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Abstract: Exploring the effects of environmental factors and plant physiological processes on plant
nutrient stoichiometry is of great significance to understanding how wetland vegetation distributes
and maintains function. However, we have a limited understanding of how the combination of plant
communities and seasonality with soil physicochemical properties affects nutrient stoichiometry
in wetland plants. In this study, we examined these factors in Carex thunbergii and soil across four
types of plant communities dominant in the riparian zone of Shengjin Lake during the non—flooding
periods of December 2020 and March 2021. In winter, the total foliar C, N, and P concentrations
decreased along with an increase in plant coverage, which did not differ in spring. The C, N, C: P,
and N: P of foliage significantly increased over the season, while soil C, N, C: P, and N: P significantly
decreased over the season. Both in winter and spring, soil C and soil N decreased along with the
increase of plant coverage. Our results suggest that both plant community and soil physicochemical
properties have a significant influence on plant nutrient stoichiometry. This study improves our
understanding of the seasonal dynamics of plant nutrients under different communities and soil
physicochemical properties.

Keywords: riparian zones; ecological stoichiometry; Carex thunbergii; seasonal dynamics; soil
physicochemical properties

1. Introduction

Riparian wetlands, as transition zones between aquatic and terrestrial ecosystems,
host highly diverse biological communities and are considered to play a critical role in
climate change, biodiversity protection, hydrology, and the biogeochemical cycles of carbon
(C), nitrogen (N), and phosphorous (P), as well as maintaining ecosystem health and
stability [1,2]. Meanwhile, riparian ecosystems are highly sensitive to changing natural
processes and anthropogenic activities and are among the most degraded and impacted
ecosystems in the world [3]. As the main producer of the system, the plant community
in a riparian zone has a considerable effect on a range of wetland ecosystem functions [4].
However, wetland plant communities interact with the hydrologic regime, nutrient inputs,
the biota, and the physicochemical environment of wetlands to affect the wetland ecosystem
and functioning in complex and dynamic ways that are not fully understood [5,6].

Ecological stoichiometry is the study of relationships between organisms and the
environment through the imbalances of chemical elements, ratios, and flux rates, which
provides a comprehensive method for studying the coupling relationship between an
ecosystem and biogeochemical cycles [7]. C, N, and P are not only the most basic resources
of mineral and organic elements required for plant growth [8], but are also important as
they reflect the speed of growth, the level of nutrient utilization efficiency, and the judgment
of restrictive elements [9,10]. Thus, leaf stoichiometry plays a vital role in analyzing the
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composition, structure, and function of a concerned community and ecological system [11].
Soil is the basis for the survival of plants, and provides nutrients and water for plant growth
and development [12]. Changes in soil properties will lead to changes in plant communities.
Soil C: N: P ratios can directly reflect soil fertility and indirectly reflect the nutritional status
of plants and the species composition of plant communities [13]. Work in grasslands has
suggested that greater plant species richness leads to more efficient uptake of nutrients and
greater productivity [14].

Under different environmental conditions, plant physiological processes [15], wetland
hydrology, soil pH [16], salinity [17], and community type [18] can determine nutrient
balance. In turn, the accumulation and allocation of nutrients (that is, the concentrations
and ratios of C, N, and P) reflect the adaptation of plants in a changing environment [19].
The metrological comparison of soil and plant C, N, and P is of great significance to reflect
the speed of plant growth, the level of nutrient utilization efficiency, the judgment of
restrictive elements, and the ecosystem dynamics and functioning [11]. It is generally
believed that riparian vegetation is typically dominated by a single vascular plant species
due to the seasonally fluctuating water level [20]. Thus, it is critical to reveal the role of the
dominant species in plant community dynamics and nutrient cycling in riparian zones.

Shengjin Lake is a typical shallow lake connected to Yangtze River, experiencing
prolonged flooding in the summer and fall. During the water—falling stage, the dominant
Carex thunbergii can cover almost 80% of the area of the riparian zone [21]. That is to say, the
riparian plants, especially the dominant C. thunbergii, wither into dormancy under flooding
and reproduce from the winter to the spring in the next year. Nonetheless, how nutrient
stoichiometry changes in response to seasonal dynamics and environmental factors related
to the growth rhythm of wetland plants like C. thunbergii is not well known.

