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Seasonal Variation Characteristics of C, N, and P Stoichiometry and Water Use Efficiency of Messerschmidia sibirica and Its Relationship With Soil Nutrients
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The seasonal dynamic characteristics of C, N, and P stoichiometry and water use efficiency (WUE) of Messerschmidia sibirica and the soil in the Yellow River Delta (YRD) were studied. The correlations of stoichiometric characteristics and WUE between organs of M. sibirica and soil were analyzed. The results showed that: (1) the contents of C, N, and P and their stoichiometric ratios in various organs of M. sibirica varied with seasons. The seasonal dynamics of leaf N:P showed that the degree of nutrient restriction by N decreased in July and increased in September. (2) The contents of C, N, and P, as well as their stoichiometric ratio, showed a high correlation throughout the growing season, with N:P showing a significantly positive correlation among organs and the lowest stoichiometric correlation between leaf and root. (3) C13 stable isotope analysis showed that the WUE of M. sibirica in May was significantly higher than that of other months (July and September). The WUE had a significantly positive correlation with leaf C and N content and a significantly negative correlation with leaf C:N, indicating that M. sibirica can compensate for the decline in N use efficiency through the improvement of WUE. The structural equation model (SEM) showed that the leaf N and P contents were affected by the joint effect of season and WUE, and the leaf C content was mainly directly affected by WUE. (4) Redundancy analysis (RDA) analysis showed that soil P content and soil N:P were the main factors affecting the variation of stoichiometry and WUE in various organs of M. sibirica. This study is helpful to deeply understand the adaptive mechanism of plant nutrient and water use, which provides a theoretical basis for vegetation protection and restoration in the study area.
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INTRODUCTION

Change in plant stoichiometry not only reveal the nutrient uptake and utilization status of different plants but also indicate the constraint relationship between different nutrients, which is an important indicator to determine whether plants can renew themselves and recycle nutrients (Crous et al., 2019). Changes in plant carbon, nitrogen, and phosphorus stoichiometry are influenced not only by environmental factors and plant physiological processes but also by differences in structure and function in different organs of the same plant (Luo et al., 2021; Yang and Xu, 2021). Observing changes in environmental and plant stoichiometry can help identify nutrient-limiting factors for plant growth and is an important complement to investigating the relationships between ecosystem stoichiometry and plant function and environmental adaptation mechanisms (Cao and Chen, 2017; Tang et al., 2018).

Various factors influence plant stoichiometry, and the soil C: N: P ratio directly reflects the soil nutrient status and can be used indirectly as an indicator of plant nutrient status (Elser et al., 2010). Studying the stoichiometric characteristics of plants and soils and their interrelationships provides insight into their feedback processes in terms of nutrients and improves our understanding of the adaptation mechanisms of plants. However, due to the study scale, scope, plant species, and other reasons, there is no unified research conclusion on whether plant stoichiometry is influenced by soil stoichiometry (Wang et al., 2015). Therefore, the relationship between plant and soil stoichiometry needs to be further explored.

There is a close relationship between water and nutrient use by plants, and plants need to constantly coordinate the balance between nutrient and water use during growth to adapt to environmental influences (Li et al., 2021). In recent years, stable isotope 13C has been widely used to characterize plant water use efficiency (WUE), which provides important technical support for the study of the plant WUE. Researching the relationship between plant water use and plant stoichiometry can enrich the theory of plant water-fertilizer relationship (Yan et al., 2016). However, studies on the relationship between plant nutrient use characteristics, WUE, and soil nutrients are still very limited.

