on stoichiometric relationships in farmland, while
the annual mean temperature has a more significant effect on grassland. In conclusion, the spatial
distribution difference in the soil stoichiometric relationship in the agro-pastoral ecotone of Inner
Mongolia was more significant than the difference in the land use pattern. The influences of annual
mean temperature and annual mean precipitation on soil ecological stoichiometry were in accordance
with the geographical spatial similarity law. Compared with grassland, the stoichiometric relationship
of farmland soil was greatly affected by fertilization, and farmland in this region was mainly limited
by carbon and nitrogen. Thus, field management should be carried out according to local conditions.
This study is of great significance as it promotes the rational utilization of land resources and the
sustainable development of agriculture.

Keywords: C:N:P:K stoichiometry; spatial distribution; land use pattern; agro-pastoral ecotone;
environmental factors
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1. Introduction

Ecological stoichiometry (ES) is a hot topic in current biogeochemical cycle research,
which combines the basic principles of chemistry, physics, and biology to study the propor-
tional relationship and the fluxes of various chemical elements in ecological processes [1,2].
In ES research, the Redfield ratio postulates a consistent C:N:P molar ratio of 100:16:1 in
marine phytoplankton and open oceanic waters [3]. The C:N:P ratios for all soil layers
and organic-rich soil (0-10 cm) in China were 60:5:1 and 134:9:1, respectively [4], and
the C:N:P of forests, grasslands, and deserts (0-10 cm) in China was 55:4:1 [5]. However,
the law of spatial heterogeneity means that things have spatial differences [6]. Studies in
black soil areas in China showed that there were spatial differences in C:N:P stoichiometric
characteristics, which are affected by environmental factors [7]. However, the spatial and
temporal variation pattern of soil ecological stoichiometry is not completely clear [8]. Do
the C:N:P:K stoichiometric relationships of soil follow a certain proportion or the law of
spatial heterogeneity at the regional scale in the agro-pastoral ecotone of Inner Mongolia?
What is the spatial distribution?

ES is an important predictive index to reflect the composition of organic matter,
biogeochemical cycle, and soil quality, and it is also an important index to judge the
mineralization and fixation of C, N, P, and K elements [9], which play an active role in
ecosystem interactions and represent an important means of understanding the nutrient
regulation factors of plant-litter—soil interaction [10-12]. The soil C:N ratio (Rcy) is a
sensitive index reflecting changes in the soil environment or soil quality. It can be used
as an index to measure the mineralization ability of soil C and N, the decomposition rate
of organic matter, and the status of nutrient balance. Generally speaking, soil Rcy is
inversely proportional to the decomposition rate of organic matter. Soil C:P ratio (Rcp)
is a characterization parameter of phosphorus availability. The smaller the soil Rcp, the
higher the phosphorus availability in the soil. The N:P (Ryp) in soil is used as an indicator
of nutrient-constrained productivity and general biogeochemical status. As a necessary
element for plant growth, potassium (k) plays a very important role in the material chemical
cycle of the earth, and it has gradually attracted the attention of ecological researchers. In
addition, the balance of N, P, and K is beneficial to carbon sequestration in surface soil [1,13].
The study on the spatial distribution of nutrient content and the stoichiometric relationship
of C, N, P, and K and their environmental control in the agro-pastoral ecotone of Inner
Mongolia has important guiding significance for understanding soil nutrient limitation in
each region and adopting reasonable production management measures.

Land use change is a local environmental issue of global importance [14]. Human
beings have changed biogeochemical cycles at different scales through farmland reclama-
tion, and the differences in the stoichiometric ratios of C, N, and P in space and time have
different impacts on biota [15-17]. Located between semi-humid and semi-dry areas, the
agro-pastoral ecotone in Internal Mongolia is a transitional belt for farmland and grassland
ecosystems and is the most sensitive and unstable area associated with the surrounding en-
vironment. From 1947 to 2021, the cultivated land area in the Inner Mongolia Autonomous
Region increased from 3,967,000 hm? to 11,567,000 hm? (Statistics Bureau of Inner Mongolia
Autonomous Region, 2023), and the change in cultivated land is mainly transformed from
woodland and grassland [18]. At present, research on the eco-stoichiometry of soil in the
agro-pastoral ecotone of Inner Mongolia is mainly focused on the county level (such as
Dalate Banner [19], Yijinhuoluo Banner [20], Duolun County [21], Wengniute Banner [22],
etc.) or land types (such as wetlands [23], sandy land [24,25], and grassland [26]), but there
are few studies on a large scale in space. However, due to the large longitude span of
the agro-pastoral ecotone in Inner Mongolia, there are differences in the topography, soil
characteristics, and agricultural planting structures among the agro-pastoral areas.

Previous studies have mainly focused on the C:N:P stoichiometric relationship, while
our study innovatively compared the stoichiometry of soil C:N:P:K between farmland
and grassland at different scales in the agro-pastoral ecotone of Inner Mongolia. It aimed
to clarify the stoichiometric ratio of soil C:N:P:K of different land use patterns and its
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spatial distribution, analyze soil nutrient deficiency in different regions, and determine the
influence of environmental factors on stoichiometry. This provides a theoretical basis that
reveals the interaction and balance between C, N, P, and K elements and has important prac-
tical significance for understanding the impact of human activities on ecosystem processes
and services and exploring agricultural production strategies according to local conditions.

2. Materials and Methods
2.1. Study Site

This study area is the agro-pastoral ecotone from Hulunbuir to Bayannur in Inner
Mongolia, China (105°53/-115°31" E, 40°51'-53°20" N). According to the Land and Spatial
Planning of Inner Mongolia Autonomous Region (2021-2035), the agro-pastoral areas along
the Yellow River mainstream plain (I), the foothills of Yinshan Mountain (II), the West
Liaohe River Basin (III), and the foothills of Daxing’an Mountains (IV) are, respectively,
located from west to east.

The mean annual precipitation in area I is 150-380 mm, and the mean annual tem-
perature is 3.7-7.6 °C. The topography of this area is dominated by plateaus, mountains,
hills, and plains, with an elevation of 9862280 m. Irrigation and silt soil, saline-alkali
soil, chestnut soil, and meadow soil are the main soil types, and the main crops are wheat,
sunflower, and corn [27]. The mean annual precipitation in area II is 150-500 mm, and the
mean annual temperature is 0-6.7 °C. The topography of this area is dominated by plateaus,
mountains, and hills, with an elevation of 1150-2350 m. Cinnamon soil and chestnut soil
are the main soil types, and the main crops are wheat, rapeseed, sunflower, potato, and
miscellaneous grain [28]. The mean annual precipitation in area III is 305485 mm, and the
mean annual temperature is 07 °C. The topography of this area is dominated by plateaus,
mountains, hills, and plains, with an elevation of 300-2000 m. Soil types include brown
soil, black soil, irrigation and silt soil, meadow soil, aeolian sandy soil, and alkaline soil,
and the main crops are corn, sunflower, potato, miscellaneous grains, and beans [29]. The
mean annual precipitation in area IV is 270467 mm, and the mean annual temperature
is —2—6 °C. The topography of this area is dominated by plateaus, hills, and plains, with
an elevation of 150-1800 m. Black soil is the main soil type, and the main crops are corn,
soybeans, wheat, and rapeseed [30].

2.2. Data Collection and Sample Analysis

Soil samples were taken from typical farmland and nearby grassland in the agro-
pastoral areas of Inner Mongolia during the flourishing period of plant growth. The
sampling period of wheat samples in area I was in June, and that of other samples was from
August to September. The samples of Hangjinhou Banner, Linhe District, Wulatezhong
Banner, Wuchuan County, Wengniute Banner, Keerqin District, Zhalantun City, Yakeshi
City, and Labudalin Farm Ranch were sampled in 2019; the samples of Wuyuan County,
Dalate Banner, Tumotezuo Banner, Kalagin Banner, Naiman Banner, Zhalaite Banner,
and Sanhe Hui Township were sampled in 2020; and the samples of Taipusi Banner and
Chahaeryouyiqian Banner were sampled in 2021. There were 36 farmland sampling sites
and 14 grassland sampling sites (Figure 1). In each plot, 4 points with similar terrain and
environmental conditions were selected using the diagonal sampling method, and soil
samples were collected at 0~20 cm and 20~40 cm soil depths. A total of 288 farmland
samples and 112 grassland samples were obtained. Soil samples were air-dried and
carefully selected to remove organic matter and fine roots for soil property analysis. Each
mixed soil sample was divided into four parts according to the quartering method. One
part was selected to pass the 80-mesh sieve to determine the soil pH value and electric
conductivity (EC), and the other part was selected to pass the 100-mesh sieve to determine
the contents of soil organic carbon (SOC), total nitrogen (TN), total phosphorus (TP), and
total potassium (TK). The determination of soil properties follows all standard schemes [31].
Meteorological factors were obtained from the records of 18 national weather stations near
each sampling site, and annual mean temperature (MAT), annual mean precipitation (MAP),
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annual mean relative humidity (MARH), and annual mean sunshine duration (MASD)
(1981-2021) were regarded as climate factors. In addition, the data on longitude and
latitude for each sampling site were determined using the Global Positioning System (GPS).
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Figure 1. The location map of the samples.

2.3. Data Analysis

The ratios of C:N, C:P, C:K, N:P, N:K, and P:K were calculated on a molar mass
ratio [32]. The data were tested using a Shapiro-Wilk normal test with SPSS (version 26,
IBM SPSS, Somers, NY, USA), and the differences were analyzed via a nonparametric test.
The box chart was drawn using Origin (version 2023, OriginLab, Northampton, MA, USA)
to show the data on nutrient contents and stoichiometric ratios, and then all the indexes
were plotted via Spearman correlation analysis.

3. Results
3.1. Comparison of C, N, P, and K Contents between Farmland and Grassland

Soil nutrients in farmland and grassland were significantly different among agro-
pastoral areas (p < 0.05) (Figure 2). On the whole, the contents of SOC and TN in farmland
were lower than those in grassland, while the contents of TP and TK were higher than
those in grassland, and the difference in TP content in the 0-20 cm soil layer in area I was
significant (p < 0.01). Compared with the grassland, SOC, TN, and TK contents in farmland
were significantly lower in area I than in other areas, and TP contents were significantly
higher than in other areas (p < 0.05). SOC, TN, and TP contents in area III were significantly
lower than those in other areas, while TN and TK contents in area IV were significantly
higher than those in other areas (p < 0.05).
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Figure 2. Box plots of soil organic carbon (SOC), total nitrogen (TN), total phosphorus (TP), and total
potassium (TK) contents in the 020 cm and 2040 cm soil layers in four agro-pastoral areas. Thin
lines represent the comparison between farmlands in different regions, while thick lines indicate the
comparisons between grasslands in different regions, and red lines represent the comparison between
farmland and grassland in the same region. The dots represent outliers and the boxes represent the
mean value. The difference between treatments was analyzed via a Kruskal-Wallis test; * and **

denote significant differences at 0.05 and 0.01 probability levels.

3.2. Eco-Stoichiometric Characteristics of Soil C:N:P:K in Farmland and Grassland

The differences in the eco-stoichiometric ratios of farmland and grassland (except
Rcn) among agro-pastoral areas were significant (p < 0.05) (Figure 3). The change trends of
farmland and grassland were the same among areas other than Rpg, while other indexes

124



Agronomy 2024, 14, 346

showed N changes from west to east. On the whole, the Rcn, Rep, Rnp, and Ryk of
farmland were lower than those of grassland, and the Rpk of farmland was higher than that
of grassland. The Rck values of area I and area III were higher than those of grassland, and
the opposite was true for area II and area IV. Compared with grassland, the Rcp, Rck, and
Rnk values of farmland in area I were significantly lower than those in other areas; Rpx was
significantly higher than that in other areas (p < 0.05); Rcp, Rck, and Rpk of farmland in
area II were significantly higher than those in other areas; Ryp and Ry of farmland in area
III were significantly lower than those in other areas; and Ry in area IV was significantly

higher than that in other areas (p < 0.05).
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Figure 3. Box map of the eco-stoichiometric ratio of soil C, N, P, and K in 0-20 cm and 20-40 cm soil
layers in four agro-pastoral areas. Rcn, Rep, Rex, Ryp, Rnk, and Rpk stand for ratios of C:N, C:P,
C:K, N:P, N:K, and P:K, respectively. Thin lines represent the comparison of farmlands in different
regions; thick lines indicate the comparison between grasslands in different regions; and red lines
represent the comparison between farmland and grassland in the same region. The dots represent
outliers and the boxes represent the mean value. The difference between treatments was analyzed
using a Kruskal-Wallis test; * and ** denote significant differences at 0.05 and 0.01 probability levels.

