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Abstract: The formation of desert shrub sand piles (nebkhas) is attributed to the obstruction and
subsequent deposition of migrating sand by the shrub itself. However, the relationship between sediment
particle size distribution and shrub branch architecture remains inadequately understood. In August 2020,
field investigations were conducted on Tetraena mongolica Maxim. shrubs in the Bayan Engger Desert
Nature Reserve, located on the Ordos Plateau in Inner Mongolia Autonomous Region, China. Crown
morphological parameters of T. mongolica shrubs and associated nebkhas were systematically measured
alongside branch architectures. A one-way analysis of variance (ANOVA) was used to identify differences
in branch architectures among various levels, while correlation analysis and model fitting were applied to
establish the relationship between crown and nebkha morphological parameters. Path analysis was utilized
to identify the key branch architectures that influence crown development. Furthermore, sediment
redistribution characteristics of nebkhas were quantified, and principal component analysis combined with
regression models was utilized to elucidate the contributions of key branch architectures and sensitive
particle size fractions to nebkha deposition. Results indicated that the step-by-step branch ratio (SBR)
initially increased from the lower branches to the outermost branches before subsequently decreasing,
Additionally, branch angle significantly increased (P<0.0500), whereas both the branch length and the ratio
of branch diameters (RBD) significantly decreased toward the exterior of the shrub (P<0.0500).
Expansion of crown area significantly enhanced nebkha volume, demonstrating a strong linear
relationship (P<0.0010). As the primary contact surface for trapping wind-blown sand, the silhouette area
of the shrub initially increased and then decreased from bottom to top. Notably, the silhouette area of the
10-30 cm height layer played a crucial role in promoting nebkha volume expansion (P<0.0100). Path
analysis further revealed that the key branch architectures promoting crown area expansion were the
step-by-step branch ratio between the third-level and fourth-level branches (SBRj4), followed by the
fourth-level branch length (BLi4), the third-level branch angle (BAr3), and the ratio of branch diameters
between the fourth-level and third-level branches (RBD4j3). Under the continuous interception of
sediments by branches and leaves, the proportion of surface sediment with a particle size of
100.00-250.00 pm reached 51.07%, indicating a significant increase in fine-sized particles. Further analysis
confirmed that SBRs.4, BL14, BAr3, and sediments within the 50.00-100.00 um particle size range were the
primary contributors to nebkha deposition. These results demonstrate that the branch characteristics of T.
mongolica shrubs near the ground surface promote fine sediment accumulation and nebkha development by
regulating crown expansion. The findings reveal the unique adaptation mechanisms of rare and
endangered plants in nebkha microhabitats and provide a scientific basis for ecological windbreak and
sand-fixation projects in the desert transition zones of arid and semi-arid regions.
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1 Introduction

The plant modular theory is a fundamental concept in morphology and ecology, proposing that the
growth patterns of most individuals at any life stage can be expressed through architectural
features (White, 1979; Savinov, 2020). These configurations—representing a plant's external
structure—comprise various components originating from growth and adaptation and reflect the
interaction between the plant and its environment (Bazzaz, 1979; Dos Santos et al., 2022).

Branch architecture is a central focus of plant crown analysis (Araus et al., 2022). It influences
the complexity of shrub canopies by determining the arrangement of branches and leaves (Koller
et al., 2025). Exploring the relationship between branch patterns and morphology can enhance our
understanding of the ecological strategies adopted by plant populations. According to Chambers
(2020), this adaptability mediates how plants impact their geomorphic and climatic environment
and vice versa, providing a theoretical backdrop to comprehend species evolution. Three
morphological features primarily determine branch patterns: bifurcation ratio, branch angle, and
branch length (Honda, 1971; Leopold, 1971; Steingraeber et al., 1979).

While previous studies have extensively examined the relationship between plant crown
morphology and biomass in humid and sub-humid regions, the effects of branch architecture on
plant growth in arid and semi-arid environments remain poorly understood (Fisher and Honda,
1979; Enquist et al., 1998; Valladares et al., 2007; Niklas and Cobb, 2010; Hildebrand et al.,
2021; Yan et al., 2025). Through long-term adaptation, desert shrubs have developed unique
growth strategies, including resistance to wind erosion, sand abrasion, burial, and drought (Wu et
al., 2023). Compared to vegetation in other regions, desert shrubs play a unique role in
windbreaking and sand fixation. Their efficiency primarily depends on their morphology in
relation to wind direction; changes in branch architecture can alter the crown size and,
consequently, the shape of the windward side (Pang et al., 2022). These plants capture aeolian
sand grains through their aboveground branches and leaves, depositing them to form "nebkhas"
(Costas et al., 2024). Existing studies indicate that vegetation characteristics control deposition,
and that shrub branch architecture determines both sediment accumulation and the morphology of
the underlying sand dune (e.g., Zhang et al., 2020). Therefore, a thorough understanding of these
influences is crucial for successful sand control and vegetation restoration.

