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The availability and stoichiometry ratio of nitrogen (N) and phosphorus (P) play vital
roles in plant trophic dynamics and primary production. However, the responses of
these plant traits to varying N and P supplies remain largely unclear for supratidal
wetland herbs. Here, we conducted a 4-year field manipulation experiment in a
supratidal wetland in the Yellow River Delta. The changes in aboveground biomass,
leaf N and P concentrations and N:P ratios of two dominant herbs (Suaeda glauca
and Phragmites australis) were examined at 3 overall nutrient supply levels (low,
medium and high) combined with 3 N:P supply ratios (5:1, 15:1 and 45:1). The
results showed that the leaf trophic dynamics of the two dominant species rely on
the overall supply level as well as on the N:P supply ratio, while the aboveground
biomass of both species was only significantly influenced by the overall supply
level. With the increase in supply level, S. glauca gained an advantage over P.
australis in aboveground biomass competition. The leaf N and P concentrations of
both species raised with the respective increasing nutrient inputs, and N:P
improved with the increasing supply ratio. The leaf stoichiometry of S. glauca
was more strongly influenced by the various N and P supplies than that of P.
australis. Specifically, the gap of nutrient contents between the two species
widened as nutrient availability improved, with the dominance of S. glauca
increasing while that of P. australis decreasing. This species-specific response
may explain the altered aboveground biomass of the two species. Our findings
suggested that changing the N and P supply can potentially influence primary
productivity by changing leaf nutrient status, indirectly affecting the shifts in plant
dominance and community composition in supratidal wetland ecosystems.
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1 Introduction

Nitrogen (N) and phosphorus (P) are essential nutrients controlling
plant growth and primary production (Elser et al, 2007; Sardans and
Pefiuelas, 2012). In terrestrial ecosystems, the increase in N deposition
due to fossil fuel burning and anthropogenic fertilizer input has not been
paralleled by a proportional increase in P inputs (Venterink and
Glisewell, 2010; Pefiuelas et al., 2012), leading to changes in the
ambient N and P supply status from both aspects of overall supply
level and relative supply ratio (Elser et al., 2009; Carnicer et al., 2015).
Normally, plants respond to these changes at metabolic and physiological
levels (Elser et al., 2010; Wang et al., 2018; Chen et al., 2020) and further
alter the elemental composition and growth rate of plants (Sardans and
Pefiuelas, 2012). As responses are frequently species-specific (Mayor
et al, 2014), patterns of plant competition and dominant species in the
plant community may be changed (Bobbink et al,, 2010).

Plants can optimize nutrient acquisition and conservation strategies
to acclimate to altered nutrient availability and elemental stoichiometry
(Yan et al., 2014; Huang et al,, 2018a; Jin et al,, 2020). Accordingly, the
concentrations and stoichiometric ratio of N and P in plants are widely
used to reflect the plant nutrient status and nutrient supply of ecosystems
(Sardans and Pefiuelas, 2012). Notably, many previous studies have
focused on green leaves (Mayor et al., 2014; Yan et al., 2018; Liu et al,
2021). Leaf nutrient dynamics are a more reliable indicator of plant
adaptive strategies than total nutrient concentrations (Yang, 2018; Xu
et al., 2021); moreover, their species-specific responses could explain the
changes in community structure (Wan et al., 2020). To date, the effects of
altered absolute nutrient availability on leaf N and P stoichiometry have
been well demonstrated (Lii et al,, 2013; Jing et al, 2017; Huang et al,
2018b). Evidence from grasslands, wetlands, and forests indicates that
enriched N and P availability generally increased the respective nutrient
concentrations in the leaves (Yuan and Chen, 2015), which will in turn
have important feedbacks on productivity (Li et al,, 2016; Huang et al,,
2018b). The N:P supply ratio is also perceived as a key factor affecting leaf
nutrient traits, which could influence the trade-offs in the nutrient
allocation of different species and may explain their distinct
performances under competition (Venterink and Gusewell, 2010; Yuan
et al., 2013); however, relatively little attention has been given to it.
Considering that the environmental N and P status had been changed
from both the overall supply level and the supply ratio, it is necessary to
distinguish the respective and interactive effects of the two aspects on the
leaf nutrient status thus to predict future changes in the productivity and
community composition.

Wetlands are experiencing an increase in reactive N and P loadings
globally (Jordan et al., 2011; Wolf et al., 2013; Hu et al., 2017), and the
plant trophic dynamics under the changing external environment have
been extensively studied in wetland ecosystems (Yuan and Chen, 2015).
Nonetheless, the response of plant stoichiometry to varying N and P
supplies, and its role in vegetation community structure shifts, are still
elusive due to different climate, vegetation and soil properties (Yue et al,,
2017; Gao et al,, 2018; Wan et al., 2020). Given these uncertainties, more
studies are urgently needed to further reveal the plant ecological
stoichiometry responses to altered nutrient supply conditions
in wetlands.

The Yellow River Delta wetland, the most efficiently conserved
and youngest wetland ecosystem in the warm temperature zone in
China, is regarded as vulnerable to climate change and anthropogenic
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impacts (Yu et al, 2016). During the last several decades, jointly
influenced by atmospheric deposition and regional economic
development, the region has been undergoing increasing N and P
inputs, which has significant impact on plant communities (Yu et al.,
2014; Li et al., 2017). Generally, the adaptive capacity of plants to
environmental change varies with species evolutionary history, and
may lead a change in interspecific competition, thus shifting the
community composition (Pefuelas et al., 2008; Sardans and Pefiuelas,
2014; Sardans et al., 2015). Suaeda glauca and Phragmites australis are
two dominant species in the supratidal wetland of this area but have
received little attention in previous studies. Comparatively, S. glauca
is an annual forb and is restricted to the upland of the Yellow River
Delta (He et al., 2012), while P. australis is a perennial and widespread
wetland grass (Guo et al.,, 2018). Although our previous study based
on a field-stimulated experiment showed how the two species respond
to various N and P supplies (Liu et al., 2019), it mainly focused on the
variation in their dominance, while the species-specific responses of
leaf nutrient status and plant biomass remain unclear.