Messerschmidia sibirica is a perennial herb with salt secretion characteristics and strong adaptability. It is a widely grown constructive species in the chenier of the Yellow River Delta (YRD) and plays an important role in species diversity and ecological function. Previous research on M. sibirica mainly focused on the distribution survey of plant communities, the growth and physiological characteristics under salt and sand burial stresses, and diversity of endophytic bacteria (Lee et al., 2007; Suzuki et al., 2011; Xie et al., 2015; Zhang et al., 2019a). The ecological stoichiometry and its dynamic change characteristics of M. sibirica are not clear, especially from the perspective of water and nutrient use. It is necessary to further strengthen the research on the adaptation strategies of M. sibirica to chenier habitats. Therefore, the seasonal changes of C, N, and P stoichiometry of M. sibirica and soils in the chenier of YRD and WUE of M. sibirica were analyzed to (1) clarify the nutrient characteristics and seasonal dynamics of nutrient use in different organs of M. sibirica; (2) reveal the seasonal characteristics of WUE and its relationship with leaf stoichiometry; and (3) explain the correlation between different organ stoichiometric characteristics and WUE of M. sibirica and soil nutrients. The results contribute to a better understanding of the adaptation of M. sibirica to the chenier coastal environment and provide a theoretical basis for the protection and restoration of vegetation in the coastal zone of YRD.



MATERIALS AND METHODS


Site Description

The study area is located in the chenier of the YRD in Wudi County, Shandong Province, China (37°35′∼38°12′ N, 118°33′∼119°20′ E), with a semi humid continental monsoon climate. The average annual temperature ranges from approximately 11.7 °C to 12.6 °C, and the average annual precipitation is 550 mm.



Plot Setting and Sample Collection

Sample lines were set along the vertical coastline through grid distribution, that based on soil texture, geomorphology, and land use type of chenier of YRD and the distance from the coast. Three sample points were set on the sample ground wire, the spacing of each sample point was not less than 1 km, and three quadrats (each with a size of 5 m × 5 m) were set at each sampling point.

The samples were collected in May, July, and September on the seaward side, representing the seasons of spring, summer, and autumn, respectively. Representative M. sibirica communities were selected and a random sample method was used to collect three to five complete plant samples, including the root system, from each sample point, which were placed inside ventilated bags. A total of 36 plant samples were collected during the sampling period. The soil samples were collected by using a 4.5 cm diameter special earth drill in four soil depths: 0–10 cm, 10–20 cm, 20–40 cm, and 40–60 cm. Three parallel soil samples were taken at each sampling point adjacent to the plant. The soil was placed inside sealed bags and brought back to the lab. The soil samples were naturally air-dried, sieved, and stored for extraction and determination. The plant samples were separated into root, stem, and leaf, then dried at 105°C for 20 min, and then transferred to 70°C for 48 h. The dried samples were grinded, and then selected by 80 mesh sieving.



Sample C, N, and P Content and δ13C Determination

The leaf δ13C determination was carried out by the Finnigan DELTAPlus XP stable isotope mass spectrometer (Thermo Electron Corp., Waltham, MA, United States). The value of plant leaf δ13C was calculated by the following formula:
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in which 13C/12Csample is the 13C/12C ratio of plant leaf samples, and 13C/12Cstandard is the 13C/12C ratio of glycine in the determination process.

The total carbon (TC) and total nitrogen (TN) of soil and plant were determined by element analyzer (Vario EL III, Elementar, Germany), while total phosphorus (TP) was determined by molybdenum-antimony colorimetric method (Lu, 1999).



Data Analysis

Excel 2010 (Microsoft Corp., Redmond, WA, United States) and SPSS19.0 (SPSS Inc., Chicago, IL, United States) were used to analyze the variance of the data. One-way ANOVAs were conducted on the C, N, and P contents and their stoichiometric ratios of soil and roots, stems and leaves of M. sibirica, respectively. Duncan’s test, Pearson method and maximum likelihood method was used for multiple comparison, correlation analysis, and structural equation modeling, respectively.