Tetraena mongolica Maxim., a relict shrub from the ancient Mediterranean flora, represents the
sole species within the monotypic Zygophyllaceae subfamily Tetraenoideae. It is found
exclusively in China, thriving in dry, sandy habitats characterized by high temperatures and
windy conditions (Xu et al., 2023). Given that these ecosystems are particularly vulnerable to
natural geographical shifts (Xu et al., 2020), clarifying the relationship between 7. mongolica and
its environment can provide a vital theoretical basis for the ecological restoration.

Desertification has been a persistent environmental issue on the Ordos Plateau in Inner
Mongolia Autonomous Region, China (Hu et al., 2021). Desert shrubs play a pivotal role in
shaping the ecological dynamics of this region, where they serve as foundational species in
maintaining biodiversity, ecosystem stability, and soil fertility. They are also key elements in the
formation of nebkhas—distinctive aeolian landforms characterized by sand accumulation around
vegetation (Li and Ravi, 2018; Li et al., 2019). The interaction between shrubs and aeolian
sediment transport drives this process. Because aboveground branch architecture directly
influences nebkha formation (Hesp, 1981; Wolfe and Nickling, 1993), exploring this relationship
is essential for understanding shrub rejuvenation and preventing desertification (Lu et al., 2023;
Zhu et al., 2024).
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Current studies on 7. mongolica primarily concentrate on its landscape patterns and anatomical
changes in its leaves, xylem, and phloem. To understand the relationship between branch
architecture and sediment characteristics during nebkha formation, this study quantifies the
association between plant size and nebkha dimensions and analyzes the contributions of shrub
configuration to sedimentary development. Based on these objectives, this study proposes the
following three hypotheses: (1) significant differences exist in the branch morphology among
different branch levels; (2) the overall branch architecture of the shrub shows a positive
correlation with nebkha size; and (3) some primary branch architectures promote nebkha
accumulation by influencing the particle size distribution of deposited sediments. The findings
can provide a theoretical foundation for the artificial regulation of shrub branch architecture to
achieve optimal wind-resistant and sand-fixing effects.

2 Materials and methods

2.1 Study area

The Bayan Engger Desert Nature Reserve (107°10'51.24"E, 40°15'49.71"N), located in Hanggin
Banner on the Ordos Plateau, Inner Mongolia Autonomous Region, China, was selected as the
study area. Situated at the transition zone between grasslands and shrublands, this region faces
severe challenges from desertification. The climate is typically semi-arid, characterized by
pronounced seasonal and diurnal temperature variations. The annual average temperature is
5.6°C, and the average annual precipitation is 144.6 mm. The area is primarily influenced by
northwesterly winds, which reach an average speed of 4.1 m/s and result in approximately 27.8 d
of strong winds annually. The Bayan Engger Desert Nature Reserve extends approximately 28 km
north—south and 20 km east-west, comprising three soil types: grey desert, acolian sand, and
coarse skeletal soils. The nature reserve hosts 58 varieties of endemic, relict, and endangered
species, representing 17.80% of its total flora. Among these, rare and endangered taxa such as 7.
mongolica, Helianthemum songaricum Schrenk ex Fisch. & C. A. Mey., Potaninia mongolica
Maxim., and Ammopiptanthus mongolicus (Maxim. ex Kom.) S. H. Cheng are particularly
prominent.

2.2 Morphometric measurements of shrubs and nebkhas

Field investigations were conducted in August 2020 within the experimental zone of the study
area. To examine intraspecific processes under isolated conditions, we established three
intensively monitored plots (each measuring 20 mx20 m) within nearly monospecific stands of T.
mongolica. This natural control design effectively eliminated the confounding effects of
interspecific competition, thereby enabling the precise quantification of autonomous growth and
nebkha dynamics of 7. mongolica. A total of 20 shrubs were randomly selected from each plot as
analytical samples, resulting in a total of 60 individuals across all plots. For every selected T.
mongolica shrub and its respective nebkha (Fig. 1), we used a steel tape to measure the following
dimensions: shrub crown length (cm), width (cm), and height (cm), as well as nebkha length (cm),
width (cm), and height (cm). The length was defined as the longest axis, while the perpendicular
axis was designated as the width. To calculate the crown area (cm?), we applied the formula for
the area of an ellipse: crown area=[m(crown lengthxcrown width)]/4. The nebkha bottom area
(cm?) was also calculated using the formula for the area of an ellipse: nebkha bottom
area=[n(nebkha lengthxnebkha width)]/4. Finally, the nebkha volume (cm?®) was calculated using
the formula for the volume of a hemiellipsoid: nebkha volume=[n(nebkha lengthxnebkha widthx
nebkha height)]/6 (Liu et al., 2009).