In this study, we examined the effects of nutrient supply level and
N:P supply ratio on the aboveground biomass and leaf nutrient
stoichiometry of P. australis and S. glauca using the same field-
stimulated experiment (Liu et al., 2019). The primary objectives of
this study were to (i) clarify the main and interactive effects of
nutrient supply level and supply ratio on the aboveground biomass
and leaf nutrient stoichiometry of two dominant species, (ii) assess
the linkage between aboveground biomass and leaf nutrient
stoichiometry in two dominant species, and (iii) compare the plant
growth strategies employed by two dominant species in response to
various N and P supplies. Our previous findings suggest that the plant
community composition in this area was only affected by the overall
nutrient supply level, in which S. glauca became increasingly
dominant with increasing supply level and thus suppressed other
species, including P. australis. In addition, the N:P supply ratio and
overall supply level both significantly affected the concentrations of
soil inorganic N and available P and the N:P ratio, with the soil
resource availability being more affected by the supply level and the
soil N:P ratio being overridingly influenced by the N:P supply ratio
(Liu et al,, 2019). We therefore hypothesized that (i) the aboveground
biomass of both species was only significantly influenced by the
overall supply level, while the leaf nutrient stoichiometry relied on
the overall supply level as well as on the N:P supply ratio (H1); (ii) the
aboveground biomass of S. glauca was positively associated with the
altered leaf nutrient contents, while the performance of P. australis
was the opposite, and there was no significant relationship between
the N:P and aboveground biomass of both species (H2); and (iii) S.
glauca exhibited relatively greater plasticity in plant growth strategies
than P. australis, leading to its dominance in the plant community
under increased nutrient inputs (H3).

2 Materials and methods
2.1 Experimental site
This study was conducted in the Yellow River Delta Ecology

Research Station of Coastal Wetland (37°45’52” N, 118°58’52” E),
Chinese Academy of Sciences. The study site has a warm-temperate
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and continental monsoon climate with a mean annual temperature
and precipitation of 12.9°C and 560 mm, respectively. This area is
periodically flooded from July to September, and nearly 70% of the
annual precipitation is concentrated in this period. The soil type is a
saline-alkali soil with a pH of 7.20-7.89 and conductivity of 1.64-3.15
ms cm™’. The dominant plant species at the experimental site are S.
glauca, P. australis and Suaeda salsa, comprising more than 90% of
the total aboveground biomass.

2.2 Experimental design

In July 2014, a N and P addition experiment was installed to
simulate future nutrient supply changes in this wetland. Detailed
information about the experimental design has been reported in a
previous study (Liu et al., 2019). Briefly, there were nine fertilization
treatments combined with 3 overall nutrient supply levels (low,
medium, high) and 3 N:P supply ratios (5:1, 15:1, 45:1) with four
replicates for each treatment, and one control treatment (CK) was
also set up with six replicates, for a total of 42 plots (Figure 1). Each
plot was 3.5 x 3.5 m in size and was laid out separated by 1 m aisles.
Starting in 2015, fertilizer was applied twice each year with 50% of the
supply in early April and 50% in late June. N and P were supplied as
urea and dihydrogen phosphate (NaH,PO,) dissolved in 6 L water,
respectively, and the CK plots received an equal amount of water.

2.3 Field sampling and measurement

In late July 2018, peak aboveground biomass was estimated by
clipping at ground level in three 0.3 m x 0.3 m random quadrats
within each plot and sorting the biomass into different species. After
clipping, living biomass was oven-dried at 75 °C for 48 h to a
consistent weight and then weighed and ground. Dominant species
S. glauca and P. australis were sampled in all experimental plots
(Figure 2), while another dominant species S. salsa was not sampled in
3/4 of the high nutrient supply experimental plots due to its low
occurrence. Therefore, we only measured the N and P concentrations

10.3389/fmars.2023.1113629

of S. glauca and P. australis. Total N concentrations in plant leaf were
analyzed by a C/N analyzer (Vario Micro, Germany). For total P
concentration, powders of plant leaf samples were digested with
H,S0,4-H,0, and then determined by the molybdenum blue
method on a continuous-flow autoanalyzer (AA3, Seal
Analytical, Germany).

2.4 Statistical analysis

Data were tested for normality using Levene’s test. Two-way
ANOVA was employed to examine the effects of supply level, supply
ratio and their interactions on aboveground biomass, N
concentration, P concentration and the N:P ratio of the two species.
The ANOV As were followed by S-N-K post hoc tests to determine the
difference level (if necessary). Independent samples t-test was used to
compare the mean values of the parameters between the two species
under different N and P supplies. The Pearson coefficient was
calculated to detect the relationship between the community
biomass and aboveground biomass of the two species and the
correlation among the N and P concentrations, the N:P ratio and
the aboveground biomass of the two species. Structural equation
model (SEM) was further constructed with Amos 21.0 software (SPSS
Inc., IBM Co., Armonk, NY, USA) to examine direct and indirect
hypothetical relationships among supply level, supply ratio, plant N
and P concentrations, plant N:P ratios and plant biomass. In these
analyses, the data were fit to the model using maximum likelihood
estimation. All statistical analyses were performed with SPSS 17.0
(SPSS Inc., Chicago, IL, USA). The significance level was set as 0.05.

3 Results
3.1 Effects on aboveground biomass
The increase in aboveground biomass of S. glauca (Bgg) occurred

in all N and P addition plots compared to the control plots
(Figure 3A). In contrast, the aboveground biomass of P. australis
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Suaeda glauca

FIGURE 2

S. glauca is a C3 annual forb with fibrous roots; P. australis is a C4 perennial rhizome grass.

(Bpa,) decreased with N and P addition, except for the 5:1 M and 45:1
M treatments (Figure 3B). Both Bgg and Bp, were significantly affected
by the N and P supply level rather than the supply ratio, and no
significant supply level x supply ratio interaction was observed
(Table 1). Compared with the control treatment, Bg, increased
strongly at the medium and high supply level, while Bp, decreased
significantly at the low and high supply level (Figure 4A). With the
rise of the overall supply level, By, increased significantly between all
gradual supply levels. For Bp,, there was no difference between the low
and medium supply level, while it decreased significantly at the high
supply level. Relative to Bp,, Bsgwas lower at the low supply level,
nearly equal at the medium supply level, and higher at the high supply
level (Figure 4A).

The plant community structure in the control plots was co-
dominated by S. glauca (20.8%) and P. australis (57.6%) with over

10.3389/fmars.2023.1113629

Phragmites australis

75% of the total aboveground biomass (Figure 4B). However, these
two dominant species showed opposite patterns in relative
aboveground biomass along the nutrient supply gradient. When the
supply level reached a high level, S. glauca became the single-
dominant species, accounting for 88.4% of the total aboveground
biomass, while P. australis deceased to only 10.9%. Further linear
regression analysis showed that the community biomass response was
positively correlated with Bg, (P<0.001, Supplementary Figure S1) and
negatively correlated with Bp,(P=0.005, Supplementary Figure S1).

3.2 Effects on N and P stoichiometry

For both S. glauca and P. australis, all of the N and P addition
treatments had greater N and P concentrations than the control

P. australis
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Effects of N and P addition on aboveground biomass of S. glauca (A) and P. australis (B). CK=control. Different bars indicate the mean value (+ SE) for

each treatment (N and P addition, n=4; CK, n=6).
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TABLE 1 Two-way ANOVA for the aboveground biomass of S. glauca and P. australis using the overall supply level (SL) and N:P supply ratio (SR) as the
main effects. P-values in bold indicate significant differences at P < 0.05.

