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Abstract: Leaf functional traits in drylands are sensitive to environmental changes, which are closely
related to plant growth strategies and resource utilization ability and can reflect the balance of sub-
stance synthesis and water loss. However, the influence of environmental factors on photosynthetic
production traits and water use traits is still unclear in drylands. In this study, nine environmental
factors (climatic characteristics and soil physical and chemical properties), leaf net photosynthetic
rate (A), transpiration rate (E), and stomatal conductance (GSW) were measured via 60 plant samples
and 45 soil samples, which were collected at five sampling sites according to rainfall gradient. Redun-
dancy analysis (RDA), structural equation model (SEM), and regression analysis were used to analyze
the influencing mechanism of drought on photosynthetic production traits and water use traits. The
results provided the following conclusions: (i) The hydrothermal condition determined A, E, and
GSW by affecting the spatial distribution of soil nutrients (SN) and soil salinity (SS); meanwhile,
temperature was able to affect A, E, and GSW directly. (ii) The water content (WC) was the key driver
of the strength of the synergistic relationship between photosynthetic production traits and water use
traits; soil salinity (SS) was the main driver of the synergistic relationship between E and GSW.

Keywords: desert ecosystem; leaf net photosynthetic rate (A); transpiration rate (E); stomatal
conductance (GSW); resource utilization strategy; precipitation gradient

1. Introduction

On a global scale, land warming has increased the intensity of drought events, further
degrading the terrestrial ecosystems [1–4]. The degradation of ecosystem function is
exaggerated in drylands such as high-altitude deserts due to their high vulnerability to
climate change [5,6]. Therefore, the desert ecosystem is an ideal area to study the effects
of global climate change. Moreover, it is of great significance to explore how drylands
respond to changes in climate in order to reveal the adaptive mechanism of plants to arid
environments under global warming.

As the photosynthetic organ and the main dwelling place of plants, the functional
traits of leaves are highly sensitive to environmental changes and are easy to measure,
which is an effective indicator for better understanding of plant response to climate change.
Reich et al. [7] have proposed the idea that leaf functional traits depend on plant genetic
characteristics and are modified by various environmental factors. The conclusion has
been increasingly accepted, including in arid desert areas. For example, Ma et al. [8]
studied the relationship between leaf traits of desert plants and soil factors, finding that
soil water content and soil pH were the critical factors affecting the leaf properties in the
Hexi Corridor, Northwestern China. In another study, Lu et al. [9] found that temperature
and precipitation had a significant interaction for leaf functional traits of zonal stipa
from Inner Mongolian grassland. These studies have recorded the fact that the response
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patterns of plant functional traits to different environmental factors (climate factors and soil
factors) were different in arid areas. However, the response mechanism of plant functional
traits to these environmental factors is still unclear, and the relationships between various
environmental factors also need to be clarified.

The relationship among plant functional traits is also reshaped by the environment [10,11].
Wright et al. [12] proposed the concept of “leaf economics spectrum” (LES) by using the
global database of leaf functional traits, revealing the covariation among leaf functional
traits. With the development of field observation, laboratory experiment, and model
prediction, the leaf economic spectrum has been improved, and the study of plant water
use traits and photosynthetic production traits has been strengthened. It has been suggested
that plant photosynthetic production traits and water use traits vary synergistically [13],
but it has also been shown that the relationship between photosynthetic and water use
traits in plant leaves is not invariant [14–17]. Plant photosynthetic processes and water
use are closely related. When leaf stomata open to obtain more CO2 for photosynthesis,
plants reduce the efficiency of water use due to reduced stomatal resistance to transpiration
and thus enhance transpiration [13]. Meanwhile, the stomata-forming guard cells are
partially utilized by CO2 in the light, and the pH rises, forming malic acid [18]. Malic acid
dissociates into H+ and malic acid root, and under the action of the H/K pump, intracellular
K+ concentration increases, water potential decreases, stomata open, and transpiration
efficiency is enhanced [19]. This will cause the plant to reduce its photosynthetic rate
due to insufficient photosynthetic material. In other words, the efficiency of plant water
utilization is reduced along with the photosynthetic rate. In addition, plants need to
increase transpiration pull in order to ensure water supply in too dry or too hot areas, and
should avoid too strong transpiration leading to dehydration and death [20]. Therefore,
plants must adapt to the environment and maintain their normal growth and development
process by maintaining the “carbon–water balance” in their bodies.