2.3 Determination of shrub silhouette area

We photographed the experimental shrubs with a Nikon COOLPIX S8100 camera (Nikon
Corporation, Tokyo, Japan) from the upwind side along the prevailing wind direction, starting at
ground level. The distance between the camera and the windward edge of the shrub was
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Fig. 1 Photographs showing the Tetraena mongolica Maxim. (a) and its nebkha (b), the annual wind rose
diagram of the study area (c), and a schematic diagram indicating sampling points for collecting sediments from
individual nebkhas (d). N, north; S, south; W, west; E, east.

maintained at 3 m. A straight ruler was placed on the shrub's windward side to provide a scale
while filming the entire windward side of the shrub. Silhouette areas were measured separately at
the height intervals of 0-10, 10-30, and 30-50 cm. When a shrub's height exceeded 50 cm, the
silhouette area above the 50 cm mark was also measured. The silhouette photos were imported
into the AutoCAD 2007 software (Autodesk, Inc., San Rafael, USA), where the contours and gaps
of each height layer on the shrub's windward side were outlined. Using the area calculation
function in the software, we identified the gap and overall contour area for each height layer, and
calculated their ratio to obtain the porosity of the windward surface. Finally, the silhouette area
(cm?) of each height layer was calculated using the following formula: silhouette area of height
layer=trapezoid area of height layerx(1—porosity) (Chang et al., 2017).

2.4 Determination of shrub branch architecture

The aboveground branch architecture of the 60 selected shrubs were determined using the
centripetal method (Borchert and Slade, 1981). Under this system, the outermost branch was
classified as the first-level branch. When two first-level branches converged, the resulting
segment was defined as a second-level branch; this pattern continued sequentially, with
near-surface branches classified as the highest-level branches. The total number of branches at
each level was recorded and a steel tape was used to determine the branch lengths. Pro'sKit
PD-301 digital vernier calipers (0.01 mm resolution; Prokit's Industries Co., Ltd., Taipei, China)
were used to measure the branch diameters at all levels. The branch angles were measured at all
levels using a protractor. The overall branch ratio (OBR), step-by-step branch ratio (SBR), and the
ratio of branch diameters (RBD) were calculated using the following formulas:

OBR=(Nr—Ns)/(Nr—N1), )
SBR:,i+1=Ni/Ni+1, 2)
RBD=Di+1/Di 3)

This version posted 2026-05-18.
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where Nr is the total number of branches at all levels; Ns is the number of branches with the
highest level; N; is the number of the first-level branches; SBR;, ;+1 is the step-by-step branch ratio
between the i"-level and (i+1)™-level branches; N; and N+ are the total numbers of branches at
the i level and (i+1)™ level, respectively; and D; and D;+ denote the diameters of the i-level and
(i+1)B-level branches (cm), respectively.

2.5 Sediment collection from the nebkhas

Within each surveyed plot, we selected eight nebkhas based on the investigated shrub crown area,
totaling 24 nebkhas across the three plots. This was done to systematically collect sediment
samples from each of these nebkhas. For each nebkha, two perpendicular transects were
established along the long and short axes. Along each transect, four sampling position types were
designated: (1) the apex of the nebkha (one sampling point); (2) the mid-slope between the apex
and the edge (two sampling points); (3) the edge of the nebkha (two sampling points); and (4)
external points located 50 cm beyond the nebkha edge (two sampling points) (Fig. 1). Sediment
samples were collected from each sampling point at a depth interval of 0-10 cm. To facilitate
comparative analysis, we categorized the collected samples into three distinct groups: samples
from the apex and mid-slope sampling points were combined to represent the interior of the
nebkha; samples from the edge sampling points were pooled to represent the base of the nebkha;
and samples collected 50 cm from the edge were integrated to represent the external environment.
A total of 24 sediment samples (eight nebkhasxthree sediment groups) were collected from each
plot, resulting in 72 sediment samples for the three plots combined.

2.6 Sediment analysis

Sediment samples were treated with H,O» (30.00% mass concentration) to eliminate organic
matter. To disperse the aggregates, we added sodium hexametaphosphate (NaHMP) and subjected
the samples to sonication for 30 s. Sample analysis was performed using laser diffraction
technology with a laser particle size analyzer (Analysette 22 Micro Tec Plus; Fritsch GmbH,
Idar-Oberstein, Germany). This analyzer enables the measurement of particle size distribution
values ranging from 0.01 to 2000.00 um, providing a continuous volume fraction of particle sizes
during the analysis.

2.7 Statistical analysis

Before performing statistical analysis, we assessed all variables for normality using the
Kolmogorov—Smirnov test. This study established a regression equation between the crown area
of T. mongolica and nebkha characteristics. We used SPSS 17.0 software (SPSS Inc., Chicago,
USA) to conduct a one-way analysis of variance (ANOVA) on the silhouette area and branch
architecture of shrubs with different sizes. Correlation analysis was conducted between shrub
characteristics (silhouette area and branch architecture) and nebkha morphological indicators. We
performed stepwise regression analysis and path analysis on the branch architecture and crown
area of 7. mongolica shrubs. The decision coefficient served as the decision index in the path
analysis (Awogbemi et al., 2022). By calculating the decision coefficient, we comprehensively
ranked the influence of the corresponding independent variables and determined the main
decision variables. The formula is as follows:

DC=2P; xr,, — P, )

where DC is the decision coefficient; P; is the direct path coefficient of the independent variable j;
and 7, is the correlation coefficient between the independent variable j and the dependent variable
y. When decision coefficient>0, the independent variable has an enhancing effect on the
dependent variable; when decision coefficient<0, the independent variable has an inhibitory effect
on the dependent variable.

