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Abstract

To investigate the adaptive characteristics of the rare and endangered species
Ammopiptanthus mongolicus in desert regions of northwestern China under
climate change, we measured and analyzed functional traits of natural A.
mongolicus populations in sandy and gravelly habitats across Inner Mongolia,
Ningxia, and Gansu. Based on the self-calibrating Palmer Drought Severity
Index (scPDSI), we examined drought conditions at the study sites, functional
traits of A. mongolicus, and their adaptive responses to environmental factors.
The results demonstrated that: (1) The intraspecific coefficient of variation
for A. mongolicus ranged from 7.06% to 39.54%, with substantial variation
in leaf morphology and structural composition. (2) The study region showed
a trend toward humidification, with significant decreases in leaf dry matter
content, leaf thickness, petiole length, petiole dry weight, petiole fresh weight,
and transpiration rate (P<0.05), and significant increases in leaf fresh weight,
leaf length, leaf shape index, and water use efficiency (P<0.05). (3) Leaf
functional traits of A. mongolicus were significantly affected by environmental
conditions, with primary environmental factors including soil sand content,
mean annual wind speed, soil clay content, and mean annual potential evap-
otranspiration. (4) Plant trait networks (PTNs) of A. mongolicus adapted
to sandy habitats through an overall loose but locally aggregated pattern,
whereas in gravelly habitats they grew via trait coordination. In conclusion,
A. mongolicus exhibited distinct trait characteristics and adaptive strategies
under different environmental conditions, with its performance significantly
influenced by environmental factors. This study provides a scientific basis
for the environmental adaptation mechanisms of A. mongolicus and offers
references for developing conservation and restoration strategies.
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Full Text
Abstract

To investigate the adaptive characteristics of Ammopiptanthus mongolicus, a
rare and endangered species endemic to desert regions of northwestern China,
under climate change scenarios, we conducted a comprehensive analysis of func-
tional traits in natural populations inhabiting gravelly habitats across Inner
Mongolia, Ningxia Hui Autonomous Region, and Gansu Province. Using the
self-calibrating Palmer Drought Severity Index (scPDSI), we assessed drought
conditions at our study sites and examined how functional traits of A. mon-
golicus respond to environmental factors. Our findings reveal: (1) Intraspecific
coefficient of variation ranged from 7.06% to 39.54%, with substantial variation
in leaf morphology and structural composition. (2) The study region exhibited
a trend toward humidification, with significant decreases in leaf dry matter con-
tent, leaf thickness, petiole length, petiole dry weight, petiole fresh weight, and
transpiration rate (P<0.05), while leaf fresh weight, leaf length, leaf shape index,
and water use efficiency increased significantly (P<0.05). (3) Leaf functional
traits were significantly influenced by environmental conditions, with key factors
including soil sand content, average annual wind speed, soil clay content, and
average annual potential evapotranspiration. (4) Plant trait networks (PTNs)
of A. mongolicus adapted to sandy habitats through a loosely structured yet
locally clustered configuration, whereas traits were more synergistically coordi-
nated in gravelly habitats. In conclusion, A. mongolicus exhibits distinct trait
characteristics and adaptive strategies under different environmental conditions,
with traits significantly shaped by environmental factors. This study provides
scientific evidence for understanding the environmental adaptation mechanisms
of A. mongolicus and offers a reference for developing conservation and restora-
tion strategies for this endangered species.

Keywords: Ammopiptanthus mongolicus, drought stress, functional traits, en-
vironmental factors, plant trait networks

Introduction

Global change has led to uneven water resource distribution, with increasing
frequency and intensity of extreme events such as drought and torrential rain.
Palmer established the Palmer Drought Severity Index (PDSI) in 1965 to quan-
tify drought, but its reliance on empirical parameters limited its applicability.
Wells et al. (2004) subsequently developed the self-calibrating Palmer Drought
Severity Index (scPDSI), which automatically calibrates empirical parameters
based on historical climate data at each station, offering improved spatial com-
parability.

