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Carbon (C), nitrogen (N), and phosphorus (P) stoichiometry serve as valuable
indices for plant nutrient utilization and biogeochemical cycling within
ecosystems. However, the allocation of these nutrients among different plant
organs and the underlying drivers in dynamic riparian ecosystems remain
inadequately understood. In this study, we gathered plant samples from
diverse life forms (annuals and perennials) and organs (leaves, stems, and
roots) in the riparian zone of the Three Gorges Reservoir Region (TGRR) in
China—a novel ecosystem subject to winter flooding. We used random forest
analysis and structural equation modeling to find out how flooding, life forms,
plant communities, and soil variables affect organs C, N, and P levels. Results
showed that the mean concentrations of plant C, N, and P in the riparian zone of
the TGRR were 386.65, 19.31, and 5.27 mg/g for leaves respectively, 404.02,
11.23, and 4.81 mg/g for stems respectively, and 388.22, 9.32, and 3.27 mg/g for
roots respectively. The C:N, C:P and N:P ratios were 16.15, 191.7 and 5.56 for
leaves respectively; 26.98, 273.72 and 4.6 for stems respectively; and 16.63,
223.06 and 4.77 for roots respectively. Riparian plants exhibited nitrogen
limitation, with weak carbon sequestration, low nutrient utilization efficiency,
and a high capacity for nutrient uptake. Plant C:N:P stoichiometry was
significantly different across life forms and organs, with higher N and P
concentrations in leaves than stems and roots, and higher in annuals than
perennials. While flooding stress triggered distinct responses in the C, N, and P
concentrations among annual and perennial plants, they maintained similar
stoichiometric ratios along flooding gradients. Furthermore, our investigation
identified soil properties and life forms as more influential factors than plant
communities in shaping variations in C:N:P stoichiometry in organs. Flooding
indirectly impacts plant C:N:P stoichiometry primarily through alterations in plant
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community composition and soil factors. This study underscores the potential for
hydrologic changes to influence plant community composition and soil nutrient
dynamics, and further alter plant ecological strategies and biogeochemical
cycling in riparian ecosystems.

KEYWORDS

ecological stoichiometry, life forms, riparian plants, hydrological change, flooding
intensity, three gorges reservoir

1 Introduction

Carbon (C), nitrogen (N), and phosphorus (P) are
indispensable elements in plant growth (Chang et al, 2022). C
serves as the fundamental energy supplier in ecosystems (Wang
et al, 2021), while N and P play crucial roles in electron transfer
during respiration and act as key limiting factors for primary
production (Tang et al., 2018; Zhang et al., 2018). Variations in
plant C:N ratios can impact microbial mineralization rates, thereby
influencing the global carbon cycle (Elser et al., 2008; Spohn et al.,
2023). Additionally, nutrient limitations may shift from N to P as
plant N:P ratios increase, ultimately leading to changes in
vegetation composition and ecosystem function (Gusewell, 2004;
Sardans et al, 2012). In riparian ecosystems, frequent flooding
results in plant organ mortality, exacerbating soil nutrient loss, and
altering soil nutrient ratios (Li et al., 2019; Zheng et al,, 2021b).
Under conditions of flood stress and nutrient co-limitation, the
physiological processes of C, N, and P in riparian plants are
constrained, including photosynthesis and nutrient mineralization
(Ye et al., 2020; Cao et al.,, 2022). Inundation-induced changes in
plant composition and soil properties may impact nutrient
interactions in riparian plant-soil systems (Yu et al, 2019; Ye
et al, 2020). Therefore, investigating plant C:N:P stoichiometry
patterns and their drivers can enhance the insights into plant
adaptation strategies and ecosystem functioning in dynamic
riparian habitats.

The response of plant ecological stoichiometry to environmental
gradients has been a focal point in recent years (Han et al., 2005;
Sardans et al., 2021). Studies conducted at local, regional, global, and
gene-to-ecosystem scales, based on field experiments or meta-analysis,
have contributed to our understanding (Elser et al., 2008; Han et al,
2011; Yu et al,, 20215 Cao et al., 2022). However, most prior studies
have concentrated on agricultural, desert, grassland, and forest
ecosystems (Xiong et al., 2021; Zhang et al., 2021a). By contrast, for
dynamic riparian ecosystems, a comprehensive analysis of plant C:N:P
stoichiometry remains lacking until now, partly due to the lack of
comprehensive data sets. For instance, several studies analyzed the
patterns of plant C:N:P stoichiometry in riparian ecosystems, but
either considered only a few species or focused only on plant leaves,
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ignoring plant stems and roots and their influences (Huang et al.,
2019; Zhou et al., 2021; Ding et al., 2022; Jing et al., 2022). This bias
might be attributed to sampling difficulties or higher labor costs (Xing
et al, 2022), limiting our comprehensive understanding of plant
adaptation strategies. Several studies have indicated that organs such
as roots can more accurately determine plant nutrient limitation traits
than leaves (Tian et al., 2018; Yin et al., 2021). Nutrient partitioning
among different plant organs reflects their trade-offs in accessing
aboveground and belowground resources (Hu et al., 2021). Riparian
plants must effectively allocate limited resources among organs to
withstand the combined stresses of inundation and nutrient limitation
(Jing et al, 2022). Therefore, gaining further insights into the
elemental stoichiometric characteristics of different organs under
varying inundation conditions is crucial for understanding riparian
plant adaptation strategies.

