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Plant functional traits reflect the capacity of plants to adapt to their environment and
the underlying optimization mechanisms. However, few studies have investigated
trade-off strategies for functional traits in desert-wetland ecosystems, the
mechanisms by which surface water disturbance and groundwater depth drive
functional trait variation at the community scale, and the roles of intraspecific and
interspecific variation. Therefore, this study analyzed specific differences in
community-weighted mean traits among habitat types and obtained the relative
contribution of intraspecific and interspecific variation by decomposing community-
weighted mean traits, focusing on the Daliyabuyi Oasis in the hinterland of the
Taklamakan Desert. We also explored the mechanisms by which surface water and
groundwater influence different sources of variability specifically. The results showed
that plant height, relative chlorophyll content, leaf thickness, leaf nitrogen content,
and nitrogen-phosphorus ratio were the key traits reflecting habitat differences. As
the groundwater depth becomes shallower and surface water disturbance
intensifies, plant communities tend to have higher leaf nitrogen content, nitrogen-
phosphorus ratio, and relative chlorophyll content and lower height. Surface water,
groundwater, soil water content, and total soil nitrogen can influence interspecific
and intraspecific variation in these traits through direct and indirect effects. As arid to
wet habitats change, plant trade-off strategies for resources will shift from
conservative to acquisitive. The study concluded that community functional traits
are mainly contributed by interspecific variation, but consideration of intraspecific
variation and the covariation effects that exist between it and interspecific variation
can help to further enhance the understanding of the response of community traits
in desert-wetland ecosystems to environmental change. Surface water disturbance
has a non-negligible contribution to this adaptation process and plays a higher role
than groundwater depth.
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1 Introduction

Plant functional traits are core attributes that reflect the
response of vegetation to environmental change and strongly
influence ecosystem function (Huxley et al., 2023; Jiang et al,
2023). Studies aimed at elucidating the formation mechanisms of
functional traits enable the exploration of community ecology-
related issues. Functional traits can be studied on multiple scales,
and research results have been accumulated at individual as well as
ecosystem levels (Roscher et al., 2018; Li et al., 2021; Ouyang et al.,
2023). Since the introduction of the leaf economics spectrum
concept in 2004, research focused on single traits or groups of
traits has gradually shifted to strategies involving trade-offs among
traits (Wright et al., 2004). The two ends of the leaf economics
spectrum represent the conservative strategy (typically a longer leaf
longevity and a lower specific leaf area, leaf nitrogen content, and
photosynthetic rate) and the acquisitive strategy (typically a shorter
leaf longevity and a higher specific leaf area, leaf nitrogen content,
and photosynthetic rate) (Pan et al., 2020). Gathering information
on the trade-off characteristics of traits enables researchers to
interpret the adaptive strategies of plants under different
environmental conditions and helps understanding the
mechanisms underlying coexistence between species.

The response-effect trait theory suggests that species’ responses
to the environment and their impacts on ecosystem functions are
mediated by functional traits (Suding et al., 2008). The community-
weighted mean (CWM) trait allows the mean value of traits to be
calculated at the community scale using the values of community
characteristics as weights (Garnier et al., 2004). The method takes
the growth statuses of dominant and non-dominant species in the
community into consideration and effectively identifies trait
differences between communities. The trade-off strategies of traits
illustrate the process of variation that exists in their response to
environmental change. This variation can be categorized as inter- or
intraspecific. In general, interspecific variability refers to changes in
environmental conditions that cause changes in community species
composition, known as species turnover (Hogan et al, 2023). In
contrast, intraspecific variability refers to environmental effects on
phenotypic plasticity in the same species that lead to changes in
traits (Siefert et al., 2015).

The degree of intraspecific variation varies by species and trait
but is associated with spatial and temporal heterogeneity in
environmental conditions (Westerband et al., 2021; Wu et al,
2021). Researchers have begun to gradually focus on intraspecific
variation in functional traits over the last decade and have launched
a series of studies based on environmental gradients. Kichenin et al.
(2013) quantified interspecific versus intraspecific variation in
community functional traits across an altitudinal gradient and
concluded that positive versus negative covariation between the
two reveals plant responses to environmental change; Tusifujiang
et al. (2021) concluded that desert plant adaptation decreases
gradually when the environment changes from saline to drought
stress based on the decrease in intraspecific variation due to
increased drought stress. Many previous studies have tended to
focus only on the effects exerted by interspecific variability on
CWM traits, thereby unconsciously weakening the understanding
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of adaptive capacity and variability of the species themselves.
Therefore, quantifying the relative contributions made by
interspecific and intraspecific variability and analyzing their
formation process may lead to a better understanding of the
driving mechanisms of traits at the community scale (Paz-
Dyderska et al., 2020; Xu et al., 2020).

Desert-wetland ecosystems are common in inland river basins
in arid regions. Affected by drought and seasonal floods, there are
significant differences in the habitats within the ecosystem. Desert-
wetland ecosystems sustain a wider range of species and are
important sites for understanding local biogeographic history and
ecological adaptations of plants (Fensham et al., 2011; Galal et al,,
2021). With the intensification of global warming, many regions,
including Northwest China, are experiencing dramatic fluctuations
in severe droughts and destructive flood events, resulting in huge
impacts on the ecological environment (Qing et al, 2023). For
Northwest China, increased glacier melt and flooding events have
led to a “warming and humidification” trend, especially in the
inland river basins of the arid zone (Yang et al., 2021; Chen et al,
2023). Desert-wetland ecosystems are areas of high incidence of
these hydrological events. However, the mechanisms driving plant
functional trait differences and intraspecific and interspecific
variation in this ecosystem are still unknown, which is extremely
detrimental to the understanding of plant response patterns and
trade-off strategies for future extreme hydrological events.

This study selected the natural oasis at the end of the Keriya
River, which is a typical desert-wetland ecosystem, for study. We
divided functional traits at the community scale into two
components, interspecific and intraspecific variation, and assessed
the characteristics of functional traits in response to environmental
factors such as surface water disturbance and groundwater depth.
We hypothesized that (i) surface water and groundwater will
influence intraspecific and interspecific variation in community
functional traits and shape existing functional trait characteristics
through covariation effects; (ii) The contribution of interspecific
variation will be higher than intraspecific variation because species
turnover is widespread among habitats; (iii) As habitat types
change, trade-off strategies for functional traits will shift.

