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Abstract

This study examined the short-term effects of nitrogen (N) and phosphorus (P) addition
on soil N2O flux and organic carbon content in the lakeshore zone of an arid inland lake,
Daihai. Treatments included control (N0P0), N addition (N1P0), P addition (N0P1), and NP
co-addition (N1P1). Using the static chamber method and lab analyses, we measured soil
N2O flux and organic carbon content at different growth stages. Results showed that, in the
early growing season, short-term N and P addition had no significant effect on soil N2O
flux, with all treatments acting as N2O sources. However, N and NP treatments significantly
increased soil organic carbon (SOC) storage, improving carbon sequestration benefits by
72.7% to 98.1%. During the peak growing season, N and NP treatments significantly
enhanced soil N2O emissions, while NP treatment further increased SOC storage, the
carbon sequestration benefits of all treatments ranging from 49.0% to 56.5%. At the late
growing season, N and P addition had no significant impact on soil N2O flux or organic
carbon storage, with all sites acting as N2O sinks and SOC storage showing no significant
change across treatments (carbon sequestration benefits ranged from 0.3% to 38.5%). The
study highlights that the response of soil N2O flux to short-term N and P addition varies at
different growth stages, while overall, N and P addition promotes soil carbon sequestration
throughout the growing season in the lakeshore zone.

Keywords: lakeshore zone; exogenous nutrient input; N2O flux; soil carbon pool;
carbon sequestration

1. Introduction
Nitrous oxide (N2O) is the third most significant greenhouse gas in the atmosphere,

following carbon dioxide (CO2) and methane (CH4). The global warming potential (GWP)
of N2O is 298 times that of CO2 over a 100-year timescale. As a long-lived atmospheric
gas, N2O exerts a substantial impact on global warming and climate change [1]. The
soil organic carbon (SOC) pool is the main ingredient of the terrestrial ecosystem carbon
pool, and a small change in its storage will make a critical difference to atmospheric CO2

intensity and climate change [2]. The lakeshore zone is an ecological transition zone
between terrestrial and aquatic ecosystems [3]. It is not only one of the hotspots for N2O
emissions [4] but also a key location for carbon sequestration [5], playing an irreplaceable
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role in climate regulation [4]. However, increasing nitrogen (N) deposition globally, coupled
with agricultural non-point source pollution, has led to a growing N and phosphorus (P)
load in lakeshore zones [6,7]. The utilization rates of N and P fertilizers in China are
30–35% and 10–20% respectively [8]. In China, non-point source N and P pollution loads in
agriculture account for 81% and 93% of the total N and P pollution loads in water bodies,
respectively [9]. These pollutants will enter the lakeshore zone and cause serious pollution.
Moreover, although N and P fertilizers can cause leaching effects, they still have an impact
on N2O emissions and SOC sequestration. Therefore, clarifying the impact of N and P
additions on soil N2O fluxes and SOC storage in lakeshore zones is crucial for evaluating
the effects of increased N and P loading on climate change.

The impact of N and P inputs on ecosystem N2O flux is currently one of the hot topics
in research [10,11]. Studies have found that N additions can increase soil inorganic N con-
tent and enhance microbial activity, thereby promoting soil N2O emissions [12]. However,
some research indicates that, during the early stages of N application, N is absorbed by
plants and microorganisms, resulting in no significant effect on N2O emissions [13]. P
additions, by increasing the abundance of N2O-reducing bacteria in the soil, have been
found to reduce N2O emissions [14]. Nonetheless, other experiments have shown that P
inputs make no critical difference to N2O emissions [15]. The response of soil N2O flux to
N and P inputs remains inconclusive, and research on the response of lakeshore soil N2O
fluxes to N and P inputs is relatively scarce. Furthermore, some studies have shown that an
increase in soil temperature will promote the generation and emission of N2O [16]. Suitable
temperature and soil moisture during the growing season promote vigorous microbial
metabolism, enhance nitrification and denitrification, and increase the emission of N2O,
making this period the peak of N2O flux. It is necessary to explore the influence of N and P
addition during the growing season on N2O flux. Therefore, we propose Scientific Question
1: How do N and P additions affect N2O fluxes during the growing season in lakeshore
zones (Q1)?

