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Abstract

To investigate the causes of senescence and degradation in Zanthozylum planispi-
mum var. dintanensis and achieve stable and sustainable stand management,
senescent and degraded plants characterized by yellowing flowers and normally
growing plants were selected as research subjects. Using soil agrochemical and
environmental mineralogical methods, the mineral element contents in rhizo-
sphere soils of different plants were analyzed and comprehensive soil quality
was evaluated. The results showed: (1) Rhizosphere soils of normally growing
plants exhibited significantly higher overall contents of C, P, K, S, Se, Sr, Mo,
and oxides compared to senescent and degraded plants, while total nitrogen,
available phosphorus, available nitrogen, Cu, Pb, Zn, and Cr showed no signifi-
cant differences, and variation patterns of other elements were not evident. The
available forms of elements also influenced plant growth. From the perspective
of plant nutritional requirements, macro-, meso-, and micro-elements all exerted
dominant effects on soil quality. (2) The rhizosphere soil quality index was high-
est for normally growing plants (3) and lowest for senescent and degraded plants
(1), indicating that soil quality influences the senescence and degradation of Zan-
thoxylum planispimum var. dintanensis. (3) In the management of Zanthoxzylum
planispimum var. dintanensis stands, good soil structure should be cultivated,
attention should be paid to the comprehensiveness and balance of soil nutrients,
and deficiency effects caused by excessively low mineral element contents should
be considered.
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Abstract

To investigate the causes of aging and degradation in Zanthozylum planispimum
var. dintanensis and to achieve stable and sustainable forest stand management,
this study examined aging/degraded plants (characterized by yellow flowers)
and normally growing plants. Using soil agrochemical and environmental min-
eralogical methods, we analyzed mineral element contents in the root-zone soil
of different plants and evaluated comprehensive soil quality. The results showed
that: (1) The root-zone soil of normally growing plants had significantly higher
contents of C, P, K, S, Se, Sr, Mo, and oxides compared to aging/degraded
plants, while total nitrogen, available phosphorus, available nitrogen, Cu, Pb,
Zn, and Cr showed no significant differences, and other elements exhibited no
clear patterns. Available element contents also affected plant growth. From
the perspective of plant nutritional requirements, macro-, meso-, and micro-
elements all exerted dominant effects on soil quality. (2) The root-zone soil
quality index was highest for normally growing plant No. 3 and lowest for ag-
ing/degraded plant No. 1, indicating that soil quality influences the aging and
degradation of Zanthozylum planispimum var. dintanensis. (3) In managing
Zanthoxylum planispimum var. dintanensis stands, it is essential to cultivate
good soil structure, ensure comprehensive and balanced soil nutrients, and ad-
dress deficiencies caused by excessively low mineral element contents.

Keywords: aging and degradation, Zanthoxylum planispimum var. dintanen-
sis, root-zone soil quality, principal component analysis, rocky desertification
area of central Guizhou

1.1 Study Area Overview

The study area is located in Cha’ eryan Village, Beipanjiang Town, Zhenfeng
County (105°38 48.48 E, 25°39 35.64 N), featuring distinct habitat uniqueness:
(1) Arid-hot climate: The region has a subtropical humid monsoon climate
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with an average annual rainfall of 1,100 mm, unevenly distributed across sea-
sons, with severe droughts in winter-spring and summer. The mean annual
temperature is 18.4 °C, with average extreme maximum and minimum temper-
atures of 32.4 °C and 6.6 °C, respectively, and accumulated annual temperature
of 6,542.9 °C. The area experiences warm-dry winters/springs and hot-humid
summers, with abundant heat resources. (2) Valley topography: The region
features deeply incised river valleys with deeply buried groundwater, elevations
ranging from 370-1,473 m, and a vertical elevation difference of approximately
1,100 m, creating typical valley climate characteristics. (3) Developed rocky
desertification: Located in the Beipan River basin, the forest coverage is less
than 30%, bedrock exposure ranges from 50%-80%, carbonate rocks account
for 78.45% of the area, and soils are primarily limestone-derived calcareous soils.
The surface is fragmented, with most areas classified as moderate to severe rocky
desertification.

1.2.1 Sample Collection

The criterion for identifying aging/degraded Zanthoxylum planispimum var. din-
tanensis was a yellow flower proportion exceeding 30%. In April 2017, sample
plots were established in areas with consistent elevation, slope, slope position,
and aspect, divided into two types: aging/degraded and normally growing. Each
type was further categorized based on growth conditions, and 3-5 plants were
selected for each category. Approximately 1 kg of root-zone soil (0-20 cm depth)
was collected per plant (using actual depth where soil was less than 20 cm). Soil
samples were mixed uniformly, plant roots, animal/plant residues, and gravel
were removed, and samples were sealed in plastic bags and transported to the
laboratory. Samples were air-dried in a ventilated, dark place, ground to pass
through 2 mm and 0.15 mm sieves (95% of samples), and stored in glass bottles
for analysis.