The degree and direction of the sensitivity of photosynthesis to water stress in arid ar-
eas are not consistent. Transpiration pull is the main driver of water transport in plants [21].
Locke and Ort [22,23] found that the reduction of water potential due to transpiration in
soybean leaves under drought conditions was strongly correlated with the reduction of
net photosynthetic rate through field and indoor water-controlled experiments. In another
study, Yin et al. [24] observed the maximum net photosynthetic rate, transpiration effi-
ciency, and stomatal opening of woody plants on the Loess Plateau. They found that some
photosynthetic traits (leaf thickness, maximum net photosynthetic rate, etc.) and water
use traits (leaf vein density, leaf edge material area ratio, etc.) were decoupled, although
the two sets of traits were generally coupled in different drought gradients. In arid zones,
plants may adapt to their environment along the water gradient by changing the strength
and direction of the relationship between photosynthetic and water use traits for their own
survival and reproduction.

On the basis of the above considerations, the two scientific hypotheses of this study
were proposed: in arid areas, (i) how do environmental factors via interacting with each
other directly or indirectly affect photosynthesis and water use traits? (ii) does water
condition determine the tradeoff between photosynthetic production traits and water use
traits of plant leaves? The typical desert shrub communities in the eastern Qaidam Basin
were taken as the research object, and five sites along the precipitation gradient were
selected, in which there was a total of nine typical desert shrub species. The maximum
net photosynthetic rate (A) that indicates plant photosynthetic characteristics, as well
as the transpiration efficiency (E) and stomatal conductance (GSW) that indicate water
use characteristics, were determined to explore the remodeling of leaf photosynthetic
production traits and water use traits in arid habitats, as well as to test the tradeoff between
photosynthetic production traits and water use traits along the drought gradient.
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2. Materials and Methods
2.1. Study Area

The study area is located in the east of the Qaidam Basin of the Qinghai–Tibetan
Plateau (Figure 1), with a continental desert climate of the plateau, cold and dry, with
scarce precipitation and being mostly concentrated in summer [25]. The vegetation types
are mainly shrub and sub-shrub, and the soil types are brown calcium soil, chestnut soil,
and gray-brown desert soil, with low nutrient content (Table 1) and significant spatial
heterogeneity. Five sites were sampled in 2021 (Figure 1), and samples were collected
during the plant growing season of July to August 2021. The plots ranged from 2857 to
3323 m above sea level. Growing season (from May to September) temperature (GST)
and growing season precipitation (GSP) range from 10.64 to 15.08 °C and from 48.49 to
221.44 mm, respectively. The habitat aridity index (AI) ranges from 4.92 to 28.98, and
the dominant species in the plant community involved nine species of C.k., S.r., K.g., etc.
(Table 1).
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Figure 1. Field sampling sites in the eastern part of Qaidam Basin; the embedded mini-map shows
the location of Qaidam Basin on the Qinghai–Tibetan Plateau.

Table 1. Locations, the most dominant species and their relative coverage, altitude, climate conditions,
and soil properties of sampling sites.

Sites Community
Types Dominant Species Long Lat Alt GST GSP AI SWC SS STOC STN STP STK

(Total
Cover: %) (Relative Cover: %) (◦E) (◦N) (m) (◦C) (mm) (%) (EC25

ms/cm) (g/kg) (g/kg) (g/kg) (g/kg)

Golmud C.k. (10%) C.k. (40%); S.r. (30%); C.l.
(18%); E.s. (12%) 95.09 36.35 2880 15.08 48.49 28.98 0.11 2.79 2.52 0.35 0.30 9.27

Nuomuhong E.s. (20%) E.s. (58%); C.k. (25%); C.l.
(8%); T.c. (7%); N.t. (2%) 96.41 36.38 2857 14.92 59.50 23.29 0.36 1.87 3.38 0.18 0.40 12.75

Da Qaidam S.r. (25%) S.r. (35%); S.a. (25%); C.l.
(20%); R.s. (20%) 95.40 37.86 3315 10.64 86.12 13.76 5.18 0.54 6.74 0.57 0.39 20.96

Delhi S.r. (30%)
S.r. (50%); K.g. (40%); S.a.