2 Materials and methods

2.1 Study area

The study area was located in the Daliyabuyi Oasis at the end of
the Keriya River in Xinjiang, China (38°16'-38°37" N, 81°41'-82°
20’ E). The oasis is in the hinterland of the Taklimakan Desert, with
an altitude of 1,100 to 1,300 m and total area of about 342 km?. The
oasis has a warm-temperate arid desert climate, with an average
annual precipitation of less than 20 mm, a potential evaporation of
more than 2,000 mm, and a large diurnal temperature range (Peng
et al, 2022). Due to scouring by the Keriya River, the internal river
channels of the oasis have become complex and depositional
characteristics of anastomosing river. However, except for the
summer floods, the seasons and timing of flood events are not
fixed. During the flood period, some areas experience different
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degrees of surface water overflow, leading to surface water
disturbances on a certain scale (Shi et al, 2022). The plant
community of the oasis consists mainly of Populus euphratica,
Tamarix chinensis, Phragmites australis, and others. The research
team laid several vegetation monitoring transects in the oasis at the
end of 2018 and constructed 19 groundwater monitoring wells
within these transects, thus acquiring groundwater depth data and
establishing a good facility basis for community ecology
research (Figure 1).

2.2 Vegetation survey and functional trait
data collection

In the summer of 2021, the research team set up a 50 x 50 m
plot near each groundwater monitoring well at the Daliyabuyi
Oasis. Each plot was divided into four 25 x 25 m subplots (Zhao
and Xu, 2019; Zhang et al., 2022), totaling 76 subplots. As this study
focused on the community scale rather than the population scale,
subplots with only one species were removed, leaving 71 subplots
for the subsequent analyses (Zhao et al., 2022). The plant
composition within the subplots was recorded and the number of
individuals, height, crown length, and width data were determined
separately for all plants (crown length and width data can be used to
calculate vegetation coverage for different species). When height
(H) is used as a functional trait, it refers to the average height of all
individuals of each species within the subplot. A handheld GPS
(G120BD, UniStrong, China) was used to locate plots and record
information pertaining to geographic coordinates.

First, 8-10 plants of each species at different age stages were
selected within each subplot (25 x 25 m) and young and old leaves
were evenly collected on each plant. A total of 20-40 leaves were
collected for each species within the subplot (Chen et al., 2021).
Relative chlorophyll content (SPAD) was determined using a
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chlorophyll detector (SPAD-502, Konica Minolta Sensing Inc.,
Japan) as early as possible following leaf collection (Maharjan
et al,, 2021). Since the measurement of chlorophyll content was
shown as SPAD value, the abbreviation of this trait was named as
SPAD. Leaves were brought to the laboratory and placed in water
for one hour for rehydration. The leaf thickness (LT) was measured
using vernier calipers with an accuracy of 0.01 mm. The SPAD and
LT of each species in the subplot are the average values calculated
after measuring each leaf. Leaves of the same species within each
subplot were pooled together and the fresh weight of the leaves was
measured using an electronic balance with an accuracy of 0.001 g.
Subsequently, the leaves were placed on a square mesh paper and
covered with a transparent glass plate. The cleaned leaves were
scanned at a resolution of 300 dpi using a portable scanner (Epson,
V19, Japan) and the leaf area was extracted using Adobe Photoshop
CS6 software. After drying in an oven at 75°C for 48 hours, the dry
weight, specific leaf area (SLA), and leaf dry matter content
(LDMC) were determined. Next, the dried leaves of the same
species from each subplot were thoroughly mixed, crushed and
sieved (0.15 mm) and the carbon (LCC), nitrogen (LNC), and
phosphorus (LPC) contents of the leaves were measured. LCC and
LNC were determined using an elemental analyzer (Vario EL cube,
Elementar, Germany) and LPC was determined using the
molybdenum antimony anti-colorimetric method (Ling-Ling
et al., 2023). The ratios between LCC, LNC, and LPC were
calculated to obtain C/N, C/P, and N/P.

2.3 Quantification of environmental factors

Three 100 cm deep soil profiles were randomly set up within
each plot, and each profile was divided into six layers (0-5, 5-20,
20-40, 40-60, 60-80, and 80-100 cm) for sample collection
purposes. The same layer of soil from three locations was
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FIGURE 1

Overview of the study area. (A) China map; (B) satellite image of the Taklimakan Desert; (C) groundwater monitoring wells and plot locations
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thoroughly mixed after collection, at which point the six mixed soil
samples represented soil conditions at different depths at the
community level. The mixed soil samples were brought back to
the laboratory in aluminum boxes and plastic bags, respectively, and
soil water content, total dissolved solids, pH, organic matter, total
nitrogen, and total phosphorus were determined. Soil water content
was measured using the drying method; total dissolved solids and
pH were determined using a conductivity meter (DDSJ-319L, Rex,
China) and pH meter (PHSJ-5T, Rex, China), respectively; organic
matter was determined using the potassium dichromate external
heating method (Yuan et al., 2023); and total nitrogen and total
phosphorus were determined in the same way as for leaves. Mean
values of full profiles were used for each soil variable for
subsequent analysis.

We obtained groundwater depth data recorded by groundwater
monitoring wells for the plant growing season (April to October)
from 2019 to 2021 and calculated the average value for subsequent
analysis. Flood-related damage to the monitoring well in plot 16
resulted in missing data, due to which groundwater depth in this
plot was calculated using data from 2019 and 2020 only. Selected
Landsat 8 remote sensing images from 2017 to 2021 were used to
obtain the frequency characteristics of surface water distribution via
extraction of the water index and threshold segmentation
techniques, which were validated via several field observations
(Figure 2A). The extent of surface water disturbance to the
community was quantified using the following formula:

SWD = InS w;

where S represents the number of surface water raster cells
within 1 ha of the positioning point and w; represents the frequency
of the ith raster cell in the monitoring time frame. SWD represents

10.3389/fpls.2024.1340137

the degree of surface water interference at the community scale after
considering the frequency and total amount of overflow. The
obtained surface water disturbance and groundwater depth of
data were standardized, and the habitat types were classified using
the K-means clustering method.

2.4 Data analysis

Species importance values were used as weights to calculate
CWM traits (H, SPAD, LT, SLA, LDMC, LCC, LNC, LPC, C/N, C/
P, N/P) via the following method:

CWM trait = E]“: L (IV; X trait;)

IV} = (Ar] + Hr] + Cr])/?)

where IV; and trait; represent the importance value and average
trait value of species j in each subplot, respectively, Ar; denotes
relative number of individuals, Hr; denotes relative height, and Cr;
denotes relative coverage. The calculation process involved the use
of “FDiversity” software developed in R language (Casanoves
et al,, 2011).