Plant community characteristics and abiotic factors, such as
geographical, climatic, and soil factors, exert varying degrees of
influence on plant elemental stoichiometry in terrestrial ecosystems
(Han et al,, 2011; Chang et al., 2022). Plant elemental stoichiometry
patterns exhibit distinctions across different organs and life forms
due to functional variations in the growth process of these organs
(He et al., 2015b; Yin et al,, 2021; Xing et al., 2022). The limiting
element stability hypothesis posits (Han et al., 2011) that more
active organs, with a higher demand for essential elements (e.g., N
and P), may exhibit greater N:P stoichiometric homeostasis (Zhang
et al,, 2018). Evidence suggests that flooding can lead to wetland
plants experiencing co-limited by multiple elements, such as N and
P (Zhang et al, 2021b; Cao et al, 2022). Moreover, life forms
significantly influence plant C/N/P stoichiometry (Reich and
Oleksyn, 2004; Xing et al., 2022), even within herbaceous plants
(Lu et al, 2023). For instance, perennial plants, despite being
herbaceous, can store organic carbon and possess higher nutrients
by allocating more resources underground compared to annual
plants (Poppenwimer et al., 2023). Additionally, numerous studies
have affirmed that plant C/N/P ratios are affected by soil properties
(Zhang et al., 2017; Chang et al, 2022). Leaf C/N/P ratios, for
example, correlate with soil bulk density and pH (Zhang et al,
2019), while below-ground organs are more susceptible to soil
nutrient variations (Yin et al., 2021). Soil properties further
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regulate plant elemental stoichiometry by impacting plant
community characteristics, including community cover, height,
and diversity (Wang et al., 2020; Ning et al., 2021; Yu et al,, 2021;
Zhang et al., 2021a). Previous studies have suggested that multiple
factors may collaboratively shape plant elemental concentrations
and stoichiometric patterns.

The Three Gorges Reservoir Riparian (TGRR), formed by the
full operation of the Three Gorges Dam in 2010 (Zheng et al,
2021a), constitutes a significant hydraulic project on the Yangtze
River in China. The TGRR represents a recently established
ecosystem, experiencing a 30 m depth of inundation annually
during the winter compared to during the summer or growing
season (Zheng et al., 2021b). This setting serves as a distinctive
natural laboratory for investigating inundation impacts on plant
elemental stoichiometry. Riparian vegetation in TGRR plays a
crucial role in sustaining river health, ecological balance, and
overall sustainable development within the region and the
Yangtze River Basin (Arif et al., 2023). Given the sensitivity of
riparian vegetation to hydrological changes, its response to
alterations in water flow has garnered increasing global attention
(Lozanovska et al., 2020; Su et al., 2020). Considering the substantial
rise in river damming worldwide and the anticipated increase in
unpredictable precipitation events (Grill et al., 2019), the nutrient
stoichiometry patterns of riparian plants could undergo significant
transformations due to exposure to varying degrees of inundation,
potentially differing from those observed in other terrestrial
ecosystems. However, to our current knowledge, the patterns and
drivers of C/N/P stoichiometry in different organs of riparian plants
under diverse inundation scenarios remain poorly documented.

To address this research gap, we gathered plant samples from
diverse life forms (annuals and perennials) and organs (leaves,
stems, and roots) in the Three Gorges Reservoir Riparian in China.
Our objective was to scrutinize the C/N/P stoichiometry across
different organs and life forms in the predominant plants of the
TGRR while simultaneously identifying the environmental factors
associated with these patterns. Specifically, we hypothesized that (1)
plants would exhibit distinct C/N/P stoichiometric patterns among
organs and life forms due to varying physiological functions and
adaptive strategies, and that (2) C/N/P stoichiometry in various

10.3389/fpls.2024.1354222

organs is strongly influenced by both intrinsic factors (such as life
forms) and environmental factors.