3.3. Comparison of Nutrient Content and Stoichiometry in the Study Area with Other Scales

Regarding the overall scale of agro-pastoral ecotone in Inner Mongolia, the SOC and
TN levels of farmland were lower than those of grassland, but the level of TP was higher,
the farmland nutrients were at a middle level, and the level of grassland was at an upper-
middle level. The level of TP in farmland in areas I, II, and III was higher than that in
grassland, while the levels of SOC and TN in areas II and III were lower than those in
grassland. The nutrient level of area III was at the middle and lower levels, and the nutrient
level in area IV was the highest (Figure 4).
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Figure 4. The nutrients of each area are classified according to the grading system of the second
nationwide condition census soil survey [33] (Table Al).

Compared with the global soil C:N:P, the Rcn of the overall area and four regions
in this study was higher, except for the farmland in area III, and the Rcp and Ryp of the
farmland in area I and area III and the grassland in all regions were lower. Across the whole
study area, compared with the northwest agro-pastoral ecotone, the C:N:P of farmland was
higher and the grassland was lower. Compared with the yellow soil area of western Shanxi,
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the Rcn of farmland was lower, and the other values were higher. Compared with Hebei
Province, the Rcy of grassland was lower, and the other values were higher. Compared
with Qinghai Province, the Rcp and Ryp of farmland were higher, and the other values
were lower. Compared with the study in the same region, the Rcy in area II was lower,
and the Rcp and Ryp were higher. Compared with the research in the same region, Ry in
area III was higher and Rcp and Ryp were lower. Rey and Ryp values in farmland were
lower than those in the northern wind and sandy area, and conversely, Rcp in farmland
and grassland was higher (Figure 5).

hﬂ%
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Research regions

Figure 5. Comparison of soil C:N:P in this research and other study regions. Rcn;, Rep, and Ryp stand
for ratios of C:N, C:P, and N:P, respectively; f and g mean farmland and grassland soil, respectively.
G,N,W, Y, S, H,J, Q, and O refer to global level [34], northwest agro-pastoral ecotone [35], windy and
sandy areas of northern China [25], agro-pastoral area at the northern foot of Yinshan Mountain [36],
Horgin sandy land [24], Hebei province [37], yellow soil area of western Shanxi [38], eastern Qinghai
Province [39], and the overall scale of this study, respectively. I, II, III, and IV refer to the four areas in
this study.

3.4. Relationships between Soil C:N:P:K Stoichiometric and Environmental Factors

Regarding the Spearman correlation between soil stoichiometry and environmental
factors (Figure 6), the soil stoichiometry of farmland in area I was significantly correlated
with MAP, MARH, and MASD (p < 0.05), while the soil C:N:P of grassland was significantly
correlated with MAT and MARH (p < 0.05). The soil stoichiometry of farmland (except
Rck) in area II was significantly correlated with climate factors (p < 0.05), and the soil
stoichiometry of grassland was significantly correlated with MAT, MAP, and MARH
(p <0.05). The Rcp and Ryp of farmland in area III were significantly correlated with climate
factors (p < 0.01), and the soil stoichiometry of grassland (except Rcn) was significantly
correlated with MAT and MASD (p < 0.01), while MASD was opposite compared to other
climate factors in this region. In area IV, the Rcy of farmland was significantly correlated
with MARH and MASD (p < 0.01); the Rcx was significantly correlated with MASD
(p < 0.05); the Ryk was significantly correlated with MAT and MAP (p < 0.05); and the
Ren, Rek, Rk, and Rpg of grassland were significantly correlated with climate factors
(p < 0.05). In addition, MARH had a different correlation compared to other climate factors
in this region. In areas I, II, and III, the correlation between stoichiometry and soil electric
conductivity was more significant than pH. The correlations between the contents of C, N,
P, and K and the soil stoichiometry of farmland in areas I and II and grassland in area III
were significant (p < 0.05).
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Figure 6. Spearman correlation of soil stoichiometry with nutrient content and environmental factors
of farmland and grassland in four agro-pastoral areas. The red oval indicates a positive correlation,
blue indicates a negative correlation, a darker color and narrower shape refers to a greater correlation
coefficient. MAT, MAP, MARH, and MASD stand for annual mean temperature, annual mean
precipitation, annual mean relative humidity, and annual mean sunshine duration from 1981 to 2021,
respectively. pH and EC refer to the pH and electric conductivity values of soil. SOC, TN, TP, and TK
stand for the organic carbon, total nitrogen, total phosphorus, and total potassium contents of soil. *
and ** denote significant differences at 0.05 and 0.01 probability levels.

4. Discussion

4.1. The Spatial Difference in C:N:P:K Stoichiometry Was More Significant than That of Land
Use Patterns

On the whole-region scale of the agro-pastoral ecotone, the SOC, TN, Ren;, Rep, and
Rnp of grassland were higher than those of farmland, while TP, TK, and Rpx were lower,
indicating that grassland had a stronger nutrient accumulation capacity than farmland. This
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was similar to the research results of other scholars in agro-pastoral ecozones [21,24,39-41].
However, it was inconsistent with previous results in the windy and sandy areas of northern
China and the yellow soil area of western Shanxi (Figures 4 and 5), which may be due to
the single soil type and low nutrient contents in the study areas. Soil microorganisms in
farmland need nutrients to supply their own propagation, and soil available nitrogen content
was lower, so Rcy was higher than that in grassland.

Li et al. showed that soil C and N were more sensitive to grassland transformation
than P through a meta-analysis of 92 studies [42]. It was believed that crop harvest leads
to a reduction in soil C in the farmland ecosystem, that tillage destroys soil structure
and accelerates N loss, and that fertilization leads to higher P and K content in farmland.
Historically, soils have lost 40-90 Pg C through tillage and disturbance globally [43]. Studies
conducted in the agro-pastoral ecotones of northern China [44], northeast China [45,46],
and Castelluccio di Norcia (central Italy) [47] areas have also shown that the conversion
of grassland to farmland will result in the loss of SOC and a decrease in soil chemical
characteristics and basic soil fertility. However, in our study, land use types only had
significant effects on TP content, Rcp, and Rpk (p < 0.05), while spatial environmental
heterogeneity in the agro-pastoral ecotone of Inner Mongolia had more significant effects
on soil nutrient contents and eco-stoichiometric ratios (Figures 2 and 3). This is because
soil eco-stoichiometry is jointly regulated by land use patterns, soil properties, human
disturbance, climate, and topography factors [48]. The spatial variation coefficient of SOC
and TN content in farmland and grassland soil was higher (Table A2), while the variation
coefficients of TP and TK were lower because the accumulation of C and N elements was
related to the decomposition of organic matter and the self-reproduction ability of soil
microorganisms. Therefore, it was greatly influenced by environmental factors. P and K
elements were mainly affected by fertilization and soil parent materials, so the variability
was small [49].

4.2. Stoichiometric Characteristics Demonstrate Constraints on Agricultural Production in
Each Region

The 0-40 cm soil C:N:P:K values of farmland and grassland on the whole scale in the
agro-pastoral ecotone of Inner Mongolia were 44:3:1:25 and 82:6:1:36, respectively. The
C:N:P of farmland was lower than that of Chinese soil (60:5:1), while that of grassland
was higher [4]. The Rcy ratio between 12 and 16 indicated that organic matter was well
decomposed. At the same time, a study of forest soil showed that Rcy < 25 indicated
a high risk of nitrate leaching. Rcp < 200 indicated net mineralization, and Ryp < 10
represented N limitation [50,51]. The ranges of Rcn, Rep, and Ryp in this study area
were 12.2-15.44, 24.49-145.09, and 2-9.99, respectively, which indicated that soil organic
matter in farmland and grassland in this study area could be decomposed well and that
the phosphate mineralization rate was high, but nitrogen was limited.

The C:N:P:K values of farmland and grassland in area I were 23:2:1:15 and 37:3:1:24,
respectively, being lower than the C:N:P of the national soils. However, the Rcy was
higher than the global level, and the Rcp and Ryp were lower, which was similar to the
results of Dalat Banner [19]. This indicated that, compared with other research areas, the
decomposition rate of soil organic matter in the farmland of area I was slower, and the
availability of nitrogen was lower, but the availability of phosphorus was higher [52]. In
addition, compared with grassland, the TP content of farmland was two grades higher, and
the contents of C, N, and K were at a lower-than-medium level. This may be due to the
loss of nitrogen caused by flood irrigation and soil leaching in the Yellow River and the
increase in phosphorus caused by over-fertilization, resulting in soil N limitation and P
saturation. Therefore, the rational application of phosphorus fertilizer and the management
measures to improve the efficient use of soil nitrogen are more conducive to the effective
use of agricultural resources in this area, aiding in the achievement of soil element balance.

The soil C:N:P:K values for farmland and grassland in area II were 62:5:1:26 and
100:8:1:36, respectively. The C:N:P values were higher than the national soils, the Rcy was
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higher than on the global level, and the Rcp and Ryp of grassland were lower. The soil nutri-
ent contents of farmland were at a medium level; C and N were one grade lower than those
of grassland, and P was one grade higher. The results indicated that the soil mineralization
rate in this area was higher, but it was still limited by a smaller degree of nitrogen. The
study in 2019 at the northern foot of Yinshan showed that grassland reclamation changed
soil physical structure and increased microbial activity, thereby increasing soil respiration,
accelerating the mineralization and decomposition of organic matter, and accelerating the
nitrogen loss rate [36]. However, compared with them, the Rcny was lower and the Ryp was
higher in our study. This may be because our study included the southern and northern
foothills of Yinshan Mountain. The wind erosion intensity of soil in the southern foothills
was weaker than that in the northern foothills, and the soil available nitrogen content was
generally higher than that in the northern foothills. Therefore, cultivation measures to
improve soil carbon sequestration capacity and available nitrogen are more beneficial to
the stoichiometric balance of the region.

The soil C:N:P:K values of farmland and grassland in area III were 39:3:1:40 and
87:6:1:81, respectively. The C:N:P of farmland was lower than that of the whole country,
while that of grassland was higher. The Ry of grassland was higher than the global level,
the Rcp and Ryp were lower, and the Ry, Rep, and Ryp of farmland were lower than
the global level. The nutrient content of farmland was lower, and the TP content was one
grade higher than that of grassland. The results showed that the decomposition rate of
soil organic matter in this area was fast, which was not conducive to the accumulation of
organic carbon, and the net mineralization rate of phosphorus was fast, but there was still
a strong nitrogen limitation, and the degree of nutrient deficiency was N > C > P. However,
the results were at odds with other studies on sandy land, which may be due to the study
scale being different [53]. Therefore, reasonable fertilization combined with cultivation
measures to improve the ability of soil water and fertilizer retention is beneficial to the
material circulation of farmland ecosystems in this region.

The soil C:N:P:K values of farmland and grassland in area IV were 102:7:1:28 and
141:10:1:29, respectively. The C:N:P was higher than the national soil, and the grassland
C:N:P (134:9:1) was higher than the national 0-10 cm soil layer. The Rcn, Rep, and Rnp
values of the farmland soil layer were higher than the global level, and the Rcy and Rep of
grassland soil were higher, but the Ryp was lower. The contents of C, N, and K in farmland
and grassland soil were at an upper level, and the contents of P were at a medium level. The
results indicated that there was no nutrient deficiency in this area, but the net phosphorus
mineralization rate was significantly lower. The Rcy of the 0-20 cm soil layer in farmland
was higher than that in grassland, which may be due to the low average temperature in
the region and the slow decomposition of organic carbon [4,45]. Combined with measures
such as crop rotation, fallow, and residue, the surface soil has a strong ability to retain
organic carbon.

Early research in Brigelo, Queensland, found that continuous tillage and planting can
maintain the availability of soil nitrogen better than continuous grazing [54]. Recent studies
in Hokkaido, Japan [55], and Bavaria, Germany, showed that the short-term conversion of
grassland to cultivated land increased the diversity of soil bacterial community structure,
and combined with the nitrogen fixation of leguminous plants, the organic carbon in the soil
increased. Therefore, the dry farming areas in the agro-pastoral ecotone of Inner Mongolia
should promote grain—grass rotation, increase the application of organic fertilizer and
straw returning to the field, and rationally allocate fertilizer according to the vegetation
types and the actual situation in the growth stage, which will help to balance the soil
eco-stoichiometry.