Normality and homogeneity of variance tests were performed
for each CWM trait in the study area. Data satisfying both normal
distribution and homogeneity of variance were analyzed using the
least significance difference (LSD) method to compare differences
between habitat types; data that satisfied the normal distribution but
did not pass the homogeneity of variance test were analyzed using
Tamhane’s T2 method; data that did not satisfy the normal
distribution were compared using the Kruskal-Wallis test. The
surface water disturbance and groundwater depth were used as
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FIGURE 2

K-mean clustering results of surface water disturbance and groundwater depth. (A) frequency of surface water distribution; (B) K-mean clustering;

(C, D) examples of surface water disturbance.
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independent variables and CWM traits, which differed significantly
among habitat types, were used as the dependent variables. The
relationships between the independent and dependent variables
were analyzed using simple linear regression. The above data were
standardized before linear regression. To determine the trade-offs
between functional traits, we also performed factor analyses on the
trait data after standardization. The Varimax rotation method was
used to reduce the correlation between factors to obtain a factor
structure that is easy to interpret.

Leps’ method was used to calculate inter- and intraspecific
variability in community traits as follows:

interspecific variability = 3!, (IV; X traitj peqn)

intraspecific variability = CWM trait — interspecific variability

where traitj_mean refers to the fixed average trait value of species
j, that is, the average of traits of species j in all subplots. Differences
in fixed mean trait values between communities are generally
considered to be caused by species turnover, whereas differences
between CWM trait values and fixed mean trait values are
considered to be due to intraspecific trait variation only. Thus, we
obtained two new parameters of interspecific and intraspecific
variability via this method. In addition to being able to use them
as new response variables, it is also possible to obtain the relative
contribution of these two parameters to the CWM traits based on
the sum-of-squares decomposition (Leps et al., 2011).

The study also used systematic clustering and two-way analysis
of variance (ANOVA) to analyze the relative contribution and
significance of surface water and groundwater to interspecific and
intraspecific variability. Systematic clustering can categorize surface
water disturbance and groundwater depth into different levels each,
and both become categorical variables. The above analyses were
conducted using the “cluster” package (Maechler et al., 2022) and
the “trait.flexnova” function in R 4.2.3. Finally, the mediating
effects of soil physicochemical properties were analyzed using
structural equation modeling (SEM) to clarify the direct and
indirect effects of surface water disturbance and groundwater
depth on the two components of CWM traits. The model
construction process screened the soil factors according to the
multicollinearity and selected the appropriate model according to
the Akaike Information Criterion. This process used the
“piecewiseSEM” package (Lefcheck, 2016).

3 Results

3.1 Differences in CWM traits among
habitat types

K-means clustering can divide the study area’s habitats into
three types (Figure 2B), namely low surface water disturbance and
deep groundwater depth (habitat type A), low surface water
disturbance and shallow groundwater depth (habitat type B), and
high surface water disturbance and shallow groundwater depth
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(habitat type C). The results showed that five CWM traits, including
the SPAD, N/P, LT, H, and LNC, showed significant differences
among different habitat types. The highest SPAD was observed for
habitat type C, which was significantly higher than those observed
for the other two habitat types (Figure 3A). N/P was lowest in
habitat type A, with a mean value of 15.49, significantly lower than
those observed for the other two habitat types (Figure 3C). LT was
highest in habitat type B, which was significantly higher than that of
habitat type C (Figure 3F). H was lowest for habitat type C (median
value of 92.07), which was significantly lower than those observed
for habitat types A and B (Figure 3H). In habitat type C, the median
LNC (18.78) was significantly higher than those of the other two
habitat types (Figure 3]).

3.2 Response of CWM traits to surface
water and groundwater

Linear regression results showed a significant negative
correlation between H and surface water disturbance and
significant positive correlations between SPAD, LNC, N/P, and
surface water disturbance (Figure 4A). There was a significant
positive correlation between H and groundwater depth and
significant negative correlations between SPAD, LNC, N/P, and
groundwater depth (Figure 4B). LT did not show a clear pattern of
response to either surface water disturbance or groundwater depth
(P>0.05). It is noteworthy that despite the general linear
relationship observed between surface water disturbance,
groundwater depth, and CWM traits, the goodness of fit for all
linear regressions remains low.

3.3 Trade-off strategies for community
functional traits

Factor analysis was performed on the five functional traits, and
two factors were extracted. The variance explained by the factors,
which were 48.0% and 20.7%, respectively, represented 68.7% of the
information content of the original data (Figure 5). The use of factor
loading coefficients derived from factor rotations as classification
criteria resulted in H, N/P, and LNC being included in Factor 1, and
SPAD, LT in Factor 2 (Supplementary Table 4). The traits in Factor
1 represented plant growth and nutrient storage status, while the
traits in Factor 2 were closely related to the photosynthetic capacity
of the plant. There were negative correlations between H and LNC
and N/P and positive correlations between LNC and N/P (Factor 1).
There was a negative correlation between SPAD and LT (Factor 2).
According to Figures 3 and 4 and the leaf economics spectrum
theory, as groundwater becomes shallower and the degree of surface
water disturbance increases, functional traits at the community
scale would change from a conservative strategy of “slow
investment-return” to an acquisitive strategy of “quick
investment-return”. This result accepts the third hypothesis that
trade-off strategies for functional traits change as habitat
type changes.
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FIGURE 3

Characteristics of CWM trait changes under different habitat types. Different letters indicate significant differences (P<0.05) between habitat types;
The circles in the box plots represent the average value and the horizontal lines in the middle represent the median; Habitat type A, Low surface
water disturbance and deep groundwater depth; Habitat type B, Low surface water disturbance and shallow groundwater depth; Habitat type C,
High surface water disturbance and shallow groundwater depth; (A) SPAD, Relative chlorophyll content; (B) LCC, Leaf carbon content; (C) N/P,
Nitrogen to phosphorus ratio; (D) C/N, Carbon to nitrogen ratio; (E) C/P, Carbon to phosphorus ratio; (F) LT, Leaf thickness; (G) SLA, Specific leaf
area; (H) H, Height; (I) LDMC, Leaf dry matter content; (J) LNC, Leaf nitrogen content; (K) LPC, Leaf phosphorus content.

3.4 Sources of variation in functional traits

The contribution of interspecific versus intraspecific variation
(Figure 6) revealed that the total variation in LNC was mainly
derived from interspecific variability, which was 3.62 times higher
than intraspecific variability. The proportions of interspecific and
intraspecific variability for H were nearly identical, at 58.3% and
45.1%, respectively. The variation in SPAD, which was mainly
derived from interspecific variability, accounted for 83.5% of the
total variation. The proportion of interspecific variability (59.9%) in
N/P was higher than that of intraspecific variability (32.0%). Of the
total variation in LT, the proportion of interspecific variability
(37.9%) was lower than that of intraspecific variability (56.7%).

