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Understanding belowground changes during stand degradation is essential for
the restoration of degraded shelterbelts in sandy areas. This study investigated
Populus simonii shelterbelts across four degradation levels (Healthy, Lightly
degraded, Moderately degraded, and Severely degraded) in the Kubugi Desert.
We analyzed the relationships between fine-root traits and soil nutrient variation
along the 0-100 cm soil profile to characterize their associations during degra-
dation. The results showed that, as degradation intensified, fine-root activity and
biomass decreased significantly, whereas lignin content and the lignin-to-cellu-
lose ratio peaked at the Moderately degraded stage, indicating a shift in fine-root
resource-use strategy from an acquisitive strategy to a more conservative one.
Soil organic matter, total nitrogen, and alkali-hydrolyzable nitrogen generally
declined along the soil profile, with the surface layer showing the strongest
response. Total nitrogen, total phosphorus, and alkali-hydrolyzable nitrogen were
the key soil factors driving fine-root trait variation. Path analysis further showed
that changes in total soil nutrients may contribute to reduced fine-root activity
and trait differentiation by affecting the supply of available nutrients and fine-root
chemical composition. Overall, fine-root trait changes were significantly associ-
ated with soil nutrient profile differentiation, and the Moderately degraded stage
exhibited a more pronounced transition in belowground functioning. This study
deepens our understanding of the degradation of Populus simonii shelterbelts in
sandy areas from a belowground perspective and provides a basis for the
ecological diagnosis and restoration of degraded shelterbelts.

KEYWORDS

belowground processes, degradation level, fine-root traits, Populus simonii
shelterbelts, soil nutrient profile differentiation

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2026.1865203/full
https://www.frontiersin.org/articles/10.3389/fpls.2026.1865203/full
https://www.frontiersin.org/articles/10.3389/fpls.2026.1865203/full
https://www.frontiersin.org/articles/10.3389/fpls.2026.1865203/full
https://www.frontiersin.org/articles/10.3389/fpls.2026.1865203/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2026.1865203&domain=pdf&date_stamp=2026-07-09
mailto:hbwang@imau.edu.cn
https://doi.org/10.3389/fpls.2026.1865203
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2026.1865203
https://www.frontiersin.org/journals/plant-science

Wang et al.

1 Introduction

Against the backdrop of global climate change, the stability of
forest ecosystems in arid and semi-arid regions is facing persistent
challenges (Chen et al., 2026). In particular, artificial forests in
sandy areas, which serve functions such as windbreak and sand
fixation, soil and water conservation, and farmland protection,
exhibit pronounced spatial heterogeneity and varying degrees of
degradation (Breshears et al., 2005; Allen et al., 2010). The com-
bined effects of long-term water deficit, poor soil fertility, and wind
erosion not only suppress stand growth, but also accelerate the
accumulation of declining individuals and the deterioration of stand
structure, thereby threatening the persistence and ecological func-
tioning of shelterbelts (Zhu et al., 2022; Wang J, et al., 2024; Chen
et al., 2025). In sandy-area plantations, degradation is reflected not
only in aboveground decline, but also potentially in changes in fine-
root functioning and soil resource conditions. Understanding how
these two processes are linked is critical for elucidating the below-
ground basis of plantation degradation.

Current understanding of plantation degradation has largely
focused on aboveground components, mainly involving changes in
photosynthetic physiology and water-use efficiency (Broeckx et al.,
2014), canopy decline, and growth reduction (Song et al., 2021),
whereas the role of belowground systems in the degradation process
has received relatively limited attention. Fine roots are the primary
organs for water and nutrient uptake and are also the belowground
components that first perceive and respond to soil stress (Freschet
et al, 2021). Fine-root activity reflects root metabolic status and
resource acquisition capacity (Kalra et al.,, 2024; Li et al., 2021),
whereas lignin, cellulose, and their ratio characterize structural
investment and resource-use strategies in fine roots (Lyu et al,
2023; Saha et al,, 2023). As environmental stress intensifies, fine
roots may maintain survival by reducing metabolic activity and
increasing structural investment, but such adjustments are often
accompanied by declines in resource acquisition capacity (Han
et al., 2022; Hou et al., 2024).

Changes in fine-root functioning are accompanied by shifts in
understory soil nutrient conditions and vertical nutrient distribu-
tion patterns. In arid and semi-arid regions, the vertical stratifica-
tion of soil nutrients is particularly pronounced (Chen et al., 2021;
Zhou et al., 2023). Declining surface vegetation cover and intensi-
fied wind erosion can accelerate the loss of surface organic matter
and fine particles. At the same time, changes in root distribution
and uptake intensity, together with solute migration and redistri-
bution, may also alter the profile distribution and availability of
nitrogen, phosphorus, and potassium (Song et al., 2024; Yang et al.,
2021). Previous studies have shown that changes in soil nutrient
conditions can significantly affect fine-root biomass and its vertical
distribution in poplar plantations (Geng et al., 2021), indicating a
close linkage between soil resource conditions and fine-root re-
sponses, both of which may jointly participate in the process of
stand degradation. Although root-soil relationships in forest and
plantation ecosystems have been widely studied, the relationship
between fine-root trait variation and soil nutrient conditions across
degradation gradients in shelterbelts remains insufficiently under-
stood. In particular, the associations between changes in fine-root
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activity, biomass, and lignin-cellulose traits and soil nutrient
conditions remain unclear.

Populus simonii is an important tree species used in artificial
shelterbelts in the wind-eroded and sandy regions of northern
China and has been widely planted in arid and semi-arid areas
(Liang et al., 2022; Wang et al., 2025). Despite its strong environ-
mental adaptability, its stands may still exhibit marked decline
under long-term limitations of water and nutrients, as reflected by
reduced canopy closure, increased dead branches, and a higher
proportion of declining trees (Ji et al., 2020; Fang et al., 2021). Our
previous field surveys revealed clear degradation differentiation
among Populus simonii shelterbelts in the Kubuqi Desert. Even
for shelterbelt tree species with relatively strong environmental
adaptability, stand stability may still decline under persistent
drought stress, while the key ecological basis underlying this process
remains insufficiently understood. However, in Populus simonii
shelterbelts in sandy areas, it remains unclear whether fine-root
activity, biomass, and chemical composition change systematically
with increasing degradation, and whether profile-scale differentia-
tion in soil nutrients exhibits coordinated belowground responses
with fine-root variation. This lack of understanding has, to some
extent, limited our interpretation of the degradation process and its
ecological basis.

Accordingly, this study focused on Populus simonii shelterbelts
across different degradation levels in the Kubugi Desert to analyze
the associations between fine-root trait changes and soil nutrient
profile variation and to explore their belowground implications for
stand degradation. Specifically, this study addressed the following
questions: (1) Do fine-root activity, biomass, and chemical compo-
sition in Populus simonii change systematically across the degrada-
tion levels? (2) How do soil nutrients along the 0-100 cm profile
respond to stand degradation? (3) Are fine-root trait changes
significantly associated with variation in soil nutrient conditions,
and can these associations provide a belowground explanation for
stand degradation? This study aims to provide a scientific basis for
identifying belowground processes and guiding the ecological
restoration of degraded shelterbelts in sandy areas.