In desert regions, understanding plant adaptation mechanisms, particularly re-
sponses to extreme environmental changes, has become a critical scientific ques-
tion and research focus. Plant functional traits characterize resource utilization
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capacity and environmental adaptation potential. As the most sensitive and
adaptable aboveground organ, leaves exhibit functional traits that can be catego-
rized as either structural or physiological. Structural traits, which are relatively
easy to measure and have extensive environmental contact, are widely used to re-
veal plant adaptation patterns and include specific leaf area and leaf dry matter
content. Physiological traits, including photosynthetic characteristics, reflect
plant productivity. Functional traits exhibit complex correlations that jointly
regulate plant growth and development. Plant trait networks (PTNs) repre-
sent a cutting-edge approach that uses network parameters to describe overall
characteristics and reveal adaptation strategies to environmental change.

Ammopiptanthus mongolicus is a unique super-xerophytic evergreen broadleaf
shrub endemic to desert ecosystems in northwestern China, classified as a na-
tional second-class protected species. It can adapt to low precipitation and
nutrient-poor environments, exhibiting drought tolerance, windbreak and sand
fixation, soil improvement, and water conservation properties that play cru-
cial roles in maintaining ecosystem stability, vegetation restoration, and de-
sertification control. However, severe pest and disease pressures, expanding
aging populations, and poor self-repair capacity threaten its survival. Current
research has focused on structural characteristics, physiological mechanisms,
stress-resistance genes, and rhizosphere bacterial diversity. While some studies
have examined leaf trait responses to climatic, topographic, and soil moisture
conditions, regional-scale analyses of environmental change impacts remain lim-
ited, particularly integrated analyses of leaf functional traits with multiple en-
vironmental factors. Therefore, this study selected concentrated distribution
areas in Otog Banner and Alxa Left Banner (Inner Mongolia), Zhongwei City
(Ningxia), and Jingtai City (Gansu) as study regions. Using scPDSI and employ-
ing regression analysis and one-way ANOVA, we investigated trends in regional
moisture conditions from 2001-2016 to address three questions: (1) What are
the characteristics of A. mongolicus leaf traits? (2) Which environmental factors
primarily influence A. mongolicus? (3) Do plant trait networks differ between
sandy and gravelly habitats? Our objective is to reveal variation patterns in leaf
functional traits and their relationships with environmental factors, providing
scientific evidence for conservation and restoration strategies.

1.1 Study Area Description

The study area encompassed concentrated distribution regions of A. mongoli-
cus within 37°26 36.3 —39°55 26.7 N and 104°44 08.3 —106°55 26.3 E. We estab-
lished four study regions in Mengxi (Otog Banner), Alxa Left Banner, Zhongwei,
and Jingtai, comprising eight sample plots across sandy and gravelly habitats
[Figure 1: see original paper]. Located in arid and semi-arid climate zones at
the transition between desert and semi-desert steppe, the region experiences a
temperate continental arid climate characterized by large diurnal temperature
variations, abundant sunshine, low precipitation, high evaporation, and frequent
wind events. Mean annual temperature is approximately 8-9°C, with annual
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precipitation of 150-200 mm. Vegetation is dominated by xerophytic shrubs
and semi-shrubs forming typical desert plant communities with relatively poor
species composition and simple community structure. Soil types primarily in-
clude aeolian sandy soil, gray desert soil, and brown calcic soil.

1.2 Data Sources

This study utilized the self-calibrating Palmer Drought Severity Index (scPDSI)
from the monthly global gridded drought dataset provided by the Climatic
Research Unit, University of East Anglia (https://www.uea.ac.uk/groups-
and-centres/climatic-research-unit/data), with 0.5°$x$0.5° spatial resolution
covering 2001-2016. Precipitation and temperature data were obtained from
the National Tibetan Plateau Data Center (https://data.tpdc.ac.cn/home),
potential evapotranspiration from the National Earth System Science Data
Center (http://www.geodata.cn/), sunshine duration and relative humidity
from the China Ground Meteorological Data Daily Value Dataset V3.0, and
wind speed from NOAA’s National Centers for Environmental Information
(https://www.ncei.noaa.gov/data/global-summary-of-the-day/archive/).  Soil
data were sourced from https://www.fao.org/soils-portal/en/. From these we
calculated 16-year averages for mean annual precipitation (MAP), mean annual
temperature (MAT), annual potential evapotranspiration (PET), mean annual
sunshine duration (SUN), mean annual relative humidity (RH), and mean
annual wind speed (WS).

