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A B S T R A C T

Forest degradation is widely assumed to drive a monotonic decline in belowground functioning, yet plant-soil 
feedbacks may transiently buffer stress. We tested this idea by quantifying the rhizosphere effect (RE), the 
percentage difference between rhizosphere and bulk soil, for soil carbon (C), nitrogen (N) and phosphorus (P) 
pools, enzymatic activities, and microbial biomass across four degradation stages in three types of shelterbelt 
forests. We found that REs generally increased or remained stable from undegraded to mild-moderate degra
dation stage and then declined sharply at severe degradation stage. This nonlinear pattern was consistent across 
species but differed in amplitude and timing, with Populus thevestina showing the largest early increases, Populus 
alba maintaining RE longer before decline, and Populus popularis reaching negative REs for SOC and microbial 
biomass phosphorus at the severe degradation stage. Early positive RE coincided with lower pH and higher 
water-soluble organic carbon (WSOC), soil water content (SWC), and enriched available N (NH4

+ and NO3
− ) in 

rhizospheres, conditions that stimulate microbial activities and nutrient turnover. As degradation intensified, the 
significant differences between rhizosphere and bulk soil properties contracted and eventually disappeared, 
reflecting a decline of plant-soil feedbacks likely driven by reduced root exudation. Random-forest and redun
dancy analyses highlighted rhizosphere P, rhizosphere N, bulk soil WSOC, rhizosphere SWC, and bulk-soil 
stoichiometry as the most influential factors of these shifts, consistent with a transition from compensatory 
stimulation to functional collapse beyond a critical tipping zone. This study provides the first field evidence that 
rhizosphere functioning responds nonlinearly to forest degradation. Recognizing this transient compensatory 
phase advances our understanding of ecosystem belowground resilience and can inform the intervention win
dows for dryland forest restoration.

1. Introduction

The rhizosphere, the narrow zone (~2 mm) of soil surrounding the 
plant roots, is one of the most dynamic regions in forest ecosystems 
(Dotaniya and Meena, 2015; Lv et al., 2023). Driven by root-microbe- 
soil interaction, rhizosphere receives substantial root exudates (e.g. 
carbohydrates, organic acids, amino acids, and mucilage) and harbors a 
dense and diverse community of microorganisms, facilitating soil 
nutrient cycling and altering soil properties (Pett-Ridge and Firestone, 

2017; Ling et al., 2022; Bouwmeester et al., 2025). As a result, the 
rhizosphere is typically characterized by enhanced nutrient availability, 
elevated enzymatic activity, and higher microbial biomass than bulk soil 
(Dotaniya and Meena, 2015; Friggens et al., 2025). This phenomenon, 
known as the rhizosphere effect (RE), was proposed to describe the 
differential biological and physicochemical properties of rhizosphere 
soil compared to the surrounding bulk soil (Jones et al., 2009; Dotaniya 
and Meena, 2015). Understanding of the RE provides key insights into 
the capacity of plant roots to actively forage for nutrients, modify their 
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immediate soil environment, and regulate belowground ecological 
processes (Lambers et al., 2009; Hill and Jones, 2019).

In forest ecosystems, the rhizosphere serves as a critical interface for 
nutrient acquisition, carbon (C) mobilization, and water absorption, all 
of which are fundamental to tree health and forest productivity (Pii 
et al., 2015; Baldrian, 2017; Williams and de Vries, 2020). Furthermore, 
the rhizosphere’s high responsiveness to environmental fluctuations 
makes it a sensitive indicator of plant physiological status and ecosystem 
resilience (Mori et al., 2013; Preece and Peñuelas, 2016). As forests 
undergo environmental stresses such as nutrient limitation, drought, 
elevated CO2, or anthropogenic disturbance, the intensity of plant-soil 
interactions in the rhizosphere can shift markedly (Sardans and 
Peñuelas, 2013; Zhao et al., 2022). For instance, Meier et al. (2015)
reported increased N-releasing enzyme activity in the rhizosphere under 
elevated CO2, reflecting adaptive root strategies to enhance nutrient 
availability under changing atmospheric conditions. Investigating REs 
along gradients of forest change is therefore essential for understanding 
the trajectory of belowground ecosystem function, assessing the forest’s 
reaction capacity when facing stresses, and informing management 
strategies for ecological restoration and sustainable development (Meier 
et al., 2019).

Shelterbelt forests represent a special type of forest ecosystem, 
widely distributed across arid and semi-arid regions worldwide (Zhu and 
Song, 2021; Cheng et al., 2021). These human-established forest net
works are designed to regulate microclimates, reduce soil erosion, 
combat desertification, and protect agricultural lands and residential 
areas from wind disasters (Liang et al., 2022; Xie et al., 2024). However, 
due to climate change, water deficiency, and inappropriate management 
practices, over 50% of shelterbelt forests are facing degradation char
acterized by canopy dieback, withered branch, slow growth rate, and 
high mortality (Chirwa and Mahamane, 2017; Cao et al., 2021; Wang 
et al., 2024). Previous studies have documented the structural and 
physiological changes in aboveground components of shelterbelt 
degradation, especially in the northern China (Liu et al., 2020; Liang 
et al., 2024; Wen et al., 2024). However, the belowground responses, 
particularly the functional dynamics of the rhizosphere during degra
dation process, remain poorly understood (Freschet et al., 2021; George 
et al., 2024). Most existing studies arbitrarily assumed a monotonic 
decline of plant-soil interaction during forest degradation, overlooking 
the possibility of buffering effects, such as elevated root exudation and 
stimulated microbial mineralization caused by plant compensatory re
sponses, before a total collapse (Robert et al., 2014; Cross and Harte, 
2007). Without incorporating these mechanisms and temporal 
complexity in root-soil feedbacks, predictions of degraded shelterbelt 
ecosystem trajectories remain deficient and may misguide restoration 
strategies (Prescott, 2022; Zhang et al., 2023).

