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Abstract: Desert halophytes are a special plant group widely distributed in desert ecosystems.
Studying their ecological stoichiometric characteristics is helpful for understanding their nutrient
utilization characteristics and survival strategies. In this study, three functional groups of halophyte
shrubs (euhalophytes, pseudohalophytes, and secretohalophytes) were studied in the Xinjiang desert,
and the ecological stoichiometric characteristics of their leaves and their relationships with soil factors
were evaluated. The results showed that the C content in secretohalophytes (442.27 + 3.08 mg g~ ')
was significantly higher than that in the other functional groups (p < 0.05). The N and P contents in
euhalophytes (22.17 4+ 0.49 mg g_1 and 1.35 £ 0.04 mg g_l, respectively) were significantly higher
than those in halophytes (p < 0.05). The N/P results showed that the growth rates of euhalophytes
and pseudohalophytes were more susceptible to P limitation, whereas that of secretohalophytes
was more susceptible to both N and P limitations, indicating that there were differences in nutrient
characteristics among different functional groups. The results of the redundancy analysis showed
that the leaf C, N, and P contents of euhalophytes were most affected by electrical conductivity (EC),
whereas those of pseudohalophytes and secretohalophytes were most affected by the soil C content,
indicating that different functional groups of halophyte shrubs had different responses to soil factors.
The results of this study revealed the nutrient utilization characteristics of different functional groups
of halophyte shrubs in the Xinjiang desert and their response and adaptation mechanisms to soil
factors, thereby providing a basis for desert ecosystem management.
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1. Introduction

Ecological stoichiometry studies the balance between C, N, P, and other nutrients
among plants during their adaptation to and interactions with their environment [1]. Study-
ing the ecological stoichiometric characteristics of desert plants can effectively evaluate
and analyze the nutrient supply potential of desert soils and the productivity of desert
ecosystems [2]. As a special desert plant group widely distributed in desert ecosystems,
desert halophytes play an important role in maintaining nutrients and biodiversity and im-
proving the regional climate in desert ecosystems [3]. Studying the ecological stoichiometric
characteristics of desert halophytes is helpful for understanding their nutrient utilization
characteristics and survival strategies [4,5]. With the aggravation of global soil salinization
and N and P nutrient imbalances, the nutrient characteristics of desert halophytes have
also changed [6]. Therefore, it is of great significance for the management and restoration
of desert ecosystems to study the stoichiometric characteristics of desert halophyte leaves
and their relationship with soil factors and to elucidate the nutrient limitations of desert
halophytes and their response mechanisms to soil factors.
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In recent years, many scholars have conducted extensive research on desert plants,
mainly focusing on the relationship between desert plant nutrient characteristics, the
climate, and the physical and chemical factors of soil [7-10]. Some studies believed that
most soil factors directly affect the N and P stoichiometry, while climate factors indirectly
affect the N and P stoichiometry of desert plants. Therefore, soil factors are still key factors
affecting the nutrient characteristics of desert plants [11]. Relevant studies have shown
that EC has direct effects on the leaf N and P contents of desert plants, and that pH and
STN (soil total nitrogen) have direct effects on leaf N:P ratios [11]. Soil water content, total
carbon (TC), total nitrogen (TN), and available phosphorus (AP) content are positively
correlated with leaf C and N content [12], and soil water content is positively correlated
with N and P in plant leaves and negatively correlated with other stoichiometric ratios. Soil
salinity is positively correlated with leaf C/P and negatively correlated with leaf P [13].
However, according to some studies, the leaf stoichiometric characteristics of desert plants
are not directly determined by soil nutrient content but are more affected by the genetic
characteristics of plants [14,15]. The C, N, and P stoichiometries of plant leaves in different
functional groups vary to different degrees; for example, succulent woody plants have
higher N contents and lower C contents than herbaceous plants and non-succulent woody
plants, reflecting the unique adaptability of desert plants to extreme habitats [16].