2 Materials and methods
2.1 Overview of the study area

This study was conducted in a representative shelterbelt plan-
tation area in the Kubugqi Desert, Inner Mongolia. The study area is
located along the northern edge of the central Kubugi Desert (40°
18'30”-40°26'20"N, 109°46'40”"-110°04'30"E) and has a temperate
arid continental climate, characterized by intense wind-sand activ-
ity. The vegetation is dominated by planted shelterbelts and
shrublands. Annual precipitation is approximately 250 mm but is
unevenly distributed throughout the year, with most rainfall occur-
ring between June and September (accounting for about 70-85% of
the annual total). Potential evaporation far exceeds precipitation,
and strong winds frequently occur in spring, accompanied by
intense wind-sand activity, imposing long-term water stress and
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wind erosion on shelterbelt growth and stability. The study area is
characterized by shifting and semi-fixed dunes and gently undulat-
ing sandy terrain. The soil is primarily aeolian sandy soil with a
loose texture and poor water- and nutrient-retention capacity.

Preliminary field surveys indicate that poplar shelterbelts
throughout the Kubugi Desert are generally experiencing varying
degrees of degradation. Among the 131 surveyed plots, approxi-
mately 40% were classified as moderately or severely degraded
based on the proportions of dead and dying trees and dead
branches (Figure 1). The specific classification criteria are pro-
vided in Table 1. Given the marked east-west differences in
precipitation across the Kubugi Desert—with the western region
receiving less precipitation (approximately 150 mm annually) and
the eastern region receiving more (approximately 300 mm annu-
ally)—we selected 12 typical Populus simonii shelterbelts in the
central Kubugi Desert as study sites to minimize the influence of
climatic variation on the results. All poplar shelterbelts in the
study area were established more than 30 years ago and have been
managed under relatively consistent practices. Due to the com-
bined effects of site heterogeneity and external disturbances, the
shelterbelts have undergone varying degrees of degradation. In
less degraded plots, stand structure remains relatively intact, the
canopy is more continuous, and understory cover is denser; as
degradation intensifies, stand density decreases, and the propor-
tion of dead and declining trees increases. Common understory
species include Artemisia ordosica, Calligonum mongolicum, and
Caragana korshinskii.

2.2 Plot delineation and sample collection

Field sampling was conducted in August 2025, during the
growing season of Populus simonii. To reduce the short-term
influence of rainfall on soil nutrient contents, sampling was not
conducted shortly after rainfall events, and efforts were made to
maintain relatively comparable moisture conditions among plots.

At each site, one standard 20 m x 20 m plot was established to
record the number of dead and dying trees in the dominant canopy
layer, as well as the proportion of dead branches. In this study, “dead
trees” were defined as trees that had died completely, whereas “dying
trees” were defined as trees with more than two-thirds crown dieback
or trees that were completely withered and near death. Based on the
proportion of dead and dying trees relative to the total number of
trees per unit area, together with the proportion of dead branches, the
plots were classified into four degradation levels: Healthy, Lightly
degraded, Moderately degraded, and Severely degraded. Three rep-
licate plots were established for each degradation level, resulting in a

TABLE 1 Characteristics of the sample plots.

Degradation

Degree of decline in protective

Percentage of dead and

10.3389/fpls.2026.1865203

total of 12 plots, and three sample trees were selected in each plot for
excavation. The specific classification criteria are shown in Table 1
(Chen et al., 2026; Dai et al., 2024).

For each sample tree, a 1 m x 1 m x 1 m soil profile was
excavated 10 cm south of the trunk. Soil samples were collected
from the 0-100 cm profile at 20 cm intervals, namely 0-20, 20-40,
40-60, 60-80, and 80-100 cm. At each depth, soil from the four
cardinal directions (north, south, east, and west) around the sample
tree was combined into one composite sample. Therefore, a total of
180 soil samples were obtained, corresponding to 4 degradation
levels x 3 replicate plots per degradation level x 3 sample trees per
plot x 5 soil depths. Soil samples were used to determine nutrient
indicators, including organic matter, total nitrogen, total phospho-
rus, total potassium, alkali-hydrolyzable nitrogen, available phos-
phorus, and available potassium.

During excavation, the excavated soil blocks were sieved to
collect 180 root samples for biomass determination. After collec-
tion, roots were gently separated from the soil, washed with
deionized water, stored in a vehicle-mounted refrigerator at 4 °C,
and transported to the laboratory for sorting. Following common
criteria used in fine-root studies, roots with diameters <2 mm were
defined as fine roots (Puri et al., 1994). Live fine roots were
identified based on their lighter color, elasticity, intact cortex, and
moist appearance, whereas dead roots were identified based on their
darker color, brittle texture, loose or detached cortex, and loss of
elasticity. These criteria are commonly used in root sorting proce-
dures (Bauhus and Messier, 1999; Meinen et al., 2009). In the
laboratory, only live fine roots with diameters <2 mm were selected
for measurements of fine-root activity and chemical traits.

2.3 Sample analysis

After the soil and root samples were transported to the
laboratory, the relevant parameters were determined separately.
Specifically, soil organic matter (SOM) was determined using the
potassium dichromate oxidation-external heating method; total
nitrogen (TN) was determined using the Kjeldahl method; total
phosphorus (TP) was determined using the acid-soluble molybde-
num-antimony colorimetric method; total potassium (TK) was
determined using the acid-soluble flame photometric method;
alkali-hydrolyzable nitrogen (AN) was determined using the alkali
diffusion method; available phosphorus (AP) was determined using
the 0.5 mol-L™" NaHCO; extraction-molybdenum-antimony col-
orimetric method; and available potassium (AK) was determined
using the 1.0 mol-L™' NH,OAc extraction-flame photometric
method. For root traits, fine-root activity was determined using

Proportion of dead Mean canopy

level functions dying trees branches closure
Healthy No decline < 5% < 25% 0.47 + 0.05
Lightly degraded Slight decline 5-10% 25-50% 0.42 + 0.04
N;zgzzteiy Significant decline 11-40% 50-75% 0.34 + 0.04
Severely degraded Severe decline > 40% 75-100% 0.21 + 0.07
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the TTC reduction method; lignin content was measured using a
micro-assay kit; cellulose content was measured using an anthrone
colorimetric assay kit; and biomass was determined using the oven-
drying method.