In addition to environmental factors, plant nutrient stoichiometry changes with growth
phases [15,22]. For example, plant C: N and C: P ratios increase significantly with increas-
ing leaf age in the Inner Mongolian grasslands [23], whereas in the Laizhou Bay coastal
wetland, the contents of C, N, and P in Tamarix chinensis exhibit significant inter—seasonal
variation [22]. The seasonal dynamics of plant stoichiometry may also differ due to the
unique hydrological rhythms in wetlands such as river—connected lakes and floodplains
compared with other wetland types, but our current understanding of such dynamics
is far from complete. To address these knowledge gaps, we investigated C. thunbergii
along three plant communities in Shengjin Lake during two seasons. The objectives of this
study were to examine: (1) seasonal and plant community effects on foliar stoichiometric
characteristics, and (2) the relationships between foliar stoichiometric characteristics and
soil physicochemical characteristics.

2. Materials and Methods
2.1. Study Site

The experiment was conducted in a riparian zone area of Shengjin Lake (30°16'-30°25" N,
116°59'-117°12" E). The Shengjin Lake is in the middle and lower reach of the Yangtze River’s
southern bank. The mean annual temperature is 16.1°C and the annual precipitation is
1600 mm. Due to the typical subtropical monsoon climate, the water table shows clear seasonal
fluctuation. Shengjin Lake’s water level reached a high of 17 m on 2 August 2020, and a low of
8.05 m on 30 December 2020. At sampling time, the average water level of Shengjin Lake was
9.44 m in December 2020 and 9.45 m in March 2021 (water level information comes from the
Anhui hydrology telemetry information network, http:/ /yc.wswj.net/ahyc/ (accessed on 22
May 2022), in the upper reaches of the Huangpen sluice). During the water—falling stage, the
riparian zone covered approximately 133 km?, and the dominant C. thunbergii covered almost
80% of the riparian zone [21]. In this area, there were randomly scattered plant communities
with different kinds of vegetation made up of C. thunbergii and hygrophytes, mostly Phalaris
arundinacea, Rumex dentatus, and Eleocharis dulcis. [21]
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2.2. Experimental Communities and Sampling

According to the differing coverage of C. thunbergii in various vegetation cover zones,
we defined four types of plant communities that dominated in the riparian zone: (1) Bs,
Bare soil; (2) CR, 20% C. thunbergii + 10% E. dulcis + 40% R. dentatus cover; (3) CP, 45%
C. thunbergii + 45% P. arundinacea cover; and (4) Ct, 95% C. thunbergii cover. Quadrates
were randomly selected in different sections of Shengjin Lake with uniform vegetation
distribution for each vegetation type. The quadrates were 4 m x 4 m in size, and 4 repeat
quadrates were set up for each vegetation type, so there were 16 different quadrates in
total, and 5 sampling zone plots of 1 m x 1 m were set up in each quadrate (Figure 1). Plot
coordinates were recorded using GPS for repeated sampling of mature leaves similar in
growth performance (e.g., length and color) in the following year. Field investigations were
conducted in December 2020 and March 2021 as the sampling zones were flooded from
April to October annually. In each sampling zone, the plant species and coverage were
recorded in 1 m x 1 m quadrats. The whole above—ground C. thunbergii samples from
each plot were collected, and their fresh weight was determined using an electronic scale
with 0.01 kg precision.
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Figure 1. The location of the study area. Different colors represent different plant communities. Ct,
95% C. thunbergii cover; CP, 45% C. thunbergii + 45% P. arundinacea cover; CR, 20% C. thunbergii + 10%
E. dulcis + 40% R. dentatus cover; Bs, Bare soil.

Soil samples were collected after vegetation sampling. Five soil cores (0-20 cm depth)
were taken with a stainless—steel corer from the four corners and the center of the same
1m x 1 m quadrats used for plant observations, then thoroughly mixed into one composite
sample. Plant and soil samples were sealed in resalable lock bags and transported to the
laboratory, being kept at 4 °C until analysis.

