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Plant nutrient stoichiometry indicates the balance of plant internal nutrients and its nutrient-use strategies in response to environmental changes. However, the responses of nutrient stoichiometry in different wetland plant organs under agricultural intervention are poorly understood. Here, we compared the nitrogen (N), phosphorus (P), and the ratio of N:P in the plant organs (leaves, stems, roots, and root hair) of a typical helophyte plant (Glyceria spiculosa) in reference, drained, nutrient-rich, and cultivated wetlands (CW) located downstream of the Tumen River in Northeast China. Compared with that in reference wetlands (RW), the results indicate that the average N content in plant leaves, stems, roots, and root hair in nutrient-rich wetlands (NW) was significantly higher by 76, 61, 56, and 39%, respectively (p < 0.05), whereas the N content of roots and root hair in drained wetlands (DW) was significantly higher by 17 and 32%, respectively (p < 0.05). It was found that plant root P increased only in nutrient-rich and DW (p < 0.05). Interestingly, the agricultural interventions significantly affected soil N and P availability, resulting in positive effects on plant leaves, stems, roots, and root hair. Nutrient stoichiometry analysis showed the highest increase in plant leaf N:P ratio in NW, followed by that in drained and CW, but its ratio in root and root hair showed no significant changes under different agricultural interventions, which suggests that G. spiculosa allocates nutrients differently in different organs under agricultural interventions. These results imply that plant nutrient stoichiometry should incorporate various plant organs for an in-depth understanding of plant strategies against environmental changes.
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Introduction

The concept of ecological stoichiometry refers to the balance between multiple chemical elements in ecological interactions (Sterner and Elser, 2003). Nitrogen (N) and phosphorus (P) are the most important nutrients for proper plant growth and functioning (Li et al., 2018). Plant stoichiometry of N and P in plant organs indicates the limitation of plant nutrients as well as the plant homeostasis under the influence of environmental changes (Alvarez-Clare and Mack, 2015; Zhang et al., 2021), and this concept has been widely used to identify plant strategies that control population stability, competition, and succession (Yu et al., 2015; Guiz et al., 2016).

Wetlands are land areas that are inundated or saturated by water frequently, resulting in low nutrient availability (Bedford et al., 1999). To overcome the limitation of insufficient nutrients, wetland plants have evolved strategies for survival, including forming aerenchyma, and altering nutrient and biomass allocation (Aerts and Chapin, 1999; Moor et al., 2017). During the past decades, anthropogenic activities of wetland cultivation have significantly caused over 50% of degradation or loss of wetlands (Zedler and Kercher, 2005), consequently increasing wetland fragmentation and altering the hydrological conditions as well as soil nutrient conditions due to drainage and fertilization (Zedler and Kercher, 2005; Zheng et al., 2017; Qin et al., 2021). Further, these variations in hydrology and soil nutrients have been found to affect plant growth, reproduction, and community structures in wetlands (Li et al., 2018; Bai et al., 2021).

The response of nutrient levels and nutrient stoichiometry have been widely studied under the conditions of water level and nutrient addition in wetlands (Güsewell, 2004; Mao et al., 2016; Li et al., 2018; Zhang et al., 2021). However, these studies tend to focus on the plant leaf or stem and neglect the belowground plant organs as plant growth and reproduction depend upon the roots to absorb and fix nutrients (Kramer-Walter et al., 2016). Given the tendency of plants to allocate nutrients among different organs to maximize soil nutrient availability (Yu et al., 2015; Di Palo and Fornara, 2017; Bai et al., 2021), the study of plant nutrient stoichiometries above- and below-ground could lead to a better understanding of wetland plant responses to agricultural interventions.

Glyceria spiculosa (Schmidt) Roshev. (Gramineae) is an emergent macrophyte commonly found in freshwater marshes and is widely distributed in China, East Russia, and North Korea (Bai et al., 2021). Related studies have shown that both N and P fertilizers can contribute to the dominance of G. spiculosa (Mao et al., 2014, 2016). The responses of biomass allocation and root clonal structures of G. spiculosa under nutrient input and flooding show that it has high plasticity under environmental changes (Luo et al., 2010; Bai et al., 2021). Nevertheless, little is known about the nutrient stoichiometries of roots, stems, and leaf organs of the species, and this limits the understanding of the responses of G. spiculosa and its community succession in different agricultural interventions.

To address this knowledge gap, we conducted a field investigation in different wetlands located downstream of the Tumen River, where G. spiculosa dominates the wetland community. In this region, agricultural practices have caused a drastic reduction in water levels and increased nutrient levels within the wetlands (Zheng et al., 2017). Here, we investigated the stoichiometry of N and P in G. spiculosa organs (from roots to stems to leaves) among reference (natural), drained, nutrient-enriched, and drained wetlands (DW), as well as the boundary of agriculture [paddy fields converted from wetlands, hereafter referred to as cultivated wetlands (CW)]. We hypothesized that agricultural intervention would weakly alter nutrient concentrations in different organs of plants, but nutrient stoichiometry would remain relatively constant.