2 Materials and methods

2.1 Study area

The study area is situated in the upper reaches of the Yangtze
River (28°17'~ 32°05'N, 105°73'~ 111°12'E) (Figure 1), covering a
total area of 344.22 km” and spanning 639.38 km from the Three
Gorges Dam to Jiangjin County, Chongging Municipality (Zheng
et al., 2023). This region experiences a humid subtropical monsoon
climate, boasting an average annual temperature of 18.22 + 0.56°C
and an average annual precipitation of 1110 + 75.23 mm. The peak
annual flow in the study area predominantly occurs during the
summer months (June to September). Chinese soil classification
identifies soils in this region as purple and yellow.

Since the operation of the Three Gorges Dam, a distinct riparian
zone has emerged, witnessing inundation during the winter months
(September — April) instead of conventional summer (May -
August) inundation. This alteration, contrary to the natural
hydrological cycle, is global and associated with large reservoirs.
The water level in this riparian zone fluctuates annually within the
elevation range of 145 — 175 m, resulting in a 30 m inundation depth
(Arif et al,, 2023). During the summer months, when the TGRR is
exposed, surrounding vegetation is exposed to high temperatures for
one to several weeks and is susceptible to frequent natural flooding,
particularly in the area between elevations 140 - 160 m.
Consequently, this zone exhibits consistent inundation intensity
and frequency due to water level management patterns and the
comparable impacts of natural flooding. We categorized the TGRR
into four elevation zones based on the duration and depth of
inundation (Zheng et al., 2021b), namely 145 - 160 (duration of
inundation 230 days, depth of inundation 15 - 30 m), 160 - 165
(duration of inundation 140 days, depth of inundation 10 - 15 m),
165 - 170 (duration of inundation 90 days, depth of inundation 5 -
10 m), and 170 - 175 m (duration of inundation 50 days, depth of
inundation 0-5 m).
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Due to the inversion of the inundation season and the amplified
depth and duration of inundation, the original vegetation of the
TGRR has undergone substantial changes. Species like shrubs and
trees have disappeared, making way for several perennials with
enhanced inundation tolerance, such as Cynodon dactylon and
Hemarthria compressa. These species exhibit robust adaptive
capacities in the changing watershed environment, playing a
crucial role in sustaining biodiversity and ecosystem functioning
in the TGRR (Zheng et al, 2021b). This ecological shift not
only altered the vegetation species composition but also
introduced 20% of highly competitive annuals (Zhang and Xie,
2021) like Xanthium strumarium and Persicaria lapathifolia.
Flourishing under new riparian zone conditions, these plants
form distinct vegetation communities. Consequently, annual
and perennial herbaceous plants dominate the entire TGRR,
with only a few plant species prevailing, indicating significant
community similarity.

2.2 Sample collection and measurement

During the peak plant growth period from June to August 2019,
an extensive survey and sampling effort of plants and soils was
conducted at various elevation zones within the TGRR. A total of 36
representative sample sites were meticulously identified (Figure 1),
leveraging TGRR jurisdiction staff expertise familiar with the area.
This collaboration facilitated the selection of sites with minimal
anthropogenic disturbance and allowed us to circumvent the
challenges posed by steep slopes and landslides. Each sample site
in every elevation zone, spanning 100 m, was designated with the
assistance of a 100-m-long survey transect (Zheng et al., 2021b).
Notably, at the tail end of the reservoir, sampling was confined to
zones 165 - 170 and/or 170 - 175 due to elevated water levels.

Within each transect, three randomly chosen and relatively
evenly vegetated quadrats (2 m x 2 m) were identified for assessing
species composition, species count, community cover, and height.
Community cover denotes the area enveloped by all vegetation in
the sample. The average height of all species in the community was
measured using a ruler with a scale. Subsequently, a minimum of
five individuals of each species in every transect were selected. The
complete root system of each target plant was excavated with a
spade. The species were then categorized into annuals and
perennials based on the Flora of China. Plant samples, including
leaves, stems, and roots, were dried at 65°C for 72 hours.
Simultaneously, a 500 g surface (0 ~ 20 cm) soil sample was
collected from each quadrat. After removing the stones, these
samples were naturally dried and screened using a 2 mm filter.
Ultimately, 29 dominant species occurring more than three
times throughout the sample sites were chosen for subsequent
analysis (Yan et al, 2019). These 29 species belong to 10
families and 26 genera (Supplementary Table S1), comprising 18
annuals (140 individuals, 420 leaf/stem/root samples) and 11
perennials (125 individuals, 375 leaf/stem/root samples). Thus,
795 samples (265 leaves, 265 stems, and 265 roots) were analyzed
in this study.

Frontiers in Plant Science

10.3389/fpls.2024.1354222

In the laboratory, dried plants (leaves, stems and roots) and soil
samples were finely ground into powder. The C and N contents of
the samples were determined using an elemental analyzer
(Elementar Vario EL, Germany), and the P contents were
determined by ICP-OES (Loughborough, UK). Soil pH was
accurately determined by an acidimeter, while the soil water mix
was maintained at a ratio of 1:2.5. Soil water content was assessed by
drying the soil in an oven at 105°C for 48 h. Soil bulk density is the
ratio of the volume of a soil core sample to the mass of dry soil.