Table 1 scPDSI grading standards

scPDSI Value Level

$$4.0 Extremely wet
3.0-3.99 Severely wet
2.0-2.99 Moderately wet
1.0-1.99 Slightly wet
-0.99-0.99 Normal
-1.99—1.0 Slightly dry
-2.99—2.0 Moderately dry
-3.99—3.0 Severely dry
<-4.0 Extremely dry

1.3 Field Measurements

1.3.1 Topographic Factors and Soil Water Content We measured ge-
ographic coordinates and altitude using handheld GPS devices. Sample plots in-
cluded three 10 m$x 10mquadratsinbothsandyandgravellyhabitatsin Mengziand AlxaLe ft Banner, 30m x 30m.
m transect in the Jingtai gravelly habitat located on a ridge. For each of three
randomly selected target plants per plot, we collected soil samples at three
points within 1 m of the root system at depths of 0-10 c¢cm, 10-20 c¢m, and
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20-30 cm. Samples were placed in aluminum boxes (W) and weighed with soil
(W1), then oven-dried at 110°C to constant weight (W2). Soil water content
(SWC, %) was calculated as:

1-W2
SWO) = oo 100%

1.3.2 Leaf Structural Traits Measured leaf phenotypic traits included leaf
area (LA, cm?), leaf length (LL, cm), leaf width (LW, cm), leaf fresh weight
(LFW, g), leaf dry weight (LDW, g), leaf thickness (LT, mm), petiole length
(PL, cm), petiole dry weight (PDW, g), and petiole fresh weight (PFW, g).
Derived traits included specific leaf area (SLA, cm? « g71), leaf dry matter con-
tent (LDMC, g« g 1), leaf water content (LWC, %), leaf shape index (LSI), leaf
volume (LV, cm?), and leaf tissue density (LTD, g+ cm~3). From each plot, we
selected three healthy, intact mature plants and measured three fully expanded
leaves from each plant using triangulation sampling. Leaves were photographed
on A4 paper and analyzed using ImageJ software to determine LA, LL, LW,
and PL. Fresh weights were measured using an electronic balance (0.001 g pre-
cision), then leaves were oven-dried at 80°C to constant weight for dry weight
measurements.

1.3.3 Physiological and Ecological Indicators Photosynthetic physiologi-
cal traits were measured on clear, sunny days. In each plot in Mengxi, Alxa Left
Banner, and Zhongwei, we selected three healthy adult plants and measured
at least three leaves per plant, with five replicates per leaf. To capture diur-
nal variation, measurements were taken at 10:00, 13:00, and 16:00 representing
morning, midday, and afternoon periods using a Li-6400 portable photosynthe-
sis system (LI-COR, USA). Measured parameters included net photosynthetic
rate (Pn, mol+m™2 -s~!), transpiration rate (Tr, mmol - m~2 - s71), and water
use efficiency (WUE, mol - mmol 1), with values averaged across measurement
times.

1.3.4 Growth Parameters We measured plant height (H, cm), long-axis
crown diameter (D1, cm), vertical long-axis crown diameter (D2, cm), and
ground diameter (D, mm) using tape measures and calipers.

1.4 Data Analysis

We analyzed interannual scPDSI trends using linear regression and visualized
results in Excel. Relationships between drought index and leaf traits were exam-
ined through linear regression, while differences in leaf functional traits across
drought levels were compared using one-way ANOVA with Origin 2024. Plant
trait networks were constructed by designating all traits as nodes and correla-
tions between traits as edges. Pearson correlation coeflicients were calculated
between all trait pairs, with significance thresholds set at |R| > 0.2 and P <
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0.05. Networks were visualized using the igraph package in R, with edge density
(ED), modularity (Q), and average clustering coefficient (AC) used to charac-
terize network properties.