4.3. Effects of Environmental Factors on the Eco-Stoichiometry of Farmland and Grassland

Through Spearman correlation analysis, we found that the effects of C, N, P, and K
contents on soil eco-stoichiometry in this study area followed the law of geographical
correlation [56] (Figure 6). The C content in areas III and IV significantly affected the N,
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P, and K cycles. K content significantly affected the C, N, and P cycles only in areas I
and II. However, N and P content significantly affected the element ecological cycle in
the whole region, and Rcy decreased with an increase in P content; therefore, it was not
conducive to the accumulation of organic matter. This may be because area I was adjacent
to area II, area III was adjacent to area IV, and area I and area III were river basins, so the
soil properties between regions were similar. Therefore, the ecological chemical cycle of
elements in grassland soil was mainly controlled by C and N, while farmland was mainly
controlled by N and P, and Rcy, Rep, and Ryp were the limiting indexes of soil nutrient
content. Similar results had been obtained for the Yellow River Wetland in Baotou [19],
Horqin Sandy Land [24], and Chongqging Mountain [57]. In this study, soil pH was only
significantly correlated with Rnp, Ryk, and Rpk, which was inconsistent with the research
conducted in paddy fields [58] and in the alpine region of the Loess Plateau [59]; however,
fertilization caused soil stoichiometry in farmland to be greatly affected by soil pH [60].
This may be related to the land type, geographical environment, and research scale in the
study area, so that the conclusions drawn have regional limitations.

The effects of MAT and MAP on soil eco-stoichiometry also had geographical gradients.
Soil eco-stoichiometry in areas I and II was affected by MAT and MAP, while MAT and
MAP in areas III and IV had the same effects on soil eco-stoichiometry. This may be because
areas I and II were located along the Yinshan Mountains in the east-west direction, while
areas III and IV were along the Daxing’anling Mountains in the north-south direction.
Therefore, the climate and environment of areas I and II and areas III and IV were similar.
At the same time, temperature and precipitation were significantly correlated with soil
stoichiometry in farmland and grassland, and this was inconsistent with the findings of the
northeast black land study [7]. Compared with the mean value of a single year, the average
temperature and precipitation in the long-term series of this study can better reflect the long-
term climate patterns. Moreover, the influences of temperature and precipitation change
on soil stoichiometry in different ecosystems are inconsistent, which contradicts the results
of studies on forest and grassland [61]. This may be because farmland is a semi-natural
ecosystem and thus different from the natural ecosystem due to human factors.

5. Conclusions

There is no single Redfield-like ratio [3] in farmland and grassland soils across the
Inner Mongolia agro-pastoral ecotone, and the Rcy, Rep, and Ryp of farmland are lower
than those of natural grassland. Land use patterns have a significant impact on the cycle
of P elements. The stoichiometric relationship between farmland and grassland follows
the geographical gradient in the agro-pastoral ecotone, and the trend is consistent. The
difference in stoichiometric spatial distribution is more significant than that of the land
use pattern.

The deficiency degree of soil nutrients in farmland is C > N, but P is saturated in
the agro-pastoral area along the Yellow River mainstream plain, and N > C > P in the
agro-pastoral area along the foot of Yinshan Mountain and the West Liaohe River Basin.
The effect of agricultural production on the accumulation of C, N, P, and K in soil was not
obvious in the agro-pastoral area along the foothills of the Daxing’anling Mountains.

The effect of grassland nutrient content on stoichiometry is related to the similarity of
soil properties, while the man-made input of chemical elements destroys the stoichiometric
balance of farmland soil, so the stoichiometric relationship of farmland soil is greatly
affected by element contents. The effect of MAT and MAP on soil stoichiometry is related to
the environmental heterogeneity between regions. Farmland is more significantly affected
by MAP, while grassland is more significantly affected by MAT.

In the future, based on this study’s results, the C:N:P:K stoichiometric relationships
between soil and plants in farmland can be combined to explore the stoichiometric relation-
ship mechanism in biomass allocation under different agricultural management measures,
which can be very useful in improving agricultural production efficiency.
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Appendix A

Table Al. Nutrient classification system of the second nationwide condition census soil survey.

Nutrient Classifications

Index Unit
1 2 3 4 5 6
SOC g/kg >23.2 17.4-23.2 11.6-17.4 5.8-11.6 3.48-5.8 <3.48
TN g/kg >2 1.5-2 1-1.5 0.75-1.00 0.5-0.75 <0.5
TP g/kg >1.0 0.8-10 0.6-0.8 0.4-0.6 0.2-0.4 <0.2
TK g/kg >25 20-25 15-20 10-15 5-10 <5

Table A2. Descriptive statistics.

Farmland (N = 144) Grassland (N = 56)
Variables - -
Min Max Mean SD CV (%) Min Max Mean SD CV (%)

MAT (°C) —-1.85 8.69 4.61 3.36 72.98 —1.85 7.71 3.96 3.48 87.77
MAP (mm) 135.97 532.33 340.15 97.04 28.53 210.79 532.33 376.39 71.72 19.06
MARH (%) 46.39 68.46 53.46 6.58 12.31 46.39 68.46 55.41 6.35 11.45
MASD (h) 2491.63 3222.56 2902.34 185.65 6.40 2491.63 3098.61 2840.74 168.35 5.93
pH 5.97 8.65 7.70 0.59 7.62 6.15 8.55 7.42 0.73 9.79
EC (uS cm™1) 45.15 989.00 156.53 144.10 92.06 34.35 217.50 90.09 41.94 46.55
SOC (g kgfl) 2.49 43.77 14.24 9.60 67.45 2.01 58.47 21.66 14.79 68.25
TN (g kgfl) 0.27 3.39 1.24 0.70 56.45 0.14 4.10 1.80 1.10 61.15
TP (g kg_l) 0.18 1.18 0.65 0.21 31.82 0.14 1.00 0.52 0.22 41.91
TK (g kgfl) 12.05 27.48 20.56 3.65 17.73 14.05 25.86 20.82 3.14 15.09
Ren 8.06 21.93 13.07 2.42 18.52 8.76 24.85 14.41 3.48 24.17
Rep 12.37 144.82 59.77 35.57 59.51 17.73 231.23 105.90 55.01 51.95
Rk 0.35 5.96 2.22 1.31 58.91 0.26 7.88 3.32 2.06 62.04
Rnp 0.86 10.17 4.46 2.22 49.70 1.30 15.49 7.63 3.80 49.81
RNk 0.03 0.39 0.17 0.08 48.81 0.01 0.48 0.24 0.13 54.69
Rpk 0.01 0.11 0.04 0.02 46.70 0.01 0.06 0.03 0.01 42.33
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Abstract: Heat stress, as a negative factor, severely threatens the quality and production of bottle
gourd, which prefers to grow in a warm environment. To understand which genes are involved
in the resistance to heat stress in bottle gourd (Lagenaria siceraria (Mol.) Standl.), we analyzed the
characteristics of two genetic bottle gourd varieties, “Mei feng”-MF (heat resistant) and “Lv long”-
LL (heat sensitive). Under heat stress, MF plants exhibited a higher survival rate, lower relative
electrolytic leakage, and decreased stomatal aperture compared with LL. In addition, RNA-Seq was
carried out on the two varieties under normal conditions and heat stress. The results revealed a total
of 1485 up-regulated and 946 down-regulated genes under normal conditions, while 602 genes were
up-regulated and 1212 genes were down-regulated under heat stress. Among these genes, several
differentially expressed genes (DEGs) involved in the MAPK (mitogen-activated protein kinase)
signaling pathway and members of bHLH (basic helix-loop-helix) transcription factors showed
significant up- or down-regulation after heat stress. Next, to validate these findings, we conducted
quantitative real-time PCR (qRT-PCR) analysis, which confirmed the expression patterns of the genes
detected through RNA-Seq. Collectively, the DEGs between the two contrasting cultivars identified
in our study provide novel insight into excavating helpful candidate genes associated with heat
tolerance in bottle gourd.

Keywords: bottle gourd; RNA-Seq; DEGs; MAPK; bHLH; heat stress

1. Introduction

Heat stress (HS) caused by high temperatures severely impacts plant growth, endan-
gering ecosystem quality and agricultural production in many areas around the world.
When plants are exposed to transitory or constantly high temperatures, there are multiple
changes in physiological and biochemical facts, leading to drastic reductions in crop yield
and quality [1]. In order to survive unfriendly conditions, plants have evolved several
intrinsic strategies to adapt to HS [2]. Plant hormone changes, heat shock protein (HSP)
protection, and reactive oxygen species (ROS) scavenging are involved in conferring tol-
erance to plants, especially at high temperatures [3-5]. The abscisic acid (ABA), ethylene,
and jasmonic acid (JA) can affect plant adaptation to high temperatures [6], especially
ABA. ABA is required for the accumulation of ascorbate peroxidase (APX1) during HS [7].
Previous studies have reported that ABA-deficient and -insensitive mutants are sensitive
to high temperatures, while overexpressing ABRE (abscisic acid responsive elements)
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binding factors (ABF) can enhance plants’ thermotolerance [8]. Hydrogen peroxide exerts
roles in increasing the ABA-dependent expression of heat shock protein 70 (HSP70) and
enhancing the tolerance of plants to heat stress [9]. In rice, the HEAT TOLERANCE AT
SEEDLING STAGE (OsHTAS) gene, encoding a ring finger ubiquitin E3 ligase, can increase
heat tolerance by regulating H,O;-induced stomatal closure [10].

Most vegetables prefer to grow under warm conditions; thus, they do not possess the
ability to tolerate HS. For example, when the temperature is over 35 °C, cucumber plants
bear severe thermal damage [11]. However, previous studies have shown that many genes
are also involved in HS responses in vegetables. For instance, ectopic expression of spinach
betaine aldehyde dehydrogenase (BADH) in tobacco improves plant thermotolerance [12].
Pepper heat shock protein 24 (CaHHSP24), which is significantly induced by high temperatures,
plays a crucial role in heat tolerance [13]. HSP70, which is prominently induced by ABA,
increases heat tolerance in cucumber [14]. Overexpression of CsCaM3 (Calmodulin 3) in
cucumber plants leads to improved heat tolerance by regulating the expression of heat-
responsive genes [15].

African-native bottle gourd (Lagenaria siceraria (Mol.) Standl.), also known as calabash
or opo squash, is grown worldwide for its medicinal, decorative, and grafting rootstock
properties [16]. Previous studies have demonstrated that bottle gourd exhibits some
level of drought and salinity tolerance compared to other cucurbits [17,18]; hence, it is
widely used as a rootstock for watermelon and melon. Bottle gourd prefers to grow in
a warm environment (25-35 °C), without higher temperature resistance. When exposed
to high temperature conditions (normally > 40 °C), especially in the seedling stage, the
development, quality, and yield are seriously affected. However, few genes have been
explored related to HS resistance in bottle gourd, which restricts crucial gene application in
heat resistance genetic breeding of bottle gourd. Our study aims to explore the responses
of some important genes to heat stress by transcriptome sequencing, which will not only
provide insights into the molecular mechanisms underlying HS responses in bottle gourd
but also highlight the involvement of genes in conferring heat tolerance.

2. Materials and Methods
2.1. Plant Materials and Heat Stress Treatment

In 2018, a total of 120 bottle gourd varieties were exposed to high temperatures
(45 °C/40 °C in day/night) for 7 days in a phytotron room. Combining plant phenotype
and survival rate, we obtained several heat-resistant and -sensitive varieties, including MF
and LL (data unpublished). MF with heat tolerance and LL with heat sensitivity were used
in this study. MF and LL were homozygous inbred lines derived from the native variety
“Fuzhou bottle gourd” and “Hubei bottle gourd”, respectively. “Fuzhou bottle gourd” is a
commonly cultivated inbred variety in Fujian province, while “Hubei bottle gourd” is an
inbred cultivar grown in the central region of China. The seeds were soaked in warm water
at 50 °C for 20 min, followed by soaking in room temperature water for 10 h. Subsequently,
the seeds were germinated in an incubator at a temperature range of 30~32 °C under dark
conditions for 2 days. Subsequently, the pre-germinated MF and LL seeds were grown in
an artificial climate box maintained at 30 °C/24 °C day/night temperature (5500 lux, 60%
RH). When plants were grown to one true leaf stage (14-day seedling stage), they were
exposed to heat treatment for 7 days (45 °C/40 °C in day/night) and recovered at room
temperature for 3 days. Each cultivar contained 24 plants, with three biological replicates.