Previous studies have shown that N and P inputs promote SOC storage in global
terrestrial ecosystems [17–19]. The effect of N and P inputs on SOC content is primarily
mediated through their influence on plant growth, which in turn affects organic matter
inputs [20]. The impact of N and P inputs on organic matter inputs varies across different
growth stages [21–23], resulting in differential effects on soil carbon pools at various stages
of plant development. During the growing season, when the temperature and humidity
are suitable, the vegetation grows rapidly, which affects the storage of SOC. Therefore, we
raise scientific question 2: How does the addition of N and P affect SOC storage during
the growing season in the lakeside zone (Q2)? Furthermore, the combined effect of N and
P inputs on N2O emissions and carbon sequestration in lakeshore zones remains unclear.
Therefore, we propose Scientific Question 3: Can the increase in organic carbon storage
due to N and P inputs offset the greenhouse potential caused by their impact on soil N2O
fluxes (Q3)?

To address the above questions, this study focused on the lakeshore zone of Daihai
Lake, setting up a field-controlled experiment with N addition, P addition, and N and P
co-addition (NP) treatments. Using the static chamber method to measure N2O emission
rates in the field, laboratory analysis was conducted to determine SOC content. The study
evaluated the effects of N and P addition on N2O flux and SOC storage during different
growth stages and quantified the carbon sequestration benefits resulting from changes
in SOC storage and N2O flux caused by N and P addition. This study aims to explore
the effects of the addition of N and P on N2O and SOC, and whether the effects of the
addition of N and P on the change in N2O can offset the retention of SOC. The study can
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provide theoretical support for the ecosystem management of the Hubin area under the
“dual carbon” strategy in the new era.

2. Materials and Methods
2.1. Overview of the Experimental Site

The research region is situated along the lakeshore zone of Daihai Lake (40.540◦ N,
112.728◦ E), within Liangcheng County, Ulanqab City, Inner Mongolia Autonomous Region.
This area was previously used as farmland but has undergone natural restoration since
2010 following the implementation of the Conversion of Cropland to Grassland program. The
current vegetation consists of a mixed grass community, with dominant species including
Phragmites australis (common reed), Leymus chinensis (Chinese wild rye), and Leymus secal-
inus. Associated plant species include Artemisia scoparia (annual wormwood), Artemisia
annua (sweet wormwood), Artemisia argyi (Chinese mugwort), and Lepidium apetalum (small
pepperwort). In recent years, the establishment of power plants, dairy farms, and ports
around Daihai Lake has led to an increase in N, P, and other nutrient levels in the lakeshore
zone. The water content of the tested soil was 12.167%, nitrate nitrogen was 6.077 mg/kg,
ammonium nitrogen was 1.267 mg/kg, total nitrogen was 0.05%, total carbon was 0.98%,
organic carbon was 1.072 mg/kg, and bulk density was 0.97 g/cm3.

2.2. Experimental Design

The altitude of the selected experimental plots is similar, the terrain is relatively
uniform, and heterogeneity is low, which provides relatively consistent environmen-
tal background conditions for the research. The experiment employed a randomized
block design, based on the annual N and P levels in agricultural runoff in the Daihai
watershed; four treatments were established: control (N0P0, i.e., control), N addition
(N1P0, 100 kg N ha−1 y−1), P addition (N0P1, 48 kg P ha−1 y−1), and NP addition (N1P1,
100 kg N ha−1 y−1 + 48 kg P ha−1 y−1). Each treatment had four replicate plots, with each
plot measuring 3 m × 3 m and spaced 2 m apart. Half of the N in ammonium nitrate
(NH4NO3) fertilizer is provided in the form of NO3

− and half of NH4
+, which is more

easily utilized by plants or microorganisms. Therefore, N fertilizer was applied in the
form of NH4NO3, and P fertilizer in the form of superphosphate (Ca(H2PO4)2). Starting in
2019, the chemicals were dissolved in 5 L of pure water and evenly sprayed on each plot
once a month from April to July, with the control plots sprayed with the same amount of
pure water. Field measurements and sampling were conducted during the 2021 growing
season. Based on the natural environment of the experimental area and the actual growth
conditions of the vegetation, the growing season was divided into three stages: early
growing season (May, June), peak growing season (July, August), and late growing season
(September, October).