(5%);
R.s. (5%)

97.28 37.35 2972 14.55 163.53 8.17 4.29 0.11 15.25 0.56 0.36 19.19

Dulan K.g. (60%) K.g. (90%); S.a. (10%) 98.33 36.47 3323 10.94 212.44 4.92 19.21 0.16 10.25 0.18 0.41 21.30

C.k.: Calligonum korlaense Z. M. Mao (C4); S.r.: Sympegma regelii Bunge; C.l.: Ceratoides latens (J. F. Gmel.) Reveal & N.
H. Holmgren; E.s.: Ephedra sinica Stapf; T.c.: Tamarix chinensis Lour.; N.t.: Nitraria tangutorum Bobrov; S.a.: Salsola
abrotanoides Bunge; R.s.: Reaumuria songarica (Pall.) Maxim.; K.g.: Kalidium gracile Fenzl. Climatic factors include
growing season temperature (GST), growing season precipitation (GSP), and the habitat aridity index (AI). The
habitat aridity index is defined as the ratio of PET/MAP. Soil variables include soil water content (SWC), soil
soluble salts (SS), soil total organic carbon (STOC), soil total nitrogen (STN), soil total phosphorus (STP), and soil
total potassium (STK) at the 0–30 cm layer.
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2.2. Field Survey and Sampling

Field investigation was conducted from 27 July to 1 August 2021. A total of 60 leaf
samples of 9 dominant plants were collected from 5 sites (Table 1, Figure 1). The sampling
plots were selected in the open and flat area with the same vegetation type and no human
interference. Three 10 × 10 m quadrats were randomly arranged in each plot according to
the plant characteristics of the community [15,26]. Each plot consisted of 2 to 5 dominant
species, and 3 to 5 healthy adult leaves were selected from each species to measure the
maximum net photosynthetic rate (A), transpiration efficiency (E), and stomatal conduc-
tance (GSW) of plant leaves with the Li-6800 photosynthetic apparatus at 10:00–12:00 a.m.
to ensure sampling uniformity.

Three soil profiles of 30 cm depth were set randomly at each site, and soil samples were
collected at three depths (0–10 cm, 10–20 cm, and 20–30 cm). A total of 45 soil samples were
collected from 5 sites. The fresh soil samples were first screened through a 2.0 mm sieve
to remove roots and stones. Then, each soil sample was divided into two parts: one was
dried in a 105 °C oven for 24 h for soil moisture measurement, and the other was air-dried
for physical and chemical properties analysis. Soil moisture content was measured as the
weight difference between fresh and oven-dried soils.

2.3. Experimental Method

In order to test the soil environment in the study area, total nitrogen (STN, g/kg) was
measured by an Italian Euro Vector EA3000 elemental analyzer. Soil organic carbon (SOC,
g/kg) was determined by the sulfuric acid–potassium dichromate oxidation method. Soil
total potassium (STK, g/kg) was determined by a FP6440 alkali fusion flame photometer.
Soil total phosphorus (STP, g/kg) was measured by the alkali fusion–molybdenum anti-
mony anti colorimetric method. Soil soluble salts (SS) were measured by a conductivity
meter in a mixture of soil and water with a soil-to-water ratio of 1:5.

2.4. Processing of Climate Data

Monthly temperature and precipitation data (the spatial resolution was 1 km) were
downloaded from National Earth System Science Data Sharing Infrastructure, National
Science and Technology Infrastructure of China (http://loess.geodata.cn, accessed on 4 May
2022), for the plant growing seasons between the years 1991 and 2020. The yearly potential
evapotranspiration data (PET), whose spatial resolution was 250 m, was provided by the
Chengdu Institute of Mountain Hazards and Environment, Chinese Academy of Sciences
(http://sites.uea.ac.uk/cru/, accessed on 4 May 2022). PET data were downloaded from
the years 1991 to 2020.

Monthly temperature and precipitation from the years 1991 to 2020 were integrated
into GST, GSP, and mean annual precipitation (MAP). The ratio of PET to MAP describes
the yearly AI. GST, GSP, and AI values in the most recent 30 years were extracted for each
site according to its geographical coordinates in ArcGIS (The software is developed by the
Environment System Research Institute in America and the version is 10.2).