2.2. Stomatal Aperture Analyses

To view the stomatal aperture using scanning electron microscopy (SEM), the abaxial
epidermises of true leaves of HS (consecutively exposed to 45 °C for 24 h) or mock-treated
plants were prepared following standard procedures [19]. Leaf samples were immersed in
5% glutaraldehyde overnight, washed in 0.1 M phosphate buffer (pH 7.0), and then treated
in 1% osmium tetroxide for 2 h. The samples were dehydrated using serially diluted ethanol
(70% to 100%) and isoamyl acetate. Specimens were dried in a Hitachi HCP-2 critical point
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dryer (Hitachi High-Tech, Tokyo, Japan) with liquid CO, and mounted onto double-coated
carbon conductive tapes attached to specimen holders. Samples were sputter-coated with
gold-platinum and examined using a Hitachi TM-1000 TSEM (Hitachi High-Tech, Tokyo,
Japan). Twenty stomata were randomly chosen for measurement in each leaf. Five plants
were analyzed per treatment, and two independent experiments were performed, showing
similar results.

2.3. Transcriptome Sequencing

Total RNA was extracted from the true leaves of MF and LL according to the instruction
manual of the TRIzol Reagent (Life Technologies, Carlsbad, CA, USA). RNA integrity and
concentration were checked by gel electrophoresis and Nanodrop quantification. mRNA
was isolated by the NEBNext Poly (A) mRNA Magnetic Isolation Module (NEB, MA, UK;
E7490). The cDNA library was constructed following the manufacturer’s instructions of
the NEBNext Ultra RNA Library Prep Kit for Illumina (NEB, ipswitch, MA, UK; E7530)
and NEBNext Multiplex Oligos for Illumina (NEB, ipswitch, MA, UK; E7500). In brief,
the enriched mRNA was fragmented into approximately 200 nt RNA inserts, which were
used to synthesize the first-strand cDNA and the second cDNA. End-repair/dA-tail and
adaptor ligation were performed on the double-stranded cDNA. The suitable fragments
were isolated using Agencourt AMPure XP beads (Beckman Coulter, Inc., Brea, CA, USA)
and enriched by PCR amplification. Finally, the constructed cDNA libraries of the bottle
gourd leaves were sequenced on a flow cell using an Illumina HiSeq™ sequencing platform.

2.4. Bioinformatic Analysis of RNA-Seq Data

The low-quality reads, like adaptors, unknown nucleotides > 5%, or Q20 < 20% (per-
centage of sequences with sequencing error rates < 1%) were removed by perl script. The
clean reads were mapped to the Bottle Gourd reference genome (http://cucurbitgenomics.
org/v2/organism/29, (accessed on 10 October 2023)) using TopHat2 software (http://ccb.
jhu.edu/software/tophat, (accessed on 10 October 2023)). The transcript level of each gene
was calculated using FPKM values (fragments per kilobase of exon per million fragments
mapped) by Cufflinks 2.2.1 software. Genes with a false discovery rates (FDR) < 0.05 and
fold change values > 1.5 were regarded as differentially expressed genes (DEGs). Only
genes with an absolute value of log?2 ratio > 1.5 and FDR significance score < 0.05 were
used for subsequent analysis.

For the gene annotation and classification assay, the BLASTX program was used
in various protein databases, including the National Center for Biotechnology Infor-
mation (NCBI) non-redundant protein (Nr) database and the Swiss-Prot database with
a cut-off E-value of 107°. Genes were retrieved based on the best BLAST hit (high-
est score), along with their protein functional annotation. To annotate the genes with
Gene Ontology (GO) terms, the Nr BLAST results were imported into the WEGO pro-
gram [20]. The obtained annotation was enriched and refined using TopGo (R pack-
age). Pathway assignments were made by mapping the unigenes onto KEGG categories
(http:/ /www.genome.jp/kegg/ (accessed on 10 October 2023)) [21]. Raw sequencing
data were archived under accession numbers SRR24414144-SRR24414143-SRR24414132
(MF-CK), SRR24414127-SRR24414126-SRR24414125 (LL-CK), SRR24414140-SRR24414139-
SRR24414138 (MF-HS), and SRR24414137-SRR24414136-SRR24414135 (LL-HS) in the NCBI
Sequence Read Archive (SRA, http://www.ncbi.nlm.nih.gov/Traces/sra, (accessed on 10
October 2023)).

2.5. Quantitative Real-Time PCR (qRT-PCR)

About 2 pg total RNA was used to generate cDNA using the TransScript® One-Step
gDNA Removal and cDNA Synthesis SuperMix (TransGen, Beijing, China) according to
the manufacturer’s instructions. As a template, 150 ng of synthesized cDNA was used
to perform RT-qPCR analysis. PCR reactions were performed in a total volume of 20 puL,
with 1 pL of each primer (final concentration 200 nM) and 10 pL of SYBR Green Master
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Mix (Takara Bio, Beijing, China). The PCR program included an initial denaturation step at
94 °C for 3 min, followed by 40 cycles of 30 s at 94 °C and 35 s at 60 °C. Each sample was
quantified in triplicate and normalized using TuB-« gene [22] as internal controls. Three
biological replicates were performed, and three technical repeats were performed for each
biological replicate. The primer pairs for RT-qPCR are listed in Table S1. The relative
expression levels were normalized to the TuB-« and calculated using the 22T method.

3. Results
3.1. MF Is a Resistant Cultivar to Heat Stress

MM and LL (24 plants for three biological replicates, respectively) were grown to
the one true leaf stage under normal conditions (Figure 1A). Then, they were transferred
to high temperature conditions (45 °C) for 7 days (Figure 1B) and recovered for 3 days
(Figure 1C). Before treatment, both MM and LL thrived exuberantly; however, the top
growth point of LL showed wilting symptoms after heat stress, and its cotyledons and true
leaves turned chlorotic and yellow (Figure 1A,B). After recovery, most LL plants were dead,
while some MF plants exhibiting continued growth (Figure 1C). Approximately 82% of
MF plants survived after heat stress treatment in comparison with about 21% of LL plants
(Figure 1D). In addition, we found that the relative electrolytic leakage in the surviving
seedlings was significantly higher in LL compared to MF (Figure 1E). Previous studies
reported that the stomatal aperture exerts crucial roles in abiotic stress [22,23]. In order
to determine the difference in stomatal aperture between MF and LL, we used scanning
electron microscopy (SEM) to carry out the assay. The results showed that the stomatal
opening was similar in MF and LL plants under normal conditions. However, when the
plants were treated with HS, the stomatal opening was noticeably smaller in MF than in LL
(Figure 2A,B). Taken together, these findings suggest that LL and MF are susceptible and
resistant cultivars, respectively, in response to HS.

» Before treatment

=
[=3
(=]

80 -

60 -

40 -
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Relative electrolytic leakage (%)

MF LL MF LL

LL

Figure 1. Phenotypes of MF and LL under HS treatment. (A) MF and LL plants before treatment.
(B) MF and LL plants exposed to HS treatment for 7 days. (C) MF and LL plants after recovery.
(D) Survival rates of MF and LL after heat stress treatment. (E) Relative electrolytic leakage under
normal conditions. Data are presented as the mean + SD (n = 9). ** p < 0.01, * 0.01 < p < 0.05;
Student’s t-test.
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Figure 2. HS decreases the stomatal aperture in MF leaves. Representative SEM image of stomata of
MF and LL true leaves in response to HS (A); the stomatal aperture data are shown in (B). Values
are the means =+ SD. Data from two independent experiments showed similar results. The results of
one representative experiment are shown, n = 20 for each treatment group. The asterisk indicates a
significant difference between the treatments (Student’s f-test, p < 0.05).

3.2. Heat Stress-Induced Transcriptional Changes

In order to study the molecular response to heat stress between MM and LL, we carried
out transcriptome sequencing of these two varieties under normal conditions (CK) and after
24 h heat stress treatment (H). Three biological replicates from each treatment were obtained.
More than 43 million reads and over 92% of clean reads were obtained from each sample
after removing the low-quality and adaptor-containing reads (Table 1). At least 6.9 Gb
clean bases were acquired from each sample (Table 1). The number of base recognition
accuracies over 99.9% was no less than 6.2 Gb (Table 1). Over 92.3% of the clean reads were
totally mapped to the reference bottle gourd genome [23], with more than 97.6% being
uniquely mapped (Table S2). After normalization using total reads, we finally identified
2431 (normal condition, CK) and 1814 (heat stress, H) differentially expressed genes (DEGs)
(Figure 3). Among them, a total of 1485 genes were up-regulated and 946 genes were down-
regulated before HS treatment (Table S3, Figure 3), while 602 genes were up-regulated
and 1212 genes were down-regulated in response to HS (Table S4, Figure 3). Furthermore,
to validate the RNA-seq results, a total of 21 genes, which showed significantly up- or
down-regulation with the absolute value Log2 fold change > 1 after HS treatment (Table S1),
were randomly selected and used for qRT-PCR analysis. The results showed that a strong
positive correlation (two tailed, R? = 0.938) was detected between MF and LL (Figure 4),
indicating the accuracy of the RNA-seq data.

Table 1. Analysis of raw data between MF and LL under normal conditions (CK) and 24 h after heat

stress (H).

Sample Reads No.  Bases (bp) Q30 (bp) ReCa}iesago. Cleal)lp]))ata Q30 (%) RS;ZZIE% Cleaf;oData
MF_CK_1 48713312 7,355,710,112 7,019,875,701 45173544  6,821,205,144 95.43 92.73 92.73
MF_CK_2 45757598  6,909,397,298 6,587,698,893 42487732  6,415,647,532 95.34 92.85 92.85
MF_CK_3 43690728  6,597,299,928 6,275,922,552 40610484  6,132,183,084 95.12 92.94 92.94
LL CK_1 43525386  6,572,333,286 6,259,514,252 40395314  6,099,692,414 95.24 92.8 92.8
LL_CK_2 49867998  7,530,067,698 7,180,347,054 46316818  6,993,839,518 95.35 92.87 92.87
LL_CK_3 46377310  7,002,973,810 6,575,537,624 43003502  6,493,528,802 93.89 92.72 92.72

FH1 48711970  7,355,507,470 7,003,097,638 45215592  6,827,554,392 95.2 92.82 92.82
F_H_2 50998488  7,700,771,688 7,335,822,954 47313752  7,144,376,552 95.26 92.77 92.77
F HS3 48670696  7,349,275,096 7,003,542,935 45160744  6,819,272,344 95.29 92.78 92.78
1 46504370  7,022,159,870 6,697,944,713 43154332  6,516,304,132 95.38 92.79 92.79
47952574 7,240,838,674 6,914,489,745 44463080  6,713,925,080 95.49 92.72 92.72

50213476  7,582,234,876 7,255490,965 46615128  7,038,884,328 95.69 92.83 92.83
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Figure 3. Differentially expressed gene (DEG) analysis in leaves under normal conditions (CK)
and 24 h after heat stress (H). (A). DEGs under normal conditions. (B). DEGs after 24 h of heat
stress. Red, brown, and blue represent up-regulated, no-difference, and down-regulated gene
expression, respectively.
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Figure 4. Validation of DEGs by qRT-PCR. The orange circles represent different gene expressions.

3.3. Enriched Gene Categories Related to Heat Stress

In order to understand which categories are represented in DEGs in comparison with
the bottle gourd genome, all 2431 (CK) and 1814 (H) genes were further analyzed for
Gene Ontology (GO) functional annotations. The results showed that three categories
“cellular components (CC)”, “molecular function (MF)”, and “biological process (BP)”
were classified under normal conditions (Table S5) and heat stress (Table S6) between
MEF and LL. The number of CC and BP were prominently decreased after heat treatment,
while the number of genes in the MF category were significantly increased, especially in
endopeptidase inhibitor activity, peptidase inhibitor activity, and so on (Figure S1).

Next, to examine the obtained DEGs associated with different pathways, the KEGG
pathway database was used. The results showed that the main pathways under normal
conditions were “phenylpropanoid biosynthesis”, “plant hormones signal transduction”,
and “amino sugar and nucleotide sugar metabolism” (Figure 5A). When exposed to heat
stress, genes related to the “MAPK signaling pathway” and “photosynthesis” were mostly
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enriched (Figure 5B), while the pathway of “phenylpropanoid biosynthesis” was also
enriched in heat stress.
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Figure 5. KEGG analysis of DEGs under normal conditions (CK) and 24 h after heat stress (H).
(A). DEGs under normal conditions. (B). DEGs after 24 h of heat stress. High and low FDR (false
discovery rate) are represented by green and red, respectively.