2.4 Statistical analysis methods

A one-way ANOVA was used to examine differences in fine-
root activity, biomass, lignin, cellulose, and the L/C ratio among
degradation levels. Within each soil layer, differences among
degradation levels were tested by one-way ANOVA, and within
each degradation level, differences among soil depths were tested by
one-way ANOVA. Tukey’s multiple comparison test was performed
at P < 0.05. Statistical analyses were performed using IBM SPSS
Statistics 27. Principal component analysis (PCA) was conducted in
R (v4.5.2) to examine the overall differentiation patterns of soil
nutrient and fine-root trait indicators across soil depths under
different degradation levels. Based on the soil nutrient profile results
(Figure 2) and the supporting results in Supplementary Table 1;
nutrient characteristics differed most markedly in the 0-20 cm soil
layer, whereas the 20-100 cm layers showed relatively similar
variation patterns. Therefore, the 0-20 cm indicators were retained
separately, and the mean values of the 20-100 cm layers were used
as composite indicators of deeper soil conditions. Redundancy
analysis (RDA) was used to examine the relationships between
soil nutrient factors and fine-root traits. The envfit function was
applied to assess the strength and significance of the associations
between environmental factors, response variables, and the ordina-
tion pattern using 999 permutations. A PLS-SEM path model of
“degradation level-soil nutrients-root traits” (GOF = 0.73) was
constructed to analyze the direct and indirect effects of degradation
on soil nutrients and fine-root responses.

10.3389/fpls.2026.1865203

3 Results

3.1 Characteristics of fine-root traits of
Populus simonii under different
degradation levels

As degradation intensified, fine-root activity in Populus simonii
decreased significantly, with significant differences among degra-
dation levels (P < 0.05; Figure 3). Correspondingly, fine-root
chemical composition also changed markedly: lignin content and
the L/C ratio peaked at the Moderately degraded stage, whereas
cellulose content was lowest at the Lightly degraded stage.

Fine-root biomass (RB) showed significant variation along the
0-100 cm soil profile across degradation levels and generally
decreased as degradation intensified (Figure 4). Across all soil
layers, fine-root biomass was generally higher in the H and LD
plots but significantly lower in the MD and SeD plots, with the
greatest differences occurring in the 0-20 cm layer. Vertically, fine-
root biomass declined with increasing soil depth across all degra-
dation levels. The 0-40 cm layer constituted the main zone of fine-
root distribution, and biomass decreased markedly below 60 cm.

In summary, the Moderately degraded stage is the phase during
which changes in fine-root chemical composition and biomass are
more pronounced in Populus simonii.

3.2 Characteristics of soil nutrient changes
under poplar shelterbelts at different
degradation levels

Soil organic matter (SOM) content generally decreased with soil
depth, with significant differences observed among degradation
levels and soil layers (Figure 5). The topsoil (0-20 cm) had the

107°E 108°E 109°E 110°E 111°E
T T T T T
z N |z
S P ] 2,
= A 3
z| Legend ] |z
= l:] Kubugqi Desert ; 2 5 | poplar shelterbelt <
- Elgh: 1571 150 mm === 250 mm
- Low: 981 =200 mm =300 mm
Survey points:  (3) Healthy ® Lightly degraded @ Moderately degraded . Severely degraded 120
sampling points: O Healthy () Lightly degraded () Moderately degraded @) Severely degraded O e km
107°E 108°E 109°E 110°E 111°E
FIGURE 1
Locations of poplar shelterbelt plots under different degradation levels: (a) healthy; (b) lightly degraded; (c) moderately degraded; and (d) severely
degraded.
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distribution patterns similar to that of SOM, decreasing with soil
depth and generally being higher in the Healthy and Lightly
degraded plots than in the Moderately degraded and Severely
degraded plots (Figures 2a, d). Total phosphorus (TP) varied
relatively little among soil layers, but its content in Healthy plots
was generally higher than that in the other degradation levels
(Figure 2e). Available phosphorus (AP) showed a distribution
pattern distinct from those of the other nutrients, with lower
values in the surface layer and the most pronounced differences
occurring in the deep layer (80-100 cm). Specifically, deep-layer AP
content was higher in the Severely degraded plots, whereas the
Healthy and Lightly degraded plots maintained lower levels across
all soil layers (Figure 2b). Total potassium (TK) showed little
variation with soil depth, and differences among degradation
levels were not significant (Figure 2f). Available potassium (AK)
was higher in the surface layer (0-40 cm) and decreased with
increasing soil depth, and surface-layer AK levels were generally
higher in the Healthy and Lightly degraded plots than in the
Moderately degraded and Severely degraded plots (Figure 2¢). In
summary, nutrient differentiation is more pronounced during the
Moderately degraded stage of Populus simonii shelterbelts.

The PCA results indicate that the first two principal components
effectively captured the differentiation characteristics of plots under
different degradation levels. The scatter plot showed that PC1 had the
highest eigenvalue, and the broken-stick test indicated that the actual
explanatory power of PCI exceeded random expectation (Figures 6a,
b). Plots representing different degradation levels showed a clear
tendency to separate in the ordination space (Figure 6¢). Healthy and
Lightly degraded plots were primarily distributed along the positive
direction of PC1 and were closely associated with indicators such as
AK1, AN1, AN2, TK1, TP2, RB1, RB2, SOM1, and SOM2, whereas
Moderately degraded and Severely degraded plots were mainly
distributed along the negative direction of PCI and were more closely
associated with indicators such as AP2 and AK2. Overall, plot
differentiation across degradation levels was primarily driven by the
overall nutrient gradient, with PCI serving as the dominant axis
separating the different degradation states.

3.3 Relationship between fine-root traits of
Populus simonii and understory soil
nutrients under different degradation levels

The RDA ordination results indicate (Figure 7) that plots under
different degradation levels show a certain degree of separation in
the ordination space. Specifically, Healthy and Lightly degraded
plots are mainly distributed in the negative quadrants of RDA1 and
are associated with soil organic matter, total nitrogen, total phos-
phorus, alkali-hydrolyzable nitrogen, and total potassium, whereas
Moderately degraded and Severely degraded plots are mainly
distributed in the positive quadrants of RDA1 and are associated
with lignin, cellulose, and available phosphorus. The soil factor
fitting results (Table 2) show that total nitrogen, total phosphorus,
and alkali-hydrolyzable nitrogen are significantly correlated with
the ordination pattern (P < 0.05), whereas soil organic matter shows
marginal significance (P = 0.056). These results indicate that total
nitrogen, total phosphorus, and alkali-hydrolyzable nitrogen are the
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key soil variables driving the differentiation of fine-root trait
indicators. The fitting results for fine-root trait variables (Table 3)
indicate that fine-root activity, lignin, cellulose, and biomass are all
significantly correlated with the ordination pattern, with fine-root
activity showing the strongest fit (r* = 0.9594, P = 0.001). In terms of
variable direction, fine-root activity and biomass were generally
aligned with the overall soil nutrient gradient, whereas lignin and
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FIGURE 7

RDA ordination plot of soil nutrient factors and fine-root trait indicators
under different degradation levels. Sampling points of different colors
represent plots under different degradation levels, where H, LD, MD,
and SeD denote healthy, lightly degraded, moderately degraded, and
severely degraded plots, respectively. Blue arrows represent soil nutrient
factors, and red arrows represent fine-root trait indicators. Arrow
direction indicates the direction of variable change in ordination space,
whereas arrow length reflects the strength of the correlation between
variables and the ordination axes.
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cellulose were oriented in the opposite direction, indicating a
significant correspondence between changes in the soil nutrient
background during degradation and variation in fine-root activity,
biomass, and structural components.