2.3. Measurement of Gas, Soil, and Environmental Factors
2.3.1. Measurement of N2O Flux

From May to October, gas samples were collected in a fixed quadrat using a static
chamber [24], with sampling conducted on the first and middle ten days of each month at
14-day intervals. Gas samples were collected at 0, 10, 20, and 30 min, with simultaneous
measurement of soil temperature (ST). N2O concentrations in the samples were determined
using gas chromatography (SHIMADZU GC-2030).

The N2O flux was calculated as follows:

F = H × M/V0 × T0/T × P/P0 × dCt/dt (1)
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where F represents the measured gas emission flux; H is the sampling chamber height (m);
M (g/mol) is the molar mass of the gas; V0, T0, and P0 represent the gas molar volume
(22.4 L/mol), thermodynamic temperature (273.15 K), and pressure (1.013 × 105 Pa) under
standard conditions, respectively; T and P represent the thermodynamic temperature
and pressure of the area at the time of sampling; Ct is the gas concentration; and dCt/dt

represents the slope of the change in gas concentration over time during sampling.

2.3.2. Soil Sampling and Analysis

In the experimental plot, the plum blossom point layout method was adopted. Soil
samples at the 0–10 cm layer were drilled, with soil with a diameter of 7.5 cm, in May, Au-
gust and October. Five soil cores were taken and thoroughly mixed. The mixed sample was
divided into two portions: one part was stored at 4 ◦C, while the other was sieved through a
2 mm mesh to remove fine roots and impurities before analysis. Soil NO3

−-N and NH4
+-N

concentrations were measured by KCl extraction (1:10 mass-to-volume ratio), followed
by filtration and determination using continuous flow analysis [25]. Determination of
microbial biomass Carbon (MBC) and Nitrogen (MBN) was carried out by chloroform
fumigation [26,27]. Soil pH was measured by the potentiometric method, and the electrode
method was utilized to calculate electrical conductivity. Determination of SOC was per-
formed by the oil-bath Potassium Dichromate Oxidation Method [28]. The soil bulk density
was determined by the ring knife method [29].

2.4. Data Processing and Analysis

Soil carbon density refers to the amount of carbon contained in a unit of soil mass or
volume, and is a fundamental parameter for evaluating the function of soil carbon sinks.

The benefits of carbon sequestration refer to the environmental and economic benefits
brought about by reducing the concentration of CO2 in the atmosphere by fixing CO2 in
soil, vegetation or other carbon pools through natural or artificial measures. It includes
multiple aspects, such as reducing greenhouse gas emissions, mitigating climate change,
and improving soil quality.

The Formula for Calculating Soil Carbon Density is as follows [30]:

DOC = SOC × γ × Hi × 10−1 (2)

where DOC represents soil carbon density (tC/ha); SOC represents soil organic carbon
content (g/kg); γ represents soil bulk density (g/cm3); and Hi represents the thickness of
the soil layer (cm).

The formula for calculating carbon sequestration benefits (kg·m−2) is as follows:
Carbon sequestration benefits = Carbon storage (T) + CO2 (T) equivalent
Carbon storage (T): SOC storage in each treatment minus the SOC storage in the control

group (kg·m−2).
CO2 (T) equivalent: N2O flux in the control group minus the N2O flux in each treatment,

multiplied by 298 to convert to the CO2 equivalent (kg·m−2).