The functional dynamics of the rhizosphere during forest degrada
tion are likely governed by shifts in plant C allocation and metabolic 
priorities (Prescott, 2022; Zhang et al., 2026). Under initial environ
mental stress, such as the water deficiency or nutrient limitation that 
triggers early-stage shelterbelt degradation, plants might employ a 
buffering strategy. This involves reallocating nonstructural carbohy
drates to enhance root exudation and stimulate microbial mineraliza
tion, thereby maintaining relatively steady nutrients and water 
acquisition despite deteriorating conditions (Shen et al., 2020; Williams 
and de Vries, 2020; Brunn et al., 2022, 2025). However, as degradation 
progresses toward severe stages, persistent canopy dieback and reduced 
photosynthetic capacity may eventually trigger C starvation (Anderegg 
et al., 2012; Wiley, 2020). This exhaustion of internal carbohydrates 
may subsequently limit the energy available for rhizodeposition, 
reducing microbial activity and nutrient turnover in the rhizosphere 
(Millard et al., 2007; Clausing et al., 2021). This transition from stress- 
induced stimulation to resource-limited collapse may result in a 
nonlinear response of the RE along the degradation gradient. Accord
ingly, we hypothesized that the RE would follow a nonlinear trajectory: 
initially increasing or remaining stable due to stimulated root and 

microbial activity, but declining under severe degradation as plant-soil 
feedbacks weaken and rhizosphere functionality collapses.

To test this hypothesis, we conducted a field-based study in shel
terbelt forests of northern China, spanning four levels of degradation 
and three widely planted poplar species. Our goal was to determine how 
RE changes along the degradation gradient, and to identify the pri
mary soil and plant drivers of these shifts. By explicitly contrasting 
rhizosphere and bulk soils across the degradation stages, this study ad
vances understanding of belowground functioning in forest ecosystems 
and establishes a new framework for interpreting rhizosphere processes 
as early indicators of forest resilience loss, informing the sustainable 
management and restoration of widely distributed shelterbelt 
ecosystems.

2. Methods

2.1. Site description

This study was conducted in the Desert Forestry Experimental Center 
of the Chinese Academy of Forestry, situated in Dengkou County, Inner 
Mongolia Autonomous Region, northern China (40◦17′–40◦29′N, 
106◦35′–106◦59′E). The site lies on the northeastern edge of the Ulan 
Buh Desert and is characterized by a mosaic of desert oases (Fig. S1), 
with the Yellow River flowing through the county’s eastern boundary. 
The region has a temperate continental climate (Yan et al., 2025). 
Annual precipitation is low, averaging 134 mm and mainly occurred 
between June and September. The mean annual temperature is 7.6 ◦C, 
and the area receives abundant sunlight, with approximately 3000 h of 
sunshine per year (Yu et al., 2018). Prevailing winds are mainly from the 
northwest and southwest, averaging 3 m/s (Wang et al., 2024). Soils at 
the study site are classified as Arenosols (IUSS Working Group WRB, 
2022), characterized by sandy texture (>60% sand), weak profile 
development, low nutrient retention, and poor water-holding capacity 
(Cao et al., 2021).

Artificial grid-shaped shelterbelts have been established for over 30 
years around desert oases, using drought-tolerant tree species to miti
gate wind erosion and stabilize the soils (Fig. S1). Poplars (Populus spp.) 
are a key component of these plantations due to their rapid growth, 
drought tolerance, and ability to develop dense root systems that 
enhance soil stabilization (Brandle et al., 2021). The three most widely 
planted species, Populus popularis, Populus thevestine, and Populus alba, 
have formed three distinct, single-species shelterbelt types (Fig. S1). All 
shelterbelts follow a uniform structural design, with three parallel tree 
rows (total width of 8 m), consisting of 4-meter spacing between rows 
and 4 m between individual trees within a row. Fertilizers were applied 
only during the initial seedling establishment phase, with no subsequent 
inputs over the past 30 years. These shelterbelt networks enclose the 
inner oases, which are composed of croplands and residential areas. The 
dominant crops are Zea mays L. (maize), Cucurbita pepo L. (squash), and 
Helianthus annuus L. (sunflower). A buffer zone of approximately 5 m 
separates the shelterbelt tree lines from the adjacent croplands.

2.2. Experimental methods

From July 21 to August 25, 2024, we conducted a field survey in the 
study area to evaluate the status of shelterbelt networks, focusing on 
three types of widely distributed pure Populus shelterbelts, including 
Populus popularis, Populus thevestina, and Populus alba. Shelterbelt 
degradation stages were classified based on the proportion of dead 
branches, following Marais et al. (2022) and Liang et al. (2024). Four 
degradation stages were defined: undegraded (Level 1, <10% dead 
branches), mildly degraded (Level 2, 10–25%), moderately degraded 
(Level 3, 25–50%), and severely degraded (Level 4, >50%). Tree height, 
diameter at breast height (DBH), and crown width were used as sup
plementary indicators to confirm consistency with the visually esti
mated degradation levels (Table 1). To ensure adequate replication and 
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account for spatial heterogeneity, nine spatially independent sampling 
units were established across the study area, with three units for each 
tree species. Within each sampling unit, four plots (5 m × 20 m each) 
representing different degradation stages were selected. In subsequent 
statistical analyses, these sampling units were treated as blocks and 
included as a random effect nested within tree species to account for 
spatial non-independence. In total, 36 plots were sampled. A detailed 
overview of the study area, spatial layout, and representative photo
graphs is provided in Fig. S1.

Within each plot, bulk soil samples were carefully collected using 
five-points sampling method from the surface layer (0–10 cm) and 
thoroughly mixed to form one composite sample. The composite sample 
was then sieved through a 2 mm mesh to remove roots, debris, and 
gravel. Within each standardized plot, we selected five well-growing 
trees exhibiting comparable DBH and tree height, aligning with the 
mean DBH and tree height characteristic of their respective shelterbelt 
type. We carefully excavated the fine roots (<2 mm) from the topsoil 
layer near the tree base (20–50 cm from the trunk) on the four cardinal 
directions (north, south, east, and west). Rhizosphere soils were gently 
brushed over a sterile container (Barillot et al., 2013). Then, the 
collected rhizosphere soil was sieved through a 2 mm mesh to remove 
coarse debris and homogenized to be one composite rhizosphere soil 
sample of the certain plot (Barillot et al., 2013; Herre et al., 2022). Thus, 
we collected 36 bulk soil samples and 36 rhizosphere soil samples in 
total. Each soil sample was subsequently divided into two subsamples: 
one was stored at 4 ◦C for analysis of microbial activity and enzyme 
assays, the other was air-dried for the assessment of physicochemical 
properties.