Xinjiang is an extremely arid area with scarce precipitation, strong evaporation, and
a fragile ecological environment [17]. It is an area with the largest distribution area of
saline alkali land in China; under such natural environmental conditions, the widespread
distribution of desert halophytes has been promoted [18]. Under the long-term adaptation
to soil salt, the halophytes in Xinjiang mainly evolved into three categories (euhalophytes,
species that accumulate and isolate salt within succulent leaf or stem tissues; secretohalo-
phytes, species with salt-secreting glands; pseudohalophytes, species that restrict the entry
of saline ions into the transpiration stream) [19]. However, up to now, the stoichiometric
characteristics of nutrients in different halophyte species have still been unclear, and there
have been few studies on the relationship between the ecological stoichiometries of desert
halophytes and environmental factors.

With the intensification of drought and salinization, the ecological stoichiometric
characteristics of desert halophytes have changed [20,21]. Desert halophyte shrubs play an
irreplaceable role in maintaining the stability of biodiversity in desert ecosystems [19]. The
stoichiometry of C, N, and P in the leaves of three different functional groups of halophyte
shrubs and their relationship with soil factors were studied in this paper; we clarify their re-
sponse characteristics to soil factors in extremely arid areas. We assume that (1) under arid
and poor nutrient conditions, halophytes have higher C content and lower N and P content;
(2) owing to the different physiological functions of desert halophytes, the stoichiometric
ratios of C, N, and P of different functional groups may have different response characteris-
tics to soil factors. This study reveals the adaptation and feedback mechanisms of different
functional groups of desert halophytes shrubs, enriches the research on stoichiometry in
the desert ecosystem, and provides a scientific basis for the management of desert plants.

2. Materials and Methods
2.1. Study Area

In this study, 25 sample plots were selected in the desert areas of the Junggar Basin
and Tarim Basin in Xinjiang (Figure 1), spanning 80°39'-91°19’ E, 40°14’—46°14’ N, and
270-1025 m above sea level (Table S1). The study area has a typical temperate continental
arid climate, with little rainfall and strong evaporation, and a high soil salt content. The
mean annual precipitation (MAP) ranges from 45 mm to 159 mm, and the mean annual
temperature (MAT) ranges from 5.85 to 11.87 °C. Our database consisted of 10 species from
6 families, including 225 samples (euhalophytes, 100 samples; pseudohalophytes, 40 sam-
ples; secretohalophytes, 85 samples). The dominant euhalophyte species include Haloxylon
ammodendron and Halostachys caspica, the dominant pseudohalophyte species include Cal-
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ligonum leucocladum and Halimodendron halodendron, and the dominant secretohalophyte
species include Tamarix ramosissima and Tamarix arceuthoides (Table S2).
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Figure 1. Locations of the 29 sampling sites in Xinjiang, China.

2.2. Field Sampling

Based on the data from the previous field survey and literature such as Xinjiang Saline
Flora, typical sampling sites in Xinjiang desert were identified. In accordance with the
dominance, the constructive species or common plant species within the sample area of the
sampling site were selected so as to adequately represent the composition and structure of
the plant community there. At the same sampling site (plant community), individuals of
the same species were selected at a uniform distance for each species, so that the selected
individuals could adequately represent the growth of the species in the community.

In July 2018, plant and soil surveys and sample collections were conducted at sites
far from human disturbance. Three 10 x 10 m quadrats were randomly set up at each
site and species composition was investigated, and the dominant species and soil samples
were collected. At the species level, five individual plants of the same species were selected
according to their growth status, and 50 g of fresh, healthy, and mature (non-destructive,
sunny, petioles removed) plant leaves were collected from each individual plant. The col-
lected plant leaves were loaded into an envelope with an appropriate amount of desiccant
and labeled. In order to analyze soil nutrients, we randomly selected two sampling points
from the four corners of each sample, took five 0-50 cm soil samples at each sampling
point (remove impurities such as plants and rocks), and then fully mixed them to create
a composite sample for each sample. Collected 100 g of soil samples from the composite
samples, and put them into the sealed bag to take back to the laboratory for determination
of soil nutrient content. In addition, we used GPS to record the altitude and geographical
coordinates of each plot.

