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Introduction


Soil salinity is known to affect plant performance and nutrient stoichiometry by altering their ecophysiology, and thus playing a crucial role in determining plant distribution patterns and nutrient cycles in salinized ecosystems. However, there was little consensus on the effects of salinity stress on plant C, N, and P stoichiometries. Moreover, determining the relationships between species relative species abundance and plant C, N, and P stoichiometries can help to understand the different adaptive strategies between the common and rare species as well as the community assembly process.





Methods


We determined the plant C, N, P stoichiometries at the community and species levels and the relative abundance of species as well as the corresponding soil properties from five sampling sites along a soil salinity gradient in the Yellow River Delta, China.





Results and Discussion


We found that the C concentration of belowground part increased with soil salinity. Meanwhile, plant community N concentration and C:N ratio tended to decrease with soil salinity, whereas the P concentration, C:P, and N:P ratios exhibited the opposite trends. This indicated that N use efficiency increased, while P use efficiency decreased with soil salinity. Moreover, the decreased N:P ratio indicated that N limitation was gradually aggravated along the soil salinity gradient. The soil C:P ratio and P concentration were the major factors of plant C, N, and P stoichiometries in the early growth stage, whereas the soil pH and P concentration were the major factors of plant C, N, and P stoichiometries in the late growth stage. Compared with that of the rare species, the C:N:P stoichiometry of the most common species was medium. Moreover, the intraspecific variations in the aboveground part N:P ratio and belowground part C concentration showed a significant correlation with species’ relative abundance, which indicated that higher intraspecific trait variation might facilitate greater fitness and survival opportunities in environments with high heterogeneity.





Conclusion


Our results revealed that the plant community C:N:P stoichiometry and its determining soil properties varied with plant tissues as well as sampling seasons, and emphasized the importance of intraspecific variation in determining the functional response of plant communities to salinity stress.
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1.  Introduction.


Carbon (C), nitrogen (N), and phosphorus (P) are the three most important macroelements in organisms and play critical roles in adjusting plant energy flow, material circulation, and primary productivity (Aerts and Chapin, 2000; Elser et al., 2000; Elser et al., 2010). Changes in C, N, and P concentrations and their ratios can reflect the response mode of plants in nutrient uptake, utilization, and allocation during various growth stages and conditions (Niklas and Cobb, 2005; Minden and Kleyer, 2014). Therefore, exploring the variation patterns in the C, N, and P stoichiometries of plants along an environmental gradient can help to understand the adaptive strategies of plants to changing environments as well as their potential impact on ecosystem processes (Zhang et al., 2018; Fang et al., 2019; Zhang et al., 2021b).


In recent years, the variation patterns of plant C, N, and P stoichiometry with environmental factors have been researched extensively from regional to global scales (Reich and Oleksyn, 2004; Han et al., 2005; Thompson et al., 2010; Gargallo-Garriga et al., 2015; Huang et al., 2019; Luo et al., 2021). For example, leaf N and P concentrations increased and the N:P ratio decreased with increasing latitude and decreasing mean annual temperature (MAT) at the global level (Reich and Oleksyn, 2004). Similar results were found at the regional scale in China, while the difference was that the N:P ratio was weakly associated with latitude and MAT (Han et al., 2005; Ren et al., 2007; Fang et al., 2019). In addition, leaf C concentration, C:N and C:P ratios decreased with increasing latitude and altitude and decreasing MAT and mean annual precipitation at the regional scale (Fang et al., 2019; Zhang et al., 2021a). Salt stress can impose physiological constraints on plants, including nutrient imbalance, osmotic stress, and photosynthetic inhibition, thereby affecting plant growth (Chaves et al., 2009; Rong et al., 2015; Sun et al., 2017). Compared with extensive studies conducted on plant C, N, and P stoichiometry variations with the abovementioned environmental factors, however, relatively few studies have focused on their variations with salinity stress.


For instance, recent studies showed that plant C concentration and C:N ratio decreased as soil salinity increased (Song et al., 2015; Wang et al., 2015), whereas Rong et al. (2015) found no significant relationships between leaf C concentration and C:N ratio and soil salinity. Some studies showed that leaf P concentration decreased, whereas leaf N concentration and N:P ratio increased with salinity stress (Patel et al., 2010; Song et al., 2015). However, other studies found that leaf N and P concentrations both decreased with increase in soil salinity (Ramoliya et al., 2006; Sun et al., 2017). Also, studies have shown that the patterns of N and P concentrations in response to soil salinization are species specific (Loupassaki et al., 2002). Although the effects of salinity stress on plant ecophysiology have been extensively studied, the effects of soil salinity on plant C, N, and P stoichiometries are seldom studied (Sun et al., 2017). Moreover, there was little consensus on the effects of salinity stress on plant C, N, and P stoichiometries, and these studies mostly focused on the leaf level. Therefore, exploring the pattern of the above- and below-ground parts C, N, and P stoichiometry variations with soil salinity can provide new insights into the effects of salinization on the nutrient cycle and the community assembly process.