Materials and methods


Study site

The study site is located downstream of the Tumen River Basin (129°52′00″E–131°18′30″E, 42°25′20″N–43°30′18″N), which is the boundary area of China, Russia, and North Korea. This area is characterized by the temperate-zone monsoon climate with mean annual precipitation of around 400–650 mm and average temperature of 2°C–6°C (Zheng et al., 2017). In this area, the wetlands are widely distributed and they include marshes, riverine habitats, and lakeshore habitats and the dominant plants include G. spiculosa, Carex appendiculata, and Phragmites australis. Many wetlands have been converted into paddy fields due to the growing population and food demand. By the application of fertilizers and building of a drainage ditch near natural wetlands, agricultural development has not only resulted in the loss of wetlands but also altered their hydrology and nutrient conditions (Zheng et al., 2017).



Field sampling and measurement

We conducted field investigations near Jintang village, where natural wetlands have been converted into disturbed wetlands and paddy fields. Four agricultural impacted wetlands were selected (Figure 1): (1) a nutrient-rich wetland (NW), which is adjacent to a paddy field, (2) a DW, which was drained for agriculture in 2010 due to wetland protection policy, and tillage is forbidden but the drainage ditch is still present; there is no obvious surface runoff throughout the year in this wetland; (3) a CW, which is an agricultural land (paddy field) and the species G. spiculosa is distributed at the boundary of the field; and (4) a reference wetland (RW), which is a natural wetland.
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FIGURE 1
Map of the wetland study sites downstream of the Tumen River. RW, reference wetlands; DW, drained wetlands; NW, nutrient-rich wetlands; CW, cultivated wetlands.


Sampling was conducted in early August 2016. In reference, nutrient-rich, and DW, samples were collected along two transects at equidistant intervals. The length of the transects depended on the diameters of the sites, and three sampling plots were set on each transect, with six replicates for each type of wetland. Soil samples and plants were collected from 1 m × 1 m plots. The soil samples were combined into a composite sample; for the plant samples, five replicates were randomly selected and the plants were divided into leaves, stems, roots, and root hair, and the same plant organ was combined as a composite plant sample within each 1 m × 1 m plot. Since G. spiculosa grows only along the boundary of paddy fields, we randomly collected six soil and plant samples along the paddy fields as described above. Both soil and plant samples were frozen in ice and transported for analysis to the laboratory of Yanbian University.

Following air-drying and grinding of soil samples, soil samples (0.4 g) were digested with catalysts (1.8 g, potassium sulfate: copper sulfate pentahydrate: selenium = 100:10:1) and 4 ml sulfuric acid (400°C, 2–3 h) and the digests were diluted with distilled water (100 ml) and measured using a continuous flow analyzer (SAN + +, Skalar, Breda, Netherlands) (Wang et al., 2019). The soil N and P were extracted by 2 M potassium chloride and 0.5 M sodium bicarbonate (pH = 8), respectively. The soil N and P concentrations in all extractions were determined using a continuous flow analyzer (SAN + +, Skalar, Breda, Netherlands). The plant organs were oven-dried at 65°C for 48 h and subsequently ground to measure the N and P concentrations. Subsamples of organ samples (0.1 g) were digested with hydrogen peroxide and sulfuric acid. The extracted solutions were used for the measurement of plant N and P concentrations using a continuous flow analyzer (SAN + +, Skalar, The Netherlands).



Statistical analysis

One-way analysis of variance (ANOVA) was used to test the effects of the agricultural intervention on the N and P content of the soil and plant, coupled with Duncan’s test for significance (p < 0.05). Similarly, we compared the percentages of N and P in each organ under different agricultural interventions. A linear regression model was carried out to determine the effects of soil N and P on plant organ N and P content values. All statistical analyses were performed using R 4.1.2 (R Core Team, 2019).