2.3. Chemical Analysis

The leaf samples were rinsed with deionized water to remove salt and dust from
the leaf surface, then stored in a drying oven at 105 °C and dried for 30 min to reduce
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nutrient loss due to the respiration and decomposition of the leaves, and then dried to
constant weight in an oven at 65 °C. The leaves were ground using a grinder and passed
through an 80-mesh sieve, weighed, bagged, and sealed for the determination of C, N, and
P contents. The collected soil samples were naturally dried, any remaining plant tissues
were removed, and the soil samples were ground through a 60-mesh sieve. The sieved soil
samples were divided into five equal parts and stored in numbered sample bags for the
determination of soil nutrients and other indicators. An elemental analyzer (Elementar Inc.,
Hanau, Hessen, Germany) was used to determine the plant and soil carbon and nitrogen
content (soil C and soil TN). The samples were digested with H,SO4-H>O,-HF, and the
plant and soil phosphorus contents (soil TP) were analyzed by colorimetry. The ratio of
soil to water in the test solution of soil pH value and electrical conductivity (EC) was 1:2.5
and 1:5, respectively, and then measured with a pH meter and electrical conductivity meter
(Mettler-Toledo International Inc., Zurich, Greifensee, Switzerland).

2.4. Data Analysis

SPSS (Version 26.0, Armonk, NY, USA) was used for test data processing and statistical
analysis. Levene’s test was used to test the homogeneity of variance. Duncan’s method
was used when there was homogeneity of variance, and Tamhane’s T2 method was used
when their variance was not homogeneous (x = 0.05). Canono (Version 5.0, Ithaca, NY,
USA) was used for redundancy analysis of the leaf stoichiometric characteristics and
soil factors. Blue solid arrows represent the ecological stoichiometric characteristics of
halophyte shrub leaves, and red hollow arrows represent soil factors. The arrow length
of each environmental factor represents the length of its eigenvector; this can also be
seen as the effect of soil factors on leaf ecological stoichiometry. The longer the line,
the greater the absolute cosine value, indicating a greater impact, and vice versa. The
angle between the environmental factor arrow and sorting axis indicates the size of the
correlation. The smaller the angle, the higher the correlation; that is, the sorting axis
reflects the gradient of the environmental factor. The data in the chart are presented as the
mean =+ standard error (p < 0.05). MAP and MAT data were obtained from WorldClim
Version 2.0 (http://worldclim.org/version2 (accessed on 7 March 2020)). In this study, the
data were interpolated with a precision of 30 s, and the longitude, latitude, and elevation
data were measured with GPS during the sampling process.

3. Results
3.1. Ecological Stoichiometric Characteristics of C, N, and P in Desert Saline Shrub Leaves

The mean C, N, and P contents in the leaves of Xinjiang desert halophyte shrubs were
409.31,19.92, and 1.25 mg g~ !, respectively (Table 1). The mean C/N, C/P, and N/P ratios
were 22.25, 352.20, and 16.53, respectively. The coefficients of variation (CV) of C, N, and
P content were 11.96, 29.42, and 28.18, respectively; the order from large to small was
N > P > C. The coefficients of variation of C/N, C/P, and N/P ratios were 30.11, 29.01, and
28.67, respectively; the order from large to small was C/N > C/P > N/P.

Table 1. The overall descriptive statistical characteristics of C, N, P stoichiometric characteristics of
desert saline shrub leaves.

Variable n Mean SE Minimum  Maximum CV (%)
C (mg gfl) 225 409.31 3.26 303.64 512.29 11.96
N (mg g_l) 225 19.92 0.39 10.21 43.97 29.42
P (mg gfl) 225 1.25 0.24 0.59 2.39 28.18

C/N 225 22.25 0.45 9.40 44.38 30.11
Cc/P 225 352.20 6.81 145.12 654.44 29.01
N/P 225 16.53 0.32 7.02 37.39 28.67

Note: 1, sample size.
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There were significant differences in the C, N, and P contents and stoichiometric char-
acteristics of desert halophyte shrubs in different functional groups (Figure 2). The leaf C
content of secretohalophytes (442.27 + 3.08 mg g~ ') was significantly higher than that of
both pseudohalophytes (405.12 + 7.49 mg g~ !) and euhalophytes (382.96 & 4.70 mg g~ !)
(p < 0.05), the N content of euhalophytes (22.17 + 0.49 mg g~ !) was significantly higher than
that of pseudohalophytes (18.64 + 1.41 mg g~ ') and secretohalophytes (17.88 4 0.43 mg g~ 1)
(p < 0.05), and the P content of euhalophytes (1.35 4 0.04 mg g~!) was significantly
higher than that of both of pseudohalophytes (1.10 4- 0.06 mg g~ ') and secretohalophytes
(121 £ 0.03mg g~ 1) (p < 0.05).
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Figure 2. Comparison of leaf C, N, P content (A—C) and ratio (D-F) of different functional groups of
desert saline shrubs. Note: I: euhalophyte; II: pseudohalophytes; III: secretohalophyte. Lowercase
letters indicate significant differences between plants (p < 0.05).