2.3. Laboratory Analysis

All plant samples were heat—killed at 105 °C for 15 min, then dried at 75 °C for 48 h
to constant weight. The soil samples were air—dried and passed through a 0.25 mm sieve
to remove gravel and plant remnants. The leaf organic carbon (LC), soil organic carbon
(SOC), total leaf nitrogen (LN), and total soil nitrogen (STN) concentrations were measured
with an elemental analyzer (vario MICRO cube; Elementar Analysensysteme GmbH,
Langenselbold, Germany). Leaf total phosphorus (LP) and soil total phosphorus (STP)
were measured by UV —2450 spectrophotometer (Shimadzu Scientific Instruments, Tokyo,
Japan) using the Mo—Sb colorimetric method after HC1O,—H3SO;, digestion. The content
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of available phosphorus (AP) in soil was determined by the sodium bicarbonate leaching
and molybdenum—antimony resistance colorimetric method. The available potassium
in soil (AK) was determined by the ammonium acetate extraction and flame photometer
method [24]. Soil pH was determined in a solution of soil and distilled water (1:2.5, w/v)
using a pH meter (Sensor, Hach, Loveland, CO, USA). Soil water content (SWC) was
calculated based on the weight of soil samples before and after oven—drying at 105 °C
for at least 72 h [25]. Soil ammonium nitrogen (NH4*—N) and nitrate nitrogen (NO3~—N)
were determined through flow injection analysis after extraction with 2 M KCl at a 1:5
soil/water ratio from fresh soils. All concentrations are expressed based on the weight of
the oven—dried soil.

2.4. Data Analysis

Mean and standard deviation (SD) were used to describe all data in the statistical
analysis and mean values were reported at a 95% confidence interval. Statistical analyses
were performed using SPSS 26.0 (SPSS, Inc., Chicago, IL, USA). One—way analysis of
variance (ANOVA) was conducted to analyze the ecological stoichiometry characteristics
in the leaves and soil of different communities. Significance analysis was performed using
the Tukey post—hoc test. Because the samples were only from two seasons, which are
winter and spring, a paired t—test was used to analyze the seasonal dynamics of ecological
stoichiometry from C. thunbergii and soil. The relationship between the foliar stoichiometric
characteristics of C. thunbergii and the soil physicochemical characteristics in different
plant communities was determined through Spearman’s correlation coefficient analysis at
p < 0.05. Redundancy analysis (RDA) was performed by Canoco 4.5 (Microcomputer Power,
Ithaca, NY, USA) with a subset of environmental variables to assess the relative impact of
abiotic factors on plant leaf stoichiometry, using explanatory environmental variables (SOC,
STN, STP, and their corresponding ratio, pH, SWC, AP, AK, NO3~—N, and NHs*—N) as
regression covariates [26,27]. De—trended correspondence analyses of the datasets were
undertaken before performing RDA to ensure that gradient lengths fit a linear model.
The data and Monte Carlo reduced model tests with 499 unrestricted permutations were
used to statistically evaluate significance [28,29]. Conditional effects (forward selection
of environmental variables) were assessed to identify the contribution of environmental
factors to explain vegetation data. All columnar figures were performed using Graph
Pad Prism 8.0.1 (https:/ /www.graphpad.com) software. All data were logarithmically
transformed before parameter testing and passed the homogeneity of variance test.

3. Results
3.1. Leaf Nutrients Stoichiometry and Seasonal Variation Characteristics among Different
Plant Communities

Mean values of the LC (leaf carbon), LN (leaf nitrogen), and LP (leaf phosphorus) concen-
trations of the C. thunbergii in the winter were 281.6 4 26.0, 16.5 + 1.6,and 1.25 + 0.1 g kg~ !,
respectively. In the spring, the mean values of LC, LN, and LP were 374.6 £ 39.7,26.2 + 2.3,
and 1.6 & 0.1 g kg !, respectively. These parameters differed significantly between the two
seasons. The leaf C: N, C: P, and N: P were 17.2 + 1.2-14.7 + 2.2,233.4 4 35.6-241.8 + 32.5, and
13.4 4+ 1.4-16.9 £ 2.1, respectively. LN, C: P, and N: P both significantly increased from winter to
spring, whereas LP and C: N significantly decreased from winter to spring (Figure 2). In winter,
the LC, LN, and LP measured at Ct were significantly lower than those at CR and CP (p < 0.05),
which were not significantly different in the spring.