Frontiers in Plant Science

Interspecific and intraspecific variability showed positive
covariation in the effects on LT, N/P, and SPAD and negative
covariation in the effects on LNC and H. Combined with the linear
regression results in Figure 4, this indicated that as community H
gradually decreased, the H of dominant species showed a weak
increasing trend, and as community LNC gradually increased, the
LNC of the dominant species decreased.

Two-way ANOVA indicated that surface water disturbance
exerted a significant effect on the variation in community traits
due to interspecific variability, with explanatory rates of 21.6%
(SPAD), 11.8% (N/P), 5.7% (H), 14.5% (LT), and 29.0% (LNC),
respectively. Surface water disturbance also exerted a significant
effect on the intraspecific variability of the two traits, SPAD and

frontiersin.org


https://doi.org/10.3389/fpls.2024.1340137
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Shi et al.

Community weighted mean traits
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Characterization of the linear response of community functional traits to surface water disturbance (A) and groundwater depth (B). The abbreviations
for functional traits are the same as in Figure 3.

LNC, which showed explanatory rates of 2.8% and 5.0%,
respectively. Groundwater depth exerted a significant effect on the
interspecific variability components, N/P, H, and LNC, explaining
5.0%, 6.6%, and 7.3%, respectively. Groundwater depth also had a
significant effect on intraspecific variability in LT and LNC, with
explanatory rates of 26.2% and 2.5%, respectively. The interaction
between surface water and groundwater exerted a significant effect
on the intraspecific variability of SPAD and LT, with explanation

rates of 1.1% and 6.5%, respectively (Figure 7).

3.5 Effects of surface water, groundwater,
and soil factors on CWM traits

We analyzed the driving mechanisms of interspecific and

intraspecific variability by constructing SEMs that incorporated soil

factors as an intermediate medium. Surface water disturbance exerted a

significantly positive effect on soil water content. The SEM results for
Factor 1 showed that interspecific variability of H was directly and
positively influenced by groundwater depth and an indirect negative

FIGURE 5
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Source decomposition of CWM trait variation. The abbreviations for functional traits are the same as in Figure 3. All traits are community-weighted

mean traits

effect on it by surface water acting on soil water content (Figure 8A).
Surface water disturbance exerted a direct positive effect on the
intraspecific variability of H and an indirect negative effect on it by
acting on soil water content (Figure 8B). The interspecific variability
component in LNC was directly negatively influenced by groundwater
depth and indirectly positively influenced by surface water via soil
water content (Figure 8C). The intraspecific variability component of
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LNC was directly positively and negatively influenced by surface water
disturbance and soil total nitrogen, respectively (Figure 8D). The
interspecific variability component of N/P was directly and
negatively influenced by the groundwater depth and indirectly
positively influenced by surface water via soil water content. In
addition, soil total nitrogen exerted a direct positive effect on the
interspecific variability of N/P (Figure 8E). For the intraspecific
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systematic clustering of surface water disturbance and groundwater depth; (C) two-way ANOVA. The abbreviations for functional traits are the same

as in Figure 3.
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variability component of N/P, no direct or indirect effects of surface
water and groundwater were found (Figure 7; Figure 8F).

The SEM results for Factor 2 showed that both interspecific and
intraspecific variability components of SPAD were directly and
positively affected by surface water disturbance and that no other
effects were present (Figure 9A; Figure 9B). Surface water
disturbance exerted a direct negative effect on the interspecific
variability of LT, as well as an indirect negative effect via the
regulation of soil water content. Soil total nitrogen also exerted a
direct negative effect on interspecific variability in LT (Figure 9C).
The intraspecific variability of LT was only directly and positively
influenced by groundwater depth (Figure 9D).

4 Discussion

4.1 Effects of habitat heterogeneity on
functional traits

The habitat type shifted from A to B as the groundwater depth
shifted from deep to shallow. Considering the strong dependence of
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desert plants on groundwater, such shifting enables most species to
fulfill their water needs (Glanville et al., 2023). At this time, both
traits of SPAD and LNC showed a weak upward trend at the
community level, indicating that the photosynthetic rate was also
slightly increased (Mu and Chen, 2021; Wang et al., 2021), even
though the above trends did not constitute a significant difference.
N/P showed a significant increase after groundwater depth became
shallower, with the community showing some degree of
phosphorus limitation (Koerselman and Meuleman, 1996; Cao
and Chen, 2017). Zhang et al. (2018) concluded that shallower
groundwater depths reduce soil phosphorus levels, a trend also
found in this study (Supplementary Figure 1), which may be the
underlying cause of phosphorus limitation. Thicker leaves imply
longer leaf longevity (Pérez-Harguindeguy et al., 2016), and this
study suggests that relying on differences in groundwater depth
alone is not sufficient to change the leaf longevity profile of the
community. Chen et al. (2021) found that groundwater depth
resulted in changes in the LT of trees and shrubs, but there was
no clear pattern of effect on the LT of herbaceous plants. Thus, the
response of LT to groundwater depth may depend on plant

life form.
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positive impact, and the red dotted line represents negative impact; The abbreviations for functional traits are the same as in Figure 3; (A, B)
interspecific variability and intraspecific variability of height; (C, D) interspecific variability and intraspecific variability of leaf nitrogen content; (E, F)
interspecific variability and intraspecific variability of nitrogen to phosphorus ratio.
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SPAD was significantly enhanced after surface water
disturbance increased (habitat type C). The significant decrease in
LT enhanced the ability of leaves to intercept light, indicating a
decline in leaf longevity in the community. The significant decrease
in H caused by shallower groundwater depth and increased surface
water disturbance may be attributed to the improved water
environment which allows more herbaceous species to emerge,
while the overlapping ecological niches may have also caused
species, such as P. euphratica, to respond to resource competition
by reducing their dominance (Shi et al., 2021). It has been noted
that excessive surface water disturbance may cause waterlogging
that increases soil salinity, thereby severely inhibiting the
photosynthesis and growth of P. euphratica (Ma et al., 1997).
Previous studies have suggested a positive correlation between
LNC and photosynthetic- as well as respiration- rates (Evans,
1989; Dalke et al,, 2018). The significant positive correlation
between LNC and SPAD in this study verified the above
statement (Supplementary Figure 2), while the lack of significant
differences in LCC between habitat types also side-stepped the
existence of a positive correlation between photosynthetic and
respiration rates (Faber et al., 2022).

4.2 Role of environmental factors in the
formation of CWM traits

Although the linear regressions between surface water,
groundwater, and CWM traits in this study had statistical
significance, the R? values were low, indicating that other factors
were involved in influencing functional traits. On the one hand, this
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study only considered the aboveground traits of plants, but the
belowground traits are likely to have a more pronounced response
pattern to water resource differences (Klimesova et al., 2023). On
the other hand, competition between species may also be an
important factor affecting trait plasticity, especially in regions
with scarce resources (Berg and Ellers, 2010). Govaert et al.
(2021) pointed out in their study that the traits of species depend
not only on the degree of environmental change, but also on
interspecies interactions.