The stoichiometric ratios of C/N, C/P, and N /P in the leaves of different functional
groups were also different (Figure 2). The C/N ratios of pseudohalophytes (24.53 & 1.08)
and secretohalophytes (25.83 £ 0.59) were significantly higher than that of euhalophytes
(18.29 £ 0.54) (p < 0.05), the C/P of euhalophytes (310.98 £ 10.31) was significantly lower
than that of both pseudohalophytes (395.41 + 14.87) and secretohalophytes (380.36 £ 9.37)
(p < 0.05), and the N/P of euhalophytes (17.71 £ 0.57) and pseudohalophytes (16.74 & 0.55)
were significantly higher than that of secretohalophytes (15.08 £ 0.38) (p < 0.05).

3.2. Characteristics of Soil Factors of Desert Halophyte Shrubs

Except for the soil C content (8.75 mg g~ !) and EC (1.58) of pseudohalophytes that were
significantly lower than those of other functional groups, other factors had no significant
differences between the soils of different desert halophyte functional groups (Table 2). The
correlation results showed that except for soil TN and EC, other soil indicators showed
significant correlations at the overall level (Figure 3A). For euhalophyte soil, soil C showed a
significant negative correlation with soil TN and pH, soil TN was positively correlated with
pH and soil TP, and soil TP was positively correlated with pH and negatively correlated
with EC (Figure 3B). For pseudohalophyte soil, soil C and soil TN and pH and EC were
negatively correlated, and soil TN and soil TP and soil TP and pH were significantly
positively correlated (Figure 3C). For secretohalophyte soil, soil C indicated a significant
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negative correlation with soil TP and pH, and soil TN was positively correlated with soil TP,
whereas soil TP was significantly positively correlated with pH, and there was a significant
negative correlation between pH and EC (Figure 3D).

Table 2. Multiple comparisons of soil factors of different functional groups of saline shrubs.

Plant Group Soil C (mg g—1) Soil TN (mgg1)  Soil TP (mgg—1) pH EC (mS cm™1)
Euhalophyte 999 +0.222 254+0.172 234+0.192 8.90 +£0.342 10.04 £1.302
Pseudohalophyte 8.75+0.31P 274+0.322 228+0.332 8.90+0.50% 1.58 +0.40P
Secretohalophyte 9.82+0.232 224+011°2 271+0.192 8.80 £0.302 14.29 £1.862
Mean 9.71+0.142 247 +£0.10% 248+0.132 8.86 £0.212 10.14 £ 096
Note: Lowercase letters indicate significant differences in the same soil factors between different functional groups
of saline shrubs (p < 0.05).
(A) | (B) |
SoilC 1 * e 2 = 0.8 SoilC | * gL -8
0.6 0.6
SoilTN 1 L * 0.4 SoilTN 1 . * 0.4
0.2 0.2
SoilTP 1 * * o SoilTpP 0.63 I * * 0
0.2 0.2
pl ] * 0.4 pH | * -0.4
0.6 0.6
EC | 0.8 EC 1 0.8
1 1
S & & & ¢ R
°a°¢’ S A ® * p<0. 05 ST * p<0. 06
(©) | (D)
1
SoilC 1 * 0.8 S0ilC 1 * * 0.8
0.6 0.6
SoilTN 1 * 0.4 SoilTN 1 . 0.4
0.2 0.2
SoilTpP I * 0 SoilTP 0.62 1 i 0
-0.2 0.2
pH 1 . 0.4 pH 1 e 0.4
0. 6 0.6
EC 0. 47 | 0.8 EC 1 0.8
-1 1
T $ 5 RN & ¢
e o ¢ ® * p<0.05 S % p0. 05

Figure 3. Correlation heat map of soil factors of desert halophytes in different functional groups.
Note: (A) whole soil; (B) euhalophyte soil; (C) pseudohalophyte soil; (D) secretohalophyte soil.