Plants have different resource utilization strategies at different growth stages (Liu and Wang, 2021). Specifically, nutrients are mainly transported for new tissue development to meet the rapid growth rate during spring seasons, while they are transported to fruits and seeds to produce offspring during autumn and to roots to ensure survival and growth in the following year (Åoren, 1988). Therefore, the C, N, and P stoichiometries of plants would also vary with the growing seasons (Sardans and Peñuelas, 2012; Li et al., 2017b). For instance, leaf N and P concentrations of woody species decreased over the growing seasons, whereas the C:N, C:P, and N:P ratios showed the opposite trend (Dong et al., 2021). Similarly, the leaf N and P concentrations of herbs were significantly higher in the early growth season than in other growing seasons (Wu et al., 2010; Liu et al., 2020; Xiong et al., 2020). In contrast, Huang et al. (2019) showed that riparian plants exhibited lower leaf N and P concentrations and higher leaf C concentration and ratios of C:N, C:P, and N:P in spring than in autumn. However, most studies have focused on the characteristics of leaf C, N, and P stoichiometry during the peak growth period, but ignored the seasonal dynamics of the element stoichiometric characteristics in leaves as well as other parts (especially the belowground part).


Plant C, N, and P stoichiometries are linked to carbon assimilation capacity, nutrient limitation status and performance of plants (Aerts and Chapin, 2000; Hessen et al., 2007; He et al., 2008). Specifically, C:N and C:P ratios can reflect the nutrient utilization efficiency and carbon assimilation rate of plants (Huang et al., 2019). Comparatively, the N:P ratio of plants can reflect dynamic balance between plant nutrition requirement and soil nutrients, and therefore can be regarded as an indicator of soil nutrient limitation (Koerselman and Meuleman, 1996; Herbert et al., 2003; Güsewell, 2004). Generally, common species are finely tuned and have significant growth advantages with high efficiency in exploiting resources in the given environment, while the rare species are likely transients struggling for success for the available conditions (Umaña et al., 2015). Species relative abundance is usually used to distinguish the common and rare species (Mouillot et al., 2013). Therefore, plant C, N, and P stoichiometries should also be related to the relative abundance of the species. To the best of our knowledge, however, no studies have conducted to determine the relationships between species relative abundance and plant C, N, and P stoichiometries. Trait variations within species can enable plants to adapt to varying environmental conditions and alter their interactions with other species, and thus could be crucial for understanding community dynamics (Bolnick et al., 2003; Garzón et al., 2011). Given the assumption that intraspecific variation arising from phenotypic plasticity is much lower than interspecific variation (Garnier et al., 2001), interspecific variation in plant traits has long been considered to be the cornerstone of ecosystem function and community assembly (Adler et al., 2013; Laughlin and Messier, 2015). Recent studies have found that intraspecific variation in traits can be similar to or even greater than the interspecific variation (especially for leaf nutrient concentrations) and is of great significance in predicting the performance of plant communities in response to environmental changes (Fajardo and Siefert, 2016; Pérez-Ramos et al., 2019; Lin et al., 2020). Furthermore, very few studies have examined the links between species relative abundance and the intraspecific variation of plant C, N, and P stoichiometries. Therefore, linking the species relative abundance to plant C, N, and P stoichiometries and their intraspecific variations would help to understand the different strategies between the common and rare species as well as the community assembly process.


The Xiaokai River, located in northeast Shandong Province, China, is a large national Yellow River irrigation area. In this area, riverbeds and tablelands are distributed in strips with scattered shallow saucer-type depressions. The hills and depressions are characterized by gentle slopes, forming a micro-relief terrain alternating with hills, slopes, and depressions. Surface and groundwater runoff in low-lying areas are sluggish and vulnerable to waterlogging and salinity changes. The irrigation area is flat with gentle slope, and the natural terrain is high in the south and low in the north. As a result, salinization of the Xiaokai River irrigation area gradually increases from south to north. This presents a suitable opportunity to explore the variation patterns in the C, N, and P stoichiometric characteristics of plant communities along the soil salinity gradient. Therefore, this study aimed to: (1) determine the variation patterns in both above- and below-ground parts C, N, P stoichiometries of plant community in response to a salinity gradient; (2) identify the dominant soil factors affecting above- and below-ground parts C, N, P stoichiometries of plant community under salinity stress; and (3) examine the relationships between species relative abundance and the above- and below-ground parts C, N, P stoichiometries and their intraspecific variations under salinity stress. Considering that the degree of soil salinization has increased due to rises in sea level and increase of drought incidences (Aragüés et al., 2015; Sun et al., 2017; Cai et al., 2021; Wang et al., 2021), the findings of this study may aid in an improved understanding of the carbon allocation processes in plant communities and better predict their responses to global changes.





2.  Materials and methods.




2.1.  Site description.


The Xiaokai River irrigation area (117°42′–118°04′ E, 37°17′–38°03′ N) adopts river water diversion without a dam on the bank. However, diverting water from the Yellow River inevitably carries sand, which leads to the continuous silting of sediment in the irrigation area. Therefore, the main canal in the irrigation area was designed based on multiple years of statistical data of the Yellow River bottom elevation and water level in front of the sluice, and large gradient and long-distance sediment transport were adopted. The trunk canal of Xiaokai River is 91.5 km long: the sand transport channel is 51.3 km long, the sand settling basin is 4.16 km long, and the water transport channel is 36.04 km long.