3.4 Mechanisms underlying soil nutrient—
root trait interactions during degradation

A path model of “degradation level-soil nutrients-root traits”
was constructed using PLS-SEM (Figure 8). The model showed
acceptable overall performance, with a GoF value of 0.73, exceeding
the empirical threshold of 0.70 commonly used to indicate very
good performance in PLS-PM (Sanchez, 2013). The path analysis
results indicated that degradation level had a significant negative
effect on total soil nutrients, suggesting that increasing degradation
led to an overall decline in soil organic matter and total nitrogen,
phosphorus, and potassium. Degradation level also had a significant
negative effect on fine-root activity and fine-root chemical compo-
sition, indicating that increasing degradation directly inhibited fine-
root activity and drove changes in fine-root chemical composition.
Meanwhile, total soil nutrients had a significant positive effect on
available nutrients but a significant negative effect on fine-root
chemical composition, suggesting that changes in total soil nutri-
ents served as a key mediating pathway linking degradation to fine-
root structural responses.

Overall, this path model suggests that increasing degradation
was associated with reductions in the total soil nutrient pool,
changes in nutrient availability and fine-root chemical composition
and reduced fine-root activity. However, because this study was
based on observational data, the temporal order and causal direc-
tion among stand degradation, soil nutrient depletion, and fine-root
trait changes cannot be definitively established.
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TABLE 2 Significance test results for soil factor fitting.

10.3389/fpls.2026.1865203

Soil factor RDA1 RDA2 r? P
SOM -0.9971 -0.0764 0.4482 0.056
AN -0.9980 -0.0641 0.5295 0.038*
AP 0.9040 -0.4276 0.4160 0.095
AK -0.9961 -0.0878 0.0064 0972
TN -0.9953 0.0973 0.5408 0.025*
TP -0.9995 -0.0311 0.5681 0.021*
TK -0.9730 -0.2308 0.1966 0.358

RDA1 and RDA2 represent the coordinates of soil factors in the redundancy analysis ordination space; r* indicates the strength of the relationship between environmental factors and the

ordination pattern; P denotes the significance level obtained from a 999-permutation test. * indicates P < 0.05. Significance values were rounded to three decimal places.

4 Discussion

4.1 Fine-root changes in Populus simonii
across the degradation levels and their
ecological significance

Fine roots are important belowground organs through which
plants perceive soil stress and regulate resource acquisition, and
changes in their activity, biomass, and chemical composition can
serve as sensitive indicators of belowground response strategies
under adverse conditions (Kalra et al., 2024; Hou et al., 2024). Our
results showed that fine-root activity and biomass in Populus
simonii decreased significantly as degradation intensified, indicating
a continuous decline in belowground metabolic activity and re-
source acquisition capacity. This change was not merely a decrease
in a single indicator, but rather indicated that fine-root metabolic
activity, biomass accumulation, and structural chemical compo-
nents changed during degradation, reflecting sustained suppression
of belowground functional responses in Populus simonii. Such
changes may further constrain root growth and expansion and
may also affect aboveground growth by weakening water and
nutrient acquisition capacity (Freschet et al, 2021; Kou et al,
2022; Lopez et al., 2023).

Meanwhile, this study found that lignin content and the lignin-
to-cellulose ratio reached relatively high levels at the Moderately
degraded stage, indicating that Populus simonii fine roots gradually
increased structural investment under resource-limited conditions.
Lignin accumulation is considered one of the important mecha-
nisms by which woody plants respond to abiotic stress (Han et al.,
2022), as it can enhance cell-wall stability and improve tissue
tolerance (Li D, et al., 2022). Recent studies have further shown

TABLE 3 Results of the significance test for fine-root trait indicators.

that the molecular and chemical composition of fine roots is closely
related to the root economics spectrum, and that higher lignin and
aromatic carbon investment is generally associated with more
conservative root resource-use strategies (Wang M, et al., 2024).
Thus, the increases in lignin content and the lignin-to-cellulose
ratio at the Moderately degraded stage are unlikely to represent
isolated chemical changes but rather may reflect a belowground
strategic adjustment in Populus simonii fine roots from resource
acquisition toward maintaining tissue stability.

Notably, fine-root activity and biomass had already declined
markedly at the Moderately degraded stage, whereas the proportion
of structural components remained relatively high, indicating that
fine roots at this stage exhibited a combination of low activity,
reduced acquisitive capacity, and high structural investment.
Previous studies have shown that fine-root lifespan is closely related
to root morphological, physiological, and chemical traits (Eissenstat
et al.,, 2000; McCormack et al., 2015). Under increasing external
stress, roots often tend to extend lifespan and reduce turnover.
Combined with the results of the present study, this suggests that
the Moderately degraded stage may represent an important period
during which belowground functioning in Populus simonii shifts
from adaptive adjustment to marked functional limitation. In other
words, fine roots at this stage are characterized not only by reduced
quantity, but also by evident changes in their functional role and
resource-use strategy.

4.2 Soil nutrient differentiation and its role
in driving fine-root changes

Soil nutrients provide an important resource basis for main-
taining belowground functioning in plantations in sandy areas

Fine-root trait RDA1 2{p):V] r? P
RV 03797 -0.9251 0.9594 0,001+
c 0.9998 20,0219 0.5073 0.035*
L 0.9926 -0.1217 0.7756 0.002**
RB 09554 0.2954 0.6993 0.005**

RDA1 and RDA2 represent the coordinates of fine-root trait indicators in the ordination space of redundancy analysis; r* indicates the strength of the relationship between environmental factors
and the ordination pattern; P denotes the significance level obtained from a 999-permutation test. *, **, and *** denote P < 0.05, P < 0.01, and P < 0.001, respectively. Significance values are
reported to three decimal places. RV, fine-root activity; C, cellulose; L, lignin; RB, fine-root biomass.
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indicates the overall goodness of fit of the model.
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Partial least squares structural equation modeling (PLS-SEM) showing the relationships among degradation level, soil nutrients, and fine-root traits.
Deg denotes degradation level; TSN denotes total soil nutrients, including soil organic matter (SOM), total nitrogen (TN), total phosphorus (TP), and
total potassium (TK); ASN denotes available soil nutrients, including alkali-hydrolyzable nitrogen (AN), available phosphorus (AP), and available
potassium (AK); RootChem denotes fine-root chemical composition, including lignin (L) and cellulose (C); RootAct denotes fine-root functional
performance, including fine-root activity and biomass. Red arrows indicate positive pathways, whereas blue arrows indicate negative pathways; solid
lines indicate significant pathways, and dashed lines indicate non-significant pathways. Numbers next to the arrows represent standardized path
coefficients. The R? values shown next to the ellipses indicate the coefficients of determination for the endogenous latent variables, and GOF

(Bardgett et al., 2014). Our results showed that soil organic matter,
total nitrogen, and alkali-hydrolyzable nitrogen generally declined
along the 0-100 cm soil profile during the degradation of Populus
simonii shelterbelts, with the surface layer showing the strongest
response. This pattern is consistent with the common phenomenon
in degraded ecosystems of arid regions, where surface soil organic
matter and nitrogen tend to decline first. Previous studies have
shown that the restoration of artificial vegetation in the Tengger
Desert can significantly increase soil organic carbon and total
nitrogen stocks, with the most pronounced changes occurring in
the surface layer (Li X, et al,, 2022). This indirectly suggests that
vegetation degradation may first weaken the accumulation of
carbon and nitrogen in surface soils. In the Mu Us Sandy Land,
soil C, N, and P contents have also been reported to decline
markedly with increasing desertification (Ning et al., 2021).