2.5. Data Analysis

In this study, the relative coverage of species (Table 1) was used as the weight to
calculate the community-weighted mean (CWM) of leaf functional traits. In order to
eliminate the strong collinearity of environmental factors, the existing environmental factors
were classified into four categories according to their characteristics: water content (WC),
soil nutrients (SN), growing season temperature (GST), and soil salinity (SS). Among them,
WC includes three indicators of growing season precipitation (GSP), soil water content
(SWC), and aridity index (AI); soil nutrients include four indicators of STN, STP, STK, and
STOC; growing season temperature includes one indicator of GST; and soil salinity includes
one indicator of SS. To further analyze the relative contributions of each factor of moisture
content (WC) and each factor of soil nutrients (SN), principal component analysis was used
to score the moisture content index and soil nutrient indexes together (Table 2) and they

http://loess.geodata.cn
http://sites.uea.ac.uk/cru/


Forests 2022, 13, 1652 5 of 13

were downscaled; the scored results were labeled as WC and SN (Table 2) to characterize
the moisture characteristics and nutrient characteristics in the environment [27].

Table 2. The contribution of each indicator in principal component analysis of water content (WC)
and soil nutrient (SN).

Comprehensive
Index

Contribution
Rate (%)

Cumulative
Contribution

Rate (%)
Index Rotated Component Matrix Weight (%)

Principal
Component 1

Principal
Component 2

Water content
(WC)

Principal
component 1 56.328 56.328 SWC 0.440 0.897 35.27

Principal
component 2 41.206 97.533 GTP 0.824 −0.526 34.19

Principal
component 3 2.467 100 AI −0.904 −0.395 33.24

Soil nutrient
(SN)

Principal
component 1 66.743 66.743 TN 0.992 −0.074 23.90

Principal
component 2 32.732 99.475 TK 0.874 0.482 28.49

Principal
component 3 0.504 99.979 TP 0.130 0.990 20.59

Principal
component 4 0.021 100 TOC 0.951 0.302 27.02

Redundancy analysis (RDA) was performed on leaf functional traits and environ-
mental factors from different plant communities to derive the importance ranking of
environmental factors [28], and we constructed a structural equation model (SEM) to de-
rive the reticulation relationship between environmental factors and functional traits [29].
Personal correlation analysis was used to calculate the correlation between photosynthetic
production traits and water use traits of plant leaves under different drought gradients [30].
Finally, regression analysis was conducted with the correlation between different leaf func-
tional traits as response variables and environmental factors as explanatory variables to test
the effects of different environmental factors on the relationship between leaf functional
traits.

All of the above analysis and visualization was performed in R (The software is
developed by R Core Team in Austria and the version is 4.0.2).

3. Results
3.1. Changes of Photosynthetic Production Traits and Water Use Traits of Plants along
Precipitation Gradient

The community-weighted mean (CWM) of plant functional traits was selected to
characterize the average trait characteristics of the community as a response to the differ-
ences in the same functional trait across the community (Figure 2). CWMA changed in
a “V” shape with the precipitation gradient but decreased rapidly in the wettest Dulan
region. CWMA in the Golmud and Delhi areas were significantly higher than that in the
Nomuhong and Dulan areas. Both CWME and CWMGSW showed an upward trend with
precipitation gradient. These results indicated that in addition to precipitation conditions,
other environmental factors such as temperature (GST) and soil nutrients (SNs) during the
growing season could also have important effects on leaf functional traits.