S. glauca P. australis

F
Supply Level (SL) 2 111763 <0.001 8.638 <0.001
Supply Ratio (SR) 2 ‘ 0.991 0.384 0.984 0.387
SLxSR 4 ‘ 0.526 0.717 1416 0256

Significant P values are marked in bold (P < 0.05).

treatment (Figures 5A-D). However, foliar nutritional traits  higher than that of P. australis at the 45:1 supply ratio, and the P
responded differently to changing N and P supply conditions  concentration was significantly higher at the 5:1 and 15:1 supply ratio.
between S. glauca and P. australis. Two-way ANOVA showed that ~ Compared with the N:P ratio of P. australis, that of S. glauca was
the effects of supply level and supply ratio on the N and P higher at the 45:1 supply ratio and lower at the 5:1 and 15:1 supply
concentrations of S. glauca were significant, and there was a  ratio (Supplementary Figure S2).
significant supply level x supply ratio interaction. For P. australis,
the P concentration was significantly affected by the supply level and
supply ratio, while the N concentration was only significantly affected 3.3 Linkages between nutrient stoichiometry
by the supply level, and no significant supply level x supply ratio ~and aboveg round biomass
interaction was observed (Table 2). In terms of the N:P ratio, the
supply ratio rather than the supply level had a significant effect on The SEM results indicated that the supply level had a significant
both species, and a significant supply level x supply ratio interaction  positive direct effect on the leaf N and P concentrations of S. glauca and
was observed only for S. glauca. The N and P concentrations of the  P. australis (Figure 6). In addition, the supply ratio had a significant
two species tended to increase with increasing supply level. With the  negative direct effect on the leaf P concentrations of S. glauca and P.
increase in the supply ratio, the N concentration and N:P ratio also  australis, whereas it had a significant positive direct effect on the leaf N
increased, while the P concentration declined (Figures 5E-F,  concentration of S. glauca. The leaf N concentrations of S. glauca and P.
Supplementary Figure S2). australis showed significant positive correlations with the N:P ratios of
Overall, changing the supply conditions affected the foliar  the corresponding species, which is contrary to the observed
nutritional traits of S. glauca more than those of P. australis, which  relationship between leaf P concentration and the N:P ratio.
could be indicated by the F value (Table 2). Correspondingly, the N Regression analysis suggested that the variation in the N:P ratio was
and P concentrations of S. glauca among the 3 supply levels and 3  primarily determined by foliar P for both species (Supplementary
supply ratios were all significantly different, and there were significant ~ Figure S3). The two dominant species showed opposite patterns in
differences in N:P among the 3 supply ratio gradients. Otherwise, the  the relationship between leaf nutrient concentrations and aboveground
N and P concentrations of P. australis increased significantly only at ~ biomass. The N and P concentrations of S. glauca had a positive direct
the high supply level, and only the high supply ratio significantly  effect on the biomass of S. glauca, but the N and P concentrations of P.
increased the N:P ratio and decreased the P concentration. At the  australis had a negative direct effect on the biomass of P. australis
medium and high supply level, the N and P concentrations of S.  (Figure 6, Supplementary Figure S4). However, there were no
glauca were significantly higher than those of P. australis.  significant correlations between the aboveground biomass of the two
Furthermore, the N concentration of S. glauca was significantly  species and the N:P ratio of the corresponding species.

o 750F o 100 |
£ B S. glauca A B
u;o 00l B P. australis g 801
£ 450} E oo
<z 2
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2 300 z 4o
T B L3 g
=:a° b + 2B =z
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. . 0
CK  Low Medium High CK Low Medium High
FIGURE 4
Mean aboveground biomass (A) and relative biomass (B) of S. glauca and P. australis under different treatments. Data show the mean + SE (supply level
treatment, n=12; control treatment, n=6). Different capital letters represent significant differences in plant biomass among the three supply level
treatments at the 0.05 level. Different lowercase letters represent significant differences between S. glauca and P. australis under the same treatments at
the 0.05 level. * denotes a significant difference between the control treatment and the supply level treatment at the 0.05 level.
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green indicate positive and negative relationships.

4 Discussion

4.1 Effects of the overall supply level and
supply ratio on plant aboveground biomass

The responses of S. glauca and P. australis to N and P supply were
inconsistent from the perspective of plant biomass. Overall, N and P
supply had a positive effect on the biomass of S. glauca and a negative
effect on that of P. australis (except for the 5:1 M and 45:1 M
treatments). The results correspond principally with our first
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- 1501
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Effects of N and P addition on the N (A, B) and P concentrations (C, D) and the N:P ratio (E, F) of S. glauca and P. australis. Different bars indicate the
mean value (+ SE) for each treatment (N and P addition, n=4; CK, n=6). Green and red indicate positive and negative relationships corrected to red and

_| e T - — - — T ___ _
i I 7 .
CK Low

Medium High

hypothesis (HI), the biomass of both species was mainly affected by
the supply level rather than either the supply ratio or the interactive
effect. Correlation analysis of species biomass and soil properties
demonstrated that Bg, was significantly correlated with soil available P
(R* = 0.309, n =36, P<0.01) and the available N:P ratio (R* = 0.130, n
=36, P=0.031), while Bp, was negatively correlated with soil
conductivity (R*> = 0.185, n =36, P=0.009). Correspondingly, our
previous analysis showed that the supply level affected the soil
available P, available N:P ratio and soil conductivity more than the
supply ratio in the 4th study year (Liu et al., 2019), which could help

TABLE 2 Two-way ANOVA for N and P concentrations and the N:P ratio of S. glauca and P. australis using the overall supply level (SL) and N:P supply
ratio (SR) as the main effects. P-values in bold indicate indicate significant differences at P < 0.05.

Species Source N concentration P concentration N: P ratio
F P F P

SL 2 67.543 <0.001 49.602 <0.001 0.984 0.387
S. glauca SR 2 21272 <0.001 19.099 <0.001 157.139 <0.001
SLxSR 4 2.691 0.052 2783 0.047 13.126 <0.001
SL 2 4221 0.025 7.773 0.002 0.303 0.741
P. australis SR 2 1.605 0.219 4.297 0.024 9.663 <0.001
SLxSR 4 0.768 0.555 1.149 0.355 1.276 0.304

Significant P values are marked in bold (P < 0.05).
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Supply level Supply ratio |
R2=0.81 R2=0.40
N contents of P contents of N contents of P contents of
S. glauca S. glauca P, australis P. australis
N:P ratio of s v N:P ratio of
S. glauca ? 3 P. australis
, R2=0.51 ) R=0.40
Biomass of Biomass of
S. glauca CFI=0.902 P. australis
FIGURE 6
Structural equation model (SEM) considering the underlying causal relationships among leaf N and P contents, N:P ratio and biomass of S. glauca and P.
australis under various N and P supplies. CFl, confirmatory fit index. Bold and dashed lines indicate significant (P<0.05) and nonsignificant (P>0.05)
pathways, respectively. The width of arrows indicates the strength of the causal effect, while arrows colored red and green indicate positive and negative
relationships respectively. The numbers listed within arrows are the standardized path coefficients. The R? values represent the proportion of the variance
explained for each variable. Significance levels are as follows: *P < 0.05, **P < 0.01, and ***P < 0.001.

explain the stronger effects of the supply level on plant
aboveground biomass.