Trait calculations were performed as follows:

LA
SLA = IDW
LDW
LDMC = TEW
LFW — LDW
L =
we LFW
LL
LS = —
Lw
LV =LA
LDW
LTD = ——
LV
Pn
E=—
wu Tr
oV — Standard Deviation « 100%
Mean

Results
2.1 Interannual Variation in Drought Index

Based on mean scPDSI values, the eight sample plots were classified into six
drought levels . Mean scPDSI values from highest to lowest were: Jingtai (-
0.677), Zhongwei sandy (-1.673), Zhongwei gravelly (-1.725), Alxa Left Banner
gravelly (-1.900), Mengxi (-2.195), and Alxa Left Banner sandy (-2.483), indi-
cating increasing drought severity. According to Table 1, Jingtai was in normal
condition, Zhongwei and Alxa Left Banner gravelly habitats were slightly dry,
and Mengxi and Alxa Left Banner sandy habitats were moderately dry. From
2001-2016, scPDSI values showed an overall increasing trend across all plots
[Figure 2: see original paper], indicating regional humidification.

Table 2 scPDSI and environmental characteristics of different sites
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scPDSI
mean
value

Sample
plot

Average annual
precipitation

Annual potential
evapotranspiration

Average
annual
temperature

Jingtai -0.677
sandy

habi-

tat

Jingtai

grav-

elly

habi-

tat
Zhongwei-1.673
sandy

habi-

tat
Zhongwei-1.725
grav-
elly
habi-
tat
Alxa
Left
Ban-
ner
grav-
elly
habi-
tat
Mengxi
sandy
habi-
tat
Mengxi
grav-
elly
habi-
tat
Alxa
Left
Ban-
ner
sandy
habi-
tat

-1.900

-2.195

-2.483
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2.2 Leaf Structural Trait Characteristics

Coefficients of variation for leaf structural traits ranged from 7.06% to 39.54% .
Leaf water content, leaf dry matter content, specific leaf area, and leaf thickness
showed weaker variation and remained relatively stable. Leaf volume exhibited
the highest variation (39.54%), while petiole dry weight, petiole fresh weight,
leaf fresh weight, and leaf dry weight showed substantial variation, suggesting
that leaf morphology and structural composition respond preferentially to envi-
ronmental changes with high plasticity.

Table 3 Leaf structural traits of Ammopiptanthus mongolicus in the study area

Trait Average CV (%)

Leaf fresh weight (LEW)
Leaf dry weight (LDW)
Leaf water content (LWC)
Leaf dry matter content (LDMC)
Leaf length (LL)

Leaf width (LW)

Leaf shape index (LSI)
Leaf area (LA)

Specific leaf area (SLA)
Petiole length (PL)

Petiole dry weight (PDW)
Petiole fresh weight (PFW)
Leaf thickness (LT)

Leaf volume (LV)

Leaf tissue density (LTD)

2.3 Leaf Functional Traits Along Drought Gradients

Leaf structural traits responded differently to drought severity [Figure 3: see
original paper]. As scPDSI increased from left to right (higher water availabil-
ity, lower drought stress, toward humidification), leaf fresh weight, leaf length,
and leaf shape index increased significantly (P<0.05), while leaf dry matter con-
tent, leaf thickness, petiole length, petiole fresh weight, and petiole dry weight
decreased significantly (P<0.01). Leaf area, leaf dry weight, and leaf water
content showed increasing trends, while leaf width, specific leaf area, leaf vol-
ume, and leaf tissue density showed decreasing trends, though these were not
statistically significant. For physiological traits, transpiration rate decreased sig-
nificantly (P<0.01) and water use efficiency increased significantly (P<0.0001)
with increasing scPDSI, while net photosynthetic rate showed no significant
change (P>0.05).
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2.4 Environmental Factors Influencing Leaf Functional Traits