The effects of soil moisture and salinity on the functional traits
of communities in arid zones have been revealed by several studies
(Gong et al., 2019; Luo et al,, 2021). However, in the present study,
soil factors were observed to assume a more mediatory role. During
the screening of variables for structural equation model
construction, it was found that the Akaike Information Criterion
values were much higher than those of the current model when soil
water content and salinity were included in the model, although the
null hypothesis was not rejected (P>0.05). This may be due to both
LNC and N/P being correlated with nitrogen content, indicating
that the role of soil total nitrogen on interspecific and intraspecific
variability may be closer to the theoretical model than soil salinity.
The model showed that total soil nitrogen did not show a significant
response pattern to surface water disturbance and groundwater
depth, which is consistent with the findings of some studies (Zhang
et al,, 2018; Chen et al.,, 2020). However, the conclusion should
consider the differences in time scales with other studies. When it is
difficult to precisely capture the timing of the occurrence of surface
runoff and underground leaching during the study process, their
specific contribution to soil total nitrogen cannot be denied (Zhang
et al., 20205 Bao et al., 2023) but can only indicate the existence of
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stability of soil total nitrogen under a given ecosystem. Due to the
complexity of the spatial variation of environmental factors, the
adaptive mechanism of plant communities to the environment is
still uncertain and it is necessary to use fixed sample plots and
continuous monitoring methods to conduct in-depth research.

4.3 Interspecific and intraspecific variability
combine to drive changes in functional
traits in oasis communities

In this study, the proportions of interspecific variability of
SPAD, H, LNC, and N/P were higher than those of intraspecific
variability. Changes in water environmental conditions in desert-
wetland complex ecosystems may introduce new trait values that
improve the adaptive capacity of the whole community. If the
distance within the environmental gradient is too large, it may lead
to an increase in the importance of species turnover (Siefert et al.,
2014). However, the results of the study showed that the proportion
of intraspecific variability was not much lower than that of
interspecific variability, which could be due to both surface water
and groundwater gradients being set appropriately and the capacity
for potential phenotypic plasticity of the species being depleted by
environmental changes (Auger and Shipley, 2013). Regardless of the
cause, the importance of intraspecific variability in community trait
variation cannot be ignored. There were positive covariation effects
of intra- and interspecific variation in LT, SPAD, and N/P. LT has
been used as an example to demonstrate that in communities where
species with thin leaves are dominant, species will generally grow
thinner leaves than expected. There was a negative covariation effect
of intra- and interspecific variation of H and LNC, which is
generally considered to be a weakening effect (Luo et al., 2023)
and a negative compensatory mechanism (Xiang et al., 2021).
Taking H as an example, in communities where taller species
dominate, the weighted mean height of the community is lower
than would otherwise be expected. The negative covariation
elaborates the following mechanism: During the transition from
arid to wet habitats, the dominance of dwarf plants with higher
LNC gradually increases but the intraspecific LNC and H will
decrease and increase, respectively. Past studies have also
observed this phenomenon (Kichenin et al, 2013; Luo et al,
2016). Overall, this result accepts the first two hypotheses
presented in the introduction as the contribution of intraspecific
variation was lower than that of interspecific variation. However, in
the process of environmental change, intraspecific variation
influenced the pattern of community traits.

5 Conclusions

As the groundwater depth decreased and surface water
disturbance increased, plant communities in desert wetland
ecosystems tended to have higher LNC, N/P, and SPAD but
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lower H. Interspecific and intraspecific variations in traits can be
affected directly or indirectly by surface water disturbance,
groundwater depth, soil water content, and soil total nitrogen.
Although changes in community functional traits are mainly
caused by interspecific variation, intraspecific variation also has a
non-negligible contribution. In addition, the covariation effect
between interspecific and intraspecific variations can explain the
formation of existing functional trait characteristics. With the shift
from arid to wet habitats, the trade-off strategies of plant traits for
resources shifted from conservative to acquisitive. It was concluded
that intraspecific variation has been instrumental in enhancing the
understanding of functional traits in response to environmental
change. Interspecific variation, intraspecific variation, and
covariation effects combine to influence community trait
characteristics in desert-wetland ecosystems driven by surface
water disturbance and groundwater depth, and the role of surface
water is higher than that of groundwater in this process. Our study
is an important step in unraveling the mechanisms through which
surface water and groundwater influence functional traits.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

HS: Data curation, Formal analysis, Investigation, Visualization,
Writing - original draft. QS: Data curation, Funding acquisition,
Project administration, Supervision, Writing — review & editing.
XZ: Conceptualization, Methodology, Writing — review & editing.
CC: Investigation, Writing — original draft. XL: Investigation,
Writing - original draft. ZZ: Methodology, Writing - original
draft. CZ: Methodology, Writing - original draft.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by grants from the National Natural Science
Foundation of the China Joint Key Program (No. U1703237), and
the Postgraduate Research Innovation Project in the Autonomous
Region (no. XJ2022G017).

Acknowledgments

We thank all team members who collected the data and
conducted the experimental analysis.

frontiersin.org


https://doi.org/10.3389/fpls.2024.1340137
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Shi et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Auger, S., and Shipley, B. (2013). Inter-specific and intra-specific trait variation along
short environmental gradients in an old-growth temperate forest. J. Veg. Sci. 24, 419-
428. doi: 10.1111/j.1654-1103.2012.01473 x

Bao, B., Chang, M, Jin, S., Li, X., and Xie, H. (2023). Periodic flooding decoupled the
relations of soil C, N, P, and K ecological stoichiometry in a coastal shelterbelt forest of
eastern China. Forests 14, 2270. doi: 10.3390/f14112270

Berg, M. P., and Ellers, J. (2010). Trait plasticity in species interactions: a driving
force of community dynamics. Evol. Ecol. 24, 617-629. doi: 10.1007/510682-009-9347-8

Cao, Y., and Chen, Y. (2017). Ecosystem C:N:P stoichiometry and carbon storage in
plantations and a secondary forest on the Loess Plateau, China. Ecol. Eng. 105, 125-132.
doi: 10.1016/j.ecoleng.2017.04.024

Casanoves, F., Pla, L., Di Rienzo, J. A., and Diaz, S. (2011). FDiversity: a software
package for the integrated analysis of functional diversity. Methods Ecol. Evol. 2, 233~
237. doi: 10.1111/j.2041-210X.2010.00082.x