The trait differences at the species scale were examined (Figure 3), and A, E, and GSW
of most species were higher in mildly arid communities such as Dulan and Delhi than in
severely arid communities such as Golmud and Nuomuhong. The species of the largest
relative covers in Delhi and Dulan were S.a. and K.g., respectively, with significantly higher
E and GSW than other species, and the CWME and CWMGSW were higher in both sites than
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in other communities, suggesting that species attributes explained the differences in CWME
and CWMGSW of different communities to some extent. The species of largest relative cover
in the Golmud community was the C4 plant: C.k., whose A was significantly higher than
that of other C3 plants, which may explain the higher CWMA in Golmud. However, S.a.
(C3–C4) had a larger relative cover in Dulan, but its A was significantly lower than other
species and had the lowest CWMA in Dulan, indicating that species attributes could not
fully explain the differences in CWMA among communities, and thus we need to further
explore the effects of other factors.
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Figure 3. Leaf net photosynthetic rate (A, (A)), transpiration rate (E, (B)), and stomatal conductance
(GSW, (C)) among different species in the same community: the same lowercase letter indicates no
significant difference among different species in the same community; different lowercase letters
indicate significant differences among different species in the same community. The significance was
at the p < 0.05 level. Species abbreviations were the same as Table 1.

3.2. Relationship between Plant Functional Traits and Environmental Factors

RDA analysis was conducted to further explore the relationship between leaf func-
tional traits of plant communities and WC, SN, GST, and SS (Figure 4). The four environ-
mental variables explained 53.44% of the total variation of leaf functional traits in plant
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communities. The explanatory information of the first two axes were 98.25% and 1.54%,
respectively, and the cumulative explanatory amount was 99.79%, indicating that the first
two axes can effectively reflect the relationship between leaf functional traits and envi-
ronmental factors, being mainly determined by the first axis. The Monte Carlo test was
conducted on WC, SN, GST, and SS, and the importance order of environmental factors
was obtained. SN had the highest explanatory rate (33.41%) (p < 0.01), indicating that SN
was a direct factor affecting leaf functional traits in plant communities.
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Figure 4. RDA analysis of leaf functional traits and environmental factors.

On the basis of RDA analysis, the structural equation model (SEM) was constructed
for A, E, GSW, and environmental factors (Figure 5). Larger absolute values of the path
coefficients in SEM represent a higher degree of explanation of the dependent variable
on the independent variable; GFI (goodness of fit index) >0.6 represents a good fit of the
model [31]. It was found that the absolute values of the path coefficients of SN and A,
GSW, and E were 1.14 (p < 0.001), 1.13 (p < 0.001), and 1.11 (p < 0.001), respectively; the
absolute values of the path coefficients of SS and A, GSW, and E were 0.89 (p < 0.001), 0.93
(p < 0.001), and 0.92 (p< 0.001), respectively, indicating that SN and SS could better explain
the variation of A, GSW, and E. The path coefficients of WC, and SN and SS were 0.21
(p < 0.05) and −0.24 (p < 0.05), respectively. The path coefficients of GST, and SN and SS
were −0.71 (p < 0.001) and 0.50 (p < 0.001), respectively, indicating that WC and GST could
better explain the variation of SN and SS. These results indicate that WC and GST affect
photosynthetic production traits and water use traits of plant leaves by affecting SN and SS
in the Qaidam desert ecosystem.
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Figure 5. Effects of environmental factors on leaf functional traits: GFI (goodness of fit index:
0.970) > 0.600: indicates that the model has a good fit. Notes are the same as in Tables 1 and 2 and
Figure 3. The green lines represent the effects among plant leaf functional traits, the red lines represent
the effects among environmental factors, the blue lines represent the effects of environmental factors
on plant leaf functional traits, and the dotted lines represent no significant effect. The differences
significant at the 0.001, 0.01, and 0.05 levels are indicated with ***, **, and *, respectively.

3.3. Changes of Relationships among Plant Functional Traits along the Drought Gradient

Leaf photosynthetic production traits and leaf water use traits showed a synergistic
relationship at different drought gradients, and the strength of the synergistic relationship
showed regular changes with drought relief (Table 3). The synergistic relationship between
plant transpiration efficiency (E) and net photosynthetic efficiency (A) and drought degree
showed a linear relationship, and the synergistic relationship decreased with the alleviation
of drought degree. Except for Golmud, the synergistic relationship between stomatal
conductance (GSW) and net photosynthetic efficiency (A) decreased with drought relief,
but was generally stronger in severely arid communities than in lightly arid communities.
The synergistic relationship between transpiration efficiency (E) and stomatal conductance
(GSW) changed in an “V” shape with drought relief, with the highest value occurring in
Dulan and Golmud, and the lowest in Nuomuhong.

Table 3. Variation in the relationship among plant functional traits with the drought gradient.