RESULTS


C, N, and P Stoichiometry in Messerschmidia sibirica


Seasonal Dynamics of the Stoichiometry of Different Organs of Messerschmidia sibirica

The C, N, and P contents of each organ of M. sibirica showed different variation patterns with seasonal changes (Figure 1). The C content of root was significantly higher than that of the stem and leaf (P < 0.05), and there was no significant difference between the stem and leaf (P > 0.05). The C content of the root did not change significantly with seasonal changes, while the C content of both stem and leaf showed a significant decrease with the increase of months (P < 0.05). The N content of all organs showed a similar change pattern in each month, that was leaf > stem > root, and the differences were significant (P < 0.05). The dynamic changes of N showed that N of both root and stem increased and then decreased with the increase of the month, and both had the highest value in July, which was significantly higher than that in May and September. The maximum leaf N content was in May, and decreased with the increase of the months, which was different from the change of root and stem N content. There were differences in the P changes of each organ of M. sibirica, in which the P showed leaf > stem > root in May and July (P < 0.05). In September, it showed stem > leaf > root (P < 0.05). In the whole growing season, P content showed stem = leaf > root. According to the dynamic change characteristics, the P content of the root and stem was highest in September, while the P content of the leaf decreased and then increased with the month, with the lowest in July and no significant difference between May and September.
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FIGURE 1. Seasonal dynamics of C, N, and P stoichiometry in different organs of M. sibirica. Different capital letters indicate the significant difference in the same organ in different months, and different small letters indicate the significant difference between different organs in the same month.


The seasonal pattern of C:N:P stoichiometric ratio was different for each organ (Figure 1). The C: N ratio showed root > stem > leaf, and all the differences were significant (P < 0.05). The C: N of both root and stem tended to decrease and then increase with increasing months. The maximum of root C:N was in May, the maximum of stem C:N was in September, and the lowest of both root and stem occurred in July with 33.64 and 19.38, respectively. Leaf C:N showed an increasing trend with increasing months. Root C:P was significantly higher than that of both stem and leaf throughout the growing season (P < 0.05), and its C:P tended to decrease. Stem and leaf C:P showed similar trends, both increasing first and then decreasing. C:P of root, stem, and leaf was lowest in September and highest in May, July, and July, respectively. N:P in different organs showed that leaf > root > stem (P < 0.05), and the dynamic change pattern of N:P in different organs was similar. The N:P of root, stem, and leaf increased and then decreased with increasing months, with the highest in July and the lowest in September, respectively.



Correlation Analysis of C, N, and P Contents and C:N:P Ratios in Messerschmidia sibirica

There were high correlations in C, N, P content and C:N:P ratios of M. sibirica (Table 1). The correlations were different between different seasons. In May, the correlations among all indicators were significant except for N:P. The correlations between July and May were similar, and N: P was significantly positively and negatively correlated with N content and C:N, respectively. In September, significant correlations were reduced. There was no correlation between C and N, N and P, N and C:P, P and C:N. In all months, there were no significant correlations among C, N, and P of M. sibirica, but there were significant correlations between C, N, and P contents and C:N, C:P, and N:P.


TABLE 1. Correlation of C, N, and P Stoichiometry in different months of M. sibirica.
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Correlation Analysis of Stoichiometry Among Different Organs

The C, N, and P stoichiometric correlations among the organs of M. sibirica are shown in Table 2. Except for the C which was not significant between the stem and the root, the other indexes were significantly positively correlated, and the correlation coefficient was high, ranging from 0.843 to 0.983. C, P, C:P, and N:P were significantly and positively correlated between stem and leaf, and the correlation coefficient was 0.940, 0.744, 0.863, and 0.998, respectively. However, only N:P was significantly and positively correlated between leaf and root with a correlation of 0.989. N:P had the highest correlation in all organs and was most closely related to each organ.