Our results further showed that the effects of degradation were
not confined to the surface layer. In the 40-100 cm soil layers, soil
organic matter and total nitrogen remained significantly higher in
the Healthy and Lightly degraded plots than in the Moderately
degraded and Severely degraded plots. Previous studies have shown
that mid- and deep-soil layers represent an important component
of profile resources, and that changes in soil nutrients cannot be
assessed solely on the basis of surface soils (Wang et al., 2016; Smal
et al.,, 2019). Combined with our findings, this suggests that the
degradation of Populus simonii shelterbelts is manifested not only in
declining surface soil nutrient conditions but may also be accom-
panied by the weakening of soil resource conditions in mid- and
deep-soil layers. For artificial shelterbelts such as poplar stands that
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rely on deeper resources to sustain growth, the weakening of soil
resource conditions in mid- and deep-soil layers may further
constrain belowground resource acquisition, thereby aggravating
limitations on belowground functioning (Imada et al., 2008;
Germon et al., 2020).

Soil nutrient differentiation in the study area may arise from
two complementary processes. On the one hand, as canopy closure
declines and the number of declining individuals increases, litter
and root inputs are reduced, thereby weakening soil organic matter
formation and nutrient replenishment (Song et al., 2024). On the
other hand, reduced vegetation cover may enhance the selective
transport of fine particles and organic matter-enriched fractions in
the surface soil by wind erosion, thereby accelerating the loss of
surface resources (Zhao et al., 2022). The PCA results further
integrated these differences into a comprehensive nutrient gradient,
indicating that clear differentiation in soil nutrient conditions had
developed among plots with different degradation levels. This
differentiation was mainly reflected in the pronounced contrast
between the Healthy and Lightly degraded plots and the Moderately
degraded and Severely degraded plots.

The RDA results indicated that total nitrogen, total phosphorus,
and alkali-hydrolyzable nitrogen were the key soil factors influenc-
ing fine-root variation. Fine-root activity and biomass were aligned
with the overall nutrient gradient, whereas lignin and cellulose
showed the opposite trend. This suggests that what matters most
during degradation is not the absolute level of any single nutrient,
but rather the re-differentiation of soil resources along the profile
and its influence on fine-root allocation and resource-use strategies
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(Jobbagy and Jackson, 2001). As an essential basis for protein
synthesis and root metabolism, nitrogen decline can directly restrict
fine-root activity and growth. Phosphorus, in contrast, is closely
related to energy metabolism and the maintenance of cell structure,
and changes in phosphorus availability may affect root investment
in structural components (Khan et al., 2023). Previous studies have
shown that changes in soil nutrient conditions can significantly
affect fine-root biomass in poplar plantations and further influence
its distribution along the soil profile (Fortier et al., 2019). Therefore,
the soil nutrient differentiation observed in this study likely drives
fine roots from a relatively acquisitive state toward a more conser-
vative maintenance state by altering resource supply patterns and
the availability of plant-accessible nutrients. Overall, soil nutrient
differentiation is not only a consequence of vegetation degradation
but may also represent an important environmental context shap-
ing belowground fine-root responses.

4.3 A belowground interpretation of stand
degradation based on fine-root trait
changes and soil nutrient differentiation

Taken together, these results suggest that the degradation of
Populus simonii shelterbelts is manifested not only in weakened
aboveground growth and deteriorated stand structure but is also
accompanied by concurrent fine-root changes and soil nutrient
differentiation belowground, which may in turn lead to changes in
belowground ecosystem functioning (Hartmann et al., 2020; Comas
et al, 2013). As degradation intensified, fine-root activity and
biomass declined continuously, indicating a progressive weakening
of belowground resource acquisition capacity. Meanwhile, soil
organic matter, total nitrogen, and alkali-hydrolyzable nitrogen
generally declined along the soil profile, suggesting that soil re-
source conditions beneath the stands were also continuously
deteriorating. These two processes showed consistent trends
across the degradation levels and were significantly associated in
the RDA and PLS-SEM analyses, indicating that fine-root changes
and soil nutrient differentiation jointly contribute to the below-
ground processes underlying stand degradation.

More importantly, these belowground changes are unlikely to
represent isolated fluctuations in individual indicators, but more
likely reflect an overall adjustment of the resource acquisition
system during stand degradation (Bergmann et al., 2017). On the
one hand, declines in fine-root activity and biomass imply a reduced
capacity of plants to acquire water and nutrients belowground. On
the other hand, the weakening of soil resource conditions further
constrains the resource space available to fine roots (Fort et al.,
2017). Particularly at the Moderately degraded stage, structural
investment in fine roots increased whereas metabolic activity
declined markedly, and soil nutrient differentiation also became
more pronounced, suggesting that this stage may represent an
important turning point in belowground functioning. In other
words, the Moderately degraded stage is not merely an intermediate
state within the degradation sequence but may instead constitute a
critical phase during which belowground resource-use strategies
shift from relatively acquisitive to more conservative mainte-
nance strategies.
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Therefore, from a belowground perspective, the degradation of
Populus simonii shelterbelts can be understood as a process in
which reduced fine-root resource acquisition capacity and deterio-
rating soil resource conditions progress simultaneously. The former
lowers the plant’s capacity to utilize belowground resources,
whereas the latter further constrains resource supply conditions.
Together, these two processes constitute an important belowground
basis for stand degradation. Accordingly, the diagnosis of degrada-
tion in artificial shelterbelts in sandy areas should not rely solely on
aboveground tree performance, but should also incorporate below-
ground indicators, including fine-root activity, biomass, and soil
nutrient variation along the profile.