2.3. Laboratory analysis

Soil pH was determined at a 1:2.5 soil: water ratio using a DMP-2 
mV/pH detector. Soil water content (SWC) was measured using the 
gravimetric oven-drying method (Wang et al., 2024). Soil organic car
bon (SOC) was analyzed using the combustion method by a TOC 
analyzer (model N/C 3100, Analytik Jena, Germany). Water soluble 
organic carbon (WSOC) was extracted with ultrapure water using a soil: 
water ratio of 1:5. The supernatant was filtered through 0.45-µm 
membrane filters, and analyzed through combustion method by a TOC 
analyzer (model N/C 3100, Analytik Jena, Germany). For soil total ni
trogen (TN), samples were digested with sulfuric acid and a mixed 
catalyst, and the N content was determined using a Kjeldahl nitrogen 
analyzer (KDY-9380, KETUO) (Wu et al., 2022). Soil total phosphorus 
(TP) was measured through the digestion of samples with HCLO4- 
H2SO4, followed by colorimetric analysis using the molybdenum blue 
method (Wu et al., 2022). Soil ammonium (NH4

+) and nitrate (NO3
− ) 

concentrations were determined using 2 M KCl extraction followed by 

colorimetric analysis with a continuous flow analyzer (SAN++ Compact 
V2, Skalar, Netherlands).

To assess the soil enzyme activities associated with soil C, N, and P 
cycling, we measured the activities of β-glucosidase (BG), N-acetyl-β-D- 
glucosaminidase (NAG), and neutral phosphatase (Ppase) in soil samples 
using a fluorometric assay with 4-methylumbelliferone (MUF)-linked 
substrates, following protocols of Hendel and Marxsen (2020) and 
German et al. (2011), with modifications for neutral pH conditions. 
Fresh soil (1 g) was suspended in 125 mL of 50 mM Tris buffer (pH 7.0) 
and homogenized. For each enzyme, 200 μL of the soil slurry was 
dispensed into black 96-well microplates along with 50 μL of the 
appropriate MUF-substrate. Microplates were incubated at 25 ◦C in the 
dark for 2 h, after which fluorescence was measured using a microplate 
reader at excitation 365 nm and emission 450 nm. Enzyme activity was 
calculated as μmol g− 1 soil h− 1 for BG and NAG, and μmol g− 1 soil 24 h− 1 

for Ppase (German et al., 2011).
Soil microbial biomass carbon (SMBC) and nitrogen (SMBN) were 

extracted using 0.5 mol L− 1 K2SO4 following chloroform fumigation. 
SMBC was measured using a total organic carbon analyzer (model N/C 
3100, Analytik Jena, Germany) (Ashraf et al., 2020). For SMBN, the 
extracts were oxidized with potassium persulfate, and N concentration 
was determined by UV spectrophotometry at 220 nm and 275 nm 
(Stevenson et al., 2016). Microbial biomass phosphorus (SMBP) was 
extracted with 0.5 mol L− 1 NaHCO3 after chloroform fumigation and 
quantified using the molybdenum blue colorimetric method at 700 nm 
(Chen et al., 2025).

2.4. Statistical analysis

The RE of each soil property was calculated using the following 
equation (Kuzyakov and Razavi, 2019). 

Rhizosphere Effect (RE) =
Xr − Xb

Xb
× 100% 

where Xr is the value of the soil property in rhizosphere soil, Xb is the 
corresponding value in bulk soil. The unit of the RE is %. RE > 0 in
dicates a positive RE, representing the enrichment or stimulation of the 
property in the rhizosphere. RE = 0 indicates no effect. RE < 0 indicates 
a negative RE, reflecting depletion or suppression of the property in the 
rhizosphere.

Statistical analyses were performed using R 4.3.3 (R Core Team, 
2024). All variables were checked for normality and homogeneity of 
variance before analysis. To account for the spatial structure of the 
sampling design, linear mixed-effects models were fitted using the lme4 
package (Bates et al., 2015). Because blocks were not shared among tree 
species, block was treated as a random effect nested within tree species. 
For RE variables shown in Fig. 1, tree species, degradation stage, and 

Table 1 
Degradation stage classification of the three types of shelterbelt forests.

Tree species Degradation stage Classification of dead branch rate (%) Dead branch rate (%) Tree height (m) DBH (cm) Crown width (m)

Populus popularis 1 <10 3.80 ± 1.30 11.9 ± 0.26 39.3 ± 3.04 7.07 ± 0.82
2 10–25 12.2 ± 1.79 9.50 ± 0.35 42.4 ± 2.46 4.55 ± 0.40
3 25–50 30.2 ± 3.53 8.60 ± 0.42 31.9 ± 1.58 2.95 ± 0.63
4 >50 62.5 ± 7.58 7.20 ± 0.57 27.2 ± 2.97 2.58 ± 0.42

Populus thevestina 1 <10 5.20 ± 1.79 13.3 ± 0.41 41.1 ± 4.52 5.41 ± 0.84
2 10–25 12.8 ± 2.17 11.9 ± 0.22 37.2 ± 3.99 4.17 ± 0.49
3 25–50 33.0 ± 3.53 10.7 ± 0.22 33.9 ± 1.35 3.17 ± 0.88
4 >50 60.0 ± 7.90 9.53 ± 0.42 31.5 ± 5.14 2.66 ± 0.35

Populus alba 1 <10 3.60 ± 1.34 12.2 ± 0.48 39.7 ± 4.53 4.26 ± 0.53
2 10–25 13.0 ± 3.46 9.82 ± 0.43 38.1 ± 8.12 3.33 ± 0.57
3 25–50 43.5 ± 5.70 9.56 ± 0.46 36.3 ± 5.00 2.63 ± 0.83
4 > 50 75.0 ± 7.90 8.45 ± 0.14 34.9 ± 5.30 2.48 ± 0.41

Note: all the data are expressed as mean ± standard deviation.
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their interaction were included as fixed effects, and block nested within 
tree species was included as a random effect. For soil variables shown in 
Fig. 2, tree species, degradation stage, soil type, and their interactions 
were included as fixed effects, with the same nested random structure. 
The significance of fixed effects was evaluated using the lmerTest 
package (Kuznetsova et al., 2017). Post hoc comparisons were con
ducted using estimated marginal means with Tukey adjustment using 
emmeans package (Lenth and Piaskowski, 2026), with p < 0.05 
considered statistically significant. To visualize trends during degrada
tion process, quadratic polynomial curves (y ~ poly (x, 2)) were fitted 

separately for each tree species across degradation stages. The detailed 
results of the linear mixed-effects models are presented in Table S1 and 
Table S2, corresponding to Fig. 1 and Fig. 2, respectively.