2.3 Statistical analysis

Differences in C, N, and P concentrations and their
stoichiometric ratios among organs (roots, stems and leaves) and
between life forms (annual and perennial species) were tested using
a nonparametric Kruskal- Wallis test and pairwise Wilcox multiple
comparison test. To assess the relative contributions of drivers to
the concentrations and ratios of these nutrients, we employed
random forest analysis using the randomForest package (Luo
et al., 2019). The Random Forest algorithm, capable of
incorporating numerous predictors, delivers precise predictions
and interpretations. The importance of the selected variables to
the Random Forest model was quantified using the percentage
increase in mean square error.

Subsequently, we examined the direct and indirect effects of
drivers influencing changes in C/N/P stoichiometry within various
organs. This analysis was based on a hierarchical path of a priori
knowledge and conceptual models (Supplementary Table S2) using
segmented structural equation modeling (SEM) (Lefcheck and
Freckleton, 2015). Segmented SEM extends traditional SEM by
considering the contribution of random variables to response
variables. Variables exhibiting non-significant or covariate effects
on changes in C/N/P stoichiometry were eliminated before
subjecting the data to SEM analysis. To account for random
effects in the segmented SEM, a linear mixed model with sample
sites as random factors was implemented using the piecewiseSEM
software package (Luo et al., 2019). We estimated the overall fit of
the model by Fisher’s C-value, and the model was considered to be
adequately fitted to the data when the model had a Fisher’s C-value
of P > 0.05 (Lefcheck and Freckleton, 2015). All the above analyses
were conducted using R 4.3.2 (R Core Team, 2023).

3 Results

3.1 Riparian plant C/N/P concentrations
and stoichiometry ratios

Our results revealed variations in plant concentrations of C, N,
and P, as well as C:N, C:P, and N:P ratios among different organs and
across life types within the TGRR ecosystem (refer to Figure 2;
Supplementary Table S3). Specifically, leaf concentrations of C, N,
and P were measured at 386.65, 19.31, and 5.27 mg/g, respectively,
with corresponding C:N, C:P, and N:P ratios of 16.15, 191.7, and 5.56.
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FIGURE 2

Carbon (C), nitrogen (N), and phosphorus (P) concentrations and their stoichiometric ratios in three organs (leaves, stems, and roots) of plants
growing in the riparian zone of the Three Gorges Reservoir in China. (A—F) represent C concentrations, N concentrations, P concentrations, C:N
ratios, C:P ratios, and N:P ratios in different organs across all species, respectively. (G—L) represent C concentrations, N concentrations, P
concentrations, C:N ratios, C:P ratios, and N:P ratios, respectively, in the leaves, stems, and roots of annual and perennial plants. Error bars indicate
the standard error of the mean. Different lowercase letters denote significant differences among organs.

Stem concentrations were slightly higher, with values of 404.02, 11.23,
and 4.81 mg/g for C, N, and P, accompanied by C:N, C:P, and N:P
ratios of 26.98, 273.72, and 4.6. Meanwhile, root concentrations were
388.22, 9.32, and 3.27 mg/g for C, N, and P, with corresponding C:N,
C:P, and N:P ratios of 16.63, 223.06, and 4.77.

Comparing the organs, leaf C concentrations (386.65 mg/g) and
C:N ratios (16.15) resembled those in roots but were significantly
lower than in stems (see Figures 2A, D). Leaf N (19.31 mg/g) and P
(5.27 mg/g) concentrations, as well as N:P ratios (4.6) were higher
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(Figures 2B, C, F), whereas C:P ratios (191.7) were less than stems
and roots (Figure 2E). Analyzing annuals and perennials, leaf and
root C concentrations exhibited similarity, while the C content in
stem (395.29 mg/g) of annual plants was lower than that in stem
(413.80 mg g-1) of perennial plants (refer to Figure 2G). In contrast
to annuals, perennials displayed lower N and P concentrations, as
well as lower C:N ratios across all organs (see Figures 2H-]).
Additionally, perennials exhibited higher C:P and N:P ratios
(Figures 2K-L) than annuals in all organs.
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FIGURE 3

Carbon (C), nitrogen (N), and phosphorus (P) concentrations and their stoichiometric ratios in leaves, stems, and roots of plants growing in different
elevation zones. (A—F) represent C concentrations, N concentrations, P concentrations, C:N ratios, C:P ratios, and N:P ratios in three organs (leaves,
stems, and roots) of annual plants, respectively. (G—L) represent C concentrations, N concentrations, P concentrations, C:N ratios, C:P ratios, and N:
P ratios in three organs (leaves, stems, and roots) of perennial plants, respectively. Error bars indicate the standard error of the mean. Different

lowercase letters denote significant differences among organs.