5 Conclusion

This study focused on Populus simonii shelterbelts across different
degradation levels in the Kubugi Desert, systematically analyzed
changes in fine-root traits and the decline characteristics of understory
soil nutrients, and revealed the coordinated response patterns of
belowground systems during the degradation process. This study
showed that the degradation of Populus simonii shelterbelts was
accompanied by continuous declines in fine-root activity and biomass,
as well as increases in lignin content and the lignin-to-cellulose ratio,
indicating a shift in fine-root resource-use strategy from a relatively
acquisitive state to a more conservative maintenance state. Meanwhile,
soil organic matter, total nitrogen, and alkali-hydrolyzable nitrogen
generally declined along the 0-100 cm soil profile, with the surface
layer showing the strongest response, indicating that degradation effects
had gradually extended from the surface to the mid- and deep-soil
layers. Overall, fine-root trait changes were significantly associated with
soil nutrient profile differentiation, and the Moderately degraded stage
exhibited a more pronounced transition in belowground functioning.
These findings provide a basis for identifying belowground processes
and supporting the ecological restoration of degraded shelterbelts in
sandy areas.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

HW: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Software, Supervision, Validation, Visualization, Writing —
original draft, Writing - review & editing. JN: Conceptualization,
Formal analysis, Investigation, Methodology, Resources,
Software, Visualization, Writing — original draft, Writing — review &
editing. XC: Formal analysis, Investigation, Methodology, Resources,
Supervision, Validation, Writing — original draft, Writing — review &

frontiersin.org


https://doi.org/10.3389/fpls.2026.1865203
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang et al.

editing. HZ: Funding acquisition, Project administration, Supervision,
Validation, Writing — review & editing. XZ: Funding acquisition, Project
administration, Supervision, Validation, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported by
the 2025 Science and Technology Support Project of State Key
Laboratory of Water Engineering Ecology and Environment in Arid
Area (2025GJCXPT01020), Demonstration of Integrated Technology
for Renewal of Aging Degraded Forests and Upgrading of Ecological
Restoration of Green Corridors in Kubugi Desert (2024]JBGS0019),
Study on the Causes of the Degradation of Populus simonii in the
Kubugi Desert and Its Restoration Mechanism (NDMK]J2501),
Innovative Team on Desertification Control and Sandy Area
Resource Conservation and Utilization (BR241301), and Desert Sand
Ecological Protection and Management Technology Innovation
Team (NMGIRT2408).

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Allen, C. D., Macalady, A. K., Chenchouni, H., Bachelet, D., McDowell, N., Vennetier,
M, et al. (2010). A global overview of drought and heat-induced tree mortality reveals
emerging climate change risks for forests. For. Ecol. Manage. 259, 660-684.
doi: 10.1016/j.foreco.2009.09.001

Bardgett, R. D., Mommer, L., and De Vries, F. T. (2014). Going underground: root traits
as drivers of ecosystem processes. Trends Ecol. Evol. 29, 692-699. doi: 10.1016/
j-tree.2014.10.006

Bauhus, J., and Messier, C. (1999). Soil exploitation strategies of fine roots in different
tree species of the southern boreal forest of eastern Canada. Can. J. For. Res. 29, 260—
273. doi: 10.1139/x98-206

Bergmann, J., Ryo, M., Prati, D., Hempel, S., and Rillig, M. C. (2017). Root traits are
more than analogues of leaf traits: the case for diaspore mass. New Phytol. 216, 1130
1139. doi: 10.1111/nph.14748

Breshears, D. D., Cobb, N. S., Rich, P. M., Price, K. P, Allen, C. D., Balice, R. G,, et al.
(2005). Regional vegetation die-off in response to global-change-type drought. Proc.
Natl. Acad. Sci. U.S.A. 102, 15144-15148. doi: 10.1073/pnas.0505734102

Broeckx, L. S., Fichot, R., Verlinden, M. S., and Ceulemans, R. (2014). Seasonal
variations in photosynthesis, intrinsic water-use efficiency and stable isotope compo-
sition of poplar leaves in a short-rotation plantation. Tree Physiol. 34, 701-715.
doi: 10.1093/treephys/tpu057

Chen, L., Wang, K., and Baoyin, T. (2021). Effects of grazing and mowing on vertical
distribution of soil nutrients and their stoichiometry (C:N:P) in a semi-arid grassland of
North China. Catena 206, 105507. doi: 10.1016/j.catena.2021.105507

Chen, X,, Wang, H., Zuo, H,, Nj, ], Yan, M., Yang, H., et al. (2026). Root characteristics and
soil microbial entropy can be important indicators of degradation of Populus simonii in
sandy areas. Glob. Ecol. Conserv. 65, €04035. doi: 10.1016/j.gecco.2025.04035

Chen, X., Zuo, H., Yan, M., Wang, H., Xi, C,, and Chai, Y. (2025). Differential responses
of soil C, N, and P ecological stoichiometric characteristics to different configurations of
edge-locked forests in the Kubugi Desert. Front. Plant Sci. 16, 1520024. doi: 10.3389/
fpls.2025.1520024

Frontiers in Plant Science

11

10.3389/fpls.2026.1865203

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organiza-
tions, or those of the publisher, the editors and the reviewers. Any
product that may be evaluated in this article, or claim that may be
made by its manufacturer, is not guaranteed or endorsed by
the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2026.1865203/
full#supplementary-material

Comas, L. H., Becker, S. R,, Cruz, V. M. V., Byrne, P. F., and Dierig, D. A. (2013). Root
traits contributing to plant productivity under drought. Front. Plant Sci. 4, 442.
doi: 10.3389/fpls.2013.00442

Dai, J., Zhao, Y., Seki, K., and Wang, L. (2024). Changes in water-use strategies and soil
water status of degraded poplar plantations in water-limited areas. Agric. Water
Manage. 296, 108799. doi: 10.1016/j.agwat.2024.108799

Eissenstat, D. M., Wells, C. E., Yanai, R. D., and Whitbeck, J. L. (2000). Building roots in
a changing environment: implications for root longevity. New Phytol. 147, 33-42.
doi: 10.1046/j.1469-8137.2000.00686.x

Fang, L.-D., Ning, Q.-R,, Guo, J.-]., Gong, X.-W., Zhu, J.-J., and Hao, G.-Y. (2021).
Hydraulic limitation underlies the dieback of Populus pseudo-simonii trees in water-
limited areas of northern China. For. Ecol. Manage. 483, 118764. doi: 10.1016/
jforeco.2020.118764

Fort, F., Volaire, F., Guilioni, L., Barkaoui, K., Navas, M.-L., and Roumet, C. (2017).
Root traits are related to plant water-use among rangeland Mediterranean species.
Funct. Ecol. 31, 1700-1709. doi: 10.1111/1365-2435.12888

Fortier, J., Truax, B., Gagnon, D., and Lambert, F. (2019). Abiotic and biotic factors
controlling fine root biomass, carbon and nutrients in closed-canopy hybrid poplar
stands on post-agricultural land. Sci. Rep. 9, 6296. doi: 10.1038/s41598-019-42709-6

Freschet, G. T, Roumet, C., Comas, L. H., Weemstra, M., Bengough, A. G., Rewald, B.,
et al. (2021). Root traits as drivers of plant and ecosystem functioning: current
understanding, pitfalls and future research needs. New Phytol. 232, 1123-1158.
doi: 10.1111/nph.17072