Based on the data of C. thunbergii stoichiometry acquired during two seasons, Pearson
correlation analysis was performed among LC, LN, LP, LC: LN, LC: LP, and LN: LP
(Table 1). The analysis revealed that LN was significantly positively correlated with LN:
LP and significantly negatively correlated with LC: LN (p < 0.01). LP was significantly
negatively correlated to LC: LP and LN: LP, and positively correlated to LC (p < 0.01). LN:
LP was negatively correlated to LC: LN and positively correlated to LC: LP (p < 0.01).
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Figure 2. Ecological stoichiometry and seasonal variations of C. thunbergii in different communities.
LG, leaf carbon; LN, leaf nitrogen; LP, leaf phosphorus; LC:LN, leaf C: N ratio; LC: LP leaf C: P
ratio; LN: LP leaf N: P ratio. CR, 20% C. thunbergii + 10% Eleocharis dulcis + 40% Rumex dentatus
cover; CP, 45% Carex thunbergii + 45% Phalaris arundinacea cover; Ct, 95% Carex thunbergia cover. The
error bars show the standard deviations of the means. Different lowercase letters indicate significant
differences at the 0.05 (p < 0.05) level among different communities in the same season. Different
capital letters indicate significant differences at the 0.05 (p < 0.05) level among different seasons in the
same communities.

Table 1. Pearson correlation analysis (2—tailed) results between leaf stoichiometry.

LC LN LP LC:LN LC:LP LN:LP
LC 1
LN 0.336 1
LP 0.678 ** 0.018 1
LC: LN 0.250 —0.784 ** 0.327 1
LC:LP —0.299 0.037 —0.834 ** —0.091 1
LN:LP —0.290 0.639 ** —0.715 ** —0.731 ** 0.714 ** 1

** Correlation is significant at the 0.01 level.

3.2. Soil Stoichiometry and Seasonal Variation Characteristics among Different Plant Communities

Different vegetation types had significantly affected SOC (soil organic carbon), STN (soil
total nitrogen), and STP (soil total phosphorus) distribution and varied significantly (p < 0.05;
Figure 3) along with the proportion of C. thunbergii. As illustrated in Figure 3, the concentra-
tions of SOC, STN, and STP under different plant communities of the two seasons varied from
96 + 17-171 £+ 10 g kg, (10 £ 01-1.8 £ 02 g kg)) and
(0.1 + 0.02-0.4 + 0.04 g kg™ 1), respectively. The concentrations of SOC, STN, and STP
were ranked as CR > CP > Ct in winter. Both SOC and STN decreased significantly when it
turned to spring, whereas STP increased significantly under different plant communities from
winter to spring and increased most in community CP.

As shown in Figure 3, the C: N, C: P, and N: P ratios of soil (SOC: STN, SOC: STP,
and STN: STP) were 8.5 +2.8-11.1 4+ 3.0, 33.2 & 3.6-110.4 £ 7.9, and 3.3 £ 0.7-11.02 & 3.6,
respectively. In each community, the C: P and N: P ratios of soil both decreased significantly
from winter to spring (p < 0.05), and their values in winter were highest in community CP
(p < 0.05); in spring, the highest value was in community CR (p < 0.05). In each community,
the seasonal variations the of C: N ratios of the soil were not significant (p < 0.05).
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Figure 3. Soil ecological stoichiometry and seasonal variations in different communities. SOC, soil
total organic carbon; STN, soil total nitrogen; STP, soil total phosphorus; SOC: STN, soil C: N ratio;
SOC: STP, soil C: P ratio; STN: STP soil N: P ratio. Bs, Bare soil; CR, 20% Carex thunbergii + 10%
Eleocharis dulcis + 40% Rumex dentatus cover; CP, 45% Carex thunbergii + 45% Phalaris arundinacea
cover; Ct, 95% Carex thunbergia cover. The error bars show the standard deviations of the means.
Different lowercase letters indicate significant differences at the 0.05 (p < 0.05) level among different
communities in the same season. Different capital letters indicate significant differences at the 0.05
(p < 0.05) level among different seasons in the same communities.

3.3. Correlations between Soil Physicochemical Properties

As shown in Table 2, there were significant correlations not only between soil ecological
stoichiometry but also between soil physicochemical properties. The pH was significantly
positively correlated to SWC (soil water content), NO3~ —N (soil nitrate nitrogen), and STP,
but negatively correlated to AP (available phosphorus) and AK (available K) (p < 0.01).
SWC was significantly positively correlated to pH and NO3 ™ —N, and negatively correlated
to AP and SOC (p < 0.01). NOs;~ —N was significantly positively correlated to STP, and
negatively correlated to AK and SOC (p < 0.01). NH4"—N was significantly positively
correlated to NO3™—N and STP (p < 0.01). SOC was positively related to AP and STN
(p < 0.01). SOC: STP was significantly positively correlated to AP, AK, SOC, STN, and STN:
STP (p < 0.01), but negatively related to pH, SWC, NO3;—N, and STP (p < 0.01). STN: STP
was significantly positively correlated to AK, SOC, STN, and SOC: STP, but negatively
related to SWC, NO; ™ —N, and STP (p < 0.01).
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Table 2. Spearman correlation analysis (2—tailed) results between soil ecological stoichiometry and
soil nutrients.