Multiple stepwise regression identified significant environmental predictors for
each trait. Soil sand content and sunshine duration significantly influenced leaf
fresh and dry weights. Longitude and soil pH significantly affected leaf water
content and dry matter content. Leaf length was significantly influenced by soil
organic carbon content, clay content, and altitude. Wind speed and soil gravel
content significantly affected leaf width. Leaf shape index was influenced by
multiple factors including soil organic carbon, wind speed, gravel content, and
potential evapotranspiration. Leaf area was affected by wind speed, soil carbon-
ate content, and sand content. Specific leaf area was significantly influenced by
wind speed and soil pH. Petiole length was affected by soil clay and silt con-
tents. Petiole dry weight was influenced by soil sand content, clay content, and
air humidity. Petiole fresh weight was affected by sand content and latitude.
Leaf thickness was influenced by precipitation and potential evapotranspiration.
Leaf volume was affected by wind speed and sand content. Leaf tissue density
was influenced by soil water content and carbonate content. Net photosynthetic
rate was affected by annual precipitation and sand content. Transpiration rate
was influenced by latitude and potential evapotranspiration. Water use effi-
ciency was affected by scPDSI and wind speed. These results demonstrate that
A. mongolicus leaf traits are shaped by a complex interplay of climatic, topo-
graphic, and edaphic factors.

Table 4 Regression equations of leaf functional traits and environmental factors
of Ammopiptanthus mongolicus

Leaf trait Regression equation P value

Leaf fresh weight LFW = 0.262 + 0.000497Sand - <0.01

(LFW) 0.000064SUN

Leaf dry weight LDW = 0.107 4 0.000207Sand - <0.01

(LDW) 0.000025SUN

Leaf water content LWC = 1.791 - 0.011LON - 0.008pH <0.01

(LWC)

Leaf dry matter LDMC = -0.791 + 0.011LON + <0.01

content (LDMC) 0.008pH

Leaf length (LL) LL = 1.968 - 1.1090C + 0.001ALT <0.01
- 0.011Clay

Leaf width (LW) LW = 1.71 - 0.147TWS + <0.05
0.019Gravel

Leaf shape index LSI = 3.262 - 1.5060C - 0.001PET  <0.01

(LSI) - 0.077Gravel + 0.3WS

Leaf area (LA) LA = 3.578 + 0.009Sand - 0.422WS  <0.05
+ 0.022CACO3

Specific leaf area SLA = 55.532 - 0.795pH - 1.969WS  <0.05

(SLA)

Petiole length (PL)  PL = 1.185 - 0.018Clay + 0.016Silt  <0.01
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Leaf trait Regression equation P value

Petiole dry weight PDW = 0.022 4 0.000084Sand + <0.01

(PDW) 0.00039RH + 0.0001Clay

Petiole fresh weight PFW = -0.035 + 0.000098Sand + <0.01

(PFW) 0.001LAT

Leaf thickness (LT) LT = 0.874 - 0.002MAP + <0.01
0.00012PET

Leaf volume (LV) LV = 0.217 4+ 0.001Sand - 0.028WS  <0.01

Leaf tissue density LTD = 0.053 + 0.002CACO3 - <0.01

(LTD) 0.222SWC

Net photosynthetic Pn = -2.899 + 0.023Sand + <0.01

rate (Pn) 0.029MAP

Transpiration rate Tr = -6.688 + 0.001PET + <0.01

(Tr) 0.179LAT

Water use efficiency WUE = 4.075 + 1.573scPDSI + <0.05

(WUE) 0.583WS

Note: LON = Longitude; LAT = Latitude; ALT = Altitude; scPDSI = Self-
calibrating Palmer Drought Severity Index; MAP = Mean annual precipitation;
PET = Annual potential evapotranspiration; MAT = Mean annual temperature;
SUN = Mean annual sunshine hours; RH = Annual relative humidity; WS =
Mean annual wind speed; SWC = Soil water content; Gravel = Percentage of
gravel volume; Sand = Sand content; Clay = Clay content; Silt = Silt content;
OC = Organic carbon content; pH = Soil pH; CACO3 = Carbonate or lime
content.