3.2 Riparian plant C/N/P concentrations
and stoichiometric ratios in response
to inundation

Our findings indicated distinct responses to C, N, and P
concentrations among annual and perennial plants along the
inundation gradient. As the elevation increased, C concentrations
exhibited a substantial rise in various organs of annuals and leaves
of perennials, while no substantial variations were observed in the
stems and roots of perennials (see Figures 3A, G). Conversely, N
concentrations remained relatively stable in different organs of
annuals and in the stems and roots of perennials as elevation
increased, but showed a significant increase in perennial leaves
(see Figures 3B, H). Moreover, P concentrations experienced a
considerable decrease in various organs of annuals and a significant
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increase in different organs of perennials with rising elevation (see
Figures 3C, I).

Furthermore, our analysis revealed that C:N:P stoichiometric
ratios in both annuals and perennials exhibited similar responses to
the inundation gradient. Consequently, both C:P and N:P ratios in
all organs of annual and perennial plants showed an initial increase
followed by a decrease with elevation (see Figures 3E, F, K, L), while
the C:N ratio remained relatively unchanged (see Figures 3D, J).

3.3 Effects of drivers on riparian plant C/N/
P concentrations and stoichiometric ratios

Random forest analyses revealed that variations in C/N/P
concentrations and stoichiometric ratios in different organs were
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ratio (CP), and nitrogen to phosphorus ratio (NP) for different plant organs (leaves, stems, and roots) of annuals (A-C) and perennials (D—F). L, S, and
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predominantly attributed to soil properties rather than plant
communities (see Supplementary Figure S1). Our results further
indicated that the C/N/P concentrations and stoichiometric ratios
in various organs across different life types were influenced by
distinct factors (refer to Figure 4). In annual plants, community
height, bulk density, water content, and total carbon emerged as the
main factors affecting leaves (see Figure 4A). pH values, bulk
density, and water content played pivotal roles for stems (see
Figure 4B), while bulk density, water content, total nitrogen, and
total phosphorus were significant factors for roots (see Figure 4C).
In perennials, community cover, elevation, water content, and bulk
density were identified as major factors for leaves (see Figure 4D).
Water content, elevation, and community height were crucial
factors for stems (see Figure 4E), and pH values, community
cover, elevation, and water content were the primary factors for
roots (see Figure 4F).
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Structural equation modeling analyses demonstrated that
elevation indirectly influences C/N/P concentrations and
stoichiometric ratios of different plant organs. This is mainly
through alterations in soil physicochemical properties and plant
community properties. Meanwhile, life forms directly impact C/N/
P concentrations and stoichiometric ratios (see Figures 5-7). Plant
community properties, such as community height and cover,
significantly affected leaf C and N concentrations (see Figures 5A,
B). Conversely, soil physical and chemical properties had both
direct and indirect effects on C/N/P concentrations and
stoichiometric ratios in different organs (see Figures 5-7).
Specifically, leaf C, N, and P concentrations were directly
influenced by soil total nitrogen, total carbon, and bulk density,
respectively, and directly or indirectly affected by water content (see
Figures 5A-C). Furthermore, leaf C, N, and P stoichiometric ratios
were strongly impacted by soil total phosphorus (see Figures 5D-F).
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(C), C:N (D), C:P (E), and N:P (F). Coefficients are standardized predictive coefficients for each causal pathway. Red and black arrows indicate positive
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random effects, respectively. Significance levels are denoted as *P < 0.05, **P < 0.01, and ***P < 0.001. Abbreviations have the same meaning as

in Figure 4.

Soil water content had a direct effect on C, N, and P concentrations
and stoichiometric ratios of stems and indirectly influenced these
attributes via changes in soil bulk density, whereas soil P had a
significant direct effect on P concentrations and C:P ratios of stems
(see Figures 6A-F). C concentrations in plant roots were directly
influenced by pH and total nitrogen (see Figure 7A), and root P, C:
P, and N:P were directly affected by total phosphorus (see
Figures 7C, E, F). Soil water content had a direct effect on root N
and C:N and indirectly affected these attributes via changes in soil
bulk density (see Figures 7B, D).
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4 Discussion

4.1 Patterns of different plant life forms
and organ elements in riparian ecosystems

Our results revealed that C concentrations in leaves, stems, and
roots were significantly lower than those observed in grasslands and
forests globally and in China (Ma et al., 2018; Tang et al., 2018), but
N and P concentrations were relatively high (see Supplementary
Table S3), aligning with findings from previous studies in
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in Figure 4.