As frequently observed in previous studies, grasses and forbs may
have contrasting biomass responses to nutrient inputs (Xia and Wan,
2008; Li et al., 2019). Grasses often have high resource use ability and
consequently become increasingly dominant with nutrient supply
(Zhang et al., 2018a; Su et al,, 2020). However, the response of the
grass species P. australis in our study is some different. The
dominance shifted from P. australis in low nutrient condition to S.
glauca in high nutrient condition, indicating S. glauca was well
acclimated to nutrient enrichment. Shifts in species dominance may
favor acquisitive rather than conservative resource use strategies (Lan
and Bai, 2012). P. australis, as a C3 species with conservative
resource-use strategies, might perform poorer than S. glauca (C4
species) when exposed to the same changing nutrient conditions
(Wang et al., 2015; Zhang et al., 2018b). That is, S. glauca, with faster-
growing traits, tends to have a high aboveground competitive ability
following nutrient enrichment, which indirectly causes a reduction of
P. australis dominance. Additionally, the enhancement of S. glauca
led to the positive response of plant community biomass to nutrient
addition (Supplementary Figure S1), which confirmed that the growth
of S. glauca was the main driver of changes in the plant community
(Liu et al., 2019).

4.2 Effects of the overall supply level and
supply ratio on plant N and P stoichiometry

Generally, the varying supplies of N and P had significant effects
on plant N and P uptake (Fujita et al., 2010; Chen et al., 2020), which
could further mediate plant stoichiometry (Zhan et al., 2017). For
instance, a pot-culture study showed that the N:P supply ratio had a
significant effect on the N and P concentrations and the N:P ratio of
wetland grasses through a direct effect on nutrient uptake, whereas
the supply level only affected the N:P ratio with a slight effect
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(Gusewell, 2005). Partly consistent with hypothesis 1 (HI), our
results indicated that the leaf N and P concentrations of S. glauca
and P. australis were affected more by the supply level than by the
supply ratio, while the plant N:P ratio only varied as a function of the
supply ratio. Given the positive feedback between soil nutrient
availability and plant nutrient contents (Fan et al., 2015; Lii et al,
2015; Su et al., 2021), the inconsistent result with the previous study
(Liu et al., 2019) was probably caused by the fact that supply level
mainly affected soil resource availability, while the N:P supply ratio
overridingly influenced the variations of the soil N:P. Moreover, we
found that supply level and supply ratio significantly interacted to
affect the N and P concentrations and N:P of S. glauca. This
observation highlights the importance of the synergistic effects of
supply level and supply ratio on plant stoichiometry (Giisewell and
Bollens, 2003; Venterink and Giisewell, 2010), although the
underlying mechanism remains unclear.

From the perspective of plant stoichiometry, species with distinct
resource use strategies may exhibit different responses to the same
changes in environmental conditions (Lii et al., 2015; Li et al., 2019;
Qi et al.,, 2015). Consistent with previous results (Mao et al., 2016;
Huang et al., 2018a), the N and P concentrations of both S. glauca and
P. australis were significantly enhanced with corresponding
increasing N and P input amounts. Theoretically, P. australis is a
clonal rhizome grass with strong root reproduction and could benefit
from relatively rapid extensive growth to have more chances to access
different available nutrients (Cao et al., 2021). Unlike the
extensiveness of P. australis root growth, S. glauca is a forb with
fibrous roots, and its forage range for obtaining soil available nutrients
is relatively limited. Unexpectedly, in contrast to the pattern observed
with S. glauca, P. australis exhibited a lower variability in N and P
concentrations with the input of corresponding elements, suggesting
the relatively stable access of P. australis to N and P despite the
nutrient supply gradients (Li et al., 2014; L et al., 2015). The nutrient
supply had a greater effect intensity on the leaf nutritional traits of S.
glauca than that of P. australis after fertilization annually for four
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years. By comparing variations in the N:P ratio of the two species
along the supply ratio gradient, we found that P limitation was
transformed to N-P colimitation in S. glauca under decreased N:P
supply ratios, whereas P. australis remained P limited (Guisewell,
2004) (Supplementary Figure S2). These results supported the idea
that grasses with stronger homeostasis are generally less sensitive to
varying N and P supplies than forbs (Yu et al., 2011; Luo et al., 2016).
Accordingly, leaf stoichiometry of P. australis spanned a much
smaller range than the nutrient availability gradient due to the
plant’s regulatory control (Qi et al, 2015), and that in S. glauca
could better reflect variation in the N and P supply.

4.3 Plant growth strategies under varying
supplies of N and P

In this study, variation in leaf N:P ratios was primarily
determined by the response of leaf P concentration, which
emphasized the important role of P in affecting plant growth in the
supratidal wetland in the Yellow River Delta (Liu et al, 2019).
Concretely, the leaf N:P ratios of the two dominant species
improved with increasing N concentrations and decreasing P
concentrations. Based on this, both the leaf N and P concentrations
of the two species increased with increasing supply level, and the leaf
N:P ratio remained relatively constant, indicating a higher access of
the species to both nutrients and no change in its relative access to N
and P (Lii et al,, 2015). Alternatively, with an increasing N:P supply
ratio, the leaf N concentration improved, while the P concentration
exhibited an opposite change trend thus directly determined the
positive response of the leaf N:P ratio to the supply ratio. In
accordance with the growth rate hypothesis (Elser et al., 2000),
changes of plants N:P ratio under changing environments would
directly affect biomass accumulation, while our results do not support
this view. Our observations suggest that the aboveground biomass of
the two dominant species was significantly affected by the supply level
rather than the supply ratio, while the leaf N:P ratio was significantly
affected by the supply ratio rather than the supply level, which may
indirectly result in no significant correlations between the
aboveground biomass and the leaf N:P ratio of the two species.

Although species-level stoichiometry exhibited a similar response
trend under varying nutrient statuses, the altered leaf nutrients of the
two species in turn have divergent feedbacks to plant aboveground
biomass (Huang et al., 2018b). Consistent with our expectation (H2),
the aboveground biomass of S. glauca increased with increasing leaf N
and P concentrations, while that of P. australis increased with
reducing leaf N and P concentrations, which may be partially
attributed to the differences in their growth strategies. With
acquisitive resource-use strategies, S. glauca showed high leaf
nutrient contents, corresponding to high aboveground competitive
ability (Lan and Bai, 2012). In contrast, P. australis with conservation
resource-use strategies exhibited disadvantages in competition, and
even increased leaf nutrient contents were insufficient to increase
biomass accumulation. Rather, a previous study found that the
nutrient contents of grasses affected their biomass positively, while
forbs showed an opposite trend (Li et al., 2019). Considering that our
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results are contrary to the typical expectations (Fujita et al., 2014; Luo
et al, 2016), more empirical evidence is needed to clarify the
competitive strategies between these two functional groups.