2.5. Interactive Effects

The interactive effects between the two treatments were quantified by comparing the
observed combined effects with the expected additive effects, calculated as the sum of their
individual treatment effects [31]. We employed Hedge’s d to evaluate the main effect sizes
of the two factors on the variables and their interaction [31,32]. The main effects of factors
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A and B (dA and dB, A and B indicate N addition and P addition, respectively) and their
interaction (dI) were calculated using Equations (3)–(5), respectively:

dA =

(
XA + XAB

)
−

(
XB − XC

)
2S

J(m) (3)

dB =

(
XB + XAB

)
−

(
XA − XC

)
2S

J(m) (4)

dI =

(
XAB − XA

)
−

(
XB − XC

)
2S

J(m) (5)

where XC, XA, XB and XAB are means of a specific variable in the control and treatment
groups of N, P and NP additions, respectively; S (the pooled standard deviation) and J(m)
(the correction term for small sample bias) were calculated using Equations (6) and (7):

S =

√
(nc − 1) (S C)

2 + (nA − 1) (S A)
2 + (nB − 1) (S B)

2 + (nAB − 1) (S AB)
2

nC + nA + nB + nAB − 4
(6)

J(m) = 1 − 3
4m − 1

(7)

where nc, nA, nB and nAB, are the sample sizes, and SC, SA, SB and SAB are the standard
deviations in the control and treatment groups of N, P and NP additions, respectively; m is
the degree of freedom and was calculated using Equation (8):

m = nC + nA + nB + nAB − 4 (8)

The variance of dI (vdi) and the weighted mean dI (d++) and the standard error for d++

were calculated using the following equations:

vdi
=

[
1

nC
+

1
nA

+
1

nB
+

1
nAB

+
d2

i
2(nC + nA + nB + nAB)

+

]
/4 (9)

d++ =
∑l

i=1 ∑k
j=1 wijdij

∑l
i=1 ∑k

j=1 wij
(10)

S(d++) =

√
1

∑l
i=1 ∑k

j=1 wij
(11)

where l is the number of groups, k is the number of comparisons in the i group, and
w is the weight, which is the reciprocal of the variances (i.e., 1/vdi). The 95%CI of d++

was calculated as d++ ± Cα/2 × S(d++), where Cα/2 is the two-tailed critical value of the
standard normal distribution.

The interactive effects between N and P addition were thus classified into three types:
additive, synergistic and antagonistic. If the 95% confidence interval (CI) overlapped
with zero, the interactive effect was additive. If the individual effect sizes were both
negative or one negative and the other positive, the interactive effect size was negative for
synergistic and positive for antagonistic. In cases where the individual effect sizes were
both positive, the interactive effect was greater than zero for synergistic and less than zero
for antagonistic [31].

In this study, all statistical analyses were performed using SPSS 26.0, and all graphs
were created using “ggplot2” package in R (4.4.1) software and Origin 2022b software. All
values are expressed as mean ± standard error (SE). The differences between treatments
are indicated by lowercase letters. One-way analysis of variance (ANOVA) was used to
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evaluate the significant differences among different treatments, and two-factor analysis of
variance was used to evaluate the effects of different treatments and different growth stages
on N2O flux and carbon storage. Post hoc tests were conducted using the least significant
difference (LSD) method, and the significance level was p < 0.05. Pearson correlation
analysis was used to examine the relationship among N2O flux, organic carbon storage and
environmental factors.

3. Results
3.1. Effects of Short-Term N and P Additions on N2O Flux

The impact of different growth stages on N2O flux in the lakeshore zone was significant
(p < 0.05, Table 1, bold values). At the early growing season, the lakeshore zone consistently
acts as a source of N2O whereas, by the late growing season, it consistently functions as a
sink for N2O (Figure 1). In both the early and late growing seasons, the separate addition
of N and P decreased N2O flux in the lakeshore zone, while the NP addition increased N2O
flux, but none of these effects were statistically significant. During the peak growing season,
the control plot acted as a sink for N2O, while N addition and NP addition significantly
increased N2O emissions in the lakeshore zone. P addition makes no critical difference to
N2O flux. In the interaction of N and P addition, N and P have an additive effect (Figure 2).