3.3. Relationship between Ecological Stoichiometric Characteristics of Desert Halophyte Shrub
Leaves and Soil Factors

To explore the correlation between the ecological stoichiometric characteristics of
the leaves of different functional groups of halophyte shrubs and their soil factors, a
redundancy analysis was performed (Figure 4). Data of all plants in the study area are
shown in Figure 4A. The total explanation rates of the C, N, and P ecological stoichiometric
characteristics of whole halophyte shrub leaves on the first and second ordination axes were
73.81% and 18.52%, respectively, and the cumulative interpretation amount reached 92.33%.
Among all soil factors, the largest absolute value of the soil C cosine value shows that
soil C has the greatest impact on plants. Soil C and EC had the longest arrow connection.
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Therefore, the changes in the ecological stoichiometric characteristics of plant leaves can
be well explained by soil C content and EC. Soil C was proportional to leaf N, P content,
and N/P, and inversely proportional to C/N, C/P, and C, among which soil C had the
greatest correlation with N; in addition, EC and P were positively correlated. Soil TN
and pH were proportional to C/P and N/P, and inversely proportional to P; soil TP was
inversely proportional to N and P and proportional to C, and the correlation with P was
significantly greater than that with the other leaf ecological stoichiometric characteristics.
There were some differences in the effects of soil factors on the ecological stoichiometry
characteristics of plant leaves. The order of importance of the influence of each soil factor
from the ecological stoichiometry characteristics of plant leaves was soil C (57.8%) > EC
(23.2%) > soil TP (7.4%) > pH (5.9%) > s0il TN (5.8%) (Table 3). Among all the factors, soil
C and EC had very significant effects on the ecological stoichiometry of halophyte leaves
(p < 0.01), and their interpretation rates for the ecological stoichiometry characteristics of
halophyte leaves were 57.8% and 23.2%, respectively. The effect of soil TP and pH on the
ecological stoichiometry characteristics of plant leaves was significant (p < 0.05), while
the effect of soil TN on the ecological stoichiometry characteristics of plant leaves was not
significant (p = 0.05) (Table 3).
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Figure 4. Redundancy analysis two—dimensional ordination diagram of the relationship between
leaf C, N, P stoichiometric characteristics and soil factors. Note: (A) whole plants; (B) euhalophytes;
(C) pseudohalophytes; (D) secretohalophytes.

The leaf C, N, and P stoichiometry of euhalophytes (Figure 4B), pseudohalophytes
(Figure 4C), and secretohalophytes (Figure 4D) were explained by 81.17%, 71.73%, and
72.18%, respectively, in the first ordination axis, but the soil factors had different effects on
the leaf C, N, and P stoichiometric characteristics. Meanwhile, EC had the greatest impact
on euhalophytes, and soil C had the greatest impact on pseudohalophytes and secretohalo-
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phytes. According to the angle in the diagram (Figure 4B-D), it can be observed that soil C
was significantly negatively correlated with the C/N, C/P, and C content of euhalophytes,
and positively correlated with the N content. Soil C was positively correlated with the C, N,
and P of pseudohalophytes and secretohalophytes, and negatively correlated with the C/N
and C/P of secretohalophytes. The soil TN was significantly negatively correlated with the
P content in euhalophytes, N/P and C/P in secretohalophytes, and C, N, and P in pseudo-
halophytes. The soil TN was positively correlated with the N/P of euhalophytes, and the P
content and C/N of secretohalophytes. The soil TP was significantly positively correlated
with the C content, C/P, N/P, and C/N of euhalophytes. However, it was significantly
negatively correlated with the P content of euhalophytes, C and P of pseudohalophytes,
and N and N/P of secretohalophytes. There was a positive correlation between the pH,
C, and C/N of euhalophytes, C content of pseudohalophytes, and N, C/P, and N/P of
halophytes, but pH was only significantly negatively correlated with P of secretohalophytes.
EC was significantly negatively correlated with the C content and C/P of euhalophytes
and pseudohalophytes, and the C/P and N/P of secretohalophytes. EC was positively
correlated with the phosphorus content in both euhalophytes and secretohalophytes.