subtropical riparian ecosystems (Yu et al, 2019). Notably, when
compared with the Li River riparian zone (Huang et al., 2019), C
contents in plant leaves were lower in the TGRR. Besides
geographical and climatic factors (Reich and Oleksyn, 2004), the
primary explanation for these differences lies in the contrasting
seasonal submersion patterns of the two areas, which influence
plant carbon sequestration. A recent TGRR study highlighted
reduced carbon sequestration due to flooding stress inhibiting
photosynthetic efficiency (Ding et al,, 2022). Additionally,
elements such as iron (Fe) and potassium (K) emerged as limiting
factors in plant growth, contributing to low C concentrations in
riparian plants (Sardans et al., 2021). Interestingly, N and P
contents in the different organs of riparian plants were
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significantly higher than those observed in grassland and
forest ecosystems globally and in China (see Supplementary Table
S3). One possible explanation is that prolonged inundation in the
TGRR accelerates soil mineralization, facilitating N and P uptake by
plants (Ye et al., 2020). Furthermore, frequent summer
precipitation in the TGRR may transport upland surface
pollutants like N and P to the adjacent zone (Zheng et al., 2023),
enhancing nutrient recharge for riparian plant growth (Huang et al.,
2019). This underscores the conclusion that the newly formed
riparian habitat in the TGRR shapes a distinctive ecological
strategy for plants. This is characterized by weaker carbon
sequestration and stronger nutrient uptake than other
terrestrial ecosystems.
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in Figure 4.

The stoichiometry of C, N, and P in plants indicates nutrient
utilization efficiency and growth limitations. According to the
growth-rate hypothesis (Tian et al., 2018), plants with high
growth rates exhibit lower C:N, C:P, and N:P ratios due to
increased requirements for N and P during cell proliferation. In
our study, the C:N, C:P, and N:P ratios of plant leaves in the TGRR
were generally lower than Chinese and global terrestrial plants (see
Supplementary Table S3), suggesting higher growth rates, lower
nutrient-use efficiencies, and reduced carbon assimilation capacity.
This aligns with findings from previous studies in natural riparian
ecosystems (Huang et al, 2019; Yu et al, 2019) and may be
attributed to higher soil P concentrations. The N:P ratio,
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indicating plant nutrient acquisition and physiological processes,
is commonly used to determine N or P limitations (Gusewell, 2004).
Our study found N:P ratios (ranging from 4.6 to 5.56) of different
organs to be less than 10, indicating N limitation in TGRR plants.
This aligns with reports that riparian zones are more susceptible to
N limitation than P limitation (Huang et al., 2019; Yu et al., 2019).
Periodic inundation of the TGRR results in soil N loss, decreased N
mineralization, increased denitrification, and diminished nutrient
feedback mechanisms between plants and soil (Ye et al, 2019).
Global meta-analysis further suggests that flooding may exacerbate
plant N limitation (Cao et al., 2022), though evidence also exists for
P limitation in riparian plants (Zhou et al., 2021; Zhang et al,
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2021b). The shift from P-limitation to N-limitation in riparian
plants might be influenced by higher nutrient inputs from
anthropogenic activities (Xia et al, 2014; Ding et al, 2022).
However, using N:P ratios to evaluate nutrient limitation has
uncertainties, as highlighted by Yan et al. (2017), necessitating
consideration of more reliable metrics in future investigations,
such as the ratio of leaf N/P uptake efficiency (Du et al., 2020).

Moreover, our findings indicated that plants allocate more N
and P to leaves than to stems and roots (see Figure 2), revealing
distinct nutrient acquisition strategies in riparian habitats. This
allocation aligns with the growth rate hypothesis, where leaves, with
their rapid metabolism and growth rates, accumulate more
nutrients to support carbon sequestration through photosynthesis
(Tian et al, 2018). Previous studies have shown that plants will
allocate more N and P elements to leaves for photosynthesis and
transpiration, particularly when N and P elements are limited,
which explains why the N and P concentrations in leaves are
higher than in other organs (Xing et al.,, 2022). In contrast, stems
and roots, primarily responsible for water and nutrient absorption
and delivery to leaves, exhibit lower concentrations of N and P (Luo
et al., 2021). Stems, with their supportive role, require higher
structural elements like C for plant morphological construction,
explaining the high C concentrations, C:N, and C:P ratios found in
stems, as reported in the TGRR (Ding et al., 2022). The higher N:P
ratio in leaves may reflect the plant’s ability to mitigate leaf N
limitation more effectively in the context of overall N limitation,
consistent with plant adaptation strategies observed in other
riparian habitats (Zhang et al., 2019). Additionally, our study
reveals that annual herbaceous plants exhibit higher N and P
concentrations in different organs than perennial plants (see
Figure 2). This supports the general concept that short-lived, fast-
growing species tend to have higher N and P contents than long-
lived, slow-growing species (Han et al., 2011; Sardans et al., 2021).
Specifically, C and N concentrations were higher in annual plants,
indicating increased N utilization efficiency (Ding et al., 2022).
Higher C:P and N:P ratios in perennial leaves, stems, and roots
compared to annuals support the idea that resistant plants tend to
have higher N:P ratios (Sardans et al., 2021). The observed increase
in P limitation with rising N:P ratios and the greater sensitivity of
perennials to P limitation, as opposed to annuals being more
sensitive to N limitation in the TGRR, provide compelling
evidence that, in dynamic riparian habitats, plants exhibit diverse
elemental stoichiometric patterns among different organs and life
forms, confirming our initial hypothesis.