TABLE 2. Correlation of C, N, and P stoichiometry among roots, stems and leaves of M. sibirica.
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δ13C Dynamics Analysis and Correlation Analysis Between δ13C and Leaf Stoichiometry

The seasonal variation of WUE of M. sibirica leaf is shown in Figure 2. WUE in May was significantly higher than in July and September (P < 0.05). There was no significant difference between July and September. The average δ13C during the growing season was −29.98‰, which was significantly lower than the global plant δ13C average of −28.74‰.
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FIGURE 2. Seasonal variation characteristics of δ13C in leaves of M. sibirica.


Correlation analysis (Table 3) showed that the WUE of M. sibirica was significantly positively correlated with leaf C and leaf N (P < 0.01) and significantly negatively correlated with leaf C:N. In addition, WUE was positively correlated with leaf P content and N:P but did not reach a significant level.


TABLE 3. Correlation between water use efficiency (WUE) and leaf stoichiometry.

[image: Table 3]
Structural equation modeling was used to analyze the effect of water utilization and seasonal variation on C, N, and P nutrient characteristics (Figure 3). Seasonal variation had a significant direct negative effect on leaf P (P < 0.001) and a significant positive effect on leaf N (P < 0.05), while the effect on C content and δ13C was not significant (P > 0.05). The direct effects of δ13C on the C, N, and P content of leaves were positive. The results of structural equation modeling were consistent with the results of correlation analysis, and all the above effects reached a highly significant level. The effect coefficients showed that the negative effect of seasonal variation on the leaf stoichiometric P was greater than the positive effect of WUE on it, and the positive effect of WUE on the leaf N content was greater than the positive effect of seasonal variation on it. In addition, leaf C content was more significantly influenced by the direct effect of WUE. Leaf P content was influenced by the opposite effects of seasonal variation and WUE, while leaf N content was influenced by the same positive effect of both.
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FIGURE 3. Relationships between season, water use efficiency, and C, N, P content in the leaves of M. sibirica. Solid lines are statically different at P < 0.001, while dotted lines are not significant at P > 0.05.




Seasonal Dynamic Analysis of C, N, and P Stoichiometry in Different Soil Layers

The C, N, and P stoichiometric characteristics of each soil layer at different seasons are shown in Figure 4. Overall, there was no significant change in C content with seasonal change in the same soil layer. However, the C of different soil layers showed a trend of increasing and then decreasing with increasing depth. The highest C content was in the 20–40 cm soil layer, which was significantly higher than that in the 0–10 cm soil layer. In the same soil layer, the N of the 40–60 cm soil layer showed a trend of decreasing and then increasing with seasonal changes, while the differences of N content of other soil layers with seasonal changes were not significant. Vertically, the pattern of variation in N content between soil layers in each month was consistent, showing a decrease with increasing soil depth. P content tended to increase in the 10–20 cm soil layer with increasing months, and was significantly higher in September than in July, while there was no significant difference in P content between May and July. The overall P content variation in each soil layer was similar to the N variation characteristics.
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FIGURE 4. Seasonal dynamics of C, N, and P stoichiometry in different soil layers. Different capital letters indicate the significant difference in the same soil layer in different months, and different small letters indicate the significant difference of different soil layers in the same month.


In soil stoichiometric ratios, the seasonal variation of C:N in the same soil layer showed a general trend of increasing and then decreasing, but the seasonal variation in the same soil layer did not reach the level of significant difference. In the same month, the differences between soil layers were not significant. Similarly, both C:P and N:P did not reach significant levels of difference among months, but there were some differences among soil layers under the same month. In May, the C:P of 20–40 cm soil layer was significantly higher than that of the other three soil layers, and the N:P of 0–20 cm soil layer was significantly higher than that of 40–60 cm soil layer. In July, C:P and N:P were similar between different soil layers and were not significantly different. In September, C:P in 20–40 cm soil layer was significantly higher than that in 0–20 cm soil layer, and N:P in 0–40 cm soil layer was significantly higher than that in 40–60 cm soil layer.