The residual factor in the stepwise regression analysis can describe the comprehensiveness of
the selected model consideration. The formula is as follows:
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e= (1—R2), (5)

where e is the residual factor; and R? is the degree of fit of the stepwise regression equation.
When the value of residual factor is small, the independent variables selected in the stepwise
regression equation are considered more comprehensively.

Based on the sediment particle size classification system established by the United States
Department of Agriculture (USDA), we identified seven fractions of sediment particle sizes:
<2.00, 2.00-50.00, 50.00-100.00, 100.00-250.00, 250.00-500.00, 500.00-1000.00, and
1000.00-2000.00 um. The proportion of each particle size was calculated and reported. Principal
component analysis (PCA) was performed using SPSS 17.0 software on the key branch
architectures of the shrubs from which the sediment was collected, as well as on the sediment
content of each particle size fraction in the surface layer of nebkhas.

3 Results

3.1 Branch characteristics of 7. mongolica shrubs

The branch pattern of the shrub's shoots determines the expansion of both the shrub's middle and
upper layers. Hence, we first analyzed the branch characteristics across all levels. The OBR and
SBR of the selected plant samples were measured and counted, revealing an overall branch ratio
0f' 4.90. The SBR from the branches near the shrub's lower part to the outermost branches initially
increased and then decreased. Among them, the step-by-step branch ratio between the
second-level and third-level branches (SBR2:3) was significantly higher than those in the other
branches (P<0.0500; Table 1). Measurements of branch length, branch angle, and RBD were
conducted on shrub samples. As the hierarchy of branches increased from outer to basal branches,
both branch length and RBD exhibited a gradual increase, whereas branch angle demonstrated a
progressive decrease (Fig. 2).

Table 1 Single-factor variance analysis of the overall and stepwise branch ratios of Tetraena mongolica Maxim.

OBR SBR» SBRy 3 SBR3.4

Branch ratio 4.90+0.68 4.79+0.81° 5.79£0.95% 4.51+1.02°

Note: Mean+SD (n=60). OBR, overall branch ratio; SBR;.,, step-by-step branch ratio between the first-level and second-level branches;
SBR, 3, step-by-step branch ratio between the second-level and third-level branches; SBRj.4, step-by-step branch ratio between the
third-level and fourth-level branches. Different lowercase letters indicate significant differences in the branch ratios between different
branch levels (P<0.0500).

3.2 Relationship between overall shrub morphology parameters and nebkha size

The linear regression equation connecting the crown area of 7. mongolica shrubs with nebkha
bottom area can be expressed as y1=0.83x—0.40 (where y; is the nebkha bottom area and x is the
shrub crown area), with an R? value of 0.94 and a P-value of less than 0.0010 (Fig. 3a). Analysis
through linear regression indicated a strong positive correlation between shrub crown area and
nebkha bottom area. The linear regression equation between shrub crown area and nebkha volume
was: 12=0.20x—0.18 (where y; is the nebkha volume) (R>=0.81, P<0.0010; Fig. 3a). The residuals
of the linear equations were all normally distributed. These results showed that the crown
structure in desert shrubs significantly influences the formation and morphology of nebkhas, with
the crown area being the primary morphological index for shrubs. As shown in Figure 3b, the
crown length, width, and height of shrubs were significantly positively correlated with the
corresponding morphological parameters of nebkha (P<0.0010). Among these parameters, crown
length exhibited the highest correlation coefficient with both nebkha length and width at 0.97,
whereas crown height demonstrated the lowest correlation coefficient with nebkha height at 0.63.
The shrub's windward side is the key contact surface affecting nebkha development; therefore,
changes in the silhouette area of the windward side are crucial. We divided the profile of T.
mongolica into three height layers and calculated the silhouette area of each height layer for all
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Fig. 2 Branch length and angle (#»=60; a) and the ratio of branch diameters (RBD) across the four branch levels
(n=60; b) of T. mongolica shrubs. On the x-axis of the left panel, the 1%, 2", 3, and 4% refer to the first-level to
fourth-level branches, respectively. RBDz:1, ratio of branch diameters between the second-level and first-level
branches; RBDs:2, ratio of branch diameters between the third-level and second-level branches; RBDa4:3, ratio of
branch diameters between the fourth-level and third-level branches. Error bars mean standard deviations.
Different uppercase letters indicate significant differences in branch length between different branch levels
(P<0.0500); different lowercase letters indicate significant differences in branch angle or RBD between different
branch levels (P<0.0500).

shrubs. Using a one-way ANOVA, we found significant differences among the silhouette areas of
the three height layers (P<0.0500; Table 2). Among these, the silhouette area of the 10-30 cm
height layer was significantly higher than that of the other height layers (P<0.0500). The
correlation heat map revealed that the silhouette area of the shrubs' windward side was
significantly and positively correlated with nebkha bottom area and volume (P<0.0100; Fig. 4).
Specifically, the silhouette area of the 10-30 cm height layer demonstrated the highest correlation
coefficient with nebkha bottom area (correlation coefficient=0.82), exceeding those of all other
height layers. With a correlation coefficient of 0.95, the silhouette area of the 30-50 cm height
layer had the most significant influence on the total silhouette area compared to the other height
layers. The correlation coefficient between the silhouette area of the 10-30 cm height layer and
nebkha volume was 0.81, which was higher than that of the 0—10 and 30-50 cm height layers.
Therefore, the silhouette area of the 10-30 cm height layer was the key contact surface for
regulating shrub expansion and promoting nebkha development.