Results


Soil properties between wetland types

The average soil total nitrogen (TN) content in the RW was 4.05 mg/g, which was similar to the value in DW, but was significantly lower than the value of 6.56 mg/g observed in NW (p < 0.05, Figure 2A). The soil total phosphorus content (TP) was similar between reference and DW, which were both significantly lower than the average content values of 0.96 mg/g and 0.97 mg/g in nutrient-rich and cultivated wetlands, respectively (p < 0.05, Figure 2B). The average soil available nitrogen content was 28.07 mg/kg, with the maximum value of 41.32 mg/kg recorded in NW and a value of 30.07 mg/kg recorded in DW (Figure 2C). Similarly, the soil available P in RW was 13.64 mg/kg, which was significantly lower than the values in drained and NW (p < 0.05, Figure 2D).
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FIGURE 2
Effects of agricultural intervention on soil properties. (A) Soil total nitrogen (TN); (B) soil total phosphorus (TP); (C) soil available nitrogen (AN); (D) soil available phosphorus (AP). RW, reference wetlands; DW, drained wetlands; NW, nutrient-rich wetlands; CW, cultivated wetlands. Error bars represent ± SE. Different letters indicate significant differences (p < 0.05).




Nitrogen and phosphorus levels in plant organs

In RW, N values in plant leaves, stems, roots, and root hair averaged 12.19, 6.65, 5.41, and 4.87 mg/kg, respectively, and were higher by 76, 61, 56, and 39% in NW, respectively (p < 0.05, Figures 3A–D). While the average N content values of root and root hair in DW were 9.07 and 7.12 mg/kg, these values were also significantly higher than those in RW (p < 0.05, Figures 3A–D). Plant leaves, stems, roots, and root hair in RW had average P content values of 1.50, 1.05, 1.29, and 1.63 mg/kg, respectively. The P content of plant roots in cultivated wetlands and plant stems in DW differed significantly only from the values in RW by 58 and 33%, respectively (p < 0.05, Figures 3E–H).
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FIGURE 3
Effects of agricultural intervention on N and P stoichiometry of plant tissues. (A–D) Plant tissue N content; (E–H) plant tissue P content; (I–L) plant tissue N and P stoichiometry. RW, reference wetlands; DW, drained wetlands; NW, nutrient-rich wetlands; CW, cultivated wetlands. Error bars represent ± SE. Different letters indicate significant differences between sites (p < 0.05).




Nitrogen and phosphorus stoichiometry in plant organs

The average leaf N:P ratio in RW was 8.12, while the maximum value of 13.42 was observed in NW, followed by similar ratios of 10.34 and 10.27 in cultivated and DW, respectively (Figure 3I). In the DW, the average stem N:P ratio was 6.02, similar to the average ratio of 6.41 in the RW, while that in cultivated wetlands was significantly lower, but was higher by 46% in the NW (p < 0.05, Figure 3J). The root and root hair N:P ratio remained constant under different intervention conditions (Figures 3K,L).



The relationship between soil nutrients and plant organ nitrogen or phosphorus content

Soil available N and P positively influenced N content values in plant root hair, roots, stems, and leaves, with the maximum effects observed on leaf N, which showed the highest correlation with leaf N (p < 0.05, Figures 4A–H). Soil available N and P were found to positively influence root P content and had no influence on the other organs (p < 0.05, Figures 4I–P).
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FIGURE 4
The relationship between soil nutrient availability on the N and P of plant tissues. (A–D) Soil available nitrogen (AN) and plant tissue N; (E–H) soil available phosphorus (AP) and plant tissue P; (I–L) soil AP and plant tissue P; (M–P) soil AN and plant tissue P.





Discussion

While the nutrient content of natural wetlands is determined by groundwater and rainfall, chemical fertilizers used during agricultural development possibly influenced the nutrient composition (Craft and Richardson, 1993). The nutrient loading not only enhances nutrient availability but also facilitates the accumulation of nutrients (Li et al., 2019). The findings of these studies are consistent with our results that TN, TP, and available N and P in the wetlands which exchange flow frequently with paddy (NW) were significantly higher than that in natural wetlands (Figures 2A,B). Although the content values of TN and TP in DW were similar to those in natural wetlands, available P significantly increased (Figure 2D). This is mainly because drainage increases soil oxygen availability, potentially accelerating soil nutrient cycling and influencing nutrient availability (Laiho et al., 1999). In cultivated wetlands, TN decreased significantly, while TP increased significantly (Figures 2A–D). Previously, it has been shown that changes in soil physical factors, water conditions, and nutrient levels contribute to N mineralization (Laiho et al., 1999; Raiesi, 2006; Wang et al., 2017). On the other hand, P cycling differs from N cycling since it does not involve atmospheric recharge, therefore soil P stocks are determined by P input and export with the flow (Nesme et al., 2018). Furthermore, soil minerals including Fe and Al oxidases have a strong adsorption capacity for orthophosphate ions (Negassa and Leinweber, 2009), which could possibly increase P retention in cultivated wetlands.