Correlation of C, N, and P Stoichiometry and Water Use Efficiency in Messerschmidia sibirica and Soils

Redundancy analysis (RDA) of stoichiometry, WUE in M. sibirica and soils are shown in Figure 5. The longer rays of soil N:P and soil P content suggested that both were important factors affecting the ecological stoichiometric characteristics and WUE of each organ of M. sibirica. In contrast, the ray of soil C, soil C:P, and soil C:N were shorter, indicated that the influences of these three factors were less. Soil P content was positively correlated with root C:N, root C content, stem C:N and leaf P content, and negatively correlated with root N content, stem N, C:P, N:P and leaf δ13C. Soil N:P was positively correlated with root P content, stem P content, and leaf C:N, and was negatively correlated with root C:P, stem C content, leaf C content, leaf N content, and leaf δ13C. The stoichiometric characteristics of root, stem, and leaf were greatly affected by soil N:P in September.
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FIGURE 5. Redundancy analysis of stoichiometry, WUE in M. sibirica and soil nutrients. C, Plant carbon content; N, Plant nitrogen content; P, Plant phosphorus content; C: N, Plant C: N; C:P, Plant C:P; N:P, Plant N:P; C13, Plant WUE; TC, Soil carbon content; TN, Soil nitrogen content; TP, Soil phosphorus content; TC:N, Soil C:N; TC:P, Soil C:P; TN:P, Soil N:P.





DISCUSSION


Stoichiometric Characteristics and Correlation of C, N, and P in Different Growing Seasons of Messerschmidia sibirica

The ecological stoichiometric characteristics of plants under seasonal changes reflect the inherent response and adaptation of plants to environmental changes. For example, a study on the dominant shrubs in a dry-hot valley showed that the contents of C, N, and P in leaves varied with seasons, and the seasonal variation of C content was less than that of N and P content (Liu et al., 2020). Xiong et al. (2020) found that the leaf N and P contents of typical dicotyledons in the Mongolian steppe showed a decreasing trend throughout the growing season.

In this study, C content of root, stem and leaf of M. sibirica did not vary significantly with the seasons, but N and P contents of each organ showed significant variability with the seasons, with leaf N gradually decreasing and the P content first decreasing and then increasing with the seasons. This was consistent with some previous studies (Niu et al., 2013; Jing et al., 2020). N and P were regarded as the most important nutrient factors in limiting plant growth (Drinkwater and Snapp, 2007). With the change of seasons, plants optimized their growth as much as possible through the rational distribution and adjustment of nutrients in various tissues (Weih et al., 2016). In this study, the N content of M. sibirica was more distributed in the leaf during the early growth period, the N content of root and stem was more dominant during the peak growth period, and N contents in stem and leaf were affected during the late period, with little effect on the root. The P content in each organ was the most in September, indicating that the accumulation of P in each organ had an advantage in the later growth stage. The response patterns of N and P content of each organ of M. sibirica with the seasons reflected the distribution and transfer characteristics of nutrients at different growth stages. In addition, the path analysis showed that seasonal changes had different effects on N and P contents in leaves, which was related to the element concentration pattern in plant was affected by plant developmental stage and weather (Weih et al., 2016; Zhang et al., 2016).