The Xiaokai River irrigation landform belongs to the accumulation plain area in the hinterland of the Yellow River Delta, China. Its elevation is generally below 50 m. The irrigated area falls within the temperate monsoon climate zone, which has four distinct seasons with rain and heat at the same time. Rainfall in the irrigation area varies greatly annually and is unevenly distributed. The annual average rainfall is 575.2 mm, and the annual average temperature is 12.3°C. The annual frost-free period is 210 d on average, and the annual light hours are 2400–2700 h. The soil is mostly fluvo-aquic, and the surface soil texture can be roughly divided into four categories: sandy soil, sandy loam, clay loam, and clay.





2.2.  Experimental design.


Plant and soil sampling was carried out in late-May (early growth stage) and mid-September 2021 (late growth stage). Along the Xiaokai River irrigation area, we selected five sampling sites from south to north (one sampling site was set up around, two before and two after the sand settling basin) (Figure 1). With the decrease in terrain (from south to north), the degree of salinity increased gradually across the five sampling sites (S1: very low salinity; S2: low salinity; S3: medium salinity; S4: high salinity; S5: very high salinity). See Figure S1 for the variations of soil pH and electrical conductivity along the Xiaokai River irrigation. Five quadrats (2 × 2 m) were randomly set at each sampling site, and the height, coverage, and number of clusters of all herbs in each quadrat were recorded. Then, the above- and below-ground parts of each species were harvested, and one soil core (0–20 cm) was collected from each quadrat. The plant samples were dried to a constant weight at 65°C. The soil samples were air-dried, and the remaining roots and stones were manually removed. In total, 30 (or 226) and 37 (or 306) species (or above- and belowground part samples) were collected in the early and late growth stages, respectively. For C, N, and P analysis, plant samples were ground in a ball mill (WS-MM301; Retsch, Haan, Germany) and soil samples were ground to a fine powder to pass through a 0.15 mm sieve. Plant and soil C and N concentrations were measured by combustion using an elemental analyzer (vario MACRO cube, Germany). Plant and soil P concentrations were determined using an inductive coupled plasma emission spectrometer (iCAP7600, USA) after HNO3 digestion of the plant samples and HNO3–HF digestion of the soil samples. Soil pH and electrical conductivity were determined in a 1:2.5 mixture of air-dried soil and distilled water using a glass electrode pH meter (S40, Mettler Toledo, Switzerland) and a conductivity meter (DDS-11A, Leici, China), respectively.





Figure 1 | 
The location of the study area and distribution of sampling sites. S1, very low salinity; S2, low salinity; S3, medium salinity; S4, high salinity; S5, very high salinity.









2.3.  Data analysis.


One-way ANOVA was used to analyze the differences in C, N, and P concentrations and their ratios in the plant and soil samples across different sampling sites. An independent sample t-test was used to analyze the differences in above- and below-ground parts C, N, and P stoichiometries of plants in the same sampling season and between sampling seasons in the same plant tissues. Pearson’s correlation was used to test the relationships between and across the above- and below-ground parts C, N, and P stoichiometries of plants. All the above statistical analyses were performed using SPSS (2010, v.19.0; SPSS Inc., Chicago, IL, USA). The RDA-ordination biplot was used to examine the relationships between the plant C, N, and P stoichiometries and the soil properties using the CANOCO software for Windows (ver.5.0, Ithaca, NY, USA).


In each quadrat, the community weight mean (CWM) of plant C, N, and P stoichiometries was calculated in each growth stage (or pooling the two growth stages). First, the weight of each herb species in each quadrat was calculated by dividing their coverage by total plant coverage. Second, the CWM of plant C, N, and P stoichiometries of each quadrat was calculated as the sum of the product of C, N, and P concentrations and their ratios for each species and their weight. The distance of a species from the CWM (ΔCWM) for plant C, N, and P stoichiometries was calculated as the absolute difference between the CWM value and the species-median C, N, and P concentrations and their ratios for each species. A small distance value indicated that the species is close to the average trait value of the community, whereas a higher distance value indicates that the species is in an extreme position in the trait distribution of the community (Umaña et al., 2015). The coefficient of variation (CV) was calculated to characterize the intraspecific variation in plant C, N, and P stoichiometries, which was calculated as CV= 100 × standard deviation of plant C, N, and P stoichiometries divided by the mean values of each species across the sampling sites. The relative species occurrence frequency across the sampling sites was used to represent the species relative abundance (Klanderud and Totland, 2005). Then, the Pearson’s correlation coefficients between species relative abundance and the ΔCWM and the intraspecific variation of plant C, N, and P stoichiometries were calculated using SPSS. When the sampling number of a species in each growing season (or pooling the two growth stages) was more than three, the species would be considered into the CWM calculation. See Table S1 for details regarding these species.