Table 1 Basic characteristics of tested plants

Note: SL1-SL3 are aging degraded plants 1-3, and ZC1-ZC8 are normal plants
1-3. The same below.

1.2.2 Sample Measurement

Soil organic carbon (SOC) was determined by the potassium dichromate
external heating method, total nitrogen (TN) by the semi-micro Kjeldahl
method, available nitrogen (AN) by the alkaline hydrolysis diffusion method,
total phosphorus (TP) by perchloric acid-sulfuric acid digestion-molybdenum
antimony colorimetry-UV  spectrophotometry, available phosphorus (AP)
by ammonium fluoride-hydrochloric acid extraction-molybdenum antimony
colorimetry-UV spectrophotometry, total potassium (TK) by hydrofluoric acid
digestion-flame photometry, and available potassium (AK) by neutral ammo-
nium acetate extraction-flame photometry (Bao, 2008). Boron (B), arsenic
(As), and selenium (Se) were determined according to the Regional Geochemical
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Ezploration Specification (DZ/T0167-2006). Silicon dioxide (SiO ), calcium
oxide (CaQ), magnesium oxide (MgO), sodium oxide (Na O), aluminum oxide
(A1O), iron(III) oxide (Fe O ), copper (Cu), zinc (Zn), lead (Pb), chromium
(Cr), cadmium (Cd), titanium (Ti), nickel (Ni), cobalt (Co), strontium (Sr),
molybdenum (Mo), chlorine (Cl), and sulfur (S) were determined according
to the Multi-purpose Regional Geochemical Survey Specification (1:250,000)
(DZ/T0258-2014).

1.3 Data Processing and Analysis Methods

Experimental data were calculated and organized using Microsoft Excel 2010,
plotted using OriginPro 8.5.1, and statistically analyzed using SPSS 21.0. One-
way ANOVA was used to test differences in soil parameters between different
plant types. Principal component analysis (PCA) was employed to extract com-
prehensive indicators reflecting multiple original metrics for soil quality evalua-
tion. Significance levels were set at P = 0.05 and highly significant levels at P
= 0.01.

This study used 29 soil factors including SOC, TN, and AN as basic indicators for
evaluating root-zone soil quality of Zanthozylum planispimum var. dintanensis.
Due to inconsistent units and large numerical differences among these indicators,
values were standardized before evaluation. PCA was used to extract major fac-
tors influencing soil quality and reduce dimensionality of multidimensional soil
nutrient variables. Principal component communality, loading matrices, and
contribution rates were obtained. Principal component eigenvectors were calcu-
lated as loading matrix values divided by the square root of the corresponding
eigenvalue. Principal component scores for each type were obtained by multi-
plying eigenvectors with standardized data. The integrated fertility index (IFT)
was calculated using the weighted method (Jin et al., 2008):

IFT =Y W, xF,

where W is the contribution rate of each principal component and F' is the
principal component score for each type.

2.1.1 Macroelements

Macroelements showed differences between aging/degraded and normally grow-
ing Zanthoxylum planispimum var. dintanensis plants (Figure 1 [Figure 1: see
original paper]). SOC, TP, TK, and AK showed significant differences (P <
0.05), while TN, AN, and AP showed no significant differences (P > 0.05). This
indicates that C, P, and K are mineral elements affecting the aging and degrada-
tion of Zanthozylum planispimum var. dintanensis, and that available nutrients
influence plant growth.
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2.1.2 Oxides

Among the six oxides measured, Fe O , CaO, MgO, and Na O showed significant
differences between aging/degraded and normally growing types, while Al O
and SiO were mostly significantly different, with overall lower oxide contents
in aging/degraded types. This suggests that oxide deficiency contributes to the
aging and degradation of Zanthozylum planispimum var. dintanensis, indicating
that meso-, micro-, and beneficial elements also significantly affect plant growth
and physiological traits.

Figure 2 [Figure 2: see original paper| Oxide content

2.1.3 Medium and Trace Mineral Elements

Among the measured meso- and trace elements (Table 2 ), S, Se, Sr, and
Mo mostly showed significant differences between aging/degraded and normally
growing types, with higher contents in normally growing plants. Cu, Pb, Zn,
and Cr showed no significant differences, while other elements showed some vari-
ation but no clear patterns. These results also indicate that deficiencies in meso-
and trace elements cause aging and degradation of Zanthoxylum planispimum
var. dintanensis, with notable deficiency effects.