3.3 Path analysis of shrub branch architecture and crown area

Stepwise regression analysis was used to screen the branch architecture indicators that affected
the crown area of T. mongolica shrubs. As the independent variables were gradually introduced
into the regression equation, the R? of the equation increased. Calculations revealed that the
residual factor was 0.25. This value was small, confirming that the influence of the selected
independent variables on the crown area was more pronounced. Four independent variables of
branch architecture were screened out in the model summary table: the fourth-level branch length
(BL14), step-by-step branch ratio between the third-level and fourth-level branches (SBR3.4), the
third-level branch angle (BAv3), and the ratio of branch diameters between the fourth-level and
third-level branches (RBD4:3). The crown area was defined as the dependent variable, and the
other parameters was regarded as the independent variables. The optimal multiple regression
equation was established as follows: y=1451.41x;+3507.17x,+411.20x3-1650.54x4-25411.52
(where y is the shrub crown area, xj is the BLi4, x> is the SBR3.4, x3 is the BArs, and x4 is the
RBD43; R*=0.94, P=0.0400). The one-way ANOVA results based on crown area data showed a
significant effect (F=90.38, P<0.0010), and the residuals followed a normal distribution.
Consequently, the stepwise regression equation can be deemed statistically significant.
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Fig. 3 Fitting relationship of the crown area of 7. mongolica shrubs with nebkha bottom area and volume (a),
and correlation analysis between shrub morphological parameters and nebkha morphological indices. **%*,
P<0.0010 level. The flatter the red ellipse, the stronger the correlation.

Table 2 Silhouette area of each height layer of 7. mongolica shrubs and the total shrub silhouette area

0-10 cm height layer 10-30 cm height layer ~ 30-50 cm height layer Total

Silhouette area (m?) 1.30+0.43¢ 3.10+0.89* 2.38+1.08° 7.48+3.84

Note: Mean+SD (n=60). Different lowercase letters indicate significant differences in the silhouette area among different height layers
of T mongolica shrubs (P<0.0500).

We conducted a path analysis between the key branch architecture parameters selected in the
previous step and crown area (Fig. 5). Our findings indicated that the direct path coefficients were
as follows: BL14=0.33, SBR3.4=0.35, BA13=0.29, and RBD4.3=—0.12. Variables BLr4, SBR3.4, and
BA1; exerted direct positive effects on canopy area, whereas RBDa.3 exerted a direct negative
effect on canopy area. The decision coefficients revealed that the order of the main branch
architectures affecting the crown area was as follows: SBR3.4>BL14>BA13;>RBDs3, indicating
that the branch ratio near the ground surface is the most crucial branch architecture factor
determining the shrub crown area.

This version posted 2026-05-18.
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Fig. 5 Path analysis showing the relationship between branch architecture and crown area of 7. mongolica
shrubs. BLvs, fourth-level branch length; SBR3.4, step-by-step branch ratio between the third-level and
fourth-level branches; BALs, third-level branch angle; RBD4:3, ratio of branch diameters between the fourth-level
and third-level branches; r, correlation coefficient.

3.4 Contribution of primary shrub branch architectures and sediment redistribution to
nebkha formation

The internal and external sediment textures of the nebkha indicated that the distribution patterns
of sediment particle sizes at various positions were consistent (Fig. 6). In the surface sediments
located in the interior and exterior of the nebkha, the content of fine sand, particularly in the
particle size range of 100.00-250.00 um, was the highest. This particle size category
demonstrated the greatest content within the surface sediments of the nebkha, with a proportion of
51.07% for particles sized 100.00-250.00 um, followed by sediments from the base, whereas the
external area exhibited the lowest content. Upon moving further away from the nebkha, the
content of fine sand progressively decreased. Additionally, in the surface layer of the nebkha,

This version posted 2026-05-18.


https://chinaxiv.org/abs/202605.00166V1

860 JOURNAL OF ARID LAND 2026 Vol. 18 No. 5

sediment with a particle size ranging from 50.00 to 100.00 um was found to be more abundant
than that in both the base and exterior of the nebkha. Furthermore, sediment particles measuring
2.00-50.00 um had a lower content within the nebkha than in the external area.

The branch architecture of shrubs affects sediment distribution, thereby influencing the
accumulation of nebkhas, a phenomenon that can be well-explained by PCA. We conducted PCA
on the primary shrub branch architectures related to nebkha development and the particle size
composition of nebkha surface sediments. Three principal components were extracted, accounting
for a cumulative contribution rate of 80.20% (Table 3). The principal component loadings for
each indicator, which represent the correlation coefficients between each indicator and the
relevant principal components, are shown in Table 3.