Chen, F.,, Xie, T., Yang, Y., Chen, S., Chen, F., Huang, W., et al. (2023). Discussion of
the “warming and wetting” trend and its future variation in the drylands of Northwest
China under global warming. Sci. China Earth Sci. 66, 1241-1257. doi: 10.1007/s11430-
022-1098-x

Chen, G., Yue, D,, Zhou, Y., Wang, D., Wang, H., Hui, C,, et al. (2021). Driving
factors of community-level plant functional traits and species distributions in the
desert-wetland ecosystem of the Shule River Basin, China. Land Degrad. Dev. 32, 323-
337. doi: 10.1002/1dr.3624

Chen, Y., Stagg, C. L, Cai, Y., Lii, X,, Wang, X,, Shen, R, et al. (2020). Scaling
responses of leaf nutrient stoichiometry to the lakeshore flooding duration gradient
across different organizational levels. Sci. Total Environ. 740, 139740. doi: 10.1016/
j.scitotenv.2020.139740

Dalke, I. V., Novakovskiy, A. B, Maslova, S. P.,, and Dubrovskiy, Y. A. (2018).
Morphological and functional traits of herbaceous plants with different functional types
in the European Northeast. Plant Ecol. 219, 1295-1305. doi: 10.1007/s11258-018-0879-2

Evans, J. R. (1989). Photosynthesis and nitrogen relationships in leaves of C3 plants.
Oecologia 78, 9-19. doi: 10.1007/BF00377192

Faber, A. H,, Griffin, K. L., Tjoelker, M. G., Pagter, M., Yang, J., and Bruhn, D. (2022).

Consistent diurnal pattern of leaf respiration in the light among contrasting species and
climates. New Phytol. 236, 71-85. doi: 10.1111/nph.18330

Fensham, R. J., Silcock, J. L., Kerezsy, A., and Ponder, W. (2011). Four desert waters:
Setting arid zone wetland conservation priorities through understanding patterns of
endemism. Biol. Conserv. 144, 2459-2467. doi: 10.1016/j.biocon.2011.06.024

Galal, T. M., Al-Yasi, H. M., and Fadl, M. A. (2021). Vegetation zonation along the
desert-wetland ecosystem of Taif Highland, Saudi Arabia. Saudi J. Biol. Sci. 28, 3374~
3383. doi: 10.1016/j.5bs.2021.02.086

Garnier, E., Cortez, J., Billés, G., Navas, M., Roumet, C., Debussche, M., et al. (2004).
Plant functional markers capture ecosystem properties during secondary succession.
Ecology 85, 2630-2637. doi: 10.1890/03-0799

Glanville, K., Sheldon, F., Butler, D., and Capon, S. (2023). Effects and significance of
groundwater for vegetation: A systematic review. Sci. Total Environ. 875, 162577.
doi: 10.1016/j.scitotenv.2023.162577

Gong, Y., Ling, H,, Lv, G., Chen, Y., Guo, Z,, and Cao, J. (2019). Disentangling the
influence of aridity and salinity on community functional and phylogenetic diversity in
local dryland vegetation. Sci. Total Environ. 653, 409-422. doi: 10.1016/
j.scitotenv.2018.10.358

Hogan, J. A., Xu, H., and Baraloto, C. (2023). Intraspecific trait variation and species

turnover in successional tropical forests: assessing trait imputation for community-
weighted means. Plant Ecol 224, 463-477. doi: 10.1007/s11258-023-01314-4

Frontiers in Plant Science

10.3389/fpls.2024.1340137

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1340137/

full#supplementary-material

Huxley, J. D., White, C. T., Humphries, H. C., Weber, S. E., and Spasojevic, M. J.
(2023). Plant functional traits are dynamic predictors of ecosystem functioning in
variable environments. J. Ecol. 111, 2597-2613. doi: 10.1111/1365-2745.14197

Jiang, L., Zayit, A., Sattar, K., Wang, S., He, X., Hu, D., et al. (2023). The influence of
intraspecific trait variation on plant functional diversity and community assembly
processes in an arid desert region of northwest China. Forests 14, 1536. doi: 10.3390/
14081536

Kichenin, E., Wardle, D. A,, Peltzer, D. A., Morse, C. W., and Freschet, G. T. (2013).
Contrasting effects of plant inter- and intraspecific variation on community-level trait
measures along an environmental gradient. Funct. Ecol. 27, 1254-1261. doi: 10.1111/
1365-2435.12116

Klimesova, J., Martinkova, J., Bartuskova, A., and Ott, J. P. (2023). Belowground
plant traits and their ecosystem functions along aridity gradients in grasslands. Plant
Soil 487, 39-48. doi: 10.1007/s11104-023-05964-1

Koerselman, W., and Meuleman, A. F. M. (1996). The vegetation N:P ratio: a new
tool to detect the nature of nutrient limitation. J. Appl. Ecol. 33, 1441-1450.
doi: 10.2307/2404783

Lefcheck, J. S. (2016). piecewiseSEM: Piecewise structural equation modelling in r for
ecology, evolution, and systematics. Methods Ecol. Evol. 7, 573-579. doi: 10.1111/2041-
210X.12512

Leps, J., de Bello, F., émilauer, P., and Dolezal, J. (2011). Community trait response to
environment: disentangling species turnover vs intraspecific trait variability effects.
Ecography 34, 856-863. doi: 10.1111/j.1600-0587.2010.06904.x

Li, S, Wang, H., Gou, W., White, J. F., Kingsley, K. L., Wu, G, et al. (2021). Leaf
functional traits of dominant desert plants in the Hexi Corridor, Northwestern China:
Trade-off relationships and adversity strategies. Glob. Ecol. Conserv. 28, e01666.
doi: 10.1016/j.gecco.2021.e01666

Ling-Ling, S., Qing, T., Guang, L., Zong-Xing, L., Meng-Qing, L., and Bin, X. (2023).
Response of soil properties to C, N, and P stoichiometry of plants in Qilian Mountains,
China. Ecol. Indic. 150, 110245. doi: 10.1016/j.ecolind.2023.110245

Luo, W., Griffin-Nolan, R. J., Song, L., Te, N., Chen, J., Shi, Y., et al. (2023).
Interspecific and intraspecific trait variability differentially affect community-weighted
trait responses to and recovery from long-term drought. Funct. Ecol. 37, 504-512.
doi: 10.1111/1365-2435.14239

Luo, Y.-H,, Liu, J,, Tan, S.-L., Cadotte, M. W., Wang, Y.-H., Xu, K,, et al. (2016).
Trait-based community assembly along an elevational gradient in subalpine forests:
quantifying the roles of environmental factors in inter- and intraspecific variability.
PloS One 11, €0155749. doi: 10.1371/journal.pone.0155749

Luo, Y., Yan, Z., Liu, S., Chen, J., Li, K, Mohammat, A., et al. (2021). Variation in
desert shrub foliar pH in relation to drought and salinity in Xinjiang, China. J. Veg. Sci.
32, e13031. doi: 10.1111/jvs.13031

Ma, H.-C., Fung, L., Wang, S.-S., Altman, A., and Hittermann, A. (1997).
Photosynthetic response of Populus euphratica to salt stress. For. Ecol. Manage. 93,
55-61. doi: 10.1016/S0378-1127(96)03943-6

Maechler, M., Rousseeuw, P., Struyf, A., Hubert, M., and Hornik, K. (2022). “cluster:
cluster analysis basics and extensions,” in R package version 2.1.4. Available at: https://
CRAN.R-project.org/package=cluster.