3.  Results.




3.1.  Variation patterns in C:N:P stoichiometry of the herbaceous community.


The C, N, P stoichiometries of the above- and below-ground parts showed different variation patterns with soil salinity (Figure 2). The aboveground part C concentration first increased and then decreased, whereas that of the belowground part gradually increased with soil salinity in the early growth stage; the aboveground part C concentration increased slightly and then decreased, while that of the belowground part gradually increased with soil salinity in the late growth stage. Both the above- and below-ground parts N concentrations showed no significant changes with soil salinity in the early growth stage; the aboveground part N concentration first remained stable and then decreased, while that in the belowground part gradually decreased with soil salinity in the late growth stage. The aboveground part P concentration first increased and then remained stable, whereas that in the belowground part first increased and then decreased and remained stable with soil salinity in the early growth stage; the aboveground part P concentration first increased and then decreased and increased again, while that of the belowground part showed no significant change with soil salinity during the late growth stage. Both above- and below-ground parts C:N ratios did not change significantly with soil salinity in the early growth stage; the aboveground parts C:N ratio first remained stable and then increased, while that in the belowground part increased gradually with soil salinity in the late growth stage. The aboveground part C:P ratio first decreased and then remained stable, while the belowground part C:P ratio did not change significantly with soil salinity in the early growth stage; the aboveground part C:P ratio first decreased and then increased and decreased again, while the belowground part C:P ratio showed no significant changes with soil salinity in the late growth stage. With the increase in salinity, the above- and below-ground part N:P ratio first decreased and then remained stable in the early growth stage, while both tended to decrease in the late growth stage.





Figure 2 | 
Variations patterns of herbaceous community C, N, P stoichiometries. (A) variation pattern of C concentration; (B) variation pattern of N concentration; (C) variation pattern of P concentration; (D) variation pattern of C:N ratio; (E), variation pattern of C:P ratio; (F) variation pattern of N:P ratio. S1, very low salinity; S2, low salinity; S3, medium salinity; S4, high salinity; S5, very high salinity. Different uppercase letters indicate significant differences between above- and below-ground parts of the same growth stage. Different lowercase letters indicate significant differences amongst plots in the same part within growth stage. * and ns indicate significant and no significant differences in the same part between growth stages, respectively.






The C, N, P stoichiometries of the above- and below-ground parts also varied with growth seasons (Figure 2). The aboveground part C concentration in the early growth stage was significantly lower than that in the late growth stage, whereas that of the belowground part showed the opposite trend. The aboveground part N concentration in the early growth stage was significantly lower than that in the late growth stage, but that of the belowground part showed no significant differences between the growth stages. The aboveground part P concentration showed no significant differences between growth stages, whereas that of the belowground part was significantly higher in the early growth stage than in the late growth stage. The aboveground part C:N ratio in the early growth stage was significantly lower than that in the late growth stage, whereas the belowground part C:N ratio was not significantly different between the growth stages. Both the above- and below-ground parts C:P ratios in the early growth stage were significantly lower than those in the late growth stage, and both the above- and below-ground parts N:P ratios showed no significant differences between the early and late growth stages.





3.2.  Relationships between above- and below-ground parts C, N, and P stoichiometries of the herbaceous community.


The relationships among herbaceous community C, N, and P stoichiometries differed between plant tissues and growth stages (Figures 3, S2). For instance, the N and P concentrations as well as the C concentration and the C:N ratio were not correlated in the aboveground part, whereas they were closely associated in the belowground part. Also, we found that plant C, N, and P stoichiometries across different plant tissues were closely linked and their relationships varied with sampling seasons (Tables 1; S2). For example, the aboveground part C concentration was closely related to the C, N, and P stoichiometries of the belowground part in the early growth stage, whereas no correlation was found between them in the late growth stage. The aboveground part P concentration was closely related to the P concentration and C:P ratio of the roots in the early growth stage, whereas it was correlated with the N:P ratio of the belowground part in the late growth stage.





Figure 3 | 
Relationships within the above- and belowground parts C, N, P stoichiometries in the early (A, B) and late growth stages (C, D). *, represents significant correlations at the 0.05 level.







Table 1 | 
Relationships between the above- and below-ground parts C, N, P stoichiometries.









3.3.  Relationships between herbaceous community C:N:P stoichiometry and soil properties.


The RDA ordination biplot showed that the dominant determining soil factor of herbaceous community C, N, and P stoichiometries varied with plant tissues and sampling seasons (Figure 4). During the early growth stage, soil C:P ratio, N and P concentrations, and soil electrical conductivity were the major factors of the aboveground part C, N, and P stoichiometries (Figure 4A), which contributed 39.0%, 17.2% and 14.0%, and 12.7% variations in these factors, respectively; soil C:P ratio was the major factor of the belowground part C, N, and P stoichiometries (Figure 4B), which contributed 32.1% variations in these factors. During the late growth stage, soil pH and C:N ratio were the major factors of the aboveground part C, N, and P stoichiometries (Figure 4C), which contributed 41.2% and 18.7% variations in these factors, respectively; soil P, pH, and C:N ratio were the major factors in the belowground part C, N, and P stoichiometries (Figure 4D), which contributed 28.6%, 22.0%, and 21.9% of the variations in these factors, respectively. Upon pooling the early and late growth stages, the soil pH, C:P ratio, soil electrical conductivity, and C:N ratio were found to be the major factors affecting the aboveground part C, N, and P stoichiometries (Figure S3A), which contributed 36.1%, 20.2%, 13.5%, and 12.1% of the variations in these factors, respectively; soil C:P ratio, pH, and P concentration were the major factors of the belowground part C, N, and P stoichiometries (Figure S3B), which contributed to 31.3%, 20.9%, and 16.0% of the variations in these factors, respectively.