Together, these results supported our third hypothesis (H3) that
S. glauca exhibited relatively greater plasticity in growth strategies
than P. australis. Our SEM consistently showed that S. glauca has
stronger positive feedback under nutrient enrichment (Figure 6) and
therefore contributes to increasingly dominance when facing elevated
N and P inputs. This finding might provide an underlying mechanism
for the changes in the plant community structure from the S. glauca
and P. qustralis co-dominant community to the S. glauca single-
dominant community under N and P enrichment.

5 Conclusion

Unbalanced N and P supply as well as absolute nutrient status
significantly influenced the leaf stoichiometry of both S. glauca and
P. australis, however, the aboveground biomass of the two species
was only significantly affected by the overall supply level. Nutrient
enrichment promoted the growth of S. glauca but decreased the
biomass of P. australis in the coexist community, owing to the
strong competitiveness of S. glauca to resources. There was
both convergence and divergence in the responses of the leaf
stoichiometry of S. glauca and P. australis to various N and P
supplies. The plasticity of nutrient resorption in S. glauca was much
higher than that of P. australis, although the leaf N and P
concentrations of the two species were both significantly
enhanced with the increase in corresponding nutrient availability.
Furthermore, the altered nutrient concentrations of the two species
in turn have contrasting feedbacks to aboveground biomass due to
the substantial differences in growth strategies. Comparatively, S.
glauca with acquisitive resource-use strategies might become
increasingly dominant under increasing nutrient inputs in the
supratidal wetland in the Yellow River Delta. These species-
specific responses are contrary to the typical expectations of
competitive outcomes between grasses and forbs in nutrient
supply conditions. The results can provide a scientific basis for
adaptive management of wetlands under evolving nutrition change.
As the prescribed fertilization was only performed for four years in
this study, continuous monitoring is needed to test whether the
results still be constant under longer-term fertilization.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be directed
to the corresponding author.

Author contributions

XL and GW designed the project and wrote the manuscript with
contributions from GH and AW. HZ, KL and XL performed the

frontiersin.org


https://doi.org/10.3389/fmars.2023.1113629
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Liu et al.

experiment and data analysis. All authors contributed to the article
and approved the submitted version.

Funding

This work was funded by Joint Funds of the National Natural
Science Foundation of China (U2243207), the Strategic Priority
Research Program of the Chinese Academy of Sciences, China
(XDA23050202), International Science Partnership Program of the
Chinese Academy of Sciences (121311KYSB20190029) and the
Habitat and Bird Dynamics Monitoring Project of the Yellow River
Delta National Reserve (Y991021021).

Acknowledgments

We would like to thank the support from Yellow River Delta
Ecological Research Station of Coastal Wetland, CAS, and thank
Changli Yang for field work. We thank the reviewers for helpful
comments on revision of this manuscript.

References

Bobbink, R., Hicks, K., Galloway, J., Spranger, T., Alkemade, R., Ashmore, M., et al.
(2010). Global assessment of nitrogen deposition effects on terrestrial plant diversity: a
synthesis. Ecol. Appl. 20, 30-59. doi: 10.1890/08-1140.1

Cao, J. R, Yang, L. Y., Pang, S., Yang, J. ], Hu, Y. C,, Li, Y. C,, et al. (2021). Convergent
nitrogen uptake patterns and divergent nitrogen acquisition strategies of coexisting plant
species in response to long-term nitrogen enrichment in a temperate grassland. Environ.
Exp. Bot. 185, 104412. doi: 10.1016/j.envexpbot.2021.104412

Carnicer, J., Sardans, J., Stefanescu, C., Ubach, A., Bartrons, M., Asensio, D., et al.
(2015). Global biodiversity, stoichiometry and ecosystem function responses to human-
induced C-N-P imbalances. J. Plant Physiol. 172, 82-91. doi: 10.1016/.jplph.2014.07.022

Chen, Z. F.,, Xiong, P. F,, Zhou, J. ], Lai, S. B,, Jian, C. X,, Wang, Z,, et al. (2020).
Photosynthesis and nutrient-use efficiency in response to n and p addition in three
dominant grassland species on the semiarid loess plateau. Photosynthetica 58, 1028-1039.
doi: 10.32615/ps.2020.056

Elser, J. J., Andersen, T., Baron, J. S., Bergstrom, A.-K.,, Jansson, M., Kyle, M., et al.
(2009). Shifts in lake N:P stoichiometry and nutrient limitation driven by atmospheric
nitrogen deposition. Sci. (80-.). 326, 835-837. doi: 10.1126/science.1176199

Elser, J. J., Bracken, M. E. S., Cleland, E. E., Gruner, D. S., Harpole, W. S., Hillebrand,
H., et al. (2007). Global analysis of nitrogen and phosphorus limitation of primary
producers in freshwater, marine and terrestrial ecosystems. Ecol. Lett. 10, 1135-1142.
doi: 10.1111/j.1461-0248.2007.01113.x

Elser, J. J., Fagan, W. F., Kerkhoff, A. J., Swenson, N. G., and Enquist, B. J. (2010).

Biological stoichiometry of plant production: metabolism, scaling and ecological response
to global change. New Phytol. 186, 593-608. doi: 10.1111/j.1469-8137.2010.03214.x

Elser and O’Brien, Dobberfuhl and Dowling (2000). The evolution of ecosystem
processes: growth rate and elemental stoichiometry of a key herbivore in temperate
and arctic habitats. J. Evol. Biol. 13, 845-853. doi: 10.1046/j.1420-9101.2000.00215.x

Fan, H. B,, Wy, J. P, Liu, W. F,, Yuan, Y. H,, Hu, L., and Cai, Q. K. (2015). Linkages of
plant and soil C:N:P stoichiometry and their relationships to forest growth in subtropical
plantations. Plant Soil 392, 127-138. doi: 10.1007/s11104-015-2444-2

Fujita, Y., de Ruiter, P. C., Wassen, M. J., and Heil, G. W. (2010). Time-dependent,
species-specific effects of N:P stoichiometry on grassland plant growth. Plant Soil 334, 99—
112. doi: 10.1007/s11104-010-0495-y

Fujita, Y., Venterink, H. O., van Bodegom, P. M., Douma, J. C., Heil, G. W., Holzel, N.,
et al. (2014). Low investment in sexual reproduction threatens plants adapted to
phosphorus limitation. Nature 505, 82-86. doi: 10.1038/naturel2733