Sites E/A GSW/A E/GSW GSP
(mm)

SWC
(%) AI

Golmud 0.851 ** 0.806 ** 0.962 ** 48.49 0.11 28.98
Nuomuhong 0.606 * 0.861 ** 0.724 ** 59.50 0.36 23.29
Da Qaidam 0.597 * 0.859 ** 0.868 ** 86.12 5.18 13.76

Delhi 0.567 0.747 ** 0.933 ** 163.53 4.29 8.17
Dulan 0.026 0.083 0.977 ** 212.44 19.21 4.92

** At the 0.01 level (two-tailed), the correlation was significant; * at the 0.05 level (two-tailed), the correlation
was significant. E/A: correlation coefficient between transpiration rate and net photosynthetic rate; GSW/A:
correlation coefficient between stomatal conductance and net photosynthetic efficiency; E/GSW: correlation
coefficient between transpiration efficiency and stomatal conductance.

The strength of the synergy relationship between E and A was significantly correlated
with water content (p < 0.05) and decreased linearly with the increase in water content
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(Figure 6F). The strength of the synergistic relationship between GSW and A was sig-
nificantly correlated with water content (p < 0.01) and decreased with the increase in
water content (Figure 6B). The synergistic strength of plant water use traits (E, GSW) was
significantly correlated with SS (p < 0.05) (Figure 6M).

Forests 2022, 13, 1652 11 of 16 
 

 

The strength of the synergy relationship between E and A was significantly corre-

lated with water content (p < 0.05) and decreased linearly with the increase in water 

content (Figure 6F). The strength of the synergistic relationship between GSW and A was 

significantly correlated with water content (p < 0.01) and decreased with the increase in 

water content (Figure 6B). The synergistic strength of plant water use traits (E, GSW) was 

significantly correlated with SS (p < 0.05) (Figure 6M).  

 

Figure 6. Effect of environmental factors on the relationship among photosynthetic production 

traits and water use traits of plants. 

Figure 6. Effect of environmental factors on the relationship among photosynthetic production traits
and water use traits of plants.



Forests 2022, 13, 1652 10 of 13

4. Discussion
4.1. Characteristics of Photosynthetic Production Traits and Water Use Traits of Plants and Their
Influencing Factors

In this study, CWMA did not change linearly with drought index, which may have
been related to the C3 and C4 species composition of communities. C4 plants have a
higher photosynthetic rate under drought stress. Specifically, there are more chloroplasts
in parenchma cells of vascular bundle sheath of C4 plants than C3 plants, and the CO2
saturation point is lower in C4 plants than in C3 plants [32]. In the Golmud sampling
site, the relative cover of C4 plants (C.k.) in the community was 40%, which was much
higher than other species, so the CWMA was much higher in the Golmud site than in the
Nomuhong and Da Qaidam sites.

Through RDA and SEM, we found that hydrothermal conditions determined soil
nutrient conditions and salinity, explaining a total of 53.44% of the variance in plant
traits with STN, STP, STK, STOC, and SS. This finding is consistent with the work of Bell
et al. [33], who found in their study of North American deserts that with the increase in
drought degree, the soil organic carbon, soil microbial biomass, and soil enzyme activity all
decreased significantly. This phenomenon may have resulted from microbial enzymes and
plant litter quantity. The increase in water in desert ecosystems can stimulate the production
of microbial enzymes; accelerate the circulation of soil carbon (C), nitrogen (N), and
phosphorus (P); and increase nutrient supply, with water affecting soil nutrient content by
affecting plant litter quantity. Moreover, hydrothermal conditions determine the movement
of water and salt in arid areas by affecting the evaporation ratio [34]. A high-saline
environment can inhibit the absorption of mineral elements such as K+, Ca2+, and Mg2+ by
plants, resulting in a decrease in water potential within the plant [35]. Plants close their
stomata to reduce transpiration and at the same time prevent CO2 from entering the leaves
under low water potential, which affects the participation of CO2 in carboxylation and
reduces the net photosynthetic rate of the plant [36]. It is worthy to note that temperature
was also an important factor impacting photosynthetic production traits and water use
traits directly in this study. Many previous studies have shown that temperature affects the
energy balance of leaves and the metabolic rate of plants, often showing a strong correlation
with plant traits [37,38].