Figure 4 | 
RDA-ordination biplot of the above- and belowground parts C, N, P stoichiometries and soil properties in the early (A, B) and late growth stages (C, D). AC, aboveground part C concentration; AN, aboveground part N concentration; AP, aboveground part P concentration; AC:N, aboveground part C:N ratio; AC:P, aboveground part C:P ratio; AN:P, aboveground part N:P ratio; BC, belowground part C concentration; BN, belowground part N concentration; BP, belowground part P concentration; BC:N, belowground part C:N ratio; BC:P, belowground part C:P ratio; BN:P, belowground part N:P ratio; SC, soil C concentration; SN, soil N concentration; SP, soil P concentration; SC:N, soil C:N ratio; SC:P, soil C:P ratio; SN:P, soil N:P ratio; pH, soil pH; SEC, soil electrical conductivity.









3.4.  Relationships between species relative abundance and the C:N:P stoichiometry of herbs and its intraspecific variations.


During the late growth season, the species relative abundance was negatively correlated with the ΔCWM of the C:N ratio of the aboveground part and the C:P and N:P ratios of the belowground part, and moderately negatively correlated with the ΔCWM of the C:N ratio of the belowground part (Figure 5). Upon pooling the early and late growth stages, the species relative abundance was negatively associated with the ΔCWM of P and the C:P ratio of the aboveground part, and moderately negatively associated with the ΔCWM of P concentration (Figure S4). During the late growth season, we found a positive correlation between the species relative abundance and the intraspecific variation in the N:P ratio of the aboveground part and the C concentration of the belowground part (Figure 6). Upon pooling the early and late growth stages, there was a positive correlation between the species relative abundance and the C concentration of the belowground part (Figure S5). Given that soil pH did not show significant changes with soil salinity and the relative fewer species compared with the late growth stage (Figure S1, Table S1), no associations were found between the species’ relative abundance and the ΔCWM and the intraspecific variations in plant C, N, and P stoichiometries during the early growth stage.





Figure 5 | 
The relative position of species C:N:P stoichiometries distribution across sampling sites in the late growth stage. (A), relative position of the C:N of aboveground part; (B), relative position of C:N of belowground part; (C) relative position of N:P ratio of belowground part; (D) relative position of N:P of belowground part across sampling sites. Left panel: the x-axis represents the difference between the median C, N, P stoichiometries for each species and the community-weighted mean (CWM) C, N, P stoichiometries for the entire plant community. The y-axis arrays species from bottom to top based on their distance how close to the CWM value. Each boxplot represents the distribution of C, N, P stoichiometries of each species. Right panel: species relative abundance across sampling sites. The r-value of Pearson correlation analysis of the absolute values of the differences between the median C, N, P stoichiometries of each species and the CWM value of the entire community against species relative abundance is provided at the upper right.









Figure 6 | 
Relationships between species relative abundance and intraspecific variation of plant C:N:P stoichiometries in the late growth stage. (A), relationship between intraspecific variation of N:P (N:PCV) of the aboveground part in relation to species relative abundance; (B), relationship between intraspecific variation of C concentration (CCV) of the belowground part in relation to species relative abundance.










4.  Discussion.




4.1.  Variation patterns of C:N:P stoichiometry in the herbaceous community.


Consistent with previous studies, the plant C concentration of aboveground parts first remained unchanged or slightly increased, and then gradually decreased with soil salinity. This may be because soil salinity stress could restrain plants photosynthetic abilities by decreasing stomatal conductance and leaf water potential (Wang et al., 2015; He et al., 2016; Cao et al., 2020). Meanwhile, our results showed that plant C concentrations in belowground parts gradually increased with increasing salinity, indicating that plants would allocate more carbon to the belowground part to adapt to harsh environments. This implied that increasing the C concentration and some C-rich compounds could help plants resist and adapt to harsh environments (Sardans and Peñuelas, 2014; Li et al., 2021). To avoid severe salinity stress in shallow soil, plants can enhance root growth and extension to absorb water and nutrients from deeper soil (Wang et al., 2015). Therefore, starch in the aboveground part is transferred to the belowground part for storage, which is conducive to sprouting new roots and improving root activity (Yang et al., 2018). Consistent with previous studies (Zhang et al., 2021c; Xiong et al., 2022), the coefficient of variation in plant C concentration was lower than that in N and P concentrations (Table S3), indicating that plant C concentration is relatively stable under salt stress. This may be due to the different C assimilation and N and P uptake pathways: plant C mainly comes from CO2 assimilation from the atmosphere during photosynthesis, whereas plant N and P are mainly derived from soil (Berman-Frank and Dubinsky, 1999). Soil N and P concentrations both showed an increasing trend with soil salinity (although some cases are not significant, data not shown), however, plant N and P concentrations showed different trends: plant N concentration remained unchanged or decreased, while P concentration remained unchanged or increased with increasing salinity. This may be explained by the fact that soil P concentration strongly influences plant tissue P concentration, while soil N concentration has little effect on plant tissue N concentration (Li et al., 2019; Liu et al., 2019).