Table 3. Results of the importance ranking and significance tests of the overall soil factors’ variables

interpretation.
Name Importance Rank Contribution % Pseudo-F P
Soil C 1 57.8 25.6 0.002
Soil EC 2 232 10.7 0.002
Soil TP 3 74 3.5 0.02
pH 4 5.9 2.8 0.048
Soil TN 5 5.8 2.7 0.05

4. Discussion
4.1. Stoichiometric Characteristic of C, N, and P Elements in Leaves of Desert Halophyte Shrubs

The characteristics of plants” C, N, and P not only reflect the characteristics of plants,
but also reflect the long-term adaptation and response to their environment [22,23]. The
C content (409.31 & 3.26 mg g~ !) of the whole halophyte shrub leaves was lower than
that of the global terrestrial plants (464.00 & 32.10 mg g~ ') [23] and the Sonoran Desert
plants (434.8 + 1.8 mg g’l) [2], indicating that the C reserve capacity was weak in this
study, which was related to the strong diurnal temperature difference and low annual
precipitation in the study area. The contents of N (19.9 mg g~ !) and P (1.2 mg g~ !) in
the leaves of halophyte shrubs in this study were lower than in the China desert plants
(24.4 and 1.7 mg g~!) [24], China desert halophytes (28.1 and 1.9 mg g~!) [25], China
sand plants (34.1, (2.5 mg g~ 1) [26], and Sonoran Desert plants (25.9 and 1.5 mg g~ 1) [2]
(Table S3). Scarce rainfall and intense evaporation result in extremely low soil moisture
and nutrient contents in the study area, which ultimately leads to inadequate nutrient
availability to desert halophyte shrubs [13]. Under conditions of water and nutrient
stress, desert halophyte shrubs may be limited in their ability to take up nitrogen and
phosphorus nutrients, which reduces nutrient cycling and metabolic activity, resulting in
reduced nutrient feedback mechanisms between plants and the soil. As a result, plant
nutrient contents are also expected to decrease. Desert halophyte shrubs adapt to their
environment through a number of physiological regulators, such as slowing plant growth
to reduce metabolic rates and reducing resource requirements to cope with the barren
environment [27].

There were significant differences in the C, N, and P stoichiometric characteristics
among the leaves of desert halophyte shrub groups in the study area, indicating that there
were some differences in the resource utilization efficiency and adaptation strategies in
response to adverse environments [19,28]. As the main element of plant dry matter, C
is also the substrate and energy source of various physiological metabolic processes of
plants [25]. The C content in the leaves of halophyte shrubs was significantly different
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among different halophyte species. The leaves of some halophytes are scaly, forming a
special stem leaf callus similar to the stem. The tissue is composed of large epidermis,
porous cells, and water storage and vascular tissues. Salinity also improves the function of
these tissues, making the saline plants better able to adapt to extreme drought conditions,
which helps plants to enhance photosynthesis and improve the ability of plant leaves to
synthesize carbohydrates [28]. The low C content in the leaves of euhalophytes may be
related to their salt tolerance. The fleshy development of euhalophyte leaves can dilute
excess salt in the body to alleviate physiological water shortages [3]. N and P are two
important limiting elements in plant growth and development. Their effectiveness is one
of the main factors regulating the plant litter decomposition rate and ecosystem nutrient
balance, affecting the entire growth process of plants [29]. Euhalophytes have strong and
unique salt tolerance mechanisms. Under salt stress conditions, the N and P contents
in the leaves are significantly increased. In addition, non-protein N accumulation in
euhalophytes is higher under salt stress conditions, which plays a crucial role in osmotic
regulation [25,30]. Pseudohalophytes and secretohalophytes have different salt tolerance
mechanisms to euhalophytes. The low N content in secretohalophytes is mainly due to the
formation of salt glands or salt vesicles on their leaves, which can secrete excessive salt ions
in plants [30]. The low P content in pseudohalophytes is due to the suberization of the root
cortex. The main component of suberization is water-insoluble fatty substances, which are
impermeable, making it difficult for salts dissolved in soil water to enter plants [31].