Table 1. Two-factor ANOVA of N2O flux and carbon storage under different treatments and
growth stages.

Factor Treatment Growth Stages Treatment × Growth Stages

F p F p F p

N2O flux 1.167 0.336 6.687 0.003 1.172 0.343
organic carbon storage 4.487 0.018 5.214 0.004 2.826 0.023

Figure 1. N2O Flux at different growth stages. Note: N0P0, N1P0, N0P1, and N1P1 represent
the control, nitrogen addition, phosphorus addition, and combined nitrogen–phosphorus addition
treatments, respectively. Lowercase letters atop the bar chart denote significant differences between
treatments (LSD, p < 0.05). Error bars indicate standard errors (n = 4).
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Figure 2. Interactive effects of N and P addition on soil N2O emission. Note: The error bar represents
a 95% confidence interval (CI). The same applies below.

3.2. Effects of Short-Term N and P Additions on SOC Storage

Short-term N and P addition treatments, the growth stage, and their interaction all
make critical differences in SOC storage in the lakeshore area (p < 0.05, Table 1). N addition
and NP addition significantly increased SOC storage at the early growing season (Figure 3).
During the peak growing season, only NP addition significantly increased SOC storage.
At the late growing season, there were no critical differences in SOC storage among the
various treatments. In the interaction of N and P addition, N and P have a synergistic
effect (Figure 4).

Figure 3. Organic carbon storage at different growth stages. Note: N0P0, N1P0, N0P1, and N1P1
represent the control, nitrogen addition, phosphorus addition, and combined nitrogen–phosphorus
addition treatments, respectively. Lowercase letters atop the bar chart denote significant differences
between treatments (LSD, p < 0.05). Error bars indicate standard errors (n = 4).
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Figure 4. Interactive effects of N and P addition on soil organic carbon storage.

3.3. Correlation Analysis of Soil N2O Flux, SOC Storage, and Soil Physicochemical Factors Under
N and P Additions

Under short-term N and P addition, N2O flux in the lakeshore zone was positively
correlated with SOC storage, ST, soil moisture (SM), nitrate nitrogen, ammonium nitrogen,
and MBN, but only the correlation with soil nitrate nitrogen content was statistically signif-
icant (Table 2). SOC storage was positively correlated with SM, ST, nitrate nitrogen, and
ammonium nitrogen content, but none of these correlations were statistically significant.

Table 2. Correlation between N2O flux, organic carbon storage, and soil physicochemical factors.

N2O Fluxs Organic Carbon Storage

organic carbon storage 0.439 1
pH −0.164 −0.504
ST 0.255 −0.151
SM 0.130 0.107

NO3
−-N 0.682 * 0.521

NH4
+-N 0.202 0.146

MBC −0.149 −0.561
MBN 0.404 0.089

Note: ST: Soil temperature, SM: Soil moisture, MBN: Microbial biomass nitrogen, * indicates statistical significance
at p < 0.05.

3.4. Effects of Short-Term N and P Additions on Carbon Sequestration Benefits During the
Growing Season

The effects of short-term N and P additions on soil carbon sequestration benefits vary
across different growth stages (Table 3). In the early growing season, short-term N and
P additions increased soil carbon sequestration benefits, with the NP treatment showing
the largest change in sequestration rate at 98.1%. A similar trend was observed in the
late growing season, where both N and P additions increased soil carbon sequestration
benefits, with P addition leading to the highest increase of 38.5%. However, during the
peak growing season, N and P additions reduced soil carbon sequestration benefits by 49%
and 19.1%, respectively, while the NP addition increased carbon sequestration benefits by
56.5%. Additionally, the CO2 equivalent under short-term N and P additions at all growth
stages was much lower than the organic carbon storage in the soil during the same stages.
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Table 3. Carbon sequestration benefits of different growth stages and treatments under N and
P addition.