3.4. Expression of bHLH-Related Genes under Heat Stress

In order to study the number and types of transcription factors (TFs) that changed after
heat stress treatment, transcriptome data were further analyzed. The results showed that
the expression of various TFs, including bHLH, ERF (ETHYLENE RESPONSE FACTOR),
and NAC (NAM, ATAF and CUC), were significantly changed under CK (Figure S2A).
After heat stress treatment, most TFs, such as bHLH and ERF, were down-regulated
compared to normal conditions (Figure S2B). Indeed, the basic helix-loop-helix (tHLH)
superfamily plays important roles in normal plant growth and development, as well as
function in response to biotic or abiotic stress [24,25]. Thus, we analyzed the expression
of members of the bPHLH family using RNA-Seq data. As shown in Table S7, almost all
bHLH family genes exhibited a higher level of transcripts in MF compared to LL after HS
treatment. Next, we randomly selected six bHLH genes from RNA-Seq data for qRT-PCR
in detail. For the qRT-PCR assay, we detected bHLH expression after exposure to 12, 24,
and 36 h HS and under normal conditions (CK). The results showed that these 6 bHLHSs
were significantly induced after 24 h HS treatment (Figure 6). HG10006168, HG10004527,
and HG10015989 showed increased expression in MF compared with LL after 12 and 24 h
of heat treatment. Among them, the expression of HG10004527 was significantly higher in
MF than LL under normal conditions. HG10008149, HG10020341, and HG10006039 were
highly expressed in LL in comparison with MF after 24 h heat stress treatment. HG10006039
also exerted higher expression in MF than LL under normal conditions (Figure 6).
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Figure 6. Relative expression of bHLH transcription factors. Total RNA was extracted from the true
leaves of MF and LL growing under normal conditions (CK) and heat stress (H). TuB-x was used as
an internal control. Data are the means + SD of three independent replicates. Asterisks indicate a
significant difference between treatments (* 0.01 < p < 0.05, ** p < 0.01, Student’s ¢ test).

3.5. Expression of MAPK-Related Genes under Heat Stress

Based on KEGG analysis, we found that the MAPK (mitogen-activated protein kinase)
signaling pathway was enriched during heat stress. Consistent with this observation, the
expression of MAPK-related genes was significantly changed in the MF and LL seedlings
under HS treatment (Table S7). Next, in order to understand the MAPK gene expression
level in detail, 6 genes (Table S7) involved in the MAPK signal pathway were selected
for qRT-PCR assay. The results showed that except HG1000206, the other five genes
were significantly up-regulated in LL compared to MF after 24 h of heat stress treatment
(Figure 7). Among them, gene expression of HG10000206, HG10006437, HG10008395, and
HG10005867 was prominently higher in MF compared with LL after 36 h heat stress. All
of these genes showed no differences in expression between MF and LL under normal
conditions (Figure 7).
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Figure 7. Relative expression of MAPK genes. Total RNA was extracted from the true leaves of MF
and LL growing under normal conditions (CK) and heat stress (H). TuB-x was used as an internal
control. Data are means + SD of three independent replicates. Asterisks indicate a significant
difference between treatments (* 0.01 < p < 0.05, ** p < 0.01, Student’s t-test).

4. Discussion

Heat stress severely limits crop production [26] by directly causing damage to enzymes
and tissues [27], impairing flowering [28], and triggering oxidative stress at the plant repro-
ductive stage [29]. It has been reported that many crop species are sensitive to heat stress,
which ultimately impacts the economies of countries by reducing crop production [30].
Bottle gourd, as one of the most popular vegetables in South China, is pretty sensitive to
heat stress, which leads to a decrease in production and quality. In our study, we used
heat-resistant (MF) and heat-sensitive (LL) varieties to perform an RNA-sequencing assay.
We found that the number of DEGs increased significantly 24 h after heat stress treatment.
Among them, several DEGs related to the bHLH and MAPK signaling pathways showed
prominent expression changes between MF and LL.

4.1. Analysis of bHLHs under Heat Stress

Transcription factors (TFs), such as WRKY [31], MYB [32], basic leucine zipper (bZIP) [33],
and basic helix-loop-helix ((HLH) families, exert crucial roles in resistance to biotic and abiotic
stress [34]. Among them, bHLHs are the second largest families and positively or negatively
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regulate plant resistance to various stressors [24,25]. For instance, bBHLH2 positively regulates
cold stress in Tartary buckwheat [35]. Overexpression of rice OsbHLHO001 confers freezing
and salt tolerance in transgenic Arabidopsis [36]. Overexpressing grape VobHLH1 significantly
improves salt and drought tolerance in transgenic Arabidopsis [2]. OsbHLH148 increases
drought resistance in rice [37]. Our study detected that the expression of several bHLHs
changed significantly between MF and LL after heat stress treatment. Among them, three
genes, HG10006168, HG10004527, and HG10015989, exerted high expression in MF compared
with LL after 24 h of heat stress treatment. Similar findings have been observed in other
plants. For example, the expression of Suaeda salsa bHLH35 (the homolog of HG10006168) was
significantly up-regulated after HS treatment [38]. In eggplant, the transcript levels of bHLH35
were also found to be up-regulated at 38 °C for 3 h and 6 h [39]. Additionally, heterologous
expression of Anthurium andraeanum bHLH35 has been shown to improve tolerance to cold and
drought stress in Arabidopsis [40]. Collectively, these results suggest that HG10006168 may play
a positive role in HS resistance in bottle gourds. Like bHLH35, the expression of bHLH93 (the
homolog of HG10004527) was also induced by different stressors [41,42]. However, functional
analysis in Arabidopsis showed that bHLH93 is a key factor required for the promotion of
flowering under non-inductive short-day conditions through the GA signaling pathway [43].
Consistent with these data, the expression of HG10004527 was found to be higher in the
ovary compared to roots and leaves, suggesting the potential role of this gene during the
development of bottle gourd. Nevertheless, further research is needed to explore the functions
of these genes in detail.

4.2. Analysis of the MAPK Signal Pathway under Stress

When plants are exposed to abiotic stress, many regulatory processes are controlled by
many signaling pathways. Among them, MAPK (mitogen-activated protein kinase) exerts
central roles during the stress resistance process [44,45]. MAPKSs, as the evolutionarily
conserved proteins in all eukaryotes, can be activated by substantially diverse stressors,
and the activation of multiple MAPK pathways orchestrates fundamental cellular pro-
cesses [46,47]. Previous studies have shown that the expression of MAPK-related genes,
such as MAPK2, MAPK3, and MAPK16, is induced by abiotic stress treatments. Overex-
pression of MAPK16 increases drought tolerance in Arabidopsis [48]. MAPKS3 positively
enhances resistance under cold, drought, and salt stress in Arabidopsis [49]. In tobacco,
MAPK?2 positively regulates salt and drought tolerance in tobacco [50]. In our study, we
detected 6 MAPK-related genes, which were differentially expressed between MF and
LL. Among them, five genes (HG10014545, HG10006437, HG10008395, HG10021999, and
HG10005867) were significantly increased much more in LL than MF after 24 h heat stress
treatment, indicating that these five genes might be involved in heat resistance of bottle
gourd seedlings. Indeed, Arabidopsis MAPK9, which is the homolog of HG10014545 and
HG10008395, functions redundantly with another member of the MAPK family, MAPK12,
as a positive regulator in ABA- and JA-induced stomatal closure [51]. This suggests that
MAPK9 and MAPK12 regulate guard cell function in ABA signaling downstream of ROS.
Moreover, further studies imply that MAPK9 and MAPK12 are positive regulators of SA
signaling in Arabidopsis guard cells [52]. This finding is consistent with the role of MAPK9
and MAPK12 in regulating stomatal apertures, which contribute to the plant’s defense
against pathogens [53]. Arabidopsis MAP KINASE KINASE KINASE 1 (MAPKKK1), which
is the homolog of HG10006437, is a key transduction element that coordinates damage-
and pathogen-associated molecular pattern-triggered immunity and orchestrate reactive
oxygen species accumulation and signaling [54]. A subsequent study indicated a change in
the localization pattern of MAPKKK1 from the cytosol to plastids and nuclei after elicitor
perception [55]. The function of MAPK9, MAPK12, and MAPKKK1 in biotic stress response
suggested that HG10014545, HG10008395, and HG10006437 may also have a similar func-
tion in bottle gourd. Further study is required to investigate the specific role of these
genes in bottle gourd and their potential involvement in the plant’s defense mechanisms
against pathogens.
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5. Conclusions

In this study, we first identified a heat-resistant variety of bottle gourd that exhibited a
higher survival rate, lower relative electrolytic leakage, and decreased stomatal aperture
under HS. Next, RNA-Seq data showed that approximately 2000 genes were significantly
altered under HS treatment compared to normal conditions in both heat-resistant and
heat-sensitive varieties. Among these genes, several were found to be involved in the
MAPK (mitogen-activated protein kinase) signaling pathway, as well as members of bHLH
transcription factors, which showed significant up- or down-regulation after HS, which
was further confirmed by real-time PCR (qRT-PCR) analysis. Our work may provide
crucial genes for understanding the molecular regulation of heat resistance, which would
be helpful in genetically improving heat tolerance in bottle gourd breeding.
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of sequence analysis; Table S3: The DEGs under normal conditions between MF and LL; Table S4:
The DEGs under HS between MF and LL; Table S5: GO analysis of DEGs under normal conditions
between MF and LL; Table S6: GO analysis of DEGs under HS between MF and LL; Table S7: DEGs
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Abstract: Terrestrial ecosystems depend heavily on their vegetation; it is possible to forecast future
growth trends of regional vegetation by keeping an eye on changes in vegetation dynamics. To
circumvent the potential reduction in prediction accuracy caused by the non-stationarity of meteoro-
logical changes, we analyzed the characteristics of NDVI (Normalized Difference Vegetation Index)
spatial and temporal changes and the influencing factors over the past 20 years in the Maowusu
Sandland of China via attribution analysis. We also constructed a comprehensive analysis system
for vegetation pre-restoration. Moreover, we combined meteorological data from 2000 to 2018 and
presented a deep-learning NDVI-Informer prediction model with a self-attentive mechanism. We
also used distillation operation and fusion convolutional neural network for NDVI prediction. In-
corporating a probsparse self-attention method successfully overcomes Transformer weaknesses by
lowering the memory use and complexity of large time series. It significantly accelerates the inference
speed of long time series prediction and works well with non-smooth data. The primary findings
were: (1) the Maowusu Sandland’s 20-year average showed a consistent increasing trend in the
NDVI at 0.0034 a—!, which was mostly caused by climate change, with a relative contribution rate of
55.47%; (2) The Informer-based model accurately forecasted the NDVI in the research region based on
meteorological elements and conducted a thorough analysis of the MAPE (mean absolute percentage
error) (2.24%). This suggests that it can effectively lower the data’s volatility and increase prediction
accuracy. The anticipated outcomes indicate that the trend will stabilize during the following ten
years. To attain more sustainable and efficient agricultural production, the results of this study may
be used to accurately estimate future crop yields and NDVI using previous data.

Keywords: NDVI; attribution analysis; self-attention mechanism; convolutional neural network;
Informer model

1. Introduction

One of the key elements of terrestrial ecosystems is vegetation, which influences the
earth’s ecological balance, water cycle, and temperature [1,2] and contributes significantly
to information transit, energy movement, and material cycle, among other things [3].
Jiazheng Zhang performed visualization calculation analysis and processing using the
Google Earth Engine (GEE), which can monitor the dynamic changes of large-scale and
long-time sequence vegetation and subsequently serve as a useful resource for local envi-
ronmental management [4]. One of China’s four main sandy zones, Maowusu Sandland, is
surrounded by agricultural and livestock industries with a low forest cover and vulnerable
ecosystems [5]. Maowusu Sandland had more than 90% desertified and sandy land in the
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1950s, with sandy area making up 40% of the total area and only 2.6% of the area covered
by forests [6-8]. The vegetation in the Maowusu Sandland has deteriorated considerably
due to man-made and natural forces [9]. For the study of NDVI extraction in the Maowusu
Sandland, it is crucial to understand the spatial and temporal dynamics of vegetation
in the region as well as trend prediction. Vegetation degradation is accompanied by a
drop in the NDVI [10]. This study examines the spatiotemporal aspects of NDVI changes
over the past 20 years in the study region and investigates trend changes using remote
sensing technologies.