C/N and C/P ratios are important physiological indicators of plants. Generally, plants
with higher C/N and C/P ratios have relatively lower growth rates [24] and higher carbon
sequestration efficiencies [32]. Secretohalophytes and pseudohalophytes had the highest
C/N and C/P ratios, and they had higher carbon sequestration advantages in nutrient-poor
habitats than euhalophytes [13]. Overall, C/N and C/P were high, which can be attributed
to the extreme drought, high temperature, and strong evaporation in the study area [16,30].
To resist harsh environments, plants reduce their growth rate, resulting in relatively high
C/N and C/P ratios in the leaves [32]. Leaf N/P is considered an important indicator of
plant and soil nutrient limitation [33]. The N/P of euhalophytes and pseudohalophytes
was greater than 16, and that of secretohalophytes was less than 16. This indicates that the
growth of euhalophytes and pseudohalophytes is more susceptible to P limitation, whereas
the growth of secretohalophytes is more susceptible to both N and P limitations. Overall,
the N/P ratio was much higher than in other regions [34,35], and greater than 16, indicating
that P is the main limiting element for desert plant growth in the study area. Nutrient
deficiency and water shortage lead to insufficient nutrient supply for desert halophytes [25].
Under limited water and nutrient conditions, the ability of desert halophytes to assimilate
P may be limited, thereby reducing nutrient cycling and metabolic activity, and ultimately
leading to a decrease in nutrient feedback mechanisms between plants and soil [30]. In
addition, less precipitation and greater evaporation makes it difficult for desert halophytes
to obtain phosphorus from the soil, thereby making it more vulnerable to P limitation in
this area.

4.2. Characteristics and Relationship of Soil Factors

Soil C, N, and P contents can indicate soil nutrient storage, nutrient cycling, and balance
and are important indicators of soil organic matter composition and quality [36]. The soil C
content (8.75 mg g~ 1) of pseudohalophytes was the lowest among the halophyte groups,
and the overall C content was low (9.71 mg g~!), which was far lower than the national
level (11.12 mg g~ 1) [37]. It is possible that the soil productivity of desert halophyte shrubs
in Xinjiang is low, which is related to the nutrient conditions of the soil itself and the lower
feedback of plant litter to the soil in the study area [30]. There was no significant difference
in soil N and P contents among different halophyte functional groups, but the overall N
and P contents were high (2.47 and 2.48 mg g~ !); they were significantly higher than the
average global level (1.06 and 0.65 mg g~ !) [37] because the N and P contents increased
under salt stress [4], which is consistent with the results of Wang et al. (2017) [25]. EC can
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represent some physical information about soil, such as salt state, nutrient content, and
water content [38,39]. The pH was significantly negatively correlated with EC in the soil of
all three halophytes, and EC was related to the salt content. The larger the EC, the higher
the content of soluble salt ions [38]. The soil EC (1.58) of pseudohalophytes was the lowest
among the halophytes, indicating that the soil soluble salt ion content was the lowest.

4.3. Response of Desert Halophyte Shrubs” Stoichiometry to Soil Factors

Plant growth and development are closely related to their environment. Changes in the
element content and the stoichiometric ratio in plants reflect the response and adaptation
of plants to the environment [40—42]. Many studies have found that soil is the main
nutrient source for plant growth and development, and its nutrient characteristics have an
important impact on plant leaf N and P contents [43,44]. Soil nutrients significantly affect
the ecological stoichiometric characteristics of plant leaves [45]. Based on the redundancy
analysis of the relationship between the stoichiometric characteristics of different functional
groups of salinized shrubs and soil factors (Figure 4), there was a significant correlation
between the stoichiometric characteristics of the different functional groups of the halophyte
shrub and soil factors. Overall, the growth and development of desert saline shrubs were
limited by soil C and EC. However, for the different functional groups of halophyte shrubs,
the responses of leaf C, N, and P ecological stoichiometric characteristics to soil factors
were different. EC represents soil salinity, and among them, it had the greatest impact on
euhalophytes. It was found that the protein content of euhalophytes was very high under
drought and salt stress, indicating that the plant has a higher nitrogen uptake or metabolism
capacity [3]. In addition, it was shown that euhalophytes also absorb large amounts of salts
and store them in their bodies during growth, and in addition to accumulating salts, they
grow certain contents whose growth is positively correlated with external salinity [3,6]. For
pseudohalophytes and secretohalophytes, soil C is one of the greater factors affecting their
nutrient characteristics. Soil C is mainly derived from the content of soil organic matter
and the decomposition of apoplastic matter, and is strongly influenced by plants, water
and heat, and parent material. Due to drought and salinity stress, plants need to increase
the proportion of C-rich tissues (e.g., lignin) in their own bodies to protect the plant body
from damage to adapt to the drought environment [3,46].