Gao, Y. H,, Cooper, D. ], and Zeng, X. Y. (2018). Nitrogen, not phosphorus,
enrichment controls biomass production in alpine wetlands on the Tibetan plateau,
China. Ecol. Eng. 116, 31-34. doi: 10.1016/j.ecoleng.2018.02.016

Guo, X, Yu, T, Li, M. Y., and Guo, W. H. (2018). The eftects of salt and rainfall pattern
on morphological and photosynthetic characteristics of Phragmites australis (Poaceae) .
J. Torrey Bot. Soc 145, 212-224. doi: 10.3159/TORREY-D-17-00003.1

Frontiers in Marine Science

10.3389/fmars.2023.1113629

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmars.2023.1113629/
full#supplementary-material

Giisewell, S. (2004). N : P ratios in terrestrial plants: variation and functional
significance. New Phytol. 164, 243-266. doi: 10.1111/j.1469-8137.2004.01192.x

Giisewell, S. (2005). Responses of wetland graminoids to the relative supply of nitrogen
and phosphorus. Plant Ecol. 176, 35-55. doi: 10.1007/s11258-004-0010-8

Giisewell, S., and Bollens, U. (2003). Composition of plant species mixtures grown at
various N:P ratios and levels of nutrient supply. Basic Appl. Ecol. 4, 453-466. doi: 10.1078/
1439-1791-00174

He, Q,, Cui, B. S., Bertness, M. D., and An, Y. (2012). Testing the importance of plant
strategies on facilitation using congeners in a coastal community. Ecology 93, 2023-2029.
doi: 10.1890/12-0241.1

Huang, J. Y., Wang, P, Niu, Y. B,, Yu, H. L,, Ma, F,, Xiao, G. ], et al. (2018a). Changes
in C:N:P stoichiometry modify n and p conservation strategies of a desert steppe species
glycyrrhiza uralensis. Sci. Rep. 8, 12668. doi: 10.1038/s41598-018-30324-w

Huang, J. Y., Yu, H. L, Liu, J. L, Luo, C. K, Sun, Z.J., Ma, K. B,, et al. (2018b). Phosphorus
addition changes belowground biomass and C:N:P stoichiometry of two desert steppe plants
under simulated n deposition. Sci. Rep. 8, 3400. doi: 10.1038/s41598-018-21565-w

Hu, M. J., Wilson, B. ], Sun, Z. G, Ren, P, and Tong, C. (2017). Effects of the addition
of nitrogen and sulfate on CH, and CO, emissions, soil, and pore water chemistry in a
high marsh of the Min river estuary in southeastern China. Sci. Total Environ. 579, 292—
304. doi: 10.1016/j.scitotenv.2016.11.103

Jing, H., Zhou, H. X., Wang, G. L., Xue, S., Liu, G. B., and Duan, M. C. (2017). Nitrogen

addition changes the stoichiometry and growth rate of different organs in pinus
tabuliformis seedlings. Front. Plant Sci. 8, 1922. doi: 10.3389/fpls.2017.01922

Jin, X. M., Yang, L. X, Yang, X. G., Guan, Q. X., Ma, Z. S, Pan, ], et al. (2020). Effects of
n and p fertilization on the biomass and ecological stoichiometric characteristics of
agropyron michnoi in sandy grasslands. Chem. Ecol. 36, 938-952. doi: 10.1080/
02757540.2020.1821672

Jordan, S. J., Stoffer, J., and Nestlerode, J. A. (2011). Wetlands as sinks for reactive
nitrogen at continental and global scales: A meta-analysis. Ecosystems. 14, 144-155.
doi: 10.1007/s10021-010-9400-z

Lan, Z. C,, and Bai, Y. F. (2012). Testing mechanisms of n-enrichmentinduced species
loss in a semiarid inner mongolia grassland: Critical thresholds and implications for long-
term ecosystem responses. Philos. Trans. R. Soc B Biol. Sci. 367, 1606. doi: 10.1098/
rstb.2011.0352

Li, X. Y., Chen, H. T,, Jiang, X. Y., Yu, Z. G, and Yao, Q. Z. (2017). Impacts of human
activities on nutrient transport in the yellow river: The role of the water-sediment
regulation scheme. Sci. Total Environ. 592, 161-170. doi: 10.1016/j.scitotenv.2017.03.098

Li, Y., Niu, S. L, and Yu, G. R. (2016). Aggravated phosphorus limitation on biomass
production under increasing nitrogen loading: A meta-analysis. Glob. Change Biol. 22,
934-943. doi: 10.1111/gcb.13125

Liu, Y. L, Li, L, Li, X. Y., Yue, Z. W,, and Liu, B. (2021). Effect of nitrogen and
phosphorus addition on leaf nutrient concentrations and nutrient resorption efficiency of

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2023.1113629/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmars.2023.1113629/full#supplementary-material
https://doi.org/10.1890/08-1140.1
https://doi.org/10.1016/j.envexpbot.2021.104412
https://doi.org/10.1016/j.jplph.2014.07.022
https://doi.org/10.32615/ps.2020.056
https://doi.org/10.1126/science.1176199
https://doi.org/10.1111/j.1461-0248.2007.01113.x
https://doi.org/10.1111/j.1469-8137.2010.03214.x
https://doi.org/10.1046/j.1420-9101.2000.00215.x
https://doi.org/10.1007/s11104-015-2444-2
https://doi.org/10.1007/s11104-010-0495-y
https://doi.org/10.1038/nature12733
https://doi.org/10.1016/j.ecoleng.2018.02.016
https://doi.org/10.3159/TORREY-D-17-00003.1
https://doi.org/10.1111/j.1469-8137.2004.01192.x
https://doi.org/10.1007/s11258-004-0010-8
https://doi.org/10.1078/1439-1791-00174
https://doi.org/10.1078/1439-1791-00174
https://doi.org/10.1890/12-0241.1
https://doi.org/10.1038/s41598-018-30324-w
https://doi.org/10.1038/s41598-018-21565-w
https://doi.org/10.1016/j.scitotenv.2016.11.103
https://doi.org/10.3389/fpls.2017.01922
https://doi.org/10.1080/02757540.2020.1821672
https://doi.org/10.1080/02757540.2020.1821672
https://doi.org/10.1007/s10021-010-9400-z
https://doi.org/10.1098/rstb.2011.0352
https://doi.org/10.1098/rstb.2011.0352
https://doi.org/10.1016/j.scitotenv.2017.03.098
https://doi.org/10.1111/gcb.13125
https://doi.org/10.3389/fmars.2023.1113629
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Liu et al.

two dominant alpine grass species. J. Arid Land. 13, 1041-1053. doi: 10.1007/s40333-021-
0080-7