Geng, Q., Ma, X,, Liao, J., Wu, W, Niu, S,, Luo, Y., et al. (2021). Contrasting nutrient-
mediated responses between surface and deep fine root biomass to N addition in poplar
plantations on the east coast of China. For. Ecol. Manage. 490, 119152. doi: 10.1016/
j.foreco.2021.119152

Germon, A., Laclau, J.-P., Robin, A., and Jourdan, C. (2020). Tamm review: deep fine
roots in forest ecosystems: why dig deeper? For. Ecol. Manage. 466, 118135.
doi: 10.1016/j.foreco.2020.118135

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2026.1865203/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2026.1865203/full#supplementary-material
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1016/j.tree.2014.10.006
https://doi.org/10.1016/j.tree.2014.10.006
https://doi.org/10.1139/x98-206
https://doi.org/10.1111/nph.14748
https://doi.org/10.1073/pnas.0505734102
https://doi.org/10.1093/treephys/tpu057
https://doi.org/10.1016/j.catena.2021.105507
https://doi.org/10.1016/j.gecco.2025.e04035
https://doi.org/10.3389/fpls.2025.1520024
https://doi.org/10.3389/fpls.2025.1520024
https://doi.org/10.3389/fpls.2013.00442
https://doi.org/10.1016/j.agwat.2024.108799
https://doi.org/10.1046/j.1469-8137.2000.00686.x
https://doi.org/10.1016/j.foreco.2020.118764
https://doi.org/10.1016/j.foreco.2020.118764
https://doi.org/10.1111/1365-2435.12888
https://doi.org/10.1038/s41598-019-42709-6
https://doi.org/10.1111/nph.17072
https://doi.org/10.1016/j.foreco.2021.119152
https://doi.org/10.1016/j.foreco.2021.119152
https://doi.org/10.1016/j.foreco.2020.118135
https://doi.org/10.3389/fpls.2026.1865203
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang et al.

Han, X, Zhao, Y., Chen, Y., Xu, ], Jiang, C., Wang, X,, et al. (2022). Lignin biosynthesis
and accumulation in response to abiotic stresses in woody plants. For. Res. 2, 9.
doi: 10.48130/FR-2022-0009

Hartmann, H., Bahn, M., Carbone, M., and Richardson, A. D. (2020). Plant carbon
allocation in a changing world: challenges and progress. New Phytol. 227, 981-988.
doi: 10.1111/nph.16757

Hou, J., McCormack, M. L., Reich, P. B., Sun, T., Phillips, R. P., Lambers, H., et al.
(2024). Linking fine root lifespan to root chemical and morphological traits: a global
analysis. Proc. Natl. Acad. Sci. U.S.A. 121, €2320623121. doi: 10.1073/pnas.2320623121

Imada, S., Yamanaka, N., and Tamai, S. (2008). Water table depth affects Populus alba
fine root growth and whole plant biomass. Funct. Ecol. 22, 1018-1026. doi: 10.1111/
j.1365-2435.2008.01454.x

Ji, Y., Zhou, G,, Li, Z,, Wang, S., Zhou, H., and Song, X. (2020). Triggers of widespread
dieback and mortality of poplar (Populus spp.) plantations across northern China. J.
Arid. Environ. 174, 104076. doi: 10.1016/j.jaridenv.2019.104076

Jobbagy, E. G., and Jackson, R. B. (2001). The distribution of soil nutrients with depth:
global patterns and the imprint of plants. Biogeochemistry 53, 51-77. doi: 10.1023/
A:1010760720215

Kalra, A., Goel, S., and Elias, A. A. (2024). Understanding role of roots in plant response
to drought: way forward to climate-resilient crops. Plant Genome 17, €20395.
doi: 10.1002/tpg2.20395

Khan, F., Siddique, A. B., Shabala, S., Zhou, M., and Zhao, C. (2023). Phosphorus plays
key roles in regulating plants’ physiological responses to abiotic stresses. Plants 12,
2861. doi: 10.3390/plants12152861

Kou, X., Han, W., and Kang, J. (2022). Responses of root system architecture to water
stress at multiple levels: A meta-analysis of trials under controlled conditions. Front.
Plant Sci. 13, 1085409. doi: 10.3389/fpls.2022.1085409

Li, D,, Yang, ], Pak, S., Zeng, M., Sun, ], Yu, S, et al. (2022). PuC3H35 confers drought
tolerance by enhancing lignin and proanthocyanidin biosynthesis in the roots of
Populus ussuriensis. New Phytol. 233, 390-408. doi: 10.1111/nph.17799

Li, L., Li, Q., Davis, K. E,, Patterson, C., Oo, S., Liu, W, et al. (2021). Response of root
growth and development to nitrogen and potassium deficiency as well as microRNA-
mediated mechanism in peanut (Arachis hypogaea L.). Front. Plant Sci. 12, 695234.
doi: 10.3389/fpls.2021.695234

Li, X, Li, Y., Xie, T., Chang, Z., and Li, X. (2022). Recovery of soil carbon and nitrogen
stocks following afforestation with xerophytic shrubs in the Tengger Desert, North
China. Catena 214, 106277. doi: 10.1016/j.catena.2022.106277

Liang, X, Xin, Z., Shen, H., and Yan, T. (2022). Deep soil water deficit causes Populus
simonii Carr degradation in the Three-North Shelterbelt region of China. J. Hydrol.
612, 128201. doi: 10.1016/j.jhydrol.2022.128201

Lopez, G., Ahmadi, S. H., Amelung, W., Athmann, M., Ewert, F., Gaiser, T., et al.
(2023). Nutrient deficiency effects on root architecture and root-to-shoot ratio in arable
crops. Front. Plant Sci. 13, 1067498. doi: 10.3389/fpls.2022.1067498

Lyu, M., Homyak, P. M., Xie, J., Pefiuelas, J., Ryan, M. G., Xiong, X., et al. (2023). Litter
quality controls tradeoffs in soil carbon decomposition and replenishment in a
subtropical forest. J. Ecol. 111, 2181-2193. doi: 10.1111/1365-2745.14167

McCormack, M. L, Dickie, I. A., Eissenstat, D. M., Fahey, T. J., Fernandez, C. W., Guo,
D., et al. (2015). Redefining fine roots improves understanding of below-ground
contributions to terrestrial biosphere processes. New Phytol. 207, 505-518.
doi: 10.1111/nph.13363

Frontiers in Plant Science

12

10.3389/fpls.2026.1865203

Meinen, C., Hertel, D., and Leuschner, C. (2009). Root growth and recovery in
temperate broad-leaved forest stands differing in tree species diversity. Ecosystems
12, 1103-1116. doi: 10.1007/s10021-009-9271-3

Ning, Z., Zhao, X, Li, Y., Wang, L., Lian, J., Yang, H,, et al. (2021). Plant community C:
N:P stoichiometry is mediated by soil nutrients and plant functional groups during
grassland desertification. Ecol. Eng. 162, 106179. doi: 10.1016/j.ecoleng.2021.106179