Only leaf N had a significant positive correlation with soil TN in euhalophytes
(Figure 4B), indicating that soil TN has a limiting effect on euhalophyte growth. The soil
TN level determines the absorption of N by euhalophyte leaves to a certain extent [47,48].
The C and P contents in the leaves of secretohalophytes were positively correlated with soil
C and soil TP, respectively (Figure 4C,D), indicating that secretohalophytes were limited
by soil C and P. However, leaf C was only positively correlated with soil C in pseudohalo-
phytes, indicating that the growth and development of pseudohalophytes were limited by
soil C [49]. This may be because pseudohalophytes increase their salt tolerance through
the compensatory growth of roots [3], and reduced C content is transported up leaves
by pseudohalophytes; thus, leaf C was positively correlated with soil C. There was no
significant difference in soil N and P contents among the different functional groups of
halophyte shrubs, but the utilization and consumption strategies of nutrient elements in
different functional groups of halophyte shrubs were different [30]. This indicates that
the ecological stoichiometric characteristics of desert saline shrub leaves are not directly
determined by the characteristics of soil nutrient contents, but are related to their own
genetic characteristics, which reflects the unique adaptation mechanism of different desert
halophyte shrubs to habitats [50], consistent with the results of Luo et al. (2017) [51] and
Song et al. (2020) [52]. Under soil moisture- and nutrient-scarce conditions, Xinjiang
desert halophyte shrubs have formed their own unique stoichiometric characteristics and
physiological ecology, reflecting the relatively stable adaptability of desert saline shrubs
to extreme environments [16]. The environmental indicators selected in this study are
limited, and more environmental indicators will be combined in future studies to conduct a
comprehensive analysis of the relationship between halophytes and environmental factors.
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5. Conclusions

It is of great importance to reveal the nutritional characteristics and ecological adapta-
tion mechanisms of desert halophytes to study the element accumulation and utilization
characteristics of different functional groups and their adaptability to harsh soil from the
perspective of plant nutrition. In this study, C content of the whole halophyte shrub leaves
was lower than that of the global terrestrial plants and the Sonoran desert plants. The
contents of N and P in the leaves of halophyte shrubs were lower than in the China desert
plants, China desert halophytes, China sand plants, and Sonoran desert plants. Through
the analysis of the stoichiometric characteristics of C, N, and P in the leaves of euhalo-
phytes, secretohalophytes, and pseudohalophytes, and their correlations with soil factors,
it was found that there were significant differences in the leaf contents and ratios. This
indicates that the N and P nutrient limitations and nutrient resource utilization efficiencies
of halophytes in different functional groups were different. The redundancy analysis results
showed that the C, N, and P contents in the leaves of euhalophytes were most affected by
EC, whereas the leaves of pseudohalophytes and secretohalophytes were most affected
by soil C content, indicating that different functional groups of halophyte shrubs had
different responses to soil factors. In this study, euhalophytes and pseudohalophytes can be
applied with phosphate fertilizer due to P limitation, and salt-secreting halophytes can be
appropriately applied with nitrogen fertilizer and phosphate fertilizer due to the common
limitation of N and P. Desert halophytes show unique advantages, especially in saline
alkali habitats. Desert halophytes can not only prevent salt accumulation in the tilth, but
also improve soil structure and fertility, and promote good plant soil nutrient cycling in
desert ecosystems. Therefore, in terms of desert halophytes’ management, we need to pay
attention to their adaptation to salt and differences in nutrient utilization so as to better use
halophytes to improve the soil conditions in desert areas.
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