Plant C:N:P was an important physiological index, that reflected the growth rate of plants. Plant C:N and C:P were used to reflect plant utilization of nutrients (Wang et al., 2014). There was a significant correlation between the C, N, and P content and the stoichiometric ratios of C:N, C:P, and N:P in different seasons, which reflected one of the general laws of nutrient stoichiometry in higher terrestrial plants, that was, the dominant role of plant leaf N and P contents on leaf C:N and C:P (Sardans et al., 2012). It reflected the strong coupling mechanism between plant nutrients (Zhou et al., 2019). Previous studies have found that the distribution of N and P content in leaf followed a certain stoichiometric law. Plants maintained a dynamic balance of C:N:P through stoichiometric homeostasis mechanism. Leaf N:P increased with increasing plant age, reflecting the transition from N-limited to P-limited, a dynamic mechanism usually observed in both short- and long-term time series (Fan et al., 2015). Dynamic nutrient stoichiometry and limitation implied plant nutrition status at different growth stages (Bratt et al., 2020). In this research, the seasonal dynamics of leaf N:P reflected the variation of the N nutrient limitation degree of M. sibirica. In July, leaf N:P increased significantly compared with May, and N:P was close to 14, indicating that the nutrient limitation degree of N content was reduced in this period, and the growth of M. sibirica was in a relatively good nutritional state. In September, N:P was significantly lower than in May and July, indicating an increase in N limitation at the end of growth. This was consistent with the trend of increasing and then decreasing N:P in aboveground organs of Imperata Cylindrica with seasons (Niu et al., 2013).

Physiological differences in the structure and function of different organs may lead to differences in nutrient uptake and accumulation in different organs of plants (Feng et al., 2019; Li et al., 2019). In the present study, there was no significant correlation in C among the root, stem, and leave of M. sibirica, which was consistent with the results of Liu et al. (2020). And there was a correlation between the utilization of N and P nutrients by various plant organs (Han et al., 2005; Ping et al., 2014). In our study, the N:P between root and stem, stem and leaf, and leaf and root of M. sibirica showed highly significant positive correlations, which were consistent with the previous studies (Yuan et al., 2011), and reflected the uniformity of growth among plant organs. More correlations were seen between stem and leaf, root and stem than those between leaf and root, and this result was similar to that of Platycladus Orientalis (Feng et al., 2019).



Relationship Between Water Use Efficiency and Leaf Stoichiometry of Messerschmidia sibirica

Plant nutrients regulated the plant’s photosynthetic capacity by influencing leaf stomatal opening and photosynthetic rate, which in turn influenced plant δ13C (Zhang et al., 2019b). In this study, the significant correlations of δ13C with C, N contents, and C:N of leaf indicated that there were important effects of leaf WUE on stoichiometric characteristics. The WUE of M. sibirica was positively correlated with the leaf C content, which was consistent with the physiological characteristics that carbon fixation and WUE were closely related in the plant photosynthesis process, and reflected the relationship between them. The higher the plant WUE, the higher the amount of leaf carbon assimilated into organic matter (Basso and Ritchie, 2018). Within a certain range, the increase in plant N content promoted photosynthesis. The significant positive correlation between WUE and leaf N content in this study was due to a positive correlation of leaf N content with carboxylation efficiency and photosynthetic capacity, and therefore there was a positive correlation between δ13C and leaf N content (Hamerlynck et al., 2004). The structural equation model (SEM) analysis showed that seasonal variation did not contribute to the leaf stoichiometry by directly affecting its WUE. This reflects the effect of plant growth stage on WUE, which mainly depends on the change of external environmental conditions, such as precipitation, temperature, and light.

Plant leaf C:N ratios were found to be an important indicator of N distribution and utilization, as well as C acquisition and assimilation (Hedges et al., 1986). Plants with higher WUE had lower nitrogen use efficiency in natural ecosystems (Sheng et al., 2011). Xia et al. (2020) studied two types of halophytes and found that δ13C and C:N in the leaf of both salt-dilute halophyte and salt-repellent halophyte were significantly negatively correlated. This study showed that M. sibirica was similar to the other two types of halophyte in terms of growth adaptation strategies. Salt-secreting plants could also compensate for the reduced N use efficiency by increasing WUE, especially in barren environments, plant water and nutrient use efficiencies might compensate for each other (Salazar et al., 2018).