120 -
0.40 0.21 0.18

100 412 253 el
S 10.90 8.18 9.91 1000.00—2000.00 ym
£ 80 - == 500.00—-1000.00 pm
=
S ol 107 46.43 45.54 250.00—500.00 pm
[0} .
5 100.00-250.00 pm
[} .
g 40 17.06 14.85 50.00—100.00 ym
& 20l 17.52 = 2.00-50.00 pm

0 B <2.00 pm
Interior Base Exterior

Sampling location

Fig. 6 Comparison of sediment structures among the interior, base, and exterior of the nebkha

Table 3 Principal component analysis (PCA) of nebkha formation based on the branch architectures of T.
mongolica shrubs and intercepted sediment fractions

Principal component loading

Indicator

PC1 PC2 PC3
BL14 0.87 0.30 0.20
SBR3.4 0.95 0.11 0.10
BA; 0.91 0.19 0.12
RBDg;; -0.37 0.11 —-0.16
<2.00 pm —-0.46 -0.72 0.35
2.00-50.00 um 0.02 -0.82 0.51
50.00-100.00 pm 0.93 0.07 0.14
100.00-250.00 um 0.52 -0.10 —0.58
250.00-500.00 pm —0.41 -0.14 -0.71
500.00-1000.00 um —0.67 0.66 0.33
1000.00-2000.00 pm —0.64 0.69 0.31
Contribution rate (%) 45.44 20.70 14.06
Accumulated contribution rate (%) 45.44 66.14 80.20

Note: BLy4, fourth-level branch length; BAys, third-level branch angle; RBDy.3, ratio of branch diameters between the fourth-level and
third-level branches; PC1, first principal component; PC2, second principal component; PC3, third principal component.

Results indicated that during the process of nebkha accumulation, the first principal component
(PC1) accounted for 45.44% of the variance, and the second principal component (PC2) occupied
20.70%. In the PC1 loading, the values for SBR3.4, BL14, BAr3, and 50.00-100.00 pm particle
size fraction were notably high. Therefore, the main branch architectures of SBR3.4, BL1r4, and
BA1; from the PC1 were selected as the independent variables, and the sediment content within
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the particle size range of 50.00-100.00 um and nebkha volume were designated as the dependent
variables, for establishing the regression equations (Table 4). Results implied that the branch
architectures of SBRs34, BLi4, and BAp; effectively increased the sediment content in the
50.00-100.00 um range, thereby facilitating the development and stabilization of nebkhas.

Table 4 Fitting equations relating the main branch architectures of 7. mongolica shrubs with sediment particle
size and nebkha volume

No. Equation R? P F
1 »1=3.26x,+2.52 0.87 0.0001 143.47
2 y1=1.22x,+4.99 0.68 0.0001 46.22
3 11=0.48x3;—8.93 0.72 0.0001 55.81
4 1,=268066x,—850373 0.64 0.0001 39.57
5 12=106430x,—712955 0.57 0.0001 29.02
6 12=106430x5—1619457 0.45 0.0001 18.03

Note: y;, content of sediments with particle size of 50.00-100.00 um; y,, nebkha volume; x;, SBR3.4 (step-by-step branch ratio between
the third-level and fourth-level branches); x,, BL14 (fourth-level branch length); x3, BA|; (third-level branch angle).

4 Discussion

4.1 Influence of branch architecture of 7. mongolica on its canopy development

Architectural plasticity in woody plants reflects a dynamic equilibrium between resource capture
and competitive avoidance, wherein branch length, ratio, and angle exhibit concerted
adjustments to microenvironmental heterogeneity (Clark and Ma, 2023; Zhao et al., 2025). For T.
mongolica shrubs, this tripartite coordination yields a distinctive spatial gradient: branch length
diminishes acropetally, with maximal extension concentrated in the near-surface stratum
(approximately 20 cm above ground), whereas the ratio of branch diameter intensifies basally.
This pattern arises from the ontogenetic differentiation between long shoots—which feature
extended internodes that facilitate lateral crown expansion—and short shoots with compressed
internodes that optimize leaf display while mitigating self-shading and mechanical abrasion from
stem-on-stem contact (Yagi, 2006). The functional implications of this architecture are evident in
the adjustments of branch angles that reallocate growth priorities. An increased inclination of
peripheral branches diminishes vertical apical dominance while enhancing lateral crown spread
(Osada, 2006). Concurrently, increases in basal diameter ratios enhance the mechanical stability
necessary to support this expanded architecture (He et al., 2005).