According to the growth rate hypothesis, organisms allocate large amounts of P to ribosomal RNA during periods of rapid growth to facilitate quick synthesis of large amounts of protein by ribosomes (Aerts, 1996). Therefore, higher plant growth rates are generally associated with lower C:N and C:P ratios (Elser et al., 2000; Vrede et al., 2004; Hessen et al., 2007). In this study, the C:N ratio increased with soil salinity, indicating that salinization could inhibit plant growth. However, the C:P ratio of the aboveground part decreased with soil salinity, which suggested a higher growth rate of plants grown in more saline areas. This indicates that the growth rate hypothesis may not be generally applicable to regions with high environmental heterogeneity. The N:P ratio of plants is regarded as an indicator of soil nutrient limitation (Herbert et al., 2003; Drenovsky and Richards, 2004). Generally, N:P ratio < 14 indicates that plant growth is mainly limited by N, N:P ratio > 16 indicates that plant growth is mainly limited by P, and 14 < N:P ratio < 16 indicates N and P colimitation (Koerselman and Meuleman, 1996; Aerts and Chapin, 2000; Güsewell, 2004). In this study, N:P ratios were all less than 14 except for sampling site S1, and tissue N:P ratios gradually decreased with increasing salinization, indicating that N limitation was gradually aggravated along the Xiaokai River irrigation area. However, aboveground part P concentration increased with increasing soil P concentration especially in the late growth stage (Figure 4), suggesting that plants were probably limited by soil P (Han et al., 2005). This may be explained by the fact that plants can store higher levels of inorganic P in the leaf cytoplasm and vacuoles by luxury consumption with increasing soil P concentration (Close and Beadle, 2004; Mayor et al., 2014; Yan et al., 2015). Therefore, our study area might be constrained by both N and P. The decline in N:P ratios does not necessarily indicate the absence of P limitation (Mayor et al., 2014), and caution should be exercised when using the N:P ratio to characterize plant nutrient restriction. We also found that the plant N:P ratio was more closely related to N than to P, which also suggested that plant growth was more limited by N than by P (Wang et al., 2015). Therefore, the optimal application of N fertilizer may be practical to promote plant growth in downstream areas, and N-fixing plants of the legume family could also be introduced to improve soil fertility. Moreover, the increase of N and P fertilizer can alleviate the damage of salt stress on plants, and improve the N and P nutrient status in plants. This may also be the reason that soil N and P concentration showed increase trend with soil salinity.


The aboveground part had higher N, P, and N:P ratio but lower C:N and C:P ratios than those of the belowground part, especially in more heavily salinized regions. This suggests that different plant tissues distribute the available nutrients in different ways under environmental changes (He et al., 2015). Under drought or soil salinity stress, plants can regulate the limited nutrients between plant tissues, especially with a larger proportion of N and P allocated to the photosynthetic tissues than to the non-photosynthetic tissues, to achieve optimal energy production and maintain plant growth (Reich and Oleksyn, 2004; Zhang et al., 2021c). In addition, the demand for N in rubisco results in a higher N concentration per unit C loss for leaves than for roots during dark respiration and could also lead to leaves requiring more P than roots, and therefore results in differences in N to P stoichiometry between leaves and roots (Reich et al., 2008; Yan et al., 2016; Liu et al., 2019). These findings highlight the importance of determining C, N, and P stoichiometries in both photosynthetic and non-photosynthetic tissues of plants in response to environmental stress.


Consistent with previous studies (Dong et al., 2021; Li et al., 2022), we found that seasonal variation of the structural substance C concentration was lower than that of N and P concentrations. Nutrient elements (i.e. N and P) are mainly transported to photosynthetic tissues to meet the demand for rapid growth during the early growth stage. In this period, photosynthetic tissues have the ability to divide rapidly, and realize rapid cell proliferation by absorbing a large amount of N and P substances to synthesize proteins and nucleic acids (Wu et al., 2010). As a result, the aboveground part N and P concentrations were high, while the C:N and C:P ratios were low. During the late growth stage, high temperatures increase soil evaporation and plant transpiration. To enhance drought and salt tolerance, plants tend to increase their aboveground part C concentration, which resulted in an increase in their C:N and C:P ratios. Accordingly, the plant growth rate slowed down and water consumption decreased during the late growth stage. Moreover, N and P concentrations could be diluted in plant individuals due to the rapid increase in plant size and biomass (Sardans and Peñuelas, 2008). Also, the decrease of N and P concentrations in the late growth stage may be caused by the redistribution of nutrients to reproductive tissues (e.g. flower) (Liu et al., 2015). Correspondingly, the aboveground part C:N and C:P ratios increased during the late growth stage, which indicated a higher nutrient use efficiency (Huang et al., 2019). Li et al. (2021) found that there was a negative correlation between C:N ratio and the characteristic parameters δ13C of water use efficiency. Similarly, Salazar-Tortosa et al. (2018) showed that plants cannot simultaneously optimize water and nitrogen use efficiency in natural ecosystems, and their utilization strategy is to effectively utilize one resource at the expense of another. Collectively, these results indicated that variations in plant C, N, P stoichiometries between different growth stages might be related to the trade-offs between water and nutrient use efficiency.