Plants often trade off nutrient allocation and environmental changes for growth and reproduction (Zhang et al., 2021). Our results showed that the N content values in plant leaves, stems, roots, and root hair in NW were significantly higher than those in the RW (Figures 3A–D). Interestingly, the N content values in leaves, roots, and root hair were similar to those in nutrient-rich and DW. This may be explained by the complementarity of environmental elements (nutrients vs. hydrology). Lower water levels reduce plant above- and below-ground biomass and inhibit plant height, leaf area, and root length (Bai et al., 2021). Declining biomass production and accumulation increase the relative content values of organ nutrients based on a fundamental trade-off in plant functioning between the rapid production of biomass and efficient conservation of nutrients (Garnier et al., 2001). In DW, microbial biomass and activity increased the coupling of nutrient mineralization. This is consistent with the findings of Brown et al. (2017) that draining significantly increased nitrification and P mineralization. In the cultivated wetlands, the leaf N content was similar to that in the RW, but the N content values in the stem, root, and root hair were significantly lower (Figures 3A–D). N and P availability in the study wetlands were lower than those in the RW (Figure 2), however, long-term agricultural fertilizer application possibly compensates for the plant’s nutrient requirements. Furthermore, long-term cultivation also reduces soil organic matter, thereby affecting plant nutrient uptake and utilization (Seiter and Horwath, 2004). Soil N and P availability showed strong positive effects on plant organ N, especially on plant leaf N in this study (Figures 4A–H). N is essential for photosynthetic C fixation and biomass accumulation in plants (Staswick, 1994), and adding N increases plant nitrate concentration (Güsewell, 2004; Esmeijer-Liu et al., 2009; Mao et al., 2014). The addition of P to plants also improves their capacity to absorb dissolved organic nitrogen in cold and nutrient-limited conditions (Feller et al., 2003; Mao et al., 2016).

Phosphorus is the second most essential element after nitrogen for the synthesis of nucleic acids and is a component of the adenosine phosphates, which play a key role in the transfer of energy (Elser et al., 1996). Despite different agricultural interventions, P levels in leaves, stems, and root hair remained similar (Figures 3E–H). The amount of root P in nutrient-rich and DW was significantly higher than that in agricultural and RW. As roots are the primary organs responsible for nutrient storage, they may have a strong capacity to retain phosphorus. In addition, our results showed a positive relationship between N and P availability and root P concentration in plants (Figures 4I–P). Plants have evolved a P economy when nutrient availability is limited, and they conserve nutrients through the resorption of nutrients from senescing to new leaves or storage in the roots (Rejmánková and Snyder, 2008). Plant P resorption efficiency can reach approximately 52% (Aerts, 1996; Huang et al., 2021). On the other hand, plants can acquire P by secreting hydrolytic enzymes such as phosphates, which could promote organic P mineralization (Rejmánková and Snyder, 2008). Plants can also reduce phosphate secretion when soil P availability increases (Olander and Vitousek, 2000).

N:P ratios reflect plant nutrient demand, which is a critical indicator to determine population size, stability, and organization (Koerselman and Meuleman, 1996). We found that the responses of the N:P ratios in plant organs varied significantly from roots to leaves (Figures 3I–L), which did not support the hypothesis that agricultural disturbance may have weak effects on the N:P ratios in plant organs. Both the root and root hair showed little variation in the N:P ratio under agricultural intervention, however, the N:P ratios of leaves and stems were higher in NW than that in the other sites (Figures 3I–L). Roots are important sources of energy storage, so they typically maintain a constant variation ratio in their functionality (Rejmánková and Snyder, 2008). Despite the fact that the aboveground biomass is often reduced in DW, the N:P ratio in the leaf is maintained to meet its photosynthesis requirements for growth and reproduction (Staswick, 1994). A mass N:P ratio of less than 14 or greater than 16 indicates N or P limitation, respectively, and a value between 14 and 16 indicates N and P co-limitation (Koerselman and Meuleman, 1996). In this study, the N:P ratio was less than 14 in all wetlands, indicating that N had a determinant effect on G. spiculosa, and high nutrient levels also increased its requirement for nutrients. Interestingly, cultivation and drainage had similar effects on plant leaf N:P ratios, which were higher than those of the RW (Figures 3I–L). These findings indicate that plants exhibit high plasticity and subsequent self-regulation strategies under agricultural disturbances (Weiner, 2004).

Overall, the results of this study show that agricultural interventions significantly altered the N levels and nutrient stoichiometry of G. spiculosa, particularly in the leaves. Soil N and P availability co-influenced plant N levels, and G. spiculosa showed relatively high plasticity in mediating its nutrient stoichiometry in the plant organs under different agricultural interventions. In addition, roots are the most important organs for nutrient acquisition, storage, and transformation. Although their nutrient levels fluctuate with soil nutrient levels, they maintain a constant N to P ratio throughout, highlighting the plasticity of the roots as well as the importance of nutrient stoichiometry from root to leaf.
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