2.5 Plant Trait Networks in Sandy and Gravelly Habitats

Based on functional trait measurements and correlation analyses across eight
sample plots, we constructed plant trait networks [Figure 4: see original pa-
per]. Analysis of soil water content revealed that gravelly habitats had higher
network edge density, indicating better trait coordination and higher resource
use efficiency . Sandy habitats showed higher modularity and average cluster-
ing coefficients, suggesting trait differentiation with tightly connected internal
modules and loose external connections.

Table 5 Parameters of plant trait networks of Ammopiptanthus mongolicus in
different habitat plots

Sample Soil water Edge Average clustering
plot Habitat content (%) density ~ Modularitycoefficient

Mengxi  Sandy
Mengxi  Gravelly
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Sample Soil water Edge Average clustering
plot Habitat content (%) density ~ Modularityoefficient

Alxa Sandy
Left

Banner

Alxa Gravelly
Left

Banner

Zhongwei Sandy
Zhongwei Gravelly
Jingtai  Sandy
Jingtai  Gravelly

The plant trait networks were divided into multiple modules, with nodes of
the same color belonging to the same module. Black lines represent connections
within modules, while red lines represent connections between different modules.

Discussion
3.1 Leaf Trait Characteristics of Ammopiptanthus mongolicus

Plant leaves typically modify their traits to adapt to spatial heterogeneity, with
coefficient of variation reflecting trait plasticity. Investigating intraspecific vari-
ation in functional traits helps reveal plant responses to spatiotemporal envi-
ronmental gradients and quantifies reactions to environmental change and re-
source competition. Our results show that leaf water content, leaf dry matter
content, specific leaf area, and leaf thickness had low coefficients of variation,
indicating stable traits. This aligns with previous findings that leaf dry mat-
ter content and specific leaf area characterize resource acquisition capacity and
growth rate, reflecting stable resource uptake and nutrient storage. Leaf water
content reflects tissue water status, and its relative stability in A. mongolicus
likely represents an adaptive strategy or species characteristic for maintaining
stable leaf water content in arid habitats, ensuring effective water acquisition
and retention while avoiding drought damage. High variation in leaf volume,
petiole dry weight, petiole fresh weight, leaf fresh weight, and leaf dry weight
suggests that plants adapt by altering structural proportions. The petiole serves
as mechanical support and a water transport pathway, with an allometric re-
lationship to the leaf blade. Plants may adjust petiole investment to maintain
leaf water demand, resist freezing-induced embolism and drought cavitation,
and optimize light capture under different habitat conditions.

3.2 Leaf Functional Traits Along Drought Gradients

As leaves are highly exposed to the atmosphere, they exhibit strong pheno-
typic plasticity in response to environmental change. Our analysis of scPDSI
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trends from 2001-2016 revealed regional humidification, consistent with previ-
ous studies. As drought stress decreased and humidity increased, A. mongolicus
increased leaf area and length to maximize light capture, while leaf shape in-
dex increased, indicating more elongated leaves that enhance water transport
capacity through the leaf venation network. Consequently, leaf water content
increased.

Under more severe drought, A. mongolicus tended to develop smaller, thicker,
and denser leaves, consistent with previous research showing that such traits
reduce light absorption and water loss. We found higher leaf tissue density and
leaf dry matter content under drier conditions, indicating slower leaf turnover
and greater investment in complex, energy-intensive protective tissues to store
carbon and resist damage, thereby enhancing stress resistance and defense ca-
pacity. Higher leaf dry matter content reflects greater nutrient acquisition and
retention capacity, producing tougher leaves that resist physical damage from
rain, wind, and herbivory. Studies have shown that plants with high leaf dry
matter content and tissue density typically exhibit high stress resistance and
survival rates but lower growth rates, suggesting that A. mongolicus employs
specific trait combinations to ensure survival under drought stress.