4.2 Effects of inundation on different life
forms and organ elements of
riparian plants

Our findings showed that N and P concentrations in different
life forms respond differentially to inundation stress. The results
reveal a decrease in P concentration in annual plants as elevation
increases, contrasting with the increase in N and P concentrations
in perennial plants (see Figure 3). This divergence can be attributed
to variations in photosynthetic capacities, life cycles, and root
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structures among different life forms. For instance, competitive
annual herbaceous plants in the TGRR habitats, functioning as
opportunists and thriving under heightened flooding (Su et al,
2020), exhibit elevated N or P concentrations, corresponding to
heightened growth rates and relatively low C:N and C:P ratios
(Huang et al,, 2019). Notably, a robust positive correlation exists
between leaf N concentration and the light saturation rate of net
photosynthesis CO, assimilation. Moreover, P, a vital
macronutrient essential for photosynthesis, directly participates in
photophosphorylation and carbon assimilation (Ding et al., 2022).
Therefore, plants in severely inundated areas respond to inundation
by enhancing the relative nutrient levels in their leaves, thereby
boosting their photosynthetic capacity to rapidly synthesize
additional photosynthetic storage products (Huang et al., 2019).
Additionally, perennial plants tend to store more nutrients in their
roots, stems, and leaves, boasting intricate deep root structures to
regenerate after flooding (Zheng et al., 2021b). In contrast, annual
plants develop shallower root systems to swiftly absorb water and
nutrients during flooding, relying primarily on seeds for survival
(Zheng et al., 2021b; Poppenwimer et al., 2023).

Furthermore, our examination of C:N:P stoichiometry across
different life forms revealed similar responses to flooding stress.
Specifically, the C:P and N:P ratios exhibited an initial increase
followed by a decrease on elevated terrain, while C:N remained
relatively stable (see Figure 3). A plausible explanation for the
maintenance of comparable stoichiometric ratios in response to
flood stress across diverse plant life forms lies in an adaptive
strategy adopted by plants to cope with comparable resource
utilization pressures within a given ecosystem (Zheng et al,
2021b; Ding et al,, 2022). Prior studies have posited that similar
hydrologic stress in the TGRR may amplify the similarity in
nutrient resources required by plants at varying elevations (Zheng
et al,, 2021a). Additionally, characteristics of the plant community,
such as community biomass, total cover, and species diversity,
displayed a pattern of increasing and then decreasing with rising
elevation under the influence of hydrologic disturbance in the
TGRR (Chen et al,, 2020). This observation partly elucidates the
trend in plant C:P and N:P ratios with elevation in the TGRR, given
the close association between plant biomass accumulation and C
and P concentrations (Xiong et al., 2021). Our findings contribute
significantly to understanding plants’ ecological responses to
environmental changes and their implications for ecosystem
stability and function.

4.3 Factors influencing different organ
elements in riparian plants under
inundation intensity

Previous research has demonstrated that alterations in
vegetation community composition and soil nutrients play a
pivotal role in shaping C/N/P stoichiometry in plants (Wang
et al,, 2020; Ding et al., 2022). This process is further modulated
by flooding intensity (Cao et al., 2022). Considering this, we
endeavored to quantify the relative importance of drivers such as
plant community and soil factors on the C/N/P stoichiometry
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among various plant organs, elucidating the cause-and-effect
relationships of these factors in influencing nutrient
stoichiometry. Our results underscore that the variability in C/N/
P stoichiometry in different organs of riparian plants is primarily
attributed to soil properties and life forms rather than inundation
and plant community characteristics. This aligns with recent
findings (He et al, 2015a; Luo et al, 2021) emphasizing the
dominance of plant life forms and soil nutrient conditions over
climatic conditions in determining elemental concentrations and
stoichiometry in different plant organs. Furthermore, as the most
direct source of plant growth and nutrients, soil properties are
largely responsible for elemental concentrations and stoichiometric
ratios in plants growing in riparian zones (Ding et al., 2022). From
an ecological and evolutionary standpoint, the distinct ecological
niches occupied by plants of different life types contribute to
variations in their nutrient demands and utilization strategies,
providing a more direct reflection of nutrient allocation and
utilization strategies (Tian et al, 2018; Hu et al, 2021; Xiong
et al, 2021). Recent studies further indicate that riparian plants in
the TGRR develop species-specific traits and functional groups
following prolonged inundation (Su et al., 2020; Zhang and Xie,
2021). Consequently, our study substantiates that soil properties
and life forms are pivotal determinants of C, N, and P stoichiometry
in riparian vegetation organs. This aligns with our
second hypothesis.