Branch architecture fundamentally constrains crown morphology in woody plants, with branch
ratio denoting the proportion between successive branch levels serving as a crucial index of
structural complexity (Yang et al., 2022). Earlier studies proposed that the bifurcation ratio is
stable and species-specific (e.g., Whitney, 1976), but recent evidence indicates substantial
ontogenetic plasticity within these branch ratios, as they dynamically change throughout growth
period (Qu et al.,, 2022). According to conventional theory, crown morphology is mainly
determined by branch patterns in the periphery of temperate deciduous species. The outer leaves
determine the outline of the tree (Steingraeber and Waller, 1986). However, this paradigm needs
revision for 7. mongolica because its branches are densely covered with oblanceolate leaves.
Hence, the architectural determinants of shrubs should be assessed based on the branch ratios near
the main stem (Barthélémy and Caraglio, 2007). This research demonstrated that branch ratios
from the ground surface of 7. mongolica shrubs hold excessive control over shrub morphology.
The characteristic acropetal tapering from base to apex generates a windward profile that
systematically modulates incident wind speed, entraining airflow into turbulent wakes that
accelerate along both flanks. Crucially, the lower stratum produces the most extensive disturbance
zone due to maximal branch density and three-dimensional complexity. The near-surface branches
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serve dual functions, acting as a structural scaffold for crown expansion and as an aerodynamic
baffle that induces flow separation and sediment entrapment. Consequently, the densely branched
middle layer emerges as the primary locus of sediment deposition, with branch complexity
directly mediating trapping efficacy (Qu et al., 2022). This functional linkage suggests that the
branch architecture of 7. mongolica may represent an adaptive compromise between light
interception and aeolian sediment capture, a hypothesis warranting comparative investigation
across species with divergent branch strategies.

4.2 Relationship between the canopy structure of 7. mongolica and the corresponding
nebkha size

T. mongolica, an important foundational species in the desert transition zones (Liu et al., 2023),
plays a crucial role in windbreak maintenance and sand immobilization. Understanding the
influence of its canopy morphology on nebkha development and sediment distribution is essential
for elucidating the mechanisms of aeolian sediment trapping in arid and semi-arid environments.
Previous studies have demonstrated that variations in plant growth form and canopy porosity
significantly affect nebkha morphology and sediment accumulation patterns (EI-Sheikh et al.,
2010; Li et al., 2021; Ciancio et al., 2022; Goudie, 2022). As a small shrub species, 7. mongolica
thrives in desert transition zones and leads to the development of stable shrub-dominated
landforms. Its crown usually assumes a hemispherical structure that encompasses a major part of
the nebkha surface. This morphological characteristic confers it greater sand-trapping efficiency
than other shrubs, as evident from its higher sediment retention (Cheng et al., 2018).

A positive linear relationship between the crown area of 7. mongolica and nebkha volume was
identified (Fig. 3a). The findings were confirmed via wind tunnel erosion experiments conducted
later (Fig. S1). This shrub species significantly disturbed the saltation-laden airflow, with the
mean wind speed at 0—20 cm height declining significantly just downstream of the crown,
coupled with the sand-transport rate being reduced by more than 70.00% relative to the upstream
surface. As the transport capacity diminished, swift deposition of intercepted particles ensued,
resulting in nebkha formation with the classic wind-shadow morphological development. The
shrub patches can potentially initiate and stabilize dune-like accumulations through their
interactions with the simulated near-surface flow, by enhancing sediment retention (Zhai, 2022).
Mature plants with a solid hemispherical crown on the windy side, such as Nitraria tangutorum
Bobrov, produce the larger nebkha (Zhang et al., 2020). The relatively low height to width ratio of
the structure causes protrusion of flow towards the upper surface and generates low velocity wake
force, leading to deposition (Qu et al., 2011; Kidron and Zohar, 2016; Cheng et al., 2018; Li and
Ravi, 2018). The silhouette area of the 10-30 cm height layer was most strongly related to nebkha
volume, supporting the view that thickets with a windward profile centroid less than 30 cm above
the ground surface most effectively contribute to stable nebkha formation (Chang et al., 2017).
These observations revealed that nebkha accumulation around 7. momngolica is not merely a
passive consequence of canopy presence, but rather an emergent property of strategically
optimized branch geometry. By concentrating architectural complexity in the middle layer, the
shrub maximizes its basal silhouette area, thereby creating persistent vortices that preferentially
deposit sediments. This functional stratification underscores that sediment capture efficiency is
directly modulated by the targeted deployment of branches in the near-surface layer, where wind
velocity reduction and particle deposition are most pronounced.

4.3 Contribution of key branch architectures and sediment particle size redistribution to
nebkha accumulation

Through the process of aeolian sorting, particle size distributions on the surface dynamically
redistribute, whereby vegetation serves as a geomorphic filter that assists in particle transport
diffusion by trapping particles with uneven efficiency. Nebkha sediments originate from
short-range saltation and suspension. The grain size spectra of these sediments reflect the wind
energy regimes at the site. Enrichment of coarser fractions indicates a strong transportation
capacity, whereas fine-dominated particles indicate a weak transportation capacity; such
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sediments are a proxy for vegetation effectiveness in site stabilization (Tengberg, 1995; Guan et
al., 2013). In desert environments, particles with diameters less than 400.00 pm constitute the
most erodible fraction of the sediments. Such a highly sensitive component is thus the primary
driving factor of local sedimentological heterogeneity. Saltation occurs for particles in the
70.00-500.00 pm range, whereas the threshold size for particles to mainly travel in suspension is
70.00 um (Haynes and Fanni, 2025). Thus, the fine sand (100.00-250.00 um) represents the
saltation load, and the finer fractions (less than 70.00 pm) represent the suspended matter. Our
findings demonstrated that particles in the 100.00-250.00 pm range constitute the volumetrically
dominant fraction both within nebkha deposits and on inter-shrub surfaces colonized by T
mongolica shrubs, confirming the effective interception of saltating particles. Situated within the
grassland—desert ecotone—a critical desertification gradient—7. mongolica communities exhibit
significant depletion of silt—clay fractions (less than 50.00 pum) and concurrent enrichment of fine
sand (100.00-250.00 pm) in surface sediments (Jin et al., 2013). This pattern reflects the selective
winnowing of fine suspendable particles, coupled with preferential trapping of saltation-sized
particles, indicating that shrub branch architecture actively restructures particle size distribution
by sieving the mobile grain population.