Previous research demonstrated that A. mongolicus can maintain or slightly in-
crease photosynthetic and transpiration rates under moderate soil water deficit,
indicating strong drought resistance. Our results align with these findings,
though whether natural populations show declining Pn and Tr under severe
drought requires further investigation. Increased water use efficiency under
more humid conditions indicates improved adaptive capacity. While drought
stress typically reduces petiole length in some species, we observed increased
petiole length under drought, possibly to elevate leaves away from ground heat
sources, reduce leaf temperature, and minimize water loss. Longer petioles may
also reduce self-shading for more effective light capture and compensate for re-
duced transport efficiency and increased embolism risk under drought by greater
investment in transport structures.

3.3 Leaf Trait Responses to Environmental Factors

Our study identified multiple influential environmental factors including soil
sand content, wind speed, soil clay content, potential evapotranspiration, soil
pH, latitude, precipitation, soil organic carbon, longitude, carbonate content,
gravel content, and sunshine hours—representing soil water-holding capacity,
nutrient status, and climatic aridity. In terms of climate, potential evapotran-
spiration, precipitation, and temperature are key regional factors, with precipi-
tation being particularly critical in desert regions. These factors affect temper-
ature and water availability for plant growth, consistent with previous findings
that precipitation, temperature, and sunshine duration primarily influence A.
mongolicus leaf traits. Topographic factors alter regional moisture conditions
by affecting water, light, and heat distribution, with latitudinal patterns in leaf
traits previously documented for this species. Soil properties represent funda-
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mental controls on ecological processes, with soil nutrients and water content
directly affecting plant growth and distribution. Soil pH influences enzyme ac-
tivity, microbial processes, and organic matter decomposition, while soil texture
(clay, sand, and gravel contents) affects water and nutrient retention. High wind
speeds in desert regions can remove surface moisture and nutrient-rich fine par-
ticles, coarsening soil texture and increasing gravel content, creating harsher
conditions that inhibit A. mongolicus growth. Overall, leaf trait expression
in A. mongolicus represents a complex process shaped by multiple interacting
environmental factors.

3.4 Differences in Plant Trait Networks Between Habitats

Plant trait networks partition traits into functional modules with high internal
correlations. High edge density combined with low modularity and clustering
coefficients indicates well-coordinated traits and high resource use efficiency,
whereas high modularity and clustering coefficients suggest tightly connected
internal modules with clear boundaries and weaker external connections. Pre-
vious studies found simpler leaf trait networks with lower modularity in drier
climates, and stronger trait correlations in semi-arid compared to arid regions,
as trait coordination facilitates growth under less severe drought. Our results
align with these patterns. Sandy habitats, with coarser texture, rapid water
infiltration, large pore spaces, poor water retention, and low fertility, present
more challenging conditions that narrow trait variation ranges and reduce trait
correlations under adverse conditions like drought and high temperature. Conse-
quently, A. mongolicus adjusts trait modules to either coordinate traits globally
or differentiate them into distinct modules to cope with water stress in different
habitats. Future research should analyze the importance of individual traits
and functional modules to identify hub traits and key modules for plant perfor-
mance.

Conclusion

This study demonstrates that Ammopiptanthus mongolicus adjusts leaf mor-
phology and structural proportions in response to drought severity. Under less
severe drought and more humid conditions, the species maximizes leaf expan-
sion for light capture and organic matter production. Under increased drought
stress, leaves become smaller, thicker, and denser, with greater investment in
protective tissues to resist adverse conditions, resulting in slower growth rates.
Analysis of leaf functional trait responses revealed complex interactions among
soil, climatic, and topographic factors, with key influences including soil sand
content, wind speed, soil clay content, potential evapotranspiration, soil pH,
latitude, precipitation, soil organic carbon, longitude, carbonate content, gravel
content, and sunshine hours. A. mongolicus employs different plant trait net-
work configurations to adapt to different habitats: a loosely structured yet
locally clustered network in sandy habitats versus a more globally coordinated
network in gravelly habitats.
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