Table 2 Content of other mineral elements

2.2 Root Zone Soil Quality Evaluation

Based on the criteria of eigenvalue > 1 and cumulative contribution rate > 85%,
four principal components were extracted from the rotated results, with eigen-
values of 10.68, 6.77, 4.22, and 3.84, respectively. The cumulative contribution
rate of these four components was 87.94%, indicating they reflected 87.94% of
the total information provided by the original data (Table 3 ). According to the
>85% cumulative contribution rate principle, these four principal components
could explain the original variables, thus warranting further analysis of the first
four principal components.

Table 3 Eigenvalue and contribution rate in principal components
analysis

The factor loading matrix (Table 4 ) showed that the first principal component
was significantly correlated with SOC, AN, Cd, S, and B, with large loading
coefficients. The second principal component had large loadings on MgO and
Na O. The third principal component was mainly dominated by Co. The fourth
principal component’ s main controlling indicator was AP (absolute factor load-
ing values > 0.9). Different principal components represented different soil
property information, comprehensively and intuitively expressing soil quality
variation trends.

Table 4 Component matrices pre and post rotated
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2.3 Soil Quality Index

As shown in Table 5 , the soil quality indices for different types ranked as
ZC3 > SL2 > SL3 > ZC2 > ZC1 > SL1. Normally growing plant ZC1 and
aging/degraded plant SL1 ranked 1st and 6th, respectively, but the ranking
order changes were not obvious. The SL3 type had the highest score on the
first principal component, ZC3 ranked highest on the second and fourth princi-
pal components, and ZC1 had the highest relative score on the third principal
component, indicating that not all elements showed a “low inhibition, high
promotion” effect on Zanthoxylum planispimum var. dintanensis growth.

Table 5 Factor scores and comprehensive evaluation of different types

3.1 Influence of Soil Mineral Elements on Aging and Degra-
dation of Zanthoxylum planispimum var. dintanensis

Mineral elements directly affect crop yield and quality and play important roles
in crop growth and physiological processes (Zhao et al., 2014). Different ap-
plication rates and ratios also affect human health (Zhao et al., 2017), making
the relationship between mineral elements and soil and plant nutrition a focus
of scholarly attention. According to Tables 3 and 4, the first principal compo-
nent had a large influence weight on soil quality (36.82%), with aging/degraded
plants generally ranking higher, indicating that both macroelements and meso-
/microelements simultaneously affect soil quality, and that the available quan-
tity of nutrients may have a greater impact on plant growth. Therefore, exten-
sive management focusing only on N, P, and K nutrient management should be
abandoned. The second and third principal components were generally higher in
normally growing plants, dominated by Mg, Na, and Co. Although karst areas
are characterized by high Ca and Mg, soil Mg content also varies considerably
and can become a limiting factor, possibly because soil quality degradation re-
duces the dissolution and release rates of elements from parent rock, suggesting
that aging and degradation of Zanthoxylum planispimum var. dintanensis likely
affects parent rock weathering. The fourth principal component showed no clear
pattern between aging/degraded and normally growing types, possibly because
Zanthoxylum planispimum var. dintanensis roots have weak P absorption capac-
ity, making P’s effect on plant growth insignificant. In summary, we hypothesize
that deficiencies in mineral elements, especially meso- and trace elements and
their available forms, cause aging and degradation of Zanthoxylum planispimum
var. dintanensis, while aging/degraded plants also have reduced root nutrient
absorption capacity, indicating that systematic and ecological theories should
be applied to solve this problem.

Mg plays an important role in chlorophyll synthesis and photosynthesis, being
a necessary structure for photon quanta and a prerequisite for effective photo-
synthetic carbon assimilation. Mg deficiency may reduce chlorophyll synthesis
capacity in Zanthoxylum planispimum var. dintanensis. Na is an essential
trace element for C4 photosynthetic pathway plants and is irreplaceable (Lu,
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2003). Na deficiency may hinder photosynthesis, possibly causing the high pro-
portion of yellow leaves in Zanthoxylum planispimum var. dintanensis, and
may also lead to lower cellular osmotic pressure, weakened turgor maintenance,
and affected nutrient transport and translocation within plants. Co functions
to stabilize lipoprotein complexes on chloroplast membranes (Lu, 2003), and
adequate Co content can promote photosynthesis and increase fruit yield. In
this study, aging/degraded Zanthoxylum planispimum var. dintanensis plants
showed increasing yellow leaves starting from branch tips, possibly related to
reduced photosynthetic capacity caused by element deficiencies or affected ele-
ment transport dynamics. Appropriately increasing soil Co content can increase
chloroplast number, surface area, and pigment content on leaf areas, promote
photosynthesis, and inhibit plant aging and degradation. The above analysis
indicates that mineral element deficiencies affect plant growth and physiologi-
cal traits, reduce photosynthetic capacity, affect element absorption, transport,
and transformation, and consequently affect plant growth and even lifespan.