Growth Stage Treatment
Organic Carbon

Carbon Stocks (T)
kg·m−2

CO2 (T)
Equivalent 1⃝

kg·m−2

Carbon
Sequestration

Benefits (T)
kg·m−2

The Change
Rate of Carbon
Sequestration

Benefits 2⃝

%

early part of
growing season

N 0.6218 0.0051 0.6269 72.7

P 0.1730 0.0077 0.1807 20.9

NP 0.8509 −0.0047 0.8462 98.1

peak growing
season

N −0.4340 −0.0172 −0.4512 −49.0

P −0.1757 −0.0004 −0.1761 −19.1

NP 0.5385 −0.0176 0.5209 56.5

late growing
season

N 0.0038 −0.0013 0.0025 0.3

P 0.3434 −0.0043 0.3391 38.5

NP 0.1818 0.0009 0.1827 20.8

Note: 1⃝ Since the global warming potential of N2O is 298 times that of CO2, CO2 equivalent = N2O flux × 298. A
negative sign “−” indicates a reduction in CO2 equivalent emissions compared to the control (N0P0) treatment due
to N or P additions. 2⃝ Change rate of carbon sequestration benefits: Carbon sequestration benefits (T)/Organic
carbon storage in the control treatment (N0P0).

4. Discussion
Short-term N and NP additions can increase the inorganic nitrogen content in the soil,

promoting soil N2O flux, which is consistent with the results of previous studies [33,34].
Previous research has shown that soil nitrate nitrogen and ammonium nitrogen content
under N addition treatments were higher than in the control group throughout the entire
growing season [35,36]. An elevation in inorganic nitrogen results in an augmentation
of the substrates participating in nitrification and denitrification, which are two crucial
biochemical reactions regulating N2O emissions [35]. In an in situ control experiment
conducted in temperate grasslands in the UK, an increase in nitrate nitrogen content was
also found to promote soil denitrification, thus increasing soil N2O flux [37]. This study
also found a crucial positive correlation between nitrate nitrogen and soil N2O flux. In the
early growth season, P addition inhibits N2O emissions. This might be because P addition
alleviates the P limit in the soil, thereby promoting the absorption of N by plant roots and
reducing the N2O flux [38]. Additionally, it may also decrease the N2O flux by reducing
the nitrate nitrogen in plants [39]. P addition may also adjust soil pH, promote or inhibit
phosphatase activity in the soil, change the biological properties of the soil, and further
alter N2O fluxes [40].

This study found that the effect of N and P addition on soil N2O flux in the lakeshore
zone of Daihai Lake was not consistent across different growth stages. This is partly related
to temperature differences at these various stages. Research has shown that temperature
is a major factor driving seasonal variations in soil N2O emissions [41], with N2O flux
positively correlated with temperature [42], consistent with our findings. Temperature
changes can alter the activity of nitrifying and denitrifying microbes involved in N2O
production, thereby affecting soil N2O emissions [43]. Additionally, N2O flux is positively
correlated with soil moisture, which is contrary to previous research results [44]. This might
be due to the differences in climate and soil characteristics in our study area. Differences
in SM across different growth stages can also lead to variations in soil N2O flux in the
lakeshore zone. Sharp fluctuations in SM often lead to significant changes in the physical
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and chemical properties of the soil, thereby regulating the nitrification and denitrification
processes. An increase in soil moisture will promote microorganisms to consume more
nutrients in order to participate in soil nitrification and denitrification processes, thereby
altering soil N2O emissions [45,46]. Variations in temperature and moisture can also change
microbial metabolic pathways, indirectly affecting soil N2O flux [47,48]. In summary,
differences in ST and SM between growth stages influence aboveground plant activity and
the microorganisms involved in nitrification and denitrification, leading to variations in
soil N2O flux across different growth stages [49,50]. Furthermore, the additive effect of
N and P on N2O might be due to the fact that, when the stimulating effect of N addition
and the inhibitory effect of P addition occur simultaneously, the presence of one does not
change the effect of the other [51].