The prediction of NDVI based on Moderate Resolution Imaging Spectroradiometer
(MODIS) and Landsat data has gained considerable attention in recent years. It is now
used to interpolate the Landsat NDVI data throughout an entire year to complete the
evaluation of the vegetation state [11]. There are, however, fewer studies on the primary
factors influencing vegetation change in dry and semi-arid regions and precise long-term
projections, with earlier research mainly concentrating on how vegetation responds to the
environment and human activity [12]. Precipitation and air temperature are currently the
primary parameters used by many researchers, which are relatively varied concerning
vegetation in space due to the effect of climate change on vegetation change [13]. The
two areas where human activity has the greatest impact on vegetation change are: (1) im-
plementing ecological initiatives, such as converting farms to forests and shutting down
mountains to grow grass [14]; (2) human production and living activities, together with
the urbanization process, have the potential to upset the ecosystem’s delicate balance,
preventing plants from growing normally [15]. We can gain a deeper understanding by
thoroughly analyzing the effects of climate change and human activities on vegetation
change. Currently, global change research focuses on the quantitative analysis of the impact
of vegetation change drivers and the prediction of future trends [16]. Additionally, the
multivariate linear residual analysis [17], which carefully examines the relative influence
of human actions [18], dominates the quantitative analysis. The major models used for
trend prediction include the stochastic Forest, Support Vector Machine (SVM), and Support
Vector Regression (SVR) models [19], as well as machine learning techniques for forecasting
future trends. For instance, Guo et al. [20] used the residual method, which is the most
popular model for separating climate change and human activities, and is appropriate
for long time series analyses, to quantitatively analyze the effects of climate change and
human activities on changes in vegetation cover. The Support Vector Regression (SVR)
approach was successfully used by Yang Wei et al. [21] and others to increase the NDVI in-
version accuracy, however, the model suffers from a sluggish convergence speed and a very
complicated optimization procedure [22]. To simulate and quantify the effects of climate
change and human activity on vegetation cover, Shengzhi Huang et al. [23] introduced
a Support Vector Machine (SVM) model. However, the limitations of machine learning,
including its difficulty in feature learning, difficulty in determining hyper-parameters, and
slow computation speed, decrease prediction accuracy.

Deep learning offers superior learning and fitting capabilities compared to statistical
and machine learning approaches, and it can fully exploit large-scale time series data
for improved short-term NDVI forecasting [24]. Convolutional neural networks (CNNs),
recurrent neural networks (RNNs), deep belief networks (DBNs), and deep neural networks
(DNNs) are examples of deep learning techniques [25]. Peiqiang Gao et al. [26] use CNNs
to create an NDVI prediction model to thoroughly examine how the NDVI responds to
environmental conditions, which significantly increases the accuracy of NDVI prediction.
However, when dealing with very volatile and non-stationary data, CNN prediction
accuracy suffers. The cyclic structure introduced by RNN is better able to handle time series
data and extract NDVI data for fitting, however, it also has issues with fading gradients
and the inability to record long-term dependencies [27]. As a specific type of RNN, the
long short-term memory (LSTM) network outperforms current neural networks (RNNs) in
short-term NDVI prediction tasks. However, LSTM also has issues with many parameters
and sluggish model convergence [28]. The prediction accuracy of the aforementioned deep
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learning models is significantly better than that of conventional statistical models and
machine learning techniques; however, it is not optimal when dealing with nonlinear time
series data. In the field of time series prediction, the Transformer model [29] has recently
been proposed and applied. However, despite producing predictions with better accuracy,
the Transformer model has a high memory occupancy rate and time complexity.

This study focuses on fixing the issues with the earlier Transformer model, while the
Informer model [30] is suggested to address the Transformer’s weaknesses. This study aims
to address three issues of the earlier Transformer: (1) The self-attention mechanism’s com-
plexity and memory requirements; (2) The memory bottleneck with lengthy input stacked
layers; and (3) The performance deterioration of forecasting long output time series. In ad-
dition to exhibiting excellent potential in long-time series input and output dependencies,
the improved Informer model introduces the probabilistic sparse self-attention mecha-
nism, which can efficiently reduce the spatial complexity of the long sequence time-series
forecasting (LSTF) problem.

Determining the long-term spatial and temporal NDVI changes in the Maowusu
Sandland and the pattern of such changes is crucial for ensuring ecological quality [31].
There are currently few persistent analyses for trend prediction, and the geographical and
temporal variations of NDVI in the Maowusu Sandland are in the monitoring stage. The
Maowusu Sandland’s NDVI trend in the future is crucial for addressing drought.

This study is based on the Google Earth Engine (GEE) cloud platform. It integrates
multiple change analysis and attribution algorithms over 20 years to construct a set of
comprehensive analysis systems for vegetation pre-restoration. These systems are used to
predict future changes in vegetation trends, to thoroughly reveal through in-depth analysis
the relationships and roles of vegetation, climate, and human activities, and to provide
trustworthy scientific data (Figure 1) [32-34]. Therefore, the study’s specific goals are to
(1) thoroughly explore the relationship between the dynamic changes in vegetation and
the spatial and temporal changes in the climate under artificial restoration and natural
restoration, taking into account the context of 20 years of climate warming and aridifi-
cation of severe ecological restoration projects as an entry point; (2) conduct a regional
ecological assessment, evaluate the spatial and temporal changes, and forecast future NDVI
trends to examine the distinct effects of artificial restoration and natural restoration on
vegetation changes in the Maowusu Sandland area as an example; (3) compile and train
19 years” worth of NDVI data in the research region, as well as meteorological parame-
ters, and propose a technique based on Informer’s accurate long-term NDVI prediction,
which will serve as a scientific foundation for ecological environmental conservation and
sustainable development.
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Figure 1. Methodology flowchart.
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2. Materials and Methods
2.1. Study Area

Maowusu Sandland, with an average elevation of 1347 m above sea level, is situated in
the semi-arid desert region of northwest China, between the Yulin area of Shaanxi Province
and Ordos City of Inner Mongolia Autonomous Region (Figure 2). It has an administrative
area that includes the Wushen Banner of Ordos City, Ejin Horo Banner, Ertok Banner, and
Ertokqgian Banner. The region’s geography is high in the north and south and low in the
east and west. It has a land area of roughly 2.98 x 10* km? [35]. With an average annual
temperature of 6.0-8.5 °C, average annual precipitation of 220-400 mm, average annual
evaporation of 2100-2600 mm, and average annual wind speed of 4.5 m/s, the Maowusu
Sandland is classified as having a moderate continental monsoon climate. The region’s
climatic features include a dry environment, significant evaporation, uneven distribution
of precipitation, powerful insolation, windy weather, and sandy terrain [36].
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Figure 2. NDVI long time series data and elevation of the Maowusu Sandland.

2.2. Data and Processing

The method effectively removed the temporal and spatial constraints in the geomor-
phological study. The Google Earth Engine (GEE) cloud platform was used to generate
long time series and multi-year mean analyses based on the Landsat series, which was
used to construct the NDVI dataset of 250 m spatial resolution long time series for remotely
sensed data in the study area.

The GEE platform (https:/ /earthengine.google.com/) (accessed on 30 June 2023)was
used to obtain NDVI data from the Moderate Resolution Imaging Spectroradiometer
(MODIS) data. The Maowusu Sandland was subjected to a quantitative investigation
of plant cover changes utilizing the monthly temporal and geographical resolution of
250 m MOD13Q1 NDVI. NDVI data were created using the average synthesis approach
with data from January through December. Additionally, Landsat remote image NDVI
obtained each year of the research period underwent pixel-by-pixel yearly 95th quantile
synthesis, which can partially mitigate the uncertainty caused by the year’s limited number
of picture acquisitions.

Using ASTERGDEM 30M resolution digital elevation data, digital elevation model
(DEM) data were chosen from the geospatial data cloud (https://www.gscloud.cn/) (ac-
cessed on 5 July 2023). ArcGIS was used to analyze the digital elevation model (DEM) data
to acquire elevation information.
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The two primary sources of meteorological data were the National Tibetan Plateau
Science Data Center and the fifth-generation European Centre for Medium-Range Weather
Forecasts (ECMWF) atmospheric reanalysis (ERA5) dataset from the GEE cloud platform.
The mean_2m_air_temperature band temperature data at 2 m above ground level per hour
and total_precipitation band calculations were the foundation of the European Centre
for Medium-Range Weather Forecasts Fifth Generation Atmospheric Reanalysis (ERA5)
dataset (resolution 27,830 m), which gathers daily mean temperature and daily precipitation
data from 2000 to 2019. Meanwhile, researchers from Peng Shouzhang obtained data from
the National Tibetan Plateau Science Data Center, including differences in mean annual
temperature and rainfall through time and space. These data were created using the
worldwide high-resolution climate dataset from World Clim and the global 0.5° climate
dataset from Climatic Research Unit Time Series (CRU), which were both downscaled
in the Chinese region using the Delta spatial downscaling tool. Data from 496 different
meteorological observation stations were utilized for validation to confirm the accuracy of
the data, and the validated findings demonstrated its reliability.

Three periods of land-use data were gathered for 2000, 2010, and 2020. The land-use
data were acquired from the Globeland30 dataset (30 m resolution), a worldwide surface
cover dataset created in China. Bare land, grassland, farmland, shrubland, wetland, water
bodies, woodland, and man-made land surfaces were among the several types of land.

The surface soil moisture covariate from the ERA5 reanalysis data was used to inter-
polate the 0.25° resolution European Space Agency Climate Change Initiative (ESA-CCI)
surface soil moisture product to obtain the spatiotemporally continuous day-by-day 0.25°
resolution soil moisture. Machine learning algorithms were then used to downscale the
daily 0.25°-resolution surface soil moisture to a daily 1-km resolution [37] using data from
the International Soil Moisture Observation Network’s global soil moisture observatory,
along with other high-resolution optical remote sensing data.

The accuracy of the aforementioned data was strictly controlled and was collected
from reputable sources, including the National Aeronautics and Space Administration
(NASA), the Computer Network Information Center of the Chinese Academy of Sciences,
the European Centre for Medium-Range Weather Forecasts (ECMWEF), and the Global
Surface Coverage Remote Sensing Mapping and Key Technology Research Project of the
National High-Technology Research and Development Program of China.

2.3. Research Methodology
2.3.1. MK + Sen Trend Analysis

The temperature-rainfall time series was examined for noteworthy patterns using
nonparametric approaches. The Mann-Kendall (MK) and Sen slope estimators, which are
computationally effective, were employed to determine the trend and slope, respectively,
as temperature-rainfall data were not normally distributed [38].

The Sen trend is a more reliable non-parametric statistic for trend calculations. It is
insensitive to measurement error and outlier data. In contrast, the MK test does not require
the samples to follow a particular distribution and is less affected by outliers, making
it suitable for significant tests of trends in long time series data [39]. The Sen trend and
MK tests can be combined to analyze long vegetation time series [32]. The formula for
calculating the significant trend is as follows:

B = Median (x]’__fl) Vi > i (1)

where X; and X; are time series data; f is an indicator that represents the trend of a time
series; § > 0 indicates an upward trend in the time series; 8 < 0 indicates a downward trend
in the time series.
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2.3.2. Partial Correlation Analysis

In addition to applying to multivariate data, partial correlation analysis permits hy-
pothesis testing to ascertain whether there is a statistically significant relationship between
two variables by controlling for the impact of one or more confounding variables on the
relationship between two variables [40]. The t-test, which statistically analyzes each pixel
at a significance threshold of 0.05, was used for the correlation study [41]. This study
examined the association between three variables—temperature, precipitation, and soil
moisture—and the change in NDVI from 2000 to 2019 using MATLAB2016-based partial
correlation analysis.

2.3.3. Multivariate Linear Residual Analysis

To isolate the portion of the climatic effect that impacts vegetation development,
residual analysis is a method for modeling regression between climate parameters and
the NDVI (Normalized Vegetation Index) [42,43]. Regression modeling is used in this
approach to determine the expected values of the NDVI, which in turn produces the
residuals between the real and predicted values. These values are then used to assess the
influence of human activity on vegetation growth [44]. This paper establishes a multiple
regression model between the NDVI and climate factors before the implementation of the
ecological project (2000-2010) (i.e., a metric scale to calculate the NDVI climate response
model) [45] to better reflect the impact of human activities on vegetation changes.