3.2 Application of Principal Component Analysis in Soil
Quality Evaluation

Soil quality is a comprehensive manifestation of soil structure, properties, and
functions that can sensitively indicate dynamic changes in soil conditions. Soil
quality evaluation provides a comprehensive assessment of soil productivity,
helps diagnose causes of soil degradation, and integrates soil health management
strategies. China has conducted much meaningful work on soil quality evalua-
tion indicator systems and methods, but unified standards and fixed methods are
still lacking (Lii et al., 2017). Currently, principal component analysis is widely
used for quantitative soil quality evaluation (Cheng et al., 2018), transforming
multiple indicators through linear transformation into a few independent prin-
cipal components that fully characterize overall information, minimizing data
redundancy (Zhang, 2006). This study used PCA to evaluate root-zone soil qual-
ity of Zanthoxylum planispimum var. dintanensis under different growth condi-
tions. The extracted principal components reflected over 85% of the information
from all indicators, and soil quality showed some correlation with aging degree,
providing theoretical and practical value for guiding sustainable land resource
utilization. Therefore, PCA results can basically reflect root-zone soil quality
of different plants objectively, helping propose efficient nutrient management
strategies based on evaluation results. The dominant factors screened by PCA
in this study included SOC, available nutrients, and essential beneficial trace
elements, indicating that comprehensive and balanced nutrient management
should be emphasized in sustainable management of Zanthoxylum planispimum
var. dintanensis. The extracted information was relatively complete, enabling
establishment of a simplified soil fertility quality evaluation indicator system
that truly reflects soil quality while greatly reducing evaluation workload.
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3.3 Sustainable Management Strategies for Zanthoxylum
planispimum var. dintanensis Based on Mineral Elements

Aging and degradation of Zanthoxylum planispimum var. dintanensis has af-
fected the consolidation of rocky desertification control achievements, reduced
farmers’ enthusiasm for planting this species in Guizhou’ s karst mountainous
areas, and is detrimental to sustainable ecological and economic development in
mountainous regions. Urgent scientific and technological measures are needed
to achieve healthy management of Zanthoxylum planispimum var. dintanensis.
This study’ s results indicate that low contents of mineral elements such as Mg,
Na, and Co may be key factors affecting normal growth and physiological status
of Zanthoxylum planispimum var. dintanensis, thereby limiting photosynthetic
capacity and material synthesis and accelerating aging and degradation. This
suggests that supplementing mineral elements and creating good soil structure
are important pathways to improve Zanthoxylum planispimum var. dintanensis
productivity. Based on the principle that structure determines function, good
soil structure is necessary for optimal soil function. This study shows that
SOC is one of the main factors affecting soil quality, indicating that cultivating
good soil aggregate structure is an important measure to improve Zanthoxy-
lum planispimum var. dintanensis productivity. Although mineral elements are
abundant in the geological environment, soils still show deficiency states, pos-
sibly due to low nutrient dissolution and release rates or because soil quality
degradation, particularly reduced soil biological diversity and quantity, limits
nutrient availability. Therefore, coordinating plant-soil relationships is key to
Zanthoxylum planispimum var. dintanensis forest management. In recent years,
aging and degradation of Zanthozylum planispimum var. dintanensis has inten-
sified, accompanied by increasingly extensive nutrient and water management,
creating a vicious cycle that leads to ZEREMN~=E2MAEBE. Therefore, water-
nutrient coupling and self-sufficiency should become key measures for sustain-
able management of Zanthoxylum planispimum var. dintanensis, significantly
influencing nutrient use efficiency.

In this study, since no publicly available soil quality evaluation indicator sys-
tem including all plant nutrient elements has been released, whether some ele-
ments exhibit pollution effects or deficiency effects in plant growth and phys-
iological processes remains uncertain, limiting in-depth evaluation of results.
Moreover, current soil quality research generally assumes that higher mineral
element content is better (upper-limit function), but element concentrations ex-
ceeding certain ranges can show inhibitory or antagonistic effects. Combined
with differences in plant tolerance capacity and comprehensive effects of element
interactions, this creates difficulties in quality evaluation and cause diagnosis.
Therefore, the mineral element mechanism affecting aging and degradation of
Zanthoxylum planispimum var. dintanensis requires further research.
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4 Conclusions

(1) Deficiencies in C, P, K, S, Se, Sr, Mo, and oxides are among the causes of
aging and degradation of Zanthoxylum planispimum var. dintanensis, and
available element contents also affect plant growth. (2) The soil quality
index ranking of ZC3 > SL2 > SL3 > ZC2 > ZC1 > SL1 indicates that
comprehensive soil quality has some influence on aging and degradation of
Zanthoxylum planispimum var. dintanensis. (3) In managing Zanthozylum
planispimum var. dintanensis forest land, good soil structure should be
cultivated and comprehensive, balanced nutrient management should be
emphasized.
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