. . soC: SOC: STN:
PH SWC NO3-—N NH4*—N AP AK socC STN STP STN oTp TP
PH 1
SWC 0.516 ** 1
NO3~—N 0570 * 0.565 ** 1
NH4* -N 0.309 0.133 0.551 ** 1
AP —0561%  —0.626*  —0444*  —0203 1
AK —0518 ** —0472%  —0540*  —0.277 0.376 1
sOC —0800*  —0.612*  —0533*  0.007 0.600*  0.460 1
STN —0515* —0.501 * ~0.39 0.185 0.233 0374 0.751 ** 1
STP 0.406* 0.396 0.620*  0625*  —0394  —0483*  —0312  —0277 1
2%% —0.131 —0.142 —0338  —0304 0227 —0.15 017 —0117  —0284 1
SSCT’S: —0625%  —0577*  —0745%  —0448*  0551* 0558  0.654* 0557  —0884* 0323 1
SSTTII\I —0.446* ~0526%  —0650* 035 0378 0539 0517*  0.639*  —0874* 0199  0925* 1

* Correlation is significant at the 0.05 level; ** Correlation is significant at the 0.01 level.

3.4. Correlations between Soil Physicochemical Properties and Leaf Stoichiometry

The redundancy analysis (RDA) showed that there were significant relationships
between soil properties (pH, SWC, AK, AP, NO; ™ —N, NH;*—N, SOC, STN, STP, SOC:
STN, SOC: STP, and STN: STP) with leaf stoichiometry (LC, LN, LP, LC: LN, LC: LP, and
LN: LP) (Figure 4). According to the Monte Carlo permutation test, the soil properties
significantly explained the variation along the first ordination axis (p = 0.002) and the total
variance (p = 0.002). The eigenvalue of the first axis was 0.449 and that of the second axis
was 0.261. The first axis of RDA ordination was mainly related to NO3; ™ —N, STP, SWC,
STN, SOC, AP, AK, CP, NP, and pH. The second axis was primarily related to NH;*—N. The
conditional effects indicated that STP (p < 0.05), NHs*—N (p < 0.05), NO3;~—N (p < 0.05),
AK (p <0.05), pH (p < 0.01), and SWC (p < 0.01) were significant in the total explanatory
variables during the forward selection, and the contributions of the remaining variables
were not significant (Table 3). These six factors accounted for 56.95% of the total variance
explained by soil properties (Table 3).

Table 3. Conditional effects (forward selection of variables) obtained from the summary of forward
selection for vegetation data explained by the soil nutrients in a redundancy analysis.

Name Contribution % Pseudo—F 4
STP 10.54 38.89 0.017
NH;*—N 7.17 8.05 0.01
NO3; —-N 7.26 1.00 0.016
AK 11.35 2.58 0.021
AP 3.63 4.46 0.684
SOC 7.01 5.94 0.363
pH 10.3 491 0.001
SWC 10.33 0.42 0.003

Bold values mean they were significant in the redundancy analysis.

The correlations of leaf stoichiometry and soil properties in winter and spring are
shown in Tables 4 and 5. There were some similarities both in winter and spring. SWC was
significantly positively correlated with LC and LN (p < 0.05); NH4*—N was significantly
positively correlated with LC, LN, and LP (p < 0.01); SOC was significantly positively
correlated with LC and LP (p < 0.05); and SOC: STN was significantly negatively correlated
with LC (p < 0.05). There were also differences between the seasons. There was a significant
positive correlation in winter (p < 0.05) but a significant negative correlation (p < 0.01) in
spring between pH with LC: LP and LN: LP. There was a significant negative correlation in
winter (p < 0.05) but a significant positive correlation in spring (p < 0.01) between SOC and
LC:LP.
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Figure 4. Ordination diagram showing the results of redundancy analysis of leaf stoichiometry
and soil properties. The blue arrow shows soil properties, and the red arrow shows the plant
stoichiometry. S, spring; W, winter; Ct, 95% Carex thunbergia cover; CP, 45% Carex thunbergii + 45%
Phalaris arundinacea cover; CR, 20% Carex thunbergii + 10% Eleocharis dulcis + 40% Rumex dentatus
cover. In the Box plot, LC, leaf carbon; LN, leaf nitrogen; LP, leaf phosphorus; LCN, leaf C: N ratio;
LCP, leaf C: P ratio; LNP, leaf N: P ratio; pH, soil pH values; SWC, soil water contents; AK, soil
available K; AP, available phosphorus; NO, soil nitrate nitrogen; NH, soil ammonium nitrogen; SOC,
soil organic carbon; STN, soil total nitrogen; STP, soil total phosphorus; C: P, soil organic carbon: soil
total phosphorus; N: P, soil total nitrogen: soil total phosphorus.