The NDVI predictions—driven solely by climate change—were calculated image-
by-element from 2000 to 2020 using the established regression equations. The NDVI
observations were then subtracted from the NDVI predictions—driven solely by climate
change—to obtain the NDVI residual time series from 2000 to 2020 [34]. The following
formula was used to calculate the residual series:

¢ = NDVI,ys — NDVI e @)

where ¢ is the NDVI residual; NDVI,, is the observed NDVI value; ND V1, is the predicted
NDVI value.

2.3.4. Relative Contribution Rate

Relative contribution analysis is a technique for determining the precise percentage
that each explanatory variable contributes to the variance of the explained variables. The
challenge and concern regarding the relevant research domestically and internationally has
been identifying and quantifying the determinants of vegetation change on a wide regional
scale [46]. In this study, we adopted a technique to calculate the relative contribution rate of
climate change and human activity to vegetation change using multivariate linear residual
analysis [45]. We also identified the drivers of vegetation change on an image metric
scale and quantified their relative contributions to vegetation change [46]. The associated

formula is:
_ Slope(NDV I ) 3)
~ Slope(NDV )
_ Slope(NDV1,s) )
Slope(NDV 1)

where K is the relative contribution rate; Slope(NDV1,) is the trend value for the time series
of actual NDVI values; Slope(NDVIyy) is the trend value for the time series of predicted
NDVI values based on multivariate regression analysis; Slope(NDVI,s) is the trend value
for the NDVI residual time series based on residual analysis.

2.3.5. Accurate Long-Term NDVI Prediction Model Based on Informer

Although Transformer can predict long time sequences and demonstrates strong pre-
diction ability, the model’s multilayered encoder-decoder structure means that the longer
the sequence, the slower the speed, and the worse the effect of the model in predicting
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long time sequences [47]. Herein, we address this issue and the inherent issues with the
encoder—decoder architecture by introducing an effective LSTM model based on an im-
proved Transformer, the Informer model. This model uses probabilistic sparsity inside the
encoder—a self-attention mechanism—trained and learned according to sequences with
high probability in the data and filtering the Q-value with high weight [48]. As a result, the
complexity may be significantly reduced. Figure 3 presents the structure of this model.
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Figure 3. Schematic diagram of the Informer model.

Based on the encoder—decoder structure of the Informer prediction model system, we
developed precise long time series NDVI prediction in this article. For the temporal dimen-
sion of the inputs, a distillation operation prioritizes high-level features with dominant
features, generates a centralized self-attentive feature mapping in the following layer, and
adds a max-pooling layer of two after stacking one layer, which drastically reduces the
memory in the downsampling [30].

3. Results
3.1. Spatiotemporal Characteristics of Land Use Types

As illustrated in Figure 4, the land use categories for the Maowusu Sandland from
2000 to 2020 were plow, woodland, grassland, shrubland, wetland, wave, bare land, and
man-made surface, in sequence. In the research area, the categories of land use include, in
decreasing order, grassland, bare land, farmland, shrubland, water body, wetland, man-
made land surface, and forest. Grassland, bare land, and plow all exhibited an upward
tendency between 2000 and 2020, with grassland showing the largest increase, wave
exhibited the slightest increase, and wetland and forest remaining relatively unchanged.
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Figure 4. Land use type maps for 2000, 2010, and 2020.
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In general, the Maowusu Sandland exhibits a gradual decline in cultivated land and
an increase in woodland and grassland from the northwest to the southeast (Figure 5).
The man-made land surface is sporadically distributed throughout the entire region but is
primarily concentrated in the eastern part of the Maowusu Sandland and develops with
a fast growth trend. After a field investigation, it was discovered that the predominant
vegetation in the sandy land was sandy cypress. The Northwest region exhibited an
increasing trend in grassland from 2000 to 2020, and the man-made land surface and arable
land also showed a slight growth trend, moving in the direction of a trend in restoring
ecological well-being.
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Figure 5. Land use type change map for 2000, 2010, and 2020.

3.2. Analysis of Groundwater Impact on NDVI

The 2019 groundwater depth spatial distribution map for the Maowusu Sandland was
produced using the Spatial Analyst spatial analysis module of the ArcGIS 10.8 software.
This map was used to analyze the inverse distance weights of the 2019 groundwater level
depth based on the 2019 groundwater level depth data in Maowusu Sandland.

The Ordos Hydrological Bureau, located in China’s Inner Mongolia Autonomous
Region, supplied all information on burial depths and groundwater levels. Within the
spectrum of places with data recordings, the 2019 groundwater level depth in the Maowusu
Sandland exhibited more pronounced variances, as illustrated in Figure 6. In the research
area, the depth of the groundwater varied widely, with shallow depths in the middle and
northern areas and depths below 10 m in the northern and southern regions. According
to the 2019 NDVI spatial distribution map of the Maowusu Sandland, this area had a
wide range of variable groundwater depths. We discovered that vegetation was well-
developed in areas with shallow groundwater table burial depths, which suggests that
groundwater had a beneficial promoting effect on vegetation. However, most places had
groundwater buried deeper than 7 m, and the relationship between groundwater and
vegetation was weak.

Our daily monitoring of the Maowusu Sandland groundwater level changes in 2019
revealed that only points 4 and 7 had more obvious variations in groundwater level
(Figure 7). This was largely because these points are situated in an area of cultivated land,
where the groundwater is primarily used for irrigation water for agricultural development
and where the groundwater level is buried deeper.

3.3. Analysis of Vegetation Change Trends

The Maowusu Sandland’s average Sen slope value from 2000 to 2019 was 0.18, and
its slope was 0.0034 a~!, showing that the NDVI increased steadily while growing at
a relatively modest rate (Figure 8). Most of the quicksand regions were located in the
hinterland of the sandy land, which contributed to the study area’s low vegetation cover
in 2000. Most of these areas had <30% vegetation cover. The Maowusu Sandland has
undergone construction and ecological protection projects in recent years from national
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and local governments, which have improved the ecological environment and increased
the plant cover, although the geographical disparity is still evident [49].
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Figure 6. Spatial distribution of groundwater level changes in 2019.
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Figure 7. Monitoring maps of daily changes in groundwater levels.

The Maowusu Sandland area’s vegetation cover exhibited a decreasing trend from
northeast to southwest; however, because the ecological protection construction project’s
vegetation growth requires time, the vegetation cover in the eastern region is increasing
significantly (Figure 9). This indicates that the project’s ecological protection management
is having an impact. Among these, the maximum NDVI in August 2020 is significantly
greater than the highest NDVI in August 2000, which is closely related to China’s local
governments’ participation in protection and restoration.

The change in vegetation cover was divided into nine classes based on the Theil-Sen
Median trend value analysis and the Mann—-Kendall nonparametric test at a significance
level of 0.05: dramatic increase, significant increase, slightly significant increase, insignifi-

158



Agronomy 2023, 13, 2882

cant increase, unchanged, insignificant reduction, slightly significant reduction, significant
reduction, and very significant reduction.
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Figure 8. NDVI trend chart from 2000 to 2019.
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The Maowusu Sandland region significantly expanded, accounting for more than 90%
of the region, as shown by the NDVI trend change map (Figure 10). Between 2000 and 2020,
there was a clear difference in the amount of land, with an increasing trend and an obvious
decreasing trend. Of these, 95.28% of the area had significantly improved vegetation cover,
while only a small portion had degraded vegetation. This difference is likely due to the
implementation of national ecological conservation and construction projects. Throughout
the 20 years, the NDVI had a notable increasing trend, and the number of regions with
a large increase in plant cover grew significantly. However, these areas were primarily
concentrated in areas with high populations.

The 20-year NDVI trends were compared, revealing that plant cover rose gradually
from 2000 to 2020 with no discernible variation in growth rate. Given that the popula-
tion is more concentrated in the eastern half of the Maowusu Sandland, the growth rate
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of vegetation cover is significantly larger than it is in the western region. This finding
suggests that the ecological restoration project has a substantial impact on the increase in
vegetation cover.
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Figure 10. NDVI change trend chart from 2000 to 2019.

3.4. Characterization of Inter-Annual Variability of Climate Factors

In the study area, the temperature and precipitation change rates showed substantial
declining trends between 2000 and 2010 (Figure 11). This suggests that the environment
was drier, which was detrimental to the growth and recovery of vegetation. Meanwhile,
the rates of temperature and precipitation changes showed substantial upward trends from
2013 to 2019 (Figure 11). During the 2011 to 2013 period, the temperature decreased, and

the quantity of precipitation increased. The humid weather created ideal circumstances for
the NDVI to thrive.
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Figure 11. Characterization of inter-annual variability in precipitation and temperature.

From 2003 to 2018, it was discovered that July through September saw the most rainfall,
while June through July saw high temperatures. This helps to keep high temperatures
from accelerating drought and causing severe soil moisture loss due to crop transpiration
and soil evaporation. There is a greater chance of very heavy precipitation because of
the atmosphere’s enhanced capacity to store water vapor before saturation, which is why
spring and autumn rainfall has significantly risen. Increased precipitation, sufficient soil
moisture, and appropriate temperature contributed to gains in plant cover and growth,
creating the ideal environment for vegetation development and the NDVI (Figure 9).

3.5. Relationship between Climate Factors and NDVI

The elevation map indicates that the southeast region has more mountain ranges, high
vegetation cover, low surface specific heat capacity, a tendency for stable temperatures,
and vegetation that can produce water vapor for precipitation through transpiration and
encourage infiltration to replenish the groundwater. This is favorable for the significance
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of the NDVI in the eastern region (Figure 9). Meanwhile, the western region has a flat
terrain predominately made up of deserts, a dry climate, little vegetation cover, high
evaporation, low air humidity, and a high water infiltration rate. As a result, transpiration
and groundwater absorption by plants are significantly impacted, leading to a prolonged
period of low vegetation cover. The Maowusu Sandland’s typical flowing dunes were
monitored for soil water seepage at various soil layer depths. The results show that deep
water seepage is more affected by heavy rainfall than by changes in soil water storage;
moreover, when rainfall is low, the relationship between deep water seepage and soil water
storage is stronger.

In most locations, air temperature impeded plant development, as shown by the
partial correlation coefficients between vegetation and climatic parameters (Figure 12).
The rainfall in most regions encouraged vegetation growth, and the soil moisture in all
sites encouraged plant growth. Overall, soil moisture had the greatest impact on vege-
tation changes, as indicated by the mean values of the partial correlation coefficients for
temperature, precipitation, and soil moisture with vegetation NDVI, which were —0.394,
0.108, and 0.726, respectively. We discovered that temperature was the primary driver
of the Maowusu Sandland, whereas rainfall was the primary driver in the eastern and
southern parts. Among these, precipitation, air temperature, plant type, and topographic
variables were the key determinants of soil moisture and accounted for the main drivers of
the research region. Precipitation is particularly important for herbaceous plants growing
in chestnut calcium soil. It is the main driving factor for the Maowusu Sandland’s large
expanse of the steppe zone, which contains high calcium ions and carbonates, loose texture,
good permeability, and poor water-holding capacity. In particular, the primary cause of the
Maowusu Sandland region’s healthy vegetation development is climate change.
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Figure 12. Partial correlation coefficients for temperature, precipitation, and soil moisture.

3.6. Changes in Plant Cover as a Result of Climatic Conditions and Human Activity

The primary drivers of the growth trends in vegetation NDVI from 2000 to 2019
were human activity and climate change, with the former predominating over the latter
(Figure 13). The study area’s vegetation NDVI improvement accounted for 99.26% of the
total area. Of these, most of the vegetation improvement areas—primarily located in the
eastern and southern regions of the study area—were driven by meteorological changes,
while the remaining portion was primarily controlled by human activity. The primary
cause of the rising trend in vegetation cover is the effects of climate change. The primary
causes of the decreasing trends in plant cover are human activity-influenced forces.

In terms of population density and gross domestic product (GDP) in the study area in
2020 (Figure 14), the population was primarily distributed in the region of vegetation cover
NDVI growth, with the high human living standard also located in this region. This is
primarily because ecological restoration work in urban suburbs supports development. In
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contrast, the desert area has a small population and a low human living standard, making
the area difficult to develop.