Furthermore, our results reveal that plant life forms and soil
properties directly influence the concentrations of C, N, and P in
different plant organs. Annual plants appear more focused on rapid
growth and reproduction, while perennial plants prioritize long-
term nutrition accumulation and storage (Poppenwimer et al,
2023), resulting in divergent elemental content and stoichiometric
ratios. Soil factors, including water content, bulk density, and pH,
directly or indirectly impact plant growth and nutrient status. This
is done by influencing root development, nutrient uptake, and
physiological metabolic processes. This underscores the pivotal
role of soil moisture in overall nutrient uptake and partitioning in
plants (Zhang et al., 2021a; Ding et al., 2022). In addition, the results
of the present study showed that soil C, N, and P contents have
significant positive effects on the elemental concentrations of each
plant organ (see Figures 5-7), aligning with the “biogeochemical
hypothesis” (Reich and Oleksyn, 2004), which suggests a positive
correlation between nutrients in the habitat and nutrient
concentrations in plants. Our findings are consistent with a recent
study in the riparian zone of the TGRR that found a significant
positive correlation between C, N, and P concentrations in plant
roots, stems, and leaves and C, N, and P concentrations in soil.
Additionally, we observe that the height and cover of the plant
community significantly influence leaf C and N concentrations,
highlighting the role of community characteristics in shaping leaf
growth and stoichiometric traits by impacting factors like light
access and competitive interactions among plants (Ning et al., 2021;
Zhang et al., 2021a). This underscores the competitive and
synergistic relationships among plants within the community.
Furthermore, our study suggests that flooding can directly impact
N concentrations in stems and N:P ratios in roots. This can alter
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elemental concentrations and stoichiometric ratios in various plant
organs by modifying soil physicochemical characteristics and
community height. In conclusion, this research affirms the
significance of inundation in nutrient cycling in riparian plant-
soil systems and emphasizes the intricate and diverse influences in
riparian habitats affecting plant elemental concentrations and
stoichiometric ratios.

However, several limitations should be considered. Firstly,
while our study focused on total nutrients rather than available N
and P, total nutrients remain a valid indicator of soil nutrient levels.
Secondly, our study encompassed an array of environmental factors
but omitted climatic factors like average annual precipitation and
temperature. This omission is attributed to the relatively narrow
range of mean annual precipitation and temperature in our study
area, where climatic factors influencing plant elemental
stoichiometry typically operate on regional or global scales with
pronounced climatic gradients (Han et al, 2011). Lastly, due to
sampling difficulties and high labor costs, we conducted only one
field survey and sample. Hence, continuous monitoring of C, N, and
P interactions in riparian plant-soil systems is imperative in the
future to enhance our understanding of biogeochemical processes
and ecosystem functions in wetlands.

5 Conclusions

We summarize this study by examining the variation in C, N,
and P stoichiometry across different organs (leaves, stems, and
roots) and life forms (annuals and perennials) of dominant plants,
alongside their responses to inundation, plant communities, and
soil factors in the TGRR region—a novel riparian ecosystem in
China. Our results show that riparian plants have higher nitrogen
and phosphorus concentrations but lower carbon concentrations
and elemental stoichiometry than grasses and forests, indicating
that plant growth in the recently established riparian habitats of the
TGRR is nitrogen-limited, prompting the development of plant-
specific ecological strategies such as diminished carbon
sequestration, lower nutrient-use efficiency, and heightened
nutrient uptake capacity. Consequently, distinct physiological
functions and adaptive strategies result in variations in C/N/P
stoichiometry between life forms and organs. For instance, N and
P concentrations were higher in leaves compared to stems and
roots, and annuals exhibited higher concentrations than perennials.
While C/N/P concentrations in different organs of annual and
perennial plants exhibited divergent responses to inundation
stress, they maintained similar stoichiometric ratios along the
inundation gradient. Importantly, the study underscores that
variations in C/N/P stoichiometry in different plant organs are
more closely tied to soil characteristics than to plant community
structure. Unlike direct impacts on life forms, inundation induces
indirect changes in plant C/N/P stoichiometry by altering plant
community properties and soil factors. This investigation
emphasizes that hydrological changes can influence plant
community composition and soil nutrient dynamics, impact
plant \growth and stoichiometric properties, and ultimately alter
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plant ecological strategies and biogeochemical cycling in riparian
ecosystems. This research is expected to guide the management and
conservation of riparian natural communities for enhanced
ecological functions and to support future vegetation restoration.
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