Table 4. Spearman correlation analysis (2—tailed) results between soil properties and leaf stoichiome-

try in winter.

LC LN LP LC:LN LC:LP LN:LP
pH —0.411 -0.235 —0.569 —0.422 0.607 * 0.684 *
SWC 0.619 * 0.717 ** 0.509 —0.384 —-0.379 —0.288
NO3;™—-N -0.159 —-0.132 —0.104 —0.140 0.040 0.064
NH,*—N 0.892 ** 0.910 ** 0.781 ** —0.156 —0.608 * —0.559
AP 0.356 0.350 0.220 —0.053 —0.191 —0.168
AK 0.587 * 0.562 0.428 —0.081 —0.310 —0.284
SOC 0.627 * 0.460 0.747 ** 0.438 —0.648 * —0.728 **
STN 0.685 * 0.477 0.750 ** 0.523 —0.612 % —0.712 **
STP —0.017 —0.038 —-0.169 —0.002 0.102 0.120
SOC: STN —0.721 ** —0.487 —0.528 —0.568 0.272 0.389
SOC: STP 0.304 0.213 0.469 0.261 —0.390 —0.453
STN: STP 0.352 0.244 0.494 0.299 —0.397 —0.467

* Correlation is significant at the 0.05 level; ** Correlation is significant at the 0.01 level.

Table 5. Spearman correlation analysis (2—tailed) results between soil properties and leaf stoichiome-

try in spring.
LC LN LP LC:LN LC:LP LN:LP
pH —0.707** —0.747 ** —0.765 ** —0.708 ** —0.748 ** —0.754 **
SWC 0.547 * 0.583 * 0.671 ** 0.547 * 0.569 * 0.566 *
NO3;™—-N —0.287 —0.321 —0.244 —0.254 —0.28 —0.293
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Table 5. Cont.
LC LN LP LC: LN LC:LP LN: LP
NH;"—N 0.781 ** 0.829 ** 0.860 ** 0.762 ** 0.809 ** 0.818 **
AP 0.197 0.336 0.147 0.1 0.176 0.231
AK —0.329 —0.337 —0.324 —0.328 —0.336 —0.331
SOC —0.061 0.044 —0.085 —0.165 —0.12 —0.08
STN 0.516 * 0.499 * 0.622 * 0.505 * 0.505 * 0.487
STP —0.425 —0.483 —0.399 —0.462 —0.510* —0.532 *
SOC: STN —0.558 * —0.454 —0.638 ** —0.622 * —0.590 * —0.545 *
SOC: STP 0.332 0.502* 0.262 0.275 0.374 0.44
STN: STP 0.259 0.402 0.202 0.203 0.284 0.339

* Correlation is significant at the 0.05 level; ** Correlation is significant at the 0.01 level.