Stoichiometry Correlations Between Different Organs of Messerschmidia sibirica and Soil

Soil was the main source of plant nutrients, and the C, N, and P content and stoichiometry of plants were influenced by soil fertility (Lambers et al., 2008). Plant leaf P content was dominated by soil P content, and Chinese plant leaf P content was lower than global plant leaf P content, which was probably due to the lower soil P content of China (He et al., 2008). Our study found that the leaf P content of M. sibirica was significantly and positively correlated with soil P content, suggesting that soil P content was one of the important factors affecting M. sibirica nutrient, which was consistent with the theory that low soil P content caused low leaf P content in plants (He et al., 2008). However, Geng et al. (2011) found that there was no significant correlation between leaf P content and soil P content in Inner Mongolia grasslands. The same phenomenon was found between Robinia pseudoacacia L. and soil in the Loess Plateau (Li et al., 2013). This suggests that the plant–soil nutrient relationship varies depending on the region or species.

The C:N:P ratio in soil directly reflected soil fertility and nutrient status, and influenced plant growth to a certain extent. Studies on the leaf and soil nutrients of nearly two thousand plant species in China showed a positive correlation between the stoichiometry of soil and plant leaf (Han et al., 2011). Previous studies showed that the N:P of subtropical eucalyptus leaves was significantly correlated with soil N:P (Fan et al., 2015). Both C:P and N:P were positively correlated between soil and Robinia pseudoacacia L. in the Loess Plateau (Cao and Chen, 2017). In addition, in the YRD, C:P of Phragmites communis leaf and soil N:P were positively correlated, C:P of Limonium bicolor leaf and both C:P and N:P of soil were positively correlated, and C:P of Suaeda salsa leaf and soil N were positively correlated (Li et al., 2021). In this study, we found that the soil N:P in the chenier of YRD was significantly lower than the soil N:P of forest ecosystems in the country, indicating a soil N deficiency in this region. The leaf C:N of M. sibirica was strongly and positively correlated with soil N:P, indicating that N:P was more closely related to leaf building efficiency than N and P content in soil. Chen et al. (2016) found that the nutritional variation of different organs of Cunninghamia lanceolata had a relative consistency with that of soil, which ensured the stable growth and development of Cunninghamia lanceolata. In our work, the correlations between root N content and soil N: P, between root and stem C: N and soil N content, and between leaf P content and soil P content were significant and positive, indicating a good correlation between each organ of M. sibirica and soil stoichiometry, and embodying a close relationship between M. sibirica and soil nutrient environment with mutual constraints and interactions, which enhances the adaptability of M. sibirica to grow in this region.




CONCLUSION

The accumulation of N and P by above-ground leaves and stem was higher than that by below-ground roots in various growing seasons of M. sibirica. The plant N was mainly distributed to the leaves in the early growth stage and to the roots and stem in the peak growth stage of M. sibirica. The accumulation of P in each organ was dominant in the later stages of growth. The ratio of C:N, C:P, N:P in different growing seasons showed the highest utilization efficiency of N and P in the root and the lowest limitation of N in the leaf. The degree of N restriction of M. sibirica decreased in July, and increased in September. The overall C, N, and P content and stoichiometric ratio of M. sibirica were strongly correlated, reflecting the coupling between plant nutrient elements. The N:P of root and stem, stem and leaf, and leaf and root were strongly significantly and positively correlated, indicating the same nutrient-limited growth of each organ. The stoichiometric correlations between stem and leaf and between root and stem were higher than those between leaf and root. The δ13C of M. sibirica was significantly higher in May than in July and September, and it was strongly and positively correlated with leaf C and N content, indicating that WUE played an important role in nutrient accumulation. The highly significant negative correlation between WUE and leaf C:N indicated that M. sibirica could not optimize both water and nutrient use in the relatively poor soil habitat, and there was a compensatory effect between water and nutrient use. RDA showed that there was mutual influence and constraint between the root, stem, and leaf of M. sibirica and soil in terms of stoichiometry. Soil P content and soil N:P were the main factors affecting the ecological stoichiometric characteristics and WUE of M. sibirica. This study provides valuable information for the protection and restoration of M. sibirica.
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