Puri, S., Singh, V., Bhushan, B., and Singh, S. (1994). Biomass production and
distribution of roots in three stands of Populus deltoides. For. Ecol. Manage. 65,
135-147. doi: 10.1016/0378-1127(94)90165-1

Saha, S., Huang, L., Khoso, M. A.,, Wu, H., Han, D., Ma, X,, et al. (2023). Fine root
decomposition in forest ecosystems: an ecological perspective. Front. Plant Sci. 14,
1277510. doi: 10.3389/fpls.2023.1277510

Sanchez, G. (2013). PLS Path Modeling With R (Berkeley: Trowchez Editions).
doi: 10.1007/s00180-012-0317-1

Smal, H., Ligeza, S., Pranagal, J., Urban, D., and Pietruczyk-Poptawska, D. (2019).
Changes in the stocks of soil organic carbon, total nitrogen and phosphorus following
afforestation of post-arable soils: a chronosequence study. For. Ecol. Manage. 451,
117536. doi: 10.1016/j.foreco.2019.117536

Song, J., Wan, S., Zhang, K., Hong, S., Xia, J., Piao, S,, et al. (2024). Ecological restoration
enhances dryland carbon stock by reducing surface soil carbon loss due to wind erosion.
Proc. Natl. Acad. Sci. US.A. 121, €2416281121. doi: 10.1073/pnas.2416281121

Song, L., Zhu, ], Zhang, T., Wang, K, Wang, G., and Liu, J. (2021). Higher canopy transpiration
rates induced dieback in poplar (Populus x xiaozhuanica) plantations in a semiarid sandy
region of northeast China. Agric. Water Manage. 243, 106414. doi: 10.1016/j.agwat.2020.106414

Wang, T., Kang, F., Cheng, X., Han, H., and Ji, W. (2016). Soil organic carbon and total
nitrogen stocks under different land uses in a hilly ecological restoration area of North
China. Geoderma 268, 1-11. doi: 10.1016/j.geoderma.2016.01.015

Wang, M., Kong, D., Mo, X., Wang, Y., Yang, Q., Kardol, P,, et al. (2024). Molecular-
level carbon traits underlie the multidimensional fine root economics space. Nat. Plants
10, 901-909. doi: 10.1038/s41477-024-01700-4

Wang, K., Meng, ], Jiang, T., Liu, Z,, Yu, X,, and Jia, G. (2026). How do climate
sensitivity and physiological responses of Populus simonii plantations change under
different competition levels? Agric. For. Meteorol. 376, 110921. doi: 10.1016/
j-agrformet.2025.110921

Wang, J., Patruno, L, Zhao, G., and Tamura, Y. (2024). Windbreak effectiveness of
shelterbelts with different characteristic parameters and arrangements by means of CFD
simulation. Agric. For. Meteorol. 344, 109813. doi: 10.1016/j.agrformet.2023.109813

Yang, X., Shao, M,, Li, T., Zhang, Q., Gan, M., Chen, M., et al. (2021). Distribution of
soil nutrients under typical artificial vegetation in the desert-loess transition zone.
Catena 200, 105165. doi: 10.1016/j.catena.2021.105165

Zhao, H., Zhang, F., Yu, Z, and Li, J. (2022). Spatiotemporal variation in soil
degradation and economic damage caused by wind erosion in northwest China. J.
Environ. Manage. 314, 115121. doi: 10.1016/j.jenvman.2022.115121

Zhou, W., Li, C., Wang, S., Ren, Z., and Stringer, L. C. (2023). Effects of vegetation
restoration on soil properties and vegetation attributes in the arid and semi-arid regions
of China. J. Environ. Manage. 343, 118186. doi: 10.1016/j.jenvman.2023.118186

Zhu, M., Cao, X., Guo, Y., Shi, S., Wang, W., and Wang, H. (2022). Soil P components
and soil fungi community traits in poplar shelterbelts and neighboring farmlands in
northeastern China: total alterations and complex associations. Catena 218, 106531.
doi: 10.1016/j.catena.2022.106531

frontiersin.org


https://doi.org/10.48130/FR-2022-0009
https://doi.org/10.1111/nph.16757
https://doi.org/10.1073/pnas.2320623121
https://doi.org/10.1111/j.1365-2435.2008.01454.x
https://doi.org/10.1111/j.1365-2435.2008.01454.x
https://doi.org/10.1016/j.jaridenv.2019.104076
https://doi.org/10.1023/A:1010760720215
https://doi.org/10.1023/A:1010760720215
https://doi.org/10.1002/tpg2.20395
https://doi.org/10.3390/plants12152861
https://doi.org/10.3389/fpls.2022.1085409
https://doi.org/10.1111/nph.17799
https://doi.org/10.3389/fpls.2021.695234
https://doi.org/10.1016/j.catena.2022.106277
https://doi.org/10.1016/j.jhydrol.2022.128201
https://doi.org/10.3389/fpls.2022.1067498
https://doi.org/10.1111/1365-2745.14167
https://doi.org/10.1111/nph.13363
https://doi.org/10.1007/s10021-009-9271-3
https://doi.org/10.1016/j.ecoleng.2021.106179
https://doi.org/10.1016/0378-1127(94)90165-1
https://doi.org/10.3389/fpls.2023.1277510
https://doi.org/10.1007/s00180-012-0317-1
https://doi.org/10.1016/j.foreco.2019.117536
https://doi.org/10.1073/pnas.2416281121
https://doi.org/10.1016/j.agwat.2020.106414
https://doi.org/10.1016/j.geoderma.2016.01.015
https://doi.org/10.1038/s41477-024-01700-4
https://doi.org/10.1016/j.agrformet.2025.110921
https://doi.org/10.1016/j.agrformet.2025.110921
https://doi.org/10.1016/j.agrformet.2023.109813
https://doi.org/10.1016/j.catena.2021.105165
https://doi.org/10.1016/j.jenvman.2022.115121
https://doi.org/10.1016/j.jenvman.2023.118186
https://doi.org/10.1016/j.catena.2022.106531
https://doi.org/10.3389/fpls.2026.1865203
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Associations between fine-root traits and soil nutrient profile differentiation during degradation of Populus simonii shelterbelts in sandy areas
	1 Introduction
	2 Materials and methods
	2.1 Overview of the study area
	2.2 Plot delineation and sample collection
	2.3 Sample analysis
	2.4 Statistical analysis methods

	3 Results
	3.1 Characteristics of fine-root traits of Populus simonii under different degradation levels
	3.2 Characteristics of soil nutrient changes under poplar shelterbelts at different degradation levels
	3.3 Relationship between fine-root traits of Populus simonii and understory soil nutrients under different degradation levels
	3.4 Mechanisms underlying soil nutrient–root trait interactions during degradation

	4 Discussion
	4.1 Fine-root changes in Populus simonii across the degradation levels and their ecological significance
	4.2 Soil nutrient differentiation and its role in driving fine-root changes
	4.3 A belowground interpretation of stand degradation based on fine-root trait changes and soil nutrient differentiation

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