A random forest model was used to quantify the explained variations 
of each RE with the rest of variables, using the randomForest package in 
R (Liaw and Wiener, 2002). Significance of the model was assessed with 
5000 permutations of the response variable using the A3 package (Scott, 
2012). The levels of significant influential predictors for each RE were 
marked based on increase in mean squared error (%IncMSE), with 
double asterisk (**) indicating highly important variables (%IncMSE >

Fig. 1. The rhizosphere effect values of soil C, N, and P contents, soil enzymatic activities, and soil microbial biomass in the four different degradation stages of the 
three types of shelterbelt forests. Degradation stages 1, 2, 3, 4 refer to undegraded, mildly degraded, moderately degraded, and severely degraded shelterbelts, 
respectively. The colored lowercase letters indicate significant differences among degradation stages within each tree species, whereas uppercase letters indicate 
significant differences among the three tree species within each degradation stage (p < 0.05), based on linear mixed-effects models followed by estimated marginal 
means with Tukey adjustment. The colored curves show the fitted quadratic polynomial curves for the three types of shelterbelt forests, with blue, pink, and green 
colors representing Populus popularis, Populus thevestina, and Populus alba pure shelterbelts, respectively.
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10), single asterisk (*) indicating moderately important variable (5 < % 
IncMSE ≤ 10), and no asterisk representing less important variable (% 
IncMSE ≤ 5). All the figures were performed using the ggplot2 package 
(Wickham, 2016).

Additionally, redundancy analysis (RDA) was conducted to evaluate 
how key environmental variables influenced the multivariate patterns of 
the RE variables. The explanatory variables included selected soil 
physicochemical and enzymatic properties from both rhizosphere and 
bulk soils, which were identified as important predictors based on a 
preceding random forest analysis. Prior to RDA, explanatory variables 
were standardized (z-score transformation) to ensure comparability 
among variables. The RDA was first performed on the combined dataset 
including all three poplar species to examine overall patterns, and 
subsequently conducted separately for each species to better resolve 
species-specific responses along the degradation gradient. All analyses 
were performed in R using the vegan package (Oksanen et al., 2024).

3. Results

3.1. Rhizosphere effect across shelterbelt degradation

The REs of nine soil properties, including three for soil nutrient el
ements, three for soil enzymatic activities, and three for microbial 
biomass, varied across shelterbelt degradation stages. For soil SOC, RE 
patterns differed notably by species (Fig. 1a). In Populus popularis, the RE 
of SOC remained relatively stable through the early stages before 
exhibiting a downward trend under severe degradation. Populus theves
tina followed a more pronounced nonlinear trajectory, with the RE 
increasing from the undegraded to the moderately degraded stage, fol
lowed by a sharp decline during severe degradation. In contrast, Populus 
alba exhibited only minor fluctuations throughout the degradation 
gradient. Species differences were most pronounced at the moderately 
degraded stage, where Populus thevestina had significantly higher RE of 
SOC than Populus popularis (Fig. 1a).

The RE of TN followed a broadly similar trend across all poplar 
species, with values rising from early to mid-degradation before 

Fig. 2. The soil C, N, and P contents, soil enzymatic activities, and soil microbial biomass of the rhizosphere soil and bulk soil in the four different degradation stages 
of the shelterbelt forests. Degradation stages 1, 2, 3, 4 refer to undegraded, mildly degraded, moderately degraded, and severely degraded shelterbelts, respectively. 
Data are combined across the three Populus species, with n = 9 for each degradation stage and soil type. Asterisks indicate significant differences between rhizosphere 
and bulk soil within each degradation stage (*** p < 0.001, ** p < 0.01, * p < 0.05), based on linear mixed-effects models with block nested within tree species, 
followed by estimated marginal means with Tukey adjustment.
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declining sharply under severe degradation (Fig. 1b). However, the 
timing of peak RE varied. Populus popularis exhibited its highest RE value 
at the mildly degraded stage, whereas Populus thevestina and Populus alba 
reached their peak RE values at the moderately degraded stage (Fig. 1b). 
For TP, the variations between stages were less pronounced for all three 
types of shelterbelts (Fig. 1c).

Enzyme activities also showed species-specific responses (Fig. 1d–f). 
The RE of BG in Populus popularis maintained unchanged at early 
degradation stage and decreased significantly thereafter, while Populus 
thevestina and Populus alba showed slight early increases before return
ing to initial levels (Fig. 1d). The RE of NAG generally followed a 
nonlinear pattern across all shelterbelt types, increasing during early 
degradation before undergoing a sharp decline (Fig. 1e). Populus popu
laris reached its highest value at the mildly degraded stage, whereas 
Populus thevestina and Populus alba peaked at the moderately degraded 
stage (Fig. 1e). For Ppase, Populus popularis displayed a significant early 
increase in RE from the undegraded to mildly degraded stage before 
declining, whereas Populus thevestina and Populus alba exhibited minimal 
variation throughout the degradation process (Fig. 1f).

Regarding soil microbial biomass, the REs of MBC and MBN in 
Populus popularis and Populus alba shelterbelts increased from the 
healthy to moderately degraded stages before declining at the severe 
degradation stage, while Populus thevestina remained relatively stable 
during the early stages of degradation before dropping sharply in severe 
degradation (Fig. 1g, h). Across all degradation levels, Populus thevestina 
consistently exhibited the highest REs of MBC and MBN among the three 
species. For MBP, the RE in Populus popularis shifted from positive to 
negative values after mildly degraded stage (Fig. 1i). In contrast, Populus 
thevestina showed an early increase in RE of MBP followed by a gradual 
decline, though the value remained positive throughout the gradient. In 
Populus alba shelterbelts, while the RE of MBP fluctuated across degra
dation stages without clear stage differences, this species maintained the 
highest RE of MBP under moderate degradation compared to the other 

two shelterbelt types.

3.2. The dynamics of rhizosphere and bulk soils during shelterbelt 
degradation

Rhizosphere soil pH was consistently and significantly lower than 
bulk soil across all species and degradation stages (Table 2). While SWC 
was generally higher in the rhizosphere than in the bulk soil, it 
decreased significantly with increasing degradation stage in the rhizo
sphere of Populus popularis and Populus thevestina shelterbelts (Table 2). 
Concentrations of available N (NH4

+ and NO3
− ) are also displayed here, as 

they represent the most limiting nutrients in shelterbelt ecosystems of 
this arid region (Wang et al., 2024). The NH4

+ showed little variations in 
Populus popularis and Populus alba shelterbelts. In contrast, Populus the
vestina exhibited a significant increase in rhizosphere NH4

+ at the 
moderately degraded stage, where it was also significantly high than its 
corresponding bulk soil. Similarly, NO3

− levels were consistently and 
significantly higher in the rhizosphere than in the bulk soil of Populus 
thevestina shelterbelts across all degradation stages. In Populus alba 
shelterbelts, rhizosphere NO3

− decreased significantly as degradation 
progressed, whereas no significant change was detected in the bulk soil 
(Table 2).