4.2.  Relationships between herbaceous community C:N:P stoichiometries and soil properties.


Soil pH, reflecting salinity and alkalinity, is an important determinant of microbial community composition and activity in plant communities and thus affects many ecological processes (e.g. soil respiration, microbial C use efficiency, and N and P mineralization) (Bååth and Anderson, 2003; Kuzyakov and Blagodatskaya, 2015; Zhou et al., 2017). Generally, plant carbon assimilation decreases under salinity stress (He et al., 2016; Cao et al., 2020; Zhang et al., 2021c). However, we found that the belowground part C concentration was positively related to soil pH (Figures 2, 4). This might be because plants increase the fractions of decay-resistant compounds (e.g. lignin, cellulose, and tannin) to increase their resistance (Sardans and Peñuelas, 2014; He et al., 2015). In our study, the soil pH was between 7.5 and 8.5 (Figure S1). Therefore, the salinity stress of our study region was medium based on the standards for the second national soil census (National Soil Census Office of China, 1992). Then, the positive relationship between belowground part C concentration and soil pH may also be explained by the “growth stimulation” at optimum salt concentration since plants would enhance solute uptake required to induce cell expansion to maintain the osmotic potential in their tissues (Parida et al., 2004; Sun et al., 2017).


Higher C:N and C:P ratios can reflect higher carbon assimilation rate and nutrient utilization efficiency of plants (Huang et al., 2019). We found that the organ C:N ratio increased with soil pH, indicating that the N utilization efficiency increased with salinity. This may be due to the fact that salinity stress could affect plants photosynthetic related traits and disrupt their ion balance and protein synthesis, and thus decreasing plant C and N concentrations (Qiang et al., 2018). Therefore, plants can enhance their adaptability to salinity stress by increasing their N utilization efficiency (Zhou et al., 2021). However, P utilization efficiency did not always increase with soil salinity in our study. This may be explained by the fact that the study area is more limited by N than P, and therefore plants improved the efficiency of the more restricted elements but retained a certain amount of P to adapt to the environment. Similarly, previous studies have shown that plants can store higher levels of inorganic P in the leaf cytoplasm and vacuoles by luxury consumption when the soil P concentration is high (Mayor et al., 2014; Yan et al., 2015). By increasing tissue P concentration, plants can promote carbohydrate metabolism and increase the concentration of soluble sugar and phosphate (He et al., 2022). This can make their intracellular protoplasm buffer against changes in acidity and alkalinity, thus improving their adaptability to salinity stress (Kornberg et al., 1999; Werner et al., 2007).


In terrestrial ecosystems, plant P concentration is primarily determined by soil parent material and the degree of rock weathering (Vitousek et al., 2010; Fan et al., 2015; Yang et al., 2016). Therefore, organ P concentration is positively related to soil P concentration, which has been revealed by a large number of previous studies (Han et al., 2005; Yang et al., 2016; Liu et al., 2019). However, soil N had little effect on plant N concentration, which has also been confirmed in earlier studies (He et al., 2015; Liu et al., 2019; Shi et al., 2021). This may be explained by the fact that plant N concentration is mainly affected by plant functional groups, however, plant P concentration and N:P ratio are mainly determined by climatic factors and soil P concentration (Liu et al., 2019). These results reveal that soil P might reflect plant nutrient status better than soil C and N in salinized ecosystems, and thus indicating that plant P could play a greater role than plant N in plant growth and ecosystem development (Reich et al., 2009; Vitousek et al., 2010; He et al., 2015).


Soil C:P ratio has an important effect on plant growth and development and is a useful indicator to determine the source of organic matter (Tessier and Raynal, 2003; Bui and Henderson, 2013). A high soil C:P ratio restricts the decomposition of organic matter and is not conducive to plant growth (Ren et al., 2007). In this study, we found that the soil C:P ratio was the main factor affecting plant element stoichiometry for the aboveground part, belowground part, and whole plant level in the early growth stage. The negative relationship between the soil C:P ratio and plant P can be explained by the fact that a higher soil C:P ratio would cause microorganisms to be limited by soil P during the decomposition of organic matter and compete with plants for soil P, which is not conducive to nutrient absorption by plants (Zeng et al., 2015). Soil C:N ratio can reflect the mineralization and humification of soil organic matter, and soil organic matter with a low C:N ratio usually leads to faster decomposition by microorganisms, which can provide nitrogen input back into the ecosystem (Cornwell et al., 2008). Therefore, we also found that the soil C:N ratio was the main influencing factor of plant element stoichiometry for the aboveground part in the late growth stage. Our results revealed that the soil C:N and C:P ratios had greater effects than the soil C and N on determining plant nutrients. This may be explained by that plant nutrient concentrations were more sensitive to the supply of soil nutrient ratios rather than the supply of a single nutrient (Bowman and Hurry, 1993).