4.2. The Influence of Environmental Factors on the Relationship between Photosynthetic
Production Traits and Water Use Traits of Plants

The plants need to maximize the absorption of CO2 for photosynthesis but they must
also manage water loss as little as possible. The two physiological processes share the same
stomatal pathway [39], that is to say, there is a collaborative mechanism between A, and
E and GSW. Therefore, there is a tradeoff mechanism between photosynthesis and water
use of desert shrubs in Qaidam (Table 3). In this study, water conditions were important
factors affecting the relationship between leaf water use traits (GSW, E) and photosynthetic
production traits (A) (Figure 6B,F). The results of the study are consistent with previous
findings in that a number of physiological processes in plants, including photosynthesis,
were influenced by the plant water use system. Plants regulate photosynthesis and water
use systems in response to water in the environment in order to reduce the risk of fatal
plant dehydration [40].

It was also found that the synergistic relationship between photosynthetic production
traits and leaf water use traits decreased with the decrease in aridity index, except the driest
Golmud (C4 community). This finding is not in line with previous research. Existing re-
search results mostly believe that GSW and A have assumed a linear relationship structure,
that is, the synergistic relationship between GSW and A remains unchanged [41,42]. How-
ever, Lombardozzi et al. [43] and Lamour et al. [44] also proposed the nonlinear hypothesis
of GSW and A and verified it in different regions. In addition, although the drought degree
is the most serious in Golmud, the tradeoff intensity between photosynthesis and water use
of the community was lower than that in Nuomuhong. This phenomenon may have been
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caused by differences between species: C.k. (C4) is the main species in the plant community
in Golmud; C4 plants are more resilient to drought stress in terms of stomatal conduc-
tance and hydraulic performance than C3 plants, thus maintaining their photosynthetic
advantage [45,46].

There was a complex interaction and feedback mechanism between stomatal conduc-
tance (GSW) and transpiration rate (E). The low water potential caused by the increase in
transpiration rate brings about a further increase in the closing trend of stomata, which
would lead to a decrease in transpiration rate to avoid a further decrease in plant water
potential. In this study, it was found that SS could explain the change of synergistic relation-
ship between E and GSW better than other environmental factors (Figure 6M). This result is
the same as that of Ismail et al. [47] and Chen et al. [48]. They believe that salt stress caused
by SS is a key factor affecting plant physiological growth in arid ecosystems. Higher SS
leads to hyperosmosis, closure of plant stomata, lower transpiration rate of plants, and
weakening of the water absorption capacity. In this study, the synergistic relationship
between leaf E and GSW showed a “V” pattern along the soil salinity gradient, which could
be attributed to the fact that the decrease in transpiration rate of plants with increasing
salt stress is not only due to stomatal constriction, but also due to various physiological
response mechanisms of plants. It has been shown that with salt stress increase, osmoreg-
ulatory substances such as soluble sugars, proline, and soluble proteins in plants tend to
increase and then decrease [49,50]. The physiological response mechanisms, which play
a key role in preventing water losses from leaves, can better control the water exchange
between plants and the environment, regulate plant body temperature, and enhance water
storage function. Therefore, the synergistic effect of E and GSW was stronger in the highest
SS area of Golmud than the lower SS area of Dulan.

5. Conclusions

This study assessed and disentangled the influencing process of drought on photo-
synthetic production traits and water use traits in desert shrubs using plant physiological
data, soil physical and chemical property data, and weather data. The results confirmed
that both hydrothermal conditions and soil physicochemical properties affect A, E, and
GSW in Qaidam Basin, the arid core of Central Asia. Water conditions affected plant A,
E, and GSW by affecting soil nutrient factors and soil salinity; temperature affected A,
E, and GSW directly, as well as affecting soil nutrients and salinity. Water content was
the most important driving factor for the synergistic relationship between photosynthetic
production traits and water content traits. SS was the main driver of the synergistic rela-
tionship between water use traits. This study emphasizes the process of arid environment
in shaping photosynthetic production traits and water use traits of typical desert shrubs
in eastern Qaidam and provides a new perspective to investigate the mechanisms behind
desert vegetation dynamics under climate change.
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