Soil total nutrients were generally higher in the rhizosphere than in 
bulk soil (Fig. 2). SOC declined progressively in both rhizosphere and 
bulk soils along the degradation gradient. Although SOC levels were 
generally comparable between the two soil compartments during early 
stages, rhizosphere SOC became significantly higher than bulk soil SOC 
at the mildly and moderately degraded stages (Fig. 2a). TN and TP were 
significantly enriched in rhizosphere soil from the undegraded to 
moderately degraded stages. However, this rhizosphere enrichment ef
fect narrowed at the severely degraded stage (Fig. 2b, c).

In terms of enzymatic activities, rhizosphere soils exhibited signifi
cantly higher BG and Ppase activities than bulk soils regardless of the 

Table 2 
Soil physiochemical properties of rhizosphere and bulk soils in the three types of shelterbelt forests.

Tree species Degradation 
stage

pH SWC (%) WSOC (mg/kg) NH4
+ (mg/kg) NO3

− (mg/kg)

Soil zone R B R B R B R B R B

Populus 
popularis

1 7.42 ±
0.11a

8.15 ±
0.54a*

4.58 ±
0.99a

1.84 ±
0.25a*

0.058 ±
0.014a

0.049 ±
0.013a

2.26 ±
0.38a

1.67 ±
0.05a

5.84 ±
0.20a

5.16 ±
0.18a*

2 8.45 ±
0.21b

9.26 ±
0.34b*

4.22 ±
1.48a

1.64 ±
0.47a*

0.054 ±
0.006a

0.033 ±
0.003b*

2.36 ±
0.35a

1.63 ±
0.24a

5.83 ±
0.25a

5.03 ±
0.12a*

3 8.58 ±
0.18b

9.21 ±
0.19b*

2.54 ±
0.78b

1.75 ±
0.55a*

0.038 ±
0.004b

0.030 ±
0.001b*

2.10 ±
0.33a

1.60 ±
0.07a

5.29 ±
0.23b

5.22 ±
0.09a

4 8.78 ±
0.24b

9.23 ±
0.10b*

1.86 ±
0.33b

1.90 ±
0.94a

0.041 ±
0.004b

0.036 ±
0.008ab

1.94 ±
0.53a

1.83 ±
0.45a

5.75 ±
0.27a

5.99 ±
0.88a

Populus 
thevestina

1 8.73 ±
0.17b

9.36 ±
0.16b*

5.14 ±
2.95a

2.05 ±
0.16a*

0.063 ±
0.016 a

0.041 ±
0.004a*

3.48 ±
2.40a

1.60 ±
0.07a

6.04 ±
0.29a

5.19 ±
0.28a*

2 8.32 ±
0.03b

9.24 ±
0.09b*

2.84 ±
2.10ab

1.04 ±
0.14a*

0.061 ±
0.011 a

0.039 ±
0.005a*

3.38 ±
1.62a

1.42 ±
0.08a*

5.97 ±
0.63a

5.09 ±
0.14a*

3 8.63 ±
0.15b

9.14 ±
0.06b*

6.27 ±
2.58a

4.48 ±
2.47b*

0.077 ±
0.019b

0.057 ±
0.013b*

6.62 ±
1.86b

2.55 ±
1.66b*

7.67 ±
0.24b

5.05 ±
0.32a *

4 8.86 ±
0.10b

9.30 ±
0.04b*

1.61 ±
0.15b

1.07 ±
0.13a*

0.060 ±
0.005 a

0.049 ±
0.013ab

3.38 ±
0.45a

1.58 ±
0.10a*

6.34 ±
0.24a

4.99 ±
0.22a*

Populus alba 1 7.87 ±
0.02a

8.98 ±
0.04a*

3.70 ±
0.47a

1.16 ±
0.16a*

0.043 ±
0.006a

0.036 ±
0.002a

1.66 ±
0.33a

1.43 ±
0.09a

5.97 ±
0.16a

5.47 ±
0.45a

2 7.87 ±
0.15a

9.20 ±
0.11b*

4.35 ±
0.92a

1.47 ±
0.94a*

0.048 ±
0.009a

0.039 ±
0.014a

1.73 ±
0.60a

1.44 ±
0.22a

6.07 ±
0.70a

5.40 ±
0.14a

3 7.96 ±
0.30a

9.23 ±
0.15b*

2.98 ±
0.27a

1.07 ±
0.47a*

0.044 ±
0.010a

0.039 ±
0.008a

1.93 ±
0.17a

1.52 ±
0.14a

5.39 ±
0.58ab

5.44 ±
0.14a

4 8.31 ±
0.33b

9.10 ±
0.25b*

2.70 ±
0.30a

1.37 ±
0.42a*

0.039 ±
0.006a

0.038 ±
0.007a

1.83 ±
0.17a

1.62 ±
0.07a

4.81 ±
0.83b

5.48 ±
0.08a

Note: all the data are expressed as mean ± standard deviation. Letter R refers to rhizosphere and letter B represents bulk soil. Lowercase letters show the significant 
differences among four degradation stages (p < 0.05). Asterisks represent significant differences between rhizosphere and bulk soil of the certain tree species and 
degradation stage (p < 0.05).
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degradation stages (Fig. 2d, f). In contrast, rhizosphere NAG activity 
remained comparable to bulk soil levels at the undegraded and severely 
degraded stages, whereas it was significantly higher at the mildly and 
moderately degraded stages (Fig. 2e).

Regarding soil microbial biomass, MBC was higher in rhizosphere 
soil compared to bulk soil from undegraded to moderately degraded 
shelterbelt conditions, but this difference disappeared under the 
severely degraded stage (Fig. 2g). Similarly, rhizosphere soils had 
significantly higher MBN values than bulk soils during the first three 
degradation stages. However, this difference was no longer observed at 
the severely degraded stage (Fig. 2h). For MBP, no significant differ
ences were found between rhizosphere and bulk soils throughout the 
entire degradation process, except at the mildly degraded stage where 
significantly higher values were observed in the rhizosphere compared 
to the bulk soil (Fig. 2i).