39°0'0'N 40°0'0"N

38°0'0"N

40°0'0"N

NDVlIres

A

40°0'0"N

NDVIobs

39°0'0"N

38°0'0"N

108°0'0"E 109°0'0"E 108°0'0"E

Legend

0.023

109°00"E

108°0'0"E 109°00"E

-0.017

Figure 13. Trends in the residuals of the NDVl;es, NDVIpre, and NDVI .

40°0'0"N

A

39°0'0"N

38°0'0"N
L]

Population Density

Legend (people/Km?)

107°0'0"E

108°0'0"E 109°0'0"E 110°0'0"E

39°0'0"N 40°0'0"N

38°0'0"N

A

p Hish: 14851 oy High:945
% Low: 0 S Low: 0
eI 0 15 30 60 L 0 15 3 )
@ 1 | S — 1 1 | w— |

Gross Domestic Product

Legend (10,000 /Km?)

107°0'0"E

108°0'0"E 109°0'0"E 110°0'0"E
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In particular, the Maowusu Sandland region’s vegetation improvement was primar-
ily driven by climate change, with human-led ecological restoration projects accounting
for a small portion of the region. Hence, the region’s vegetation improvement was pri-
marily caused by climate change, with human-led ecological restoration projects serving
as a secondary driver. The combined impact of climate change is the primary cause of
vegetation decline.

3.7. Relative Contribution of Climate and Human Activities to Vegetation Changes

In regions with increasing NDVIs, the average contribution of climate change to the
enhancement of vegetation cover was 55.57%, whereas in regions with declining NDVI,
the average contribution of human activities to the deterioration of vegetation cover was
88%. In terms of geographical distribution, the research region’s most densely inhabited
city center contributed less compared to vegetation cover. However, the highly populated
region had a more favorable influence on ecological restoration efforts. We discovered that
there are two main factors contributing to the NDVI decrease: first, the city center area
has a greater negative contribution due to human activities compared with the desert area;
second, the natural ecological restoration area system has more stable NDVI growth; the
desert area has a narrow population distribution and climatic circumstances that make it
more vulnerable to the harmful effects of climate change. Because the desert region has
fewer people and a harsher environment that is not conducive to plant development, the
negative effects of climate change are more pronounced.

Climate change and human activities have the greatest impact on vegetation changes,
and climate change has the greatest impact on regions with growing trends in vegetation.
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In the dry and semi-arid Mao Sandland, rainfall has the greatest impact on plant growth.
Sufficient water is necessary to encourage the development and recovery of vegetation.
The study area’s shift in land use patterns is partially the result of frequent human activity;
as urban sprawl has intensified, there has been a commensurate rise in the amount of
man-made land and a corresponding decline in the plant cover in certain localized areas.

3.8. Accurate Long Sequence Prediction Based on Informer

To conduct this study, a total of 7305 days of daily meteorological data for 228 months,
spanning from 1 January 2000 to 31 December 2019, were chosen for the Maowusu Sandland.
These data included information on temperature and rainfall.

Python 3.8, the PyCharm 3.8.1 framework, Windows 11, and 16 GB comprised the
experimental environment.

This study adjusts the hyperparameters according to the training results of its predic-
tion model, and the final hyperparameters are set as follows: learning rate, 0.001; number
of iterations, 20; batch size, 128; activation function, Gaussian error linear units (GELU).
This study’s hyperparameters were adjusted according to the meteorological data of the
prediction model.

Four commonly used evaluation metrics were selected to assess the prediction per-
formance of the model from different perspectives, i.e., mean absolute error (MAE), mean
square error (MSE), root mean square error (RMSE), and mean absolute percentage error
(MAPE). The smaller the value of these four evaluation indexes, the closer the prediction
result is to the real value, and the more accurate the prediction accuracy of the model; the
specific calculation formula is as follows:

1 .
eMAE = P Z,-:1|yi — il ®)
1 n ~ 12
eMsE = - Y oialvi— il (6)
¢ ¢ . %
RMSE = "
n Y (lyi — i)
j — .
EMAPE = Zi:1|}/i —9il/yi ®)

where y; is the true value of the original data; 7; is the predicted value of the original data;
n is the test sample size; i is the test sample point sequence number.

The average daily temperature (calculated based on 24-h temperature observations),
total daily precipitation (based on rainfall totals over 24 h), and NDVI data from 2000 to
2018 were used in the prediction validation experiment to assess the predictive model’s
accuracy. The prediction results are depicted in Figure 15.
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Figure 15. Informer model prediction error plot.

Figure 16 shows that the prediction error values of the Informer model’s findings
compared to the actual results are 0.59%, 0.86%, 0.91%, and 2.24% for mean absolute error
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(MAE), mean square error (MSE), root mean square error (RMSE), and mean absolute
percentage error (MAPE), respectively. This provides strong evidence that our enhanced
Transformer-based Informer model closely approximates the real values’ curve fit. Our
prediction model will have a lower error value and use less computation time than the
conventional model, thoroughly demonstrating the viability of the model. As a result, the
model is more effective in forecasting NDVI's future trends.

In this study, we utilized the Informer model and input average daily temperature,
total daily precipitation, and NDVI data from 2000 to 2020 for deep learning to forecast the
NDVI trend for the following ten years (Figure 16). As further evidence of the reliability of
the prediction findings, the peak NDVI for each year in the prediction results is approxi-
mately 0.3, which does not differ significantly from the peak input NDVI data in recent
years. Figure 17 illustrates the forecast findings, which demonstrate that the NDVI trend
will stabilize during the following ten years. The nonlinear fitted equation has a slope of
0.000294, indicating a minimal change over the following ten years (Figure 17).
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Figure 16. Map of NDVI projection results for the next ten years.
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Figure 17. NDVI trend chart for the next ten years.

4. Discussion

4.1. Characteristics of Dynamic Changes in Land-Use Types and Changes in Groundwater
Resources in the Maowusu Sandland Area

According to our research, the Maowusu Sandland area’s primary land use categories
from 2000 to 2019 were, in descending order, farmland, forest, grassland, shrubland,
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wetland, water body, bare ground, and man-made land surface (Figures 4 and 5). Man-
made surfaces were sporadically distributed, mostly concentrated in the eastern region of
the Maowusu Sandland, and developing rapidly, with a fast growth trend, the same as that
reported in the past. The study area showed a trend of gradually increasing cropland and
decreasing grassland from the southeast to the northwest [50]. Wetlands, cropland, bare
land, and man-made land surfaces all exhibited an upward trend between 2000 and 2020,
with cropland having the largest increase, water bodies showing a slight decrease, grassland
exhibited the largest decline in 20 years, and forests and shrublands showing relatively no
change. Grassland is a key land use type for the ecological repair and preservation of sandy
land. According to the field research, the predominant vegetation was sandy cypress, and
between 2000 and 2020, grassland had a decreasing tendency. However, man-made land
surfaces and arable land also showed a minor growth trend, shifting toward reversing the
ecologically unsound trend.

According to our 2020 daily monitoring data, from April through October, numerous
monitoring sites located at agricultural sites within the study region exhibited decreasing
groundwater levels. This shows that groundwater may be the area’s primary source of
agroecological water. In regions where the groundwater table is < 4 m deep, we discovered
that the flora is well-developed. This supports earlier findings and implies that ground-
water has a positive influence on promoting plants [51]. According to research by Zhang
etal. [8], high-density vegetation in the Maowusu Sandland may have contributed to a drop
in the groundwater table and retention of water in the soil. To maintain the sustainability of
the ecosystem, we propose that water balance concerns be taken into account in upcoming
ecological restoration initiatives in China and across the world.

4.2. Quantifying the Impacts of Human Activities and Climate Change on NDVI

Lin et al. [50] tracked the Maowusu Sandland region’s sandy vegetation cover from
2000 to 2019 and linked changes in the local climate to NDVI-related land cover metrics.
Using residual analysis, they assessed the various contributions and discovered that most
of the NDVI exhibited an increasing trend, with only 0.08% in the highly damaged area.
According to our study, which aligns with the other data, the vegetation cover in the studied
region exhibited a decreasing trend from east to west. It also had a larger distribution of
mostly low and medium vegetation cover [50]. Vegetation cover had a variable increasing
trend of 0.0034 a~!, which was primarily demonstrated by an ongoing but slower rate of
increase in NDVI across the study period.

According to Tian et al. [52], in the Yellow River Basin, NDVI is positively associated
with air temperature and precipitation, with precipitation having a greater impact on plant
development than air temperature. According to Yang et al. [35], the Maowuosu Sandland
region’s response relationship between NDVI and climatic factors in one year was primarily
in the spring, with most precipitation negatively correlated with NDVI and the areas of
positive and negative correlation essentially flat in other months. In our study, the two
climatic elements restricting plant growth—air temperature and precipitation—were both
somewhat favorably and slightly negatively associated with the total NDVI growth rate in
the study region.

Gao et al. [53] used the residual analysis of Maowusu Sandland from 1985 to 2020 to
reveal that human activity contributed 56.44% of the NDVI, and climatic change contributed
43.56%. Lin et al. [50] measured the Maowusu Sandland’s impact from 2000 to 2019,
revealing that human activity was the primary driving force. In our research, we discovered
that the Maowusu Sandland’s plant cover was mostly favorably influenced by climate
change, with a relative contribution rate of 55.47%, and that human activities and climate
change had some heterogeneity. However, the improvement in vegetation was primarily
attributed to the ecological restoration project driven by climate change, in which human
activities only made up a small portion of the factors, and its implementation had a positive
impact on governance. In contrast, the decline in vegetation was primarily attributed to the
impact of climate change. Temperature changes and extreme weather have a greater impact
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on vegetation development. The ecosystem is more stable and resistant to the effects of the
outside environment when the ecological environment is better.

4.3. Precision Long Time Series-Informer Model

To guarantee ecological quality and offer a scientific foundation for sustainable develop-
ment, accurate NDVI predictions are crucial. Huang et al. [23] reported that the support vector
machine (SVM) could accurately recreate the observed NDVI series. However, the normalized
system criterion (NSC) value for the validation period was only guaranteed to be between 0.9
and 0.95. For the NPP spatial simulation distribution prediction, Wang et al. [54] utilized a
CA-Markov model with a kappa coefficient of 0.8776. However, it can fully utilize large-scale
time series data for improved short-term NDVI prediction compared to deep learning, which
has higher learning and fitting capabilities. The NDVI and meteorological factor data from
2000 to 2018 were utilized for deep learning using the Informer model, an effective long
short-term memory (LSTM) model enhanced based on the Transformer; the hyperparameters
were ideally changed to provide a probabilistic sparse self-attention mechanism.

The model can recognize patterns in unsteady, smoothed meteorological factor data.
Moreover, using a probabilistic sparse self-attention mechanism can remove the volatility
of the meteorological factor to enhance the accuracy of NDVI predictions while retaining
the original data’s key elements. The mean absolute percentage error (MAPE) of the
Informer model suggested in this study may be reduced to 2.24% after analyzing the NDVI
prediction data, providing a strong scientific foundation for future NDVI predictions in
China and throughout the world.

5. Conclusions

The Maowusu Sandland area has the following land use classifications, in descending
order: grassland, bare land, farmland, shrubland, water body, wetland, man-made surface,
and forest. The overall pattern is cropland progressively declining from east to west and
grassland growing. The NDVI has a decreasing tendency from east to west and is mostly
dispersed by low and medium vegetation cover. It swings upward by 0.0034 a~!, primarily
caused by the NDVI’s constant increase throughout the period. In the Maowusu Sandland,
which is primarily impacted by the climate change-led ecological restoration project, human
activities account for a small portion of the factors. The ecological restoration project has a
better management effect, with some heterogeneity in the contribution of vegetation cover
due to both factors. The impact of climate change is primarily to blame for the decline in
the vegetative cover.

The primary issues that the Informer model resolves with the Transformer are (1) not
being directly affected by the long sequence time-series forecasting (LSTF) problem; (2) ex-
cessive memory occupancy; (3) encoder—decoder architectural restrictions; and (4) perfor-
mance loss in long output time series prediction. We used this method for NDVI prediction
because it can identify patterns in the unsteady smoothed weather factor data and, by re-
moving the volatility of the weather factors through a probsparse self-attention mechanism,
it can remove the volatility while maintaining the critical information of the original data,
resulting in accurate long time series prediction (MAPE = 2.24%). Using historical data,
the study’s conclusions may accurately forecast future crop yields, crop pests and diseases,
and NDVI. This opens up new agricultural production and management avenues and con-
tributes to realizing more sustainable and productive agricultural practices. This discovery
has broad ramifications for real-world applications and is significant for scientific research.
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