4. Discussion
4.1. Patterns and Seasonal Variation in Leaf C, N, and P Stoichiometry

The elemental nutrient concentrations in plant leaves were frequently affected by
the structural characteristics and growth rate of their plant species [30,31]. The growing
season of C. thunbergii in Shengjin Lake began in November and they grew slowly at low
temperatures. From March to April, C. thunbergii entered their fast—growing season. Due
to the changing growth rates of plants across seasons, the balance between the uptake and
utilization efficiency of these elements varied significantly with seasons to meet nutrient
needs under varying growth rates [32]. In this study, the C and N contents of C. thunbergii
peaked in spring in different communities, while the LP contents of C. thunbergii in the Ct
community decreased significantly in spring as compared to winter. LC concentrations are
determined by the relatively stable photosynthetic ability of plants. C. thunbergii usually
sprouts new ramets in February and accumulates nutrients rapidly through photosynthesis
by fixing LC and synthesizing organic substances [33,34]. At the same time, it triggers the
transport of stored functional compounds to newly developed tissues [22]; therefore, in
spring, their LC and LN reach high levels to promote photosynthesis for growth recovery
and to ensure that the plants can produce more storage components for survival in the
flooded stage. Generally, the concentration of LP was positively related to N, because the
two elements function together as basic elements in many key physiological processes, such
as energy storage, transportation, mineral absorption, light capture, and photosynthesis [35].
LP is absorbed from the soil, so is easily influenced by the external environment [22,36].
RDA analysis showed that LP was related to AP, SOC, STN, and NH;*—N. Our study
results showed that more LN was allocated to C. thunbergii (Figure 2), which could be
for several reasons: the increased chlorophyll and enzyme content induced by warmer
and lighter environments [37]; the strong root system of C. thunbergii having a stronger
root nutrient—uptake capability [38]; more available nitrogen in the soil, such as NHs*—N
(Table 6); enhanced photosynthetic efficiency, and so on [39]. Leaf nutrient concentration
usually decreases with increasing plant biomass due to the dilution effect [40]; that is,
nutrients become diluted in the plant bodies along with the rapid increase of biomass [22,38].
Thus, the dynamics of C. thunbergii foliar LP concentrations in community CR and CP may
be consistent with the plant’s growth rhythm.

Table 6. Soil properties in different treatments in two seasons.

- +_
Season  Type Soil pH SWC(%) N03kg*11\1) (mg NH4kg71:I) (mg AP (mg kg—1) AK (mg kg—1)
Bs 5.68 + 0.05 Ca 2223 £ 1.00 Ac 6.39 + 0.30 Ba 3.25 4 0.43 Bd 3015+ 734 Ab 4547 +490Ba
) CR 5.23 + 0.17 Bb 26.17 & 0.32 Cb 4.88 + 0.87 Ab 15.83 + 1.51 ABa 3497 +8.07 Aab  40.79 + 5.76 Ba
winter CP 518+ 0.39 Ab  27.31 + 0.90 ABab 5.06 = 0.67 Bb 10.23 + 1.75 Bb 41.64 +1.94 Aa 48.58 + 7.62 Ba
Ct 542 +£0.16Bab  28.60 £ 1.10 Aa 5.20 + 0.63 Bb 5.86 + 0.95 Cc 32.67 £ 252 Aab  23.07 & 7.28 Bb
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— o

Season  Type Soil pH SWC(%) N03kg}1\]) (mg NH4kg}f) (mg AP(mgkg )  AK(mgkg1)
Bs 707 £046 Aa  2338+091Ac 649+ 0.06Ba 5.81 = 0.73 Ac 2667 +292Ab 3277 +312Ca

_ CR 563+£039Bb  2931+069Bab  644+014Aa 2055+ 181 Aa  27.26+ 446 ABab  22.90 + 3.98 Bb
spring  Cp 566+ 018Ab  2862+092Ab  645+008Ba 2007 +2.83 Aa 3373+ 551Ba 1577 £4.97 Ce
Ct 613+034Ab  3062+152Aa  642+008ABa 1296+ 2.54Bb 2477+ 400Bb  29.40 + 452 Ba

Different lowercase letters indicate significant differences at the 0.05 (p < 0.05) level between different plant
communities in the same season. Different capital letters indicate significant differences at the 0.05 (p < 0.05) level
between different seasons in the same plant communities.

4.2. Soil Stoichiometry Patterns and the Relation with Soil Physicochemical Properties

The s0il C, N, and P are important structural and nutrient elements in soil, and their
ecological stoichiometric characteristics play an important role in the exploring material
cycle, multi—element balance, and nutrient limitations of an ecosystem [41]. The SOC
and STN showed a highly synergistic relationship (p < 0.01; Table 2), indicating that the
C and N sources of wetland soil are consistent and mainly come from biocenosis [42].
Soil C: N is an important index used to evaluate whether soil N mineralization capacity
and organic matter decomposition capacity will be limited by soil N. The results of C:
N < 25 (9.24 £ 0.28-13.74 & 3.95; Figure 3) indicate that soil organic matter has a high
degree of humification, readily facilitates the mineralization of organic matter, and increases
soil available nitrogen, and that the decomposition of organic matter is not limited by N.
The correlation between SOC: STP and STN: STP showed a profound positive correlation
(p < 0.01; Table 2), indicating that the C, N, and P metabolism of wetland soil has a very
close relationship [42].