4.3.  Relationships between species relative abundance and the C:N:P stoichiometry of herbs and its intraspecific variation.


A negative correlation was found between the ΔCWM of plant C, N, and P stoichiometries and species relative abundance in the late growth stage (or pooling the two growth stages), suggesting that the C, N, P stoichiometries of the common species was medium (neither very high nor very low) compared with the rare species. This can be explained by the fact that common species often occupy core positions within the community trait space, whereas rare species are usually peripheral in function (Umaña et al., 2015). A core position indicates that the specific trait value expressed by a species is similar to the average trait value of the entire community. This allows for high efficiency in resource exploitation in a given environment and can lead to significant growth advantages (Muscarella and Uriarte, 2016). Therefore, the positive relationship between plant P and soil salinity might be due to the effect of species turnover from the shared common species (e.g. Setaria viridi, Chloris virgata, Metaplexis japonica) with medium P concentration to salt-tolerant species (e.g. Phragmites australis, Suaeda glauca) with high P concentration with increasing soil salinity (Luo et al., 2018; Gong et al., 2020). The shift in the plant community toward species with higher nutrient concentrations could increase their competitive advantages under environmental stress (Weih et al., 2011; Sardans and Peñuelas, 2012; Li et al., 2017a; Luo et al., 2018), and the higher nutrient concentrations could help them opportunistically maximize photosynthesis during periods suitable for growth (Farquhar et al., 2002; Weih et al., 2011).


Both species turnover and intraspecific variation could play critical roles in driving community nutrient responses to environmental changes (Violle et al., 2012; Luo et al., 2018; Gong et al., 2020). In this study, the intraspecific variability of the aboveground part N:P ratio and belowground part C showed a positive correlation with species relative abundance in the late growth stage (or pooling the two growth stages). Previous studies have demonstrated that the leaf N:P ratio can be used as an indicator of vegetation composition, function, and nutrient limitation at the community level (Koerselman and Meuleman, 1996; Güsewell, 2004). Thus, the increase in belowground part C concentration and some C-rich compounds could help the plants resist and adapt to harsh environments and benefit them by extending their roots to deeper soils with low salinity (Sardans and Peñuelas, 2014; Yang et al., 2018; Li et al., 2021). However, Umaña et al. (2015) and Jiang et al. (2020) found that common species had a low intraspecific trait variation, indicating a convergent strategy that emphasizes a core physiological connection to the habitat, thus enabling efficient exploitation of available resources (Grime, 2006). The contradictory results might be explained by that our research was conducted in an environment with large environmental heterogeneity, while the above studies were conducted in a smaller homogeneous condition. Consistent with this study, Li et al. (2017c) found that common species tend to have higher intraspecific variation in root traits at the regional scale. This indicates that higher intraspecific trait variation might facilitate greater fitness and survival opportunities in environments with high heterogeneity (Forsman, 2014; González-Suárez et al., 2015). This also supported the research by Umaña et al. (2015), who hypothesized that the association between species relative abundance and intraspecific variation of traits was closely related to the degree of environmental heterogeneity and thus transforming from a negative relationship locally to a positive relationship regionally. As a result, intraspecific variation can promote stability in plant communities by leading to stress adjustment without intense species turnover (Lloret et al., 2012; Jung et al., 2014).






5.  Conclusion.


Our results revealed that plant community C, N, and P stoichiometries and their determining soil properties varied with plant tissues as well as sampling seasons. In this study, the C concentration of belowground part increased with soil salinity. Plant N concentration and C:N ratio tended to decrease with soil salinity, whereas the P concentration, C:P, and N:P ratios showed the opposite trend. The soil C:P ratio and P concentration were the major factors of the C, N, and P stoichiometries in the early growth stage, whereas the soil pH and P concentration were the major factors of the C, N, and P stoichiometries in the late growth stage. Compared with rare species, the C:N:P stoichiometry of common species was medium (neither very high nor very low) which was similar to the average trait value of the entire community. Moreover, the intraspecific variation in the aboveground part N:P ratio and the belowground part C concentration showed a positive correlation with species relative abundance, which indicating that higher intraspecific trait variation might facilitate greater fitness and survival opportunities in environments with high heterogeneity. Our results highlight the importance of intraspecific variation in determining the functional response of plant communities to environmental stress. Whether our results are applicable in a larger scale needs further study. To better understand the adaptive strategies of plant communities to changing environments, further studies should also consider the effect of the climatic factors and determine the C, N, P stoichiometries variations of litter and rhizosphere.
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