3.3. Influencing factors associated with rhizosphere effects during 
shelterbelt degradation

To explore factors associated with variations in REs across shelterbelt 
degradation gradients, we combined random forest and RDA analyses in 
a complementary manner. Random forest models showed that REs of 
soil C, N, and P pools were most strongly associated with nutrient con
centrations and available N (mainly NO3

− ) in both rhizosphere and bulk 
soils (Fig. 3). For instance, the RE of TN was primarily predicted by the 
RE of MBN and bulk soil TN and TP, while the RE of TP showed high 
sensitivity to rhizosphere TP, bulk soil TP and RE of TN (Fig. 3). Enzyme- 
related REs exhibited weaker relationships, with the RE of BG linked 
mainly to MBP and bulk soil BG activity, whereas the RE of Ppase was 
closely associated with bulk soil Ppase activity. REs of microbial biomass 
showed strong internal coupling, with rhizosphere SWC emerging as a 

Fig. 3. The influential predictors of the rhizosphere effect of soil C, N, and P contents, soil enzymatic activities, and soil microbial biomass. Predictor variables 
include properties from rhizosphere soils (green), bulk soils (yellow), and RE-related traits (black). Double asterisk (**) indicates highly important variables (% 
IncMSE > 10) and single asterisk (*) indicates moderately important variable (5 < %IncMSE ≤ 10). Values in parentheses represent the proportion of variation 
explained for each corresponding response variable.
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significant covariate, particularly for MBN (Fig. 3).
Based on these associations, top ten explanatory variables were 

selected for RDA analysis to summarize multivariate RE patterns while 
minimizing collinearity. In the overall ordination (Fig. 4a), the first two 
axes explained 81.39% of the total variance. Along RDA1, positive 
scores were aligned with stronger REs of microbial biomass (MBC, MBN, 
and MBP) and C- and N-acquiring enzymes (BG and NAG), which were 
positively associated with rhizosphere SWC, rhizosphere BG activity, 
bulk soil WSOC, and rhizosphere TN/TP ratio. This axis represents a 
coordinated enrichment of microbial biomass and enzyme-mediated 
nutrient processing in the rhizosphere. The second axis (RDA2) was 
primarily defined by the RE of Ppase, which loaded strongly in the 
negative direction, indicating a P-acquisition pattern distinct from 
overall microbial enrichment. Bulk soil TN was aligned with the RE of 
Ppase along RDA2, suggesting a potential coupling between P-acquisi
tion strategies and soil N supply in response to soil stoichiometry. Clear 
separation among the three tree species was observed through species- 
level grouping (Fig. 4a). Populus thevestina clustered toward positive 
RDA1 values, indicating stronger composite rhizosphere enrichment of 
C and N pools. Populus alba occupied intermediate positions, whereas 

Populus popularis tended toward lower or negative RDA1 and lower 
RDA2 scores, suggesting weaker overall pool enrichment but a relatively 
greater emphasis on P-mining through phosphatase activity.

Species-specific ordinations further elucidated the divergent trajec
tories of the three poplar species along the degradation gradient 
(Fig. 4b–d). In Populus popularis, the rhizosphere response was charac
terized by a strong orientation toward the RE of Ppase during the early 
and moderate stages of degradation, whereas samples at the severely 
degraded stage shifted toward the opposite direction along RDA1 
(Fig. 4b). In Populus thevestina, the REs of MBN, MBC, TN, and TP were 
positioned in the opposite direction of the REs of MBP and NAG. 
Furthermore, the RE of BG in this species was positively aligned with 
bulk soil WSOC (Fig. 4c). Populus alba followed a relatively stable tra
jectory, with its RE variables closely associated with variations in 
rhizosphere SWC, bulk soil WSOC, and rhizosphere BG activity 
throughout the degradation process (Fig. 4d). Across all three species, 
samples at the severe degradation stage consistently converged toward 
the origin or moved in the opposite direction of the RE vectors, signaling 
a comprehensive decline in the rhizosphere effect (Fig. 4).

Fig. 4. Redundancy analysis (RDA) showing the relationships between rhizosphere effects and selected soil environmental variables across degradation stages. Panel 
a presents the overall ordination across all three Populus species, with ellipses indicating species-level grouping patterns, while Panels b, c, and d show species- 
specific ordinations for Populus popularis, Populus thevestina, and Populus alba, respectively. Degradation stages are indicated by different point shapes. Blue ar
rows represent rhizosphere effect variables, and red arrows represent selected soil environmental variables derived from rhizosphere (R) and bulk soil (B). The 
percentage of variance explained by each axis is indicated in parentheses.
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4. Discussion

4.1. A hump-shaped rhizosphere response to shelterbelt degradation

Across soil nutrient pools (SOC, TN, TP), enzyme activities (BG, NAG, 
Ppase), and microbial biomass (MBC, MBN, MBP), the REs increased or 
remained stable from undegraded to mild-moderate degradation and 
then declined sharply at the severe degradation stage (Fig. 1). This 
nonlinear pattern was consistent across the three poplar shelterbelts, 
with species differing in magnitude and timing rather than direction. For 
example, Populus thevestina showed the largest early increases in REs of 
SOC, TN, and MBP, which peaked at moderately degraded stage and 
then fall back. In contrast, Populus popularis maintained comparatively 
high REs of BG and Ppase from the undegraded to mildly degraded 
stages (Fig. 1). In early stages, all REs were positive, reflecting a clear 
rhizosphere “hotspot” effect where rhizosphere values exceeded bulk 
soil (Fig. 2). This agrees with studies showing that rhizospheres 
commonly exhibit higher microbial abundance, hydrolytic activity, and 
MBC than adjacent bulk soil (Dotaniya and Meena, 2015; Zhao et al., 
2022). This pattern also aligned with our observations of higher WSOC, 
available N (NH4

+and NO3
− ), and SWC in rhizosphere soils (Table 2), 

microenvironment known to favor microbial growth, enzyme activity, 
and faster nutrient turnover (Neumann and Römheld, 2012; Angst et al., 
2016; Mimmo et al., 2017). As degradation intensified, however, REs 
generally weakened toward zero and, for some variables (e.g., SOC and 
MBP in Populus popularis), turned to negative values (Fig. 1), revealing 
an overall hump-shaped trajectory.