Liu, X. L, Wang, G. M,, Ran, Y. N,, Qi, D. H,, Han, G. X,, Guan, B,, et al. (2019). Overall
supply level, not the relative supply of nitrogen and phosphorus, affects the plant
community composition of a supratidal wetland in the yellow river delta. Sci. Total
Environ. 695, 133866. doi: 10.1016/j.scitotenv.2019.133866

1i,].J., Yang, C, Liu, X. L., and Shao, X. Q. (2019). Inconsistent stoichiometry response
of grasses and forbs to nitrogen and water additions in an alpine meadow of the qinghai-
Tibet plateau. Agric. Ecosyst. Environ. 279, 178-186. doi: 10.1016/j.agee.2018.12.016

Li, L. P., Zerbe, S., Han, W. X,, Thevs, N, Li, W. P., He, P, et al. (2014). Nitrogen and
phosphorus stoichiometry of common reed (Phragmites australis) and its relationship to
nutrient availability in northern China. Aquat. Bot. 112, 84-90. doi: 10.1016/
j.aquabot.2013.08.002

Li, X. T., Freschet, G. T., Kazakou, E., Wang, Z. W., Zhou, L. S., and Han, X. G. (2015).
Contrasting responses in leaf nutrient-use strategies of two dominant grass species along a
30-yr temperate steppe grazing exclusion chronosequence. Plant Soil 387, 69-79.
doi: 10.1007/s11104-014-2282-7

Luo, X,, Mazer, S. J., Guo, H., Zhang, N., Weiner, J., and Hu, S. J. (2016). Nitrogen:
phosphorous supply ratio and allometry in five alpine plant species. Ecol. Evol. 6, 8881
8892. doi: 10.1002/ece3.2587

Li, X. T, Reed, S., Yu, Q., He, N. P,, Wang, Z. W., and Han, X. G. (2013). Convergent
responses of nitrogen and phosphorus resorption to nitrogen inputs in a semiarid
grassland. Glob. Change Biol. 19, 2775-2784. doi: 10.1111/gcb.12235

Mao, R., Chen, H. M., Zhang, X. H,, Shi, F. X, and Song, C. C. (2016). Effects of P
addition on plant C : N : P stoichiometry in an N-limited temperate wetland of northeast
China. Sci. Total Environ. 559, 1-6. doi: 10.1016/j.scitotenv.2016.03.158

Mayor, J. R., Wright, S. J., and Turner, B. L. (2014). Species-specific responses of foliar
nutrients to long-term nitrogen and phosphorus additions in a lowland tropical forest. J.
Ecol. 102, 36-44. doi: 10.1111/1365-2745.12190

Pefuelas, J., Sardans, J., Ogaya, R., and Estiarte, M. (2008). Nutrient stoichiometric
relations and biogeochemical niche in coexisting plant species: Effect of simulated climate
change. Polish J. Ecol. 56, 613-622.

Pefiuelas, J., Sardans, J., Rivas-Ubach, A., and Janssens, I. A. (2012). The human-
induced imbalance between C, N and P in earth’s life system. Glob. Change Biol. 18, 3-6.
doi: 10.1111/j.1365-2486.2011.02568.x

Sardans, J., Janssens, I. A., Alonso, R., Veresoglou, S. D, Rillig, M. C,, Sanders, T. G. M.,
etal. (2015). Foliar elemental composition of European forest tree species associated with
evolutionary traits and present environmental and competitive conditions. Glob. Ecol.
Biogeogr. 24, 240-255. doi: 10.1111/geb.12253

Sardans, J., and Penuelas, J. (2012). The role of plants in the effects of global change on
nutrient availability and stoichiometry. Plant Physiol. 160, 1741-1761. doi: 10.1104/
pp-112.208785

Sardans, J., and Pefiuelas, J. (2014). Climate and taxonomy underlie different elemental
concentrations and stoichiometries of forest species: the optimum “biogeochemical
niche”. Plant Ecol. 215, 441-455. doi: 10.1007/s11258-014-0314-2

Su, Y, Le, J. J, Ma, X. F, Li, K. H, Gong, Y. M., Ahmed, Z,, et al. (2020). Plant
community composition altered by long-term nitrogen addition has minor contribution
to plant nutrient status at the community level. Appl. Ecol. Environ. Res. 18, 6469-6484.
doi: 10.15666/aeer/1805_64696484

Su, Y., Ma, X. F, Le, J. J, Li, K. H,, Han, W. X,, and Liu, X. J. (2021). Decoupling of
nitrogen and phosphorus in dominant grass species in response to long-term nitrogen
addition in an alpine grassland in central Asia. Plant Ecol. 222, 261-274. doi: 10.1007/
s11258-020-01103-3

Venterink, H. O., and Giisewell, S. (2010). Competitive interactions between two
meadow grasses under nitrogen and phosphorus limitation. Funct. Ecol. 24, 877-886.
doi: 10.1111/j.1365-2435.2010.01692.x

Frontiers in Marine Science

10

10.3389/fmars.2023.1113629

Wang, W. Q,, Sardans, J., Wang, C., Zeng, C. S., Tong, C., Asensio, D., et al. (2015).
Ecological stoichiometry of ¢, n, and p of invasive phragmites australis and native cyperus
malaccensis species in the minjiang river tidal estuarine wetlands of China. Plant Ecol.
216, 809-822. doi: 10.1007/s11258-015-0469-5

Wang, J. Y., Wang, J. N,, Guo, W. H,, Li, Y. G., Wang, G. G,, and Wu, T. G. (2018).
Stoichiometric homeostasis, physiology, and growth responses of three tree species to
nitrogen and phosphorus addition. Trees - Struct. Funct. 32, 1377-1386. doi: 10.1007/
s00468-018-1719-7

Wan, S. Z., Yang, G. S., and Mao, R. (2020). Responses of leaf nitrogen and phosphorus
allocation patterns to nutrient additions in a temperate freshwater wetland. Ecol. Indic.
110, 105949. doi: 10.1016/j.ecolind.2019.105949

Wolf, K. L., Noe, G. B, and Ahn, C. (2013). Hydrologic connectivity to streams
increases nitrogen and phosphorus inputs and cycling in soils of created and natural
floodplain wetlands. J. Environ. Qual. 42, 1245-1255. doi: 10.2134/jeq2012.0466

Xia, J. Y., and Wan, S. Q. (2008). Global response patterns of terrestrial plant species to
nitrogen addition. New Phytol. 179, 428-439. doi: 10.1111/j.1469-8137.2008.02488.x

Xu, L. C, Xing, A. ], Du, E. Z,, Shen, H. H,, Yan, Z. B, Jiang, L., et al. (2021). Effects of
nitrogen addition on leaf nutrient stoichiometry in an old-growth boreal forest. Ecosphere
12, €03335. doi: 10.1002/ecs2.3335

Yang, H. (2018). Effects of nitrogen and phosphorus addition on leaf nutrient
characteristics in a subtropical forest. Trees - Struct. Funct. 32, 383-391. doi: 10.1007/
500468-017-1636-1