Our study indicates that soil physicochemical properties have a significant effect on the
soil’s C: N: P stoichiometric characteristics among the studied plant communities. Soil pH is
one of the most important factors affecting soil fertility and microbial activities. It can directly
affect the existing forms and transformation modes of C, N, and P and have a certain impact
on the availability of soil nutrient elements [43]. The negative correlation between STP and
pH may be because pH is an important factor affecting phosphorus release [44]. A significant
negative correlation between pH with SOC, STN, SOC: STP, and STN: STP (p < 0.01; Table 2)
was observed. This is consistent with the work reported by Lu et al. [45] and may indicate
that high pH values in the soil can restrain the decomposition of STN [39,40]. Higher soil
pH generally indicates a higher availability of nutrients held in soil organic matter and lower
costs of plant N acquisition when maintaining photosynthesis rate [46].

AP in soil is a part of the soil’s available phosphorus storage and can be directly
absorbed and utilized by plants; it is also an important index to evaluate the phosphorus
level provided by soil [47]. The highest nutrient concentrations of SOC and STN were
observed in community CR both in winter and spring except for the community of bare
soil; this may be related to AP (available phosphorus), which showed a positive relation
with SOC, SOC: STP, and STN: STP (p < 0.05; Table 2).

4.3. Correlations between Soil Stoichiometry and Plant Stoichiometry

The relationship between soil stoichiometry and plant growth varies depending on
nutrient conditions [48,49]. From winter to spring, the SOC and STN decreased in each com-
munity and the difference in the amount between the two growing seasons was measured
most in community Bs (Bare soil), and least at community Ct (95% C. thunbergii cover).
This may be due to the sedimentation and carbon sequestration of wetland vegetation [50];
in particular, the huge amount of prostrate underground stem vegetative reproduction of
C. thunbergii and ground vegetation that has stopped growing in winter. High SOC: STP
and STN: STP were both found in community CP (with 45% C. thunbergii + 45% Phalaris
arundinacea cover) except for the community of bare soil (p < 0.05; Figure 3). This may be
concerning their restoring duration, and the plant type or species may be the main factors
affecting SOC: STP and STN: STP [51,52].
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Soil physicochemical properties play an important role in plant growth and distri-
bution as well as being the main source of determining the plant nutrient concentra-
tions [25,53]. N is an essential macronutrient that impacts plant growth and develop-
ment [54-58], and nitrate is one of the most abundant N sources in the soil [59,60]. All
plants utilize nitrogen (N) in the form of NO3;~ and NHy*. It is the most imperative element
for proper growth and development of plants, and significantly increases and enhances
plant yield and quality by playing a vital role in biochemical and physiological plant pro-
cesses [61]. Photosynthesis involves nitrogen assimilation via the reduction of NO3 and
NH, into amino acids, which are the building block of proteins [61].

The RDA results of our study confirmed the importance of soil nutrient concentrations
(e.g., total N and soil nitrate N) in determining C. thunbergii foliar stoichiometry. The
limitation of N was consistent with the RDA results (Table 3), in which NO3~—N and
NH4*—N accounted for 68.4 of the total variances related to leaf stoichiometric. However,
this is far from enough to choose it as an individual index to identify the limiting elements
of plant growth, due to the complexity of ecosystem structure and function [10,62]. Thus,
we should take into consideration more ecological factors like temperature, illumination,
and soil conditions.

5. Conclusions

In winter, the total foliar C, N, and P concentrations decreased along with an increase in
plant coverage, and this did not differ obviously in spring. The C, N, C: P, and N: P of foliage
significantly increased over the season. The dynamics of C. thunbergii foliar concentrations
in different vegetation communities are mostly consistent with each plant’s growth rhythm.
Soil C, N, C: P, and N: P significantly decreased over the season. Both in winter and spring,
soil C and soil N decreased along with the increase of plant coverage. The SOC and STN
showed a highly synergistic relationship and the C, N, and P metabolisms of wetland soil
have a very close relationship. Our results suggest that both plant community and soil
physicochemical properties have a significant influence on plant nutrient stoichiometry.
The relationship between soil stoichiometry and plant growth varies depending on nutrient
conditions. Soil physicochemical properties play an important role in plant growth and
distribution as well as being the main source of determining plant nutrient concentrations.

Our research revealed that the interaction between soil stoichiometry and soil physico-
chemical properties determines plant stoichiometry, providing a better understanding of
seasonal dynamics of plant nutrients in different community conditions. Since C. thunbergii
comprises one of the most ecologically important plant populations in Shengjin Lake, it is
important to understand how environmental factors affect its stoichiometric characteristics
at different life stages.
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