Mabharjan, S. K., Sterck, F. J., Dhakal, B. P., Makri, M., and Poorter, L. (2021).
Functional traits shape tree species distribution in the Himalayas. J. Ecol. 109, 3818
3834. doi: 10.1111/1365-2745.13759

Mu, X, and Chen, Y. (2021). The physiological response of photosynthesis to
nitrogen deficiency. Plant Physiol. Biochem. 158, 76-82. doi: 10.1016/
j-plaphy.2020.11.019

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1340137/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1340137/full#supplementary-material
https://doi.org/10.1111/j.1654-1103.2012.01473.x
https://doi.org/10.3390/f14112270
https://doi.org/10.1007/s10682-009-9347-8
https://doi.org/10.1016/j.ecoleng.2017.04.024
https://doi.org/10.1111/j.2041-210X.2010.00082.x
https://doi.org/10.1007/s11430-022-1098-x
https://doi.org/10.1007/s11430-022-1098-x
https://doi.org/10.1002/ldr.3624
https://doi.org/10.1016/j.scitotenv.2020.139740
https://doi.org/10.1016/j.scitotenv.2020.139740
https://doi.org/10.1007/s11258-018-0879-2
https://doi.org/10.1007/BF00377192
https://doi.org/10.1111/nph.18330
https://doi.org/10.1016/j.biocon.2011.06.024
https://doi.org/10.1016/j.sjbs.2021.02.086
https://doi.org/10.1890/03-0799
https://doi.org/10.1016/j.scitotenv.2023.162577
https://doi.org/10.1016/j.scitotenv.2018.10.358
https://doi.org/10.1016/j.scitotenv.2018.10.358
https://doi.org/10.1007/s11258-023-01314-4
https://doi.org/10.1111/1365-2745.14197
https://doi.org/10.3390/f14081536
https://doi.org/10.3390/f14081536
https://doi.org/10.1111/1365-2435.12116
https://doi.org/10.1111/1365-2435.12116
https://doi.org/10.1007/s11104-023-05964-1
https://doi.org/10.2307/2404783
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.1111/j.1600-0587.2010.06904.x
https://doi.org/10.1016/j.gecco.2021.e01666
https://doi.org/10.1016/j.ecolind.2023.110245
https://doi.org/10.1111/1365-2435.14239
https://doi.org/10.1371/journal.pone.0155749
https://doi.org/10.1111/jvs.13031
https://doi.org/10.1016/S0378-1127(96)03943-6
https://CRAN.R-project.org/package=cluster
https://CRAN.R-project.org/package=cluster
https://doi.org/10.1111/1365-2745.13759
https://doi.org/10.1016/j.plaphy.2020.11.019
https://doi.org/10.1016/j.plaphy.2020.11.019
https://doi.org/10.3389/fpls.2024.1340137
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Shi et al.

Ouyang, S., Gou, M, Lei, P, Liu, Y., Chen, L., Deng, X,, et al. (2023). Plant functional
trait diversity and structural diversity co-underpin ecosystem multifunctionality in
subtropical forests. For. Ecosyst. 10, 100093. doi: 10.1016/j.fecs.2023.100093

Pan, Y., Cieraad, E., Armstrong, J., Armstrong, W., Clarkson, B. R., Colmer, T. D,,
et al. (2020). Global patterns of the leaf economics spectrum in wetlands. Nat.
Commun. 11, 4519. doi: 10.1038/s41467-020-18354-3

Paz-Dyderska, S., Dyderski, M. K., Szwaczka, P., Brzezicha, M., Bigos, K., and
Jagodzinski, A. M. (2020). Leaf traits and aboveground biomass variability of forest
understory herbaceous plant species. Ecosystems 23, 555-569. doi: 10.1007/s10021-019-
00421-6

Peng, L., Shi, Q.-D., Wan, Y.-B,, Shi, H.-B.,, Kahaer, Y.-j,, and Abudu, A. (2022).
Impact of flooding on shallow groundwater chemistry in the taklamakan desert
hinterland: remote sensing inversion and geochemical methods. Water 14, 1724.
doi: 10.3390/w14111724

Peérez-Harguindeguy, N., Diaz, S., Garnier, E., Lavorel, S., Poorter, H., Jaureguiberry,
P, et al. (2016). Corrigendum to: New handbook for standardised measurement of
plant functional traits worldwide. Aust. J. Bot. 64, 715-716. doi: 10.1071/BT12225_CO

Qing, Y., Wang, S., Yang, Z.-L., and Gentine, P. (2023). Soil moisture-atmosphere
feedbacks have triggered the shifts from drought to pluvial conditions since 1980.
Commun. Earth Environ. 4, 254. doi: 10.1038/s43247-023-00922-2

Roscher, C., Schumacher, J., Lipowsky, A., Gubsch, M., Weigelt, A., Schmid, B., et al.
(2018). Functional groups differ in trait means, but not in trait plasticity to species
richness in local grassland communities. Ecology 99, 2295-2307. doi: 10.1002/ecy.2447

Shi, H., Shi, Q., Li, H., Zhou, X., Dai, Y., Kahaer, Y., et al. (2022). The combined effect
of surface water and groundwater on environmental heterogeneity reveals the basis of
beta diversity pattern in desert oasis communities. PloS One 17, €0279704. doi: 10.1371/
journal.pone.0279704

Shi, H., Shi, Q., Zhou, X, Imin, B., Li, H., Zhang, W., et al. (2021). Effect of the
competition mechanism of between co-dominant species on the ecological
characteristics of Populus euphratica under a water gradient in a desert oasis. Glob.
Ecol. Conserv. 27, e01611. doi: 10.1016/j.gecco.2021.e01611

Siefert, A., Fridley, J. D., and Ritchie, M. E. (2014). Community functional responses

to soil and climate at multiple spatial scales: when does intraspecific variation matter?
PloS One 9, €111189. doi: 10.1371/journal.pone.0111189