Yan, Z. B,, Kim, N, Han, W. X,, Guo, Y. L,, Han, T. S,, Du, E. Z, et al. (2014). Effects of
nitrogen and phosphorus supply on growth rate, leaf stoichiometry, and nutrient resorption of
arabidopsis thaliana. Plant Soil. 388, 147-155. doi: 10.1007/s11104-014-2316-1

Yan, Z. B., Li, X. P, Tian, D., Han, W. X., Hou, X. H., Shen, H. H., et al. (2018). Nutrient
addition affects scaling relationship of leaf nitrogen to phosphorus in Arabidopsis
thaliana. Funct. Ecol. 32, 2689-2698. doi: 10.1111/1365-2435.13219

Yuan, Z. Y., and Chen, H. Y. H. (2015). Negative effects of fertilization on plant nutrient
resorption. Ecology 96, 373-380. doi: 10.1890/14-0140.1

Yuan, Y. F., Guo, W. H,, Ding, W.]., Du, N,, Luo, Y. ], Xu, F,, et al. (2013). Competitive
interaction between the exotic plant Rhus typhina L. and the native tree Quercus

acutissima Carr. in northern China under different soil N : P ratios. Plant Soil 372,
389-400. doi: 10.1007/s11104-013-1748-3

Yue, K, Fornara, D. A,, Yang, W. Q., Peng, Y., Li, Z. ]., Wu, F. Z,, et al. (2017). Effects of
three global change drivers on terrestrial C:N:P stoichiometry: a global synthesis. Glob.
Change Biol. 23, 2450-2463. doi: 10.1111/gcb.13569

Yu, Q, Elser, J. ., He, N. P,, Wu, H. H,, Chen, Q. S, Zhang, G. M,, et al. (2011).
Stoichiometric homeostasis of vascular plants in the inner Mongolia grassland. Oecologia.
166, 1-10. doi: 10.1007/s00442-010-1902-z

Yu,J. B, Ning, K., Li, Y. Z,, Du, S. Y., Han, G. X, Xing, Q. H,, et al. (2014). Wet and dry
atmospheric depositions of inorganic nitrogen during plant growing season in the coastal
zone of Yellow River Delta. Sci. World J. 2014, 1-8. doi: 10.1155/2014/949213

Yu, J. B,, Zhan, C., Li, Y. Z., Zhou, D., Fu, Y. Q., Chu, X. ., et al. (2016). Distribution of
carbon, nitrogen and phosphorus in coastal wetland soil related land use in the modern
yellow river delta. Sci. Rep. 6, 2-10. doi: 10.1038/srep37940

Zhang, H. X,, Gao, Y. Z,, Yohannis, B. L., Baskin, J. M., Baskin, C. C,, Lii, X. T., et al.
(2018a). Divergent responses to water and nitrogen addition of three perennial
bunchgrass species from variously degraded typical steppe in Inner Mongolia. Sci.
Total Environ. 647, 1344-1350. doi: 10.1016/j.scitotenv.2018.08.025

Zhang, J.]., Yan, X. B,, Su, F. L., Li, Z.,, Wang, Y., Wei, Y. N,, et al. (2018b). Long-term N
and P additions alter the scaling of plant nitrogen to phosphorus in a Tibetan alpine
meadow. Sci. Total Environ. 625, 440-448. doi: 10.1016/j.scitotenv.2017.12.292

Zhan, S. X, Wang, Y., Zhu, Z. C,, Li, W. H,, and Bai, Y. F. (2017). Nitrogen enrichment
alters plant N: P stoichiometry and intensifies phosphorus limitation in a steppe
ecosystem. Environ. Exp. Bot. 134, 21-32. doi: 10.1016/j.envexpbot.2016.10.014

frontiersin.org


https://doi.org/10.1007/s40333-021-0080-7
https://doi.org/10.1007/s40333-021-0080-7
https://doi.org/10.1016/j.scitotenv.2019.133866
https://doi.org/10.1016/j.agee.2018.12.016
https://doi.org/10.1016/j.aquabot.2013.08.002
https://doi.org/10.1016/j.aquabot.2013.08.002
https://doi.org/10.1007/s11104-014-2282-7
https://doi.org/10.1002/ece3.2587
https://doi.org/10.1111/gcb.12235
https://doi.org/10.1016/j.scitotenv.2016.03.158
https://doi.org/10.1111/1365-2745.12190
https://doi.org/10.1111/j.1365-2486.2011.02568.x
https://doi.org/10.1111/geb.12253
https://doi.org/10.1104/pp.112.208785
https://doi.org/10.1104/pp.112.208785
https://doi.org/10.1007/s11258-014-0314-2
https://doi.org/10.15666/aeer/1805_64696484
https://doi.org/10.1007/s11258-020-01103-3
https://doi.org/10.1007/s11258-020-01103-3
https://doi.org/10.1111/j.1365-2435.2010.01692.x
https://doi.org/10.1007/s11258-015-0469-5
https://doi.org/10.1007/s00468-018-1719-7
https://doi.org/10.1007/s00468-018-1719-7
https://doi.org/10.1016/j.ecolind.2019.105949
https://doi.org/10.2134/jeq2012.0466
https://doi.org/10.1111/j.1469-8137.2008.02488.x
https://doi.org/10.1002/ecs2.3335
https://doi.org/10.1007/s00468-017-1636-1
https://doi.org/10.1007/s00468-017-1636-1
https://doi.org/10.1007/s11104-014-2316-1
https://doi.org/10.1111/1365-2435.13219
https://doi.org/10.1890/14-0140.1
https://doi.org/10.1007/s11104-013-1748-3
https://doi.org/10.1111/gcb.13569
https://doi.org/10.1007/s00442-010-1902-z
https://doi.org/10.1155/2014/949213
https://doi.org/10.1038/srep37940
https://doi.org/10.1016/j.scitotenv.2018.08.025
https://doi.org/10.1016/j.scitotenv.2017.12.292
https://doi.org/10.1016/j.envexpbot.2016.10.014
https://doi.org/10.3389/fmars.2023.1113629
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	Inconsistent stoichiometry and growth responses of two coexisting dominant species to various N and P supplies in a supratidal wetland of the Yellow River Delta
	1 Introduction
	2 Materials and methods
	2.1 Experimental site
	2.2 Experimental design
	2.3 Field sampling and measurement
	2.4 Statistical analysis

	3 Results
	3.1 Effects on aboveground biomass
	3.2 Effects on N and P stoichiometry
	3.3 Linkages between nutrient stoichiometry and aboveground biomass

	4 Discussion
	4.1 Effects of the overall supply level and supply ratio on plant aboveground biomass
	4.2 Effects of the overall supply level and supply ratio on plant N and P stoichiometry
	4.3 Plant growth strategies under varying supplies of N and P

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