The initial rise of REs might be explained as compensatory buffering 
of the root-soil system, representing a transient, stress-induced increase 
in rhizosphere functioning. During this period, plants tend to reallocate 
C and nutrients to roots and enhance root exudation to stimulate mi
crobes and enzyme activities. Such plastic responses are documented for 
roots under nutrient addition (Hodge, 2004; Tong et al., 2025), altered 
precipitation (Zhou et al., 2019), and short-term drought (De Vries et al., 
2016; Yin et al., 2023). For example, Williams and de Vries (2020)
showed that under short-term/moderate drought, grasses increased root 
exudation and fungal abundance to keep normal growth rate, while 
under long-term/extreme drought the growth rate reduced with 
diminished root exudation and root-microbe interaction. Although 
many of these studies did not explicitly separate rhizosphere from bulk 
soil, the processes they described, such as exudation, foraging, and 
mycorrhizal mediation, operate mainly within the rhizosphere and 
therefore plausibly result as the temporary increase in the REs we 
observe during early degradation. These localized enhancements in 
rhizosphere, relative to bulk soil, indicate intensified belowground 
functioning during initial stress.

Beyond a tipping zone near the mid-degradation stage, this advan
tage of the rhizosphere soil eroded (Fig. 1, Fig. 2). Progressive canopy 
dieback and reduced physiological capacity likely curtailed nutrient and 
energy supply to roots and mycorrhizae, diminishing rhizodeposition 
and nutrient foraging (Lawlor and Tezara, 2009; Cao et al., 2024). Such 
concurrent nutrient limitation and physicochemical stress can substan
tially increase ecosystem vulnerability by amplifying the impacts of 
other biotic and abiotic stressors (Bal et al., 2015). The marked increase 
in soil pH and the significant decline in SWC and available N observed 
during the late degradation stages (Table 2) further support this, as the 
attenuation of root-driven acidification and nutrient priming leads to a 
more stressful microenvironment (Drenovsky et al., 2004; Stark et al., 
2014). Critically, our results showed that the significant rhizosphere- 
bulk soil contrasts for SOC, TN, and microbial biomass (MBC, MBN, 
and MBP) completely disappeared at the severe degradation stage 
(Fig. 2). Nevertheless, the persistent significance of BG and Ppase ac
tivities (Fig. 2d, f) indicates that tree-driven regulation of the immediate 
rhizosphere remains functional before complete mortality, continuing to 
exert a positive, albeit weakened, influence on the rhizosphere micro
environment. This transition marks a shift from a buffered to a 

functionally collapsing rhizosphere as plant-soil feedbacks gradually 
weaken.

To sum up, these results reveal a nonlinear belowground trajectory. 
Early, root-driven buffering produces a transient peak in RE, followed by 
a sharp decline once degradation surpasses ecological thresholds 
(Fig. 5).

4.2. Drivers of the peak and fall of rhizosphere effect during shelterbelt 
degradation

REs are widely recognized as immediate outcomes of plant C allo
cation strategies, microbial activity, and the physicochemical environ
ment at the root-soil interface (Kuzyakov and Razavi, 2019; Hartmann 
et al., 2020). In healthy shelterbelt, higher TN, TP, SWC, WSOC, and 
available N concentrations in rhizosphere soils coincided with positive 
REs for SOC, TN, TP, and enzyme activities (Fig. 1, Fig. 2). This pattern is 
consistent with previous studies showing that higher soil moisture 
stimulates microbial activity and enhances the solubility of SOC and 
inorganic P in dryland soils (Sherrod et al., 2018; De-Bashan et al., 
2022), which maintains nutrient transport and root uptake, creating 
positive REs.

Under initial environmental stress, plants often prioritize maintain
ing metabolic stability and growth by reallocating readily available C to 
the root system (Arsova et al., 2020; Holz et al., 2024). For example, 
Savage et al. (2016) demonstrated that plants can adjust phloem phys
iology to modulate C allocation and increase carbohydrate supply to 
roots. This strategy potentially enhances root exudation and sustains 
rhizosphere microbial activity even as tree vigor begins to decline. 
Consistent with this, we observed elevated microbial biomass (Figs. 1, 
2), higher MBC/MBN ratios, and strong coupling between soil microbial 
biomass and enzyme activities in early degradation stages (Figs. 3, 4). 
Our RDA results further support this buffering mechanism, as samples 
from early to moderate stages clustered along the vectors of rhizosphere 
SWC, WSOC, and nutrient-acquiring enzymes (Fig. 4). These processes 
amplify rhizosphere-bulk soil contrasts, creating the transient peak in 
REs observed across all three types of shelterbelts.

As degradation intensifies, rhizosphere conditions deteriorate, 
marked by rising pH and declining WSOC (Table 2). Reduced WSOC, a 
proxy for labile C availability, likely indicates C starvation for rhizo
sphere microbes in these C-poor sandy soils (Drenovsky et al., 2004; 
Choi et al., 2022), leading to the observed collapse in microbial biomass 
(MBC, MBN, MBP; Figs. 1, 2) and reduced N mineralization (reduced 
NH4

+ and NO3
− ; Table 2). The RDA highlights the strong influence of bulk 

soil stoichiometry (TN, TP, and TN/TP of bulk soil) on REs, particularly 
for Ppase (Fig. 3, Fig. 4a). While plants initially invest in P-enzyme 
production to mitigate P limitation, as indicated by the alignment of 
Ppase with bulk soil TN (Fig. 4), the eventual depletion of C substrates 
undermines this response (Zhang et al., 2020, 2024). Consequently, the 
rhizosphere shifts from a buffered hotspot to a state limited by bulk-soil 
resource scarcity.

The three shelterbelt types exhibited similar trajectories but with 
species-specific adaptive strategies (Fig. 1, Fig. 4a). The stronger early 
REs in Populus thevestina are consistent with traits commonly associated 
with fast-growing poplar species, involving high belowground C allo
cation and aggressive nutrient foraging, as evidenced by its clustering 
toward the positive end of RDA1 (Fig. 4a, c). In contrast, Populus popu
laris maintained comparatively high REs for NAG and Ppase at early 
degradation stages (Fig. 4a, b), which, combined with the N limitation 
status of popular shelterbelt in northern China (Wang et al., 2024), 
suggesting a targeted investment toward nutrient-mining microbes 
rather than broad pool enrichment (Zhu et al., 2023). Populus alba dis
played a delayed tipping point, with declines in REs for N- and P-related 
properties such as TN, NAG, TP, and MBP, occurring mainly at the 
moderately degraded stage (Fig. 1, Fig. 4d). The temporal lag of N- and 
P-related responses relative to C-related properties suggests that C lim
itation may emerge as the primary constraint earlier in the degradation 
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sequence for Populus alba. As microbial mining of organic N and P is 
strictly energy-dependent (Finzi et al., 2015; Barba et al., 2016), the 
decline in N- and P-related REs only appears after a critical reduction in 
labile C availability and a deteriorating microenvironment (Table 2).