Siefert, A., Violle, C., Chalmandrier, L., Albert, C. H., Taudiere, A., Fajardo, A., et al.
(2015). A global meta-analysis of the relative extent of intraspecific trait variation in
plant communities. Ecol. Lett. 18, 1406-1419. doi: 10.1111/ele.12508

Suding, K. N., Lavorel, S., Chapin, F. S.1II, Cornelissen, J. H. C.,, Diaz, S., Garnier, E.,
et al. (2008). Scaling environmental change through the community-level: a trait-based
response-and-effect framework for plants. Glob. Change Biol. 14, 1125-1140.
doi: 10.1111/j.1365-2486.2008.01557.x

Frontiers in Plant Science

13

10.3389/fpls.2024.1340137

Wang, X., Chen, G., Du, S,, Wu, H,, Fu, R, and Yu, X. (2021). Light intensity
influence on growth and photosynthetic characteristics of horsfieldia hainanensis.
Front. Ecol. Evol. 9. doi: 10.3389/fev0.2021.636804

Westerband, A. C., Funk, J. L., and Barton, K. E. (2021). Intraspecific trait variation
in plants: a renewed focus on its role in ecological processes. Ann. Bot. 127, 397-410.
doi: 10.1093/aob/mcab011

Wright, L J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, F., et al.
(2004). The worldwide leaf economics spectrum. Nature 428, 821-827. doi: 10.1038/
nature02403

Wu, X, Zheng, X.-J, Mu, X.-H,, and Li, Y. (2021). Differences in allometric
relationship of two dominant woody species among various terrains in a desert
region of central Asia. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.754887

Xiang, X., Huang, Y.-M.,, Yang, C.-Y., Li, Z.-Q., Chen, H.-Y,, Pan, Y.-P,, et al. (2021).
Effect of altitude on community-level plant functional traits in the Qinghai Lake Basin,
China. Chin. J. Plant Ecol. 45, 456-466. doi: 10.17521/cjpe.2020.0140

Xu, W., Tomlinson, K. W., and Li, J. (2020). Strong intraspecific trait variation in a
tropical dominant tree species along an elevational gradient. Plant Diversity 42, 1-6.
doi: 10.1016/j.pld.2019.10.004

Yang, J., Zhang, Q., Lu, G, Liu, X,, Wang, Y., Wang, D,, et al. (2021). Climate
transition from warm-dry to warm-wet in eastern northwest China. Atmosphere 12,
548. doi: 10.3390/atmos12050548

Yuan, ], Liang, Y., Zhuo, M,, Sadiq, M., Liu, L., Wu, J., et al. (2023). Soil nitrogen and
carbon storages and carbon pool management index under sustainable conservation
tillage strategy. Front. Ecol. Evol. 10. doi: 10.3389/fev0.2022.1082624

Zhang, T., Chen, Y., Wang, W., Chen, Y., and Liu, X. (2022). Characteristics of plant
community and its relationship with groundwater depth of the desert riparian zone in
the lower reaches of the ugan river, northwest China. Water 14, 1663. doi: 10.3390/
w14101663

Zhang, D., Fan, M,, Liu, H., Wang, R,, Zhao, J., Yang, Y., et al. (2020). Effects of
shallow groundwater table fluctuations on nitrogen in the groundwater and soil profile
in the nearshore vegetable fields of Erhai Lake, southwest China. J. Soils Sediments 20,
42-51. doi: 10.1007/s11368-019-02382-8

Zhang, B., Gao, X,, Li, L., Lu, Y., Shareef, M., Huang, C,, et al. (2018). Groundwater
depth affects phosphorus but not carbon and nitrogen concentrations of a desert
phreatophyte in northwest China. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.00338

Zhao, L., Wang, S., Shen, R, Gong, Y., Wang, C., Hong, P., et al. (2022). Biodiversity
stabilizes plant communities through statistical-averaging effects rather than
compensatory dynamics. Nat. Commun. 13, 7804. doi: 10.1038/s41467-022-35514-9

Zhao, X., and Xu, H. (2019). Study on vegetation change of Taitemar Lake during

ecological water transfer. Environ. Monit. Assess. 191, 613. doi: 10.1007/s10661-019-
7664-0

frontiersin.org


https://doi.org/10.1016/j.fecs.2023.100093
https://doi.org/10.1038/s41467-020-18354-3
https://doi.org/10.1007/s10021-019-00421-6
https://doi.org/10.1007/s10021-019-00421-6
https://doi.org/10.3390/w14111724
https://doi.org/10.1071/BT12225_CO
https://doi.org/10.1038/s43247-023-00922-2
https://doi.org/10.1002/ecy.2447
https://doi.org/10.1371/journal.pone.0279704
https://doi.org/10.1371/journal.pone.0279704
https://doi.org/10.1016/j.gecco.2021.e01611
https://doi.org/10.1371/journal.pone.0111189
https://doi.org/10.1111/ele.12508
https://doi.org/10.1111/j.1365-2486.2008.01557.x
https://doi.org/10.3389/fevo.2021.636804
https://doi.org/10.1093/aob/mcab011
https://doi.org/10.1038/nature02403
https://doi.org/10.1038/nature02403
https://doi.org/10.3389/fpls.2021.754887
https://doi.org/10.17521/cjpe.2020.0140
https://doi.org/10.1016/j.pld.2019.10.004
https://doi.org/10.3390/atmos12050548
https://doi.org/10.3389/fevo.2022.1082624
https://doi.org/10.3390/w14101663
https://doi.org/10.3390/w14101663
https://doi.org/10.1007/s11368-019-02382-8
https://doi.org/10.3389/fpls.2018.00338
https://doi.org/10.1038/s41467-022-35514-9
https://doi.org/10.1007/s10661-019-7664-0
https://doi.org/10.1007/s10661-019-7664-0
https://doi.org/10.3389/fpls.2024.1340137
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Influence of surface water and groundwater on functional traits and trade-off strategies of oasis communities at the end of the Keriya River, China
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Vegetation survey and functional trait data collection
	2.3 Quantification of environmental factors
	2.4 Data analysis

	3 Results
	3.1 Differences in CWM traits among habitat types
	3.2 Response of CWM traits to surface water and groundwater
	3.3 Trade-off strategies for community functional traits
	3.4 Sources of variation in functional traits
	3.5 Effects of surface water, groundwater, and soil factors on CWM traits

	4 Discussion
	4.1 Effects of habitat heterogeneity on functional traits
	4.2 Role of environmental factors in the formation of CWM traits
	4.3 Interspecific and intraspecific variability combine to drive changes in functional traits in oasis communities

	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