Short-term N and P additions generally increased SOC storage in the lakeshore zone
of Daihai Lake during the growing season, but this dynamic was influenced by the growth
stage. A global meta-analysis found that N and P additions generally show a significant
trend of promoting SOC accumulation [52], consistent with our findings. N addition
mainly increases soil carbon input by increasing aboveground litter input and increases
carbon output by increasing DOC leaching loss. However, the loss of the latter may be
much smaller than the input of the former [52]. The addition of P directly increases the
availability of P in the soil, promotes the growth of aboveground and underground biomass,
further enhances the vitality of soil roots, and thereby leads to more carbon entering the soil
through litter and plant roots [34]. N addition stimulates the accumulation of plant biomass,
which in turn increases the demand for P and may lead to P limitation in plant growth.
Therefore, the additional P input will enhance the individual effect of N addition and, in
addition, the combined addition of N and P stimulates microbial activity [53], thereby
resulting in a synergistic interaction between NP co-addition [54].

The soil carbon sequestration benefits of soils under short-term N and P addition
primarily depend on the increase or decrease in SOC storage. In calculating carbon se-
questration benefits, this study found that the carbon sequestration capacity of soils far
exceeded the CO2 equivalent emissions from increased N2O under different treatments.
Similar results have been observed in previous research. One study found that the nitrifi-
cation process promotes N2O emissions in grassland soils and affects the net greenhouse
gas balance (measured in CO2 equivalents). The N2O released during nitrification can
be offset by carbon fixed primarily by autotrophs, such as ammonia-oxidizing archaea
(AOA) [55]. The related study by Meta also indicated that the increased N2O emissions
were not sufficient to negate the greenhouse gas reduction potential achieved through car-
bon sequestration strategies [56], which is consistent with the conclusions of this study. To
comprehensively assess the warming trend in the experimental area, further consideration
of CO2 and CH4 fluxes is required.

5. Conclusions
The effects of short-term N and P addition on soil N2O flux and organic carbon storage

in the Daihai lakeshore zone vary at different growth stages. In the early and late stages of
the growing season, the additional amounts of N and P had no significant effect on the N2O
flux. During the peak growing season, the addition of N and NP significantly promoted
the emission of N2O in the lakeshore zone. SOC storage in the lakeshore zone was jointly
regulated by short-term N and P additions and the growth stages. In the early growing
season, N and NP additions significantly promoted SOC accumulation while, during the
peak growing season, only NP addition significantly increased the organic carbon pool. In
the lakeshore zone, the changes in N2O emissions caused by the addition of N and P are
insufficient to offset the potential for greenhouse gas reduction achieved due to the increase
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in SOC storage. The trade-off results between the increase in SOC storage and the change
in N2O emissions indicate that the lakeshore zone not only has a certain self-regulating
capacity in the carbon and N cycle, but also can contribute to greenhouse gas reduction,
enhance the ecosystem service function, and strengthen the adaptability and sustainability
of the ecosystem. This reflects the complexity and significance of the dynamics of the
soil carbon pool in the lakeshore zone in the functions and services of the ecosystem,
and provides important scientific basis and practical guidance for the formulation and
implementation of greenhouse gas management strategies.

6. Limitations and Future Prospects
Agricultural runoff entering the soil can induce leaching effects. In this study, we

simulated the N and P concentration levels from surrounding agricultural fields entering
the soil, which would also trigger leaching effects. However, our study did not account
for the impacts of nutrient leaching. Future research should consider these effects to
provide a more comprehensive understanding of the dynamics involved. Additionally, this
study is short-term and did not consider cumulative effects. Future research should also
address these aspects to better understand long-term impacts. In the experimental design
of this study, no nutrient addition gradient was set, which limited our comprehensive
understanding of the response of nutrient concentration changes to wetland ecosystems.
In the subsequent research, the multi-faceted influences of nutrient addition gradients
on wetland ecosystems should be comprehensively analyzed. Moreover, although this
study conducted elemental analysis and examined its impacts on N2O emissions and
SOC, the scope of elements analyzed was limited. Future research should include a more
comprehensive analysis of additional elements to provide a fuller understanding of their
interactions and effects.
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