In desert transition zones, the ontogenetic development of 7. mongolica enhances aerodynamic
roughness through architectural augmentation, which includes the proliferation of surface branches
while simultaneously increasing their angles and lengths. This process expands crown width and
intensifies near-surface flow perturbation. Consequently, as crown dimensions increase, nebkha
sediments exhibit a coarsening mean particle size alongside enriched fine-grained components
(Lancaster and Baas, 2015). PCA results indicated that 7. mongolica facilitates nebkha
accumulation by intercepting particles within the 50.00-100.00 um range, which can be attributed
to increased branch ratios and elongated lower-layer branches. Paradoxically, the sediments of
nebkha are depleted of very fine fraction (less than 50.00 pm) but enriched in coarser fractions
(250.00-1000.00 um) when compared to surrounding matrices. In the transitional zones between
steppe and desert, the content of fine soil particles is higher due to the mixing of sand and
grassland soil. The impact of bouncing particles can release sand from the surface, which can
contribute to the production of further fine sediments. This difference arises from opposing aeolian
fluxes: shrub branch architecture traps saltation-sized particles, but concurrent deflation of dust
from the nebkha surface preferentially winnows fine suspendable particles. This mechanism has
been observed in the oasis—desert nebkhas of Northwest China (Sweeney et al., 2016), explaining
the particle size fining from nebkha interiors to peripheries (Zhang et al., 2020).

As a tertiary Mediterranean relict, 7. mongolica embodies a protracted evolutionary history that
manifests in complex above- and belowground feedback with aeolian geomorphology. This study
demonstrated that shrub branch architecture modulates near-surface airflow to selectively trap
saltation-sized particles, initiating and sustaining nebkha formation. However, the plant's extensive
rooting system, which might have developed adventitious rootogenesis through chronic sand
burial, is an unmeasured factor but can have a stabilizing effect. Constrained by short-term
observation windows, this study did not address the contribution of shrub roots and adventitious
roots to the formation and development of nebkhas. In future research, monitoring should be
coupled with root system excavation and dating to help understand coupled ontogenetic processes
above and below ground and their role in driving nebkha formation over the species' lifetime.

5 Conclusions

T. mongolica shrubs growing on the Ordos Plateau in China usually form stable nebkha around
their crowns by trapping wind-blown sand. Based on this phenomenon, we conducted a
comprehensive study on the changes in the significant branch architectures that constitute the
canopy. The results indicated that with outward branch expansion, the branch ratios initially
increased and then decreased. This decrease in branch length was accompanied by an increase in
both branch angle and the ratio of branch diameters. Additionally, a significant positive
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correlation was identified between crown area and nebkha size. The windward side of the shrub
acted as a cross-section directly exposed to the direction of sand transportation, and its silhouette
area showed a significant positive correlation with both nebkha bottom area and volume. Notably,
the silhouette area of the 10-30 cm height layer most prominently influenced the nebkha
deposition process. Path analysis revealed that the branch ratio, length, and angle, as well as the
ratio of branch diameters near the ground surface were key branch architectures that affecting the
crown area. Furthermore, this study confirmed that the sediments on both the interior and exterior
surface of the crown are predominantly composed of fine sand, specifically within the range of
100.00-250.00 pm. Notably, the branch ratio, length, and angle near the ground surface
redistributed sand particles within the 50.00—-100.00 pm size range, thereby facilitating nebkha
deposition. This study focused solely on the effect of shrub architecture on nebkha accumulation,
excluding the roles of root systems and adventitious roots in nebkha formation and development.
Future research should investigate the relationship between belowground root architecture and
nebkha stabilization, as well as conduct long-term, multi-regional observations to clarify sediment
sources and migration pathways in 7. mongolica communities.
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Appendix
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Fig. S1 Wind tunnel simulation test to examine the effects of 7. mongolica shrubs on wind speed, sand transport
disturbance, and nebkha accumulation. (a), average acceleration rate of wind speed at different heights behind the
shrub cluster when the incident wind speeds are 6.0, 8.0, 10.0, and 12.0 m/s; (b), sediment transport rate at heights
ranging from 0 to 50 cm behind the shrub; (c), a small wind shadow sand pile formed beneath and behind the
shrub after the wind tunnel simulation test. H, shrub height (H4=27.00 cm in this study).
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