Combined, these results support a two-phase conceptual sequence of 
rhizosphere response to degradation (Fig. 5). First is the buffering phase, 
characterized by sufficient C substrate and favorable microclimatic 
conditions (high SWC, low pH), together with accessible P and N 
released from microbial activities, producing strong, positive REs 
(Fig. 5). Phase 2 is the decline phase, when rising pH and falling WSOC 
and SWC cross a physiological threshold. At this stage, inadequate 
photosynthesis caused C hunger, while concurrent bulk-soil nutrient 
scarcity and stoichiometric imbalance limit the replenishment of SOC 
and nutrients to rhizosphere (Bandopadhyay et al., 2024; Schultes et al., 
2025). These factors collectively narrow the differences between 
rhizosphere and bulk soil.

4.3. Rhizosphere-bulk soil divergence and its implications for shelterbelt 
management

Across multiple soil variables, the contrast between rhizosphere and 
bulk soils increased from undegraded to mildly and moderately 
degraded stages, then narrowed under severe degradation (Fig. 1, Fig. 2, 
Table 2). In the early stages, higher WSOC, NH4

+, NO3
− , and SWC, along 

with slightly lower pH in the rhizosphere (Table 2), stimulated microbial 
biomass and hydrolytic enzyme activities, resulting in positive REs for C 
and nutrient pools. These localized enhancements suggest an active 
buffering phase where roots respond to stress by reallocating assimilates 
belowground to maintain the rhizosphere hotspot (Manzoni et al., 2012; 
Williams and de Vries, 2020). However, as degradation intensifies, 
canopy dieback reduces photosynthetic capacity (Crous et al., 2025), 
thereby limiting the supply of assimilates to the roots and diminishing 
rhizodeposition. Such reductions in belowground carbon inputs have 
been observed not only in poplar shelterbelts here but also in other forest 
types, such as subalpine coniferous forests (Weintraub et al., 2007). 
Concurrently, rising pH and declining WSOC and soil moisture constrain 
microbial activity. Collectively, these factors lead to a convergence of 
the rhizosphere toward bulk soil, represented by smaller or even nega
tive REs, indicating the loss of the rhizosphere’s advantage and micro
bial hotspots. This trajectory identifies RE as a leading indicator of 

belowground resilience. The gap between rhizosphere and bulk soil 
expands when buffering capacity is active and contracts as plant-soil 
feedbacks fail.

In light of these findings, we propose several management strategies 
to sustain rhizosphere function and prevent plant functional collapse. 
First, we suggest developing a composite RE index to track the 
rhizosphere-bulk soil contrast through time, and identify the tipping 
zone where RE plateaus before decline (Fig. 5). This would enable early 
detection of declining resilience. Second, management should prioritize 
practices that support rhizosphere activity, such as maintaining organic 
inputs to stabilize SOC and WSOC, implementing localized irrigation to 
the rhizosphere zone to maintain SWC, and favoring mycorrhiza- 
friendly practices (e.g., reduced disturbance). Furthermore, in N- 
limited shelterbelts, low-dose localized N inputs can support enzyme- 
mediated acquisition while minimizing environmental impacts. Spe
cies that exhibit strong rhizosphere enhancement under mild stress (e.g., 
high exudation or foraging capacity) may be more suitable for shelter
belt renewal.

To sum up, our study infers trajectories along a degradation gradient 
of commonly used poplar shelterbelts in dryland ecosystems. While 
many soil physicochemical and biological properties were examined to 
characterize these trajectories, certain key processes were not directly 
quantified. Specifically, the lack of direct measurements for root 
exudation means that the precise metabolic mechanisms driving the 
observed RE dynamics remain inferred. Future work should (i) pair 
manipulative experiments (water, WSOC, and P additions; controlled pH 
shifts) with breakpoint analysis to test the proposed tipping zone; (ii) 
measure exudates (e.g., 13C labelling) and mycorrhiza to link plant re
sources allocation to RE dynamics; and (iii) develop composite RE in
dicators suited to different soil types and shelterbelt species to assess the 
generality of these findings across dryland ecosystems.

5. Conclusion

This study provides the first field-based evidence that the RE follows 
a non-linear, hump-shaped trajectory along shelterbelt forest degrada
tion. We identified an early compensatory buffering phase, character
ized by a peak in REs across C-N-P pools, soil enzymes, and microbial 
biomass near a critical tipping zone, followed by a functional collapse 
phase as REs declined sharply under severe degradation. This pattern 

Fig. 5. Conceptual synthesis of rhizosphere responses to shelterbelt forest degradation. Early degradation triggers compensatory stimulation (↑increased root-soil 
interactions and exudation), temporarily increasing enzyme activity, microbial biomass, and nutrient mineralization, producing a peak rhizosphere effect (RE) 
near a tipping zone. With further degradation, feedbacks weaken and functional collapse occurs (↓root biomass and mycorrhizae, ↑pH, ↓WSOC, ↓enzyme activity and 
↓microbial biomass). Shadings with different colors indicate phases along the degradation process.
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was consistent across three widely planted Populus species, which 
differed primarily in the amplitude and timing of their responses rather 
than the overall direction. The initial rise of REs was driven by a 
localized rhizosphere environment with lower pH and higher WSOC, 
inorganic N, and soil moisture, which stimulated microbial biomass and 
accelerated C-N-P cycling. Conversely, the subsequent fall of REs aligned 
with rising pH, declining WSOC, and increasing resource constraints 
from bulk soil nutrient stoichiometry. Collectively, these findings 
establish the rhizosphere as a leading indicator of belowground resil
ience. Practically, we recommend implementing a composite RE index 
to identify the tipping zone and time restoration interventions aimed at 
sustaining root functionality. By pinpointing the conditions under which 
rhizosphere advantages are gained and lost, this study provides a 
mechanistic framework and an actionable window for the conservation 
and restoration of shelterbelt ecosystems in dryland regions.
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