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Highlights:

Coastal conversion substantially increases topsoil C, N, and P concentrations.
Conversion from mudflats would enhances topsoil C stocks, but from marshes do not.
Lower N:P ratio in cropland soils shows more P than N retention in soil.

Converted croplands and ponds show more homogeneous distribution of C, N, and P.
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Coastal conversion alters topsoil C, N and P stocks and stoichiometric balances.

Abstract:

The extensive conversion of coastal wetlands into agricultural and aquaculture areas has significant
repercussions on soil nutrient balance. However, how coastal conversion specifically influences the
dynamics and stoichiometry of topsoil carbon (C), nitrogen (N), and phosphorus (P) remains limited
due to the considerable spatial variability and a lack of comprehensive field data. Here, we
investigated the concentration and distribution of total C (TC), N (TN) and P (TP), along with their
stoichiometric balance in four distinct coastal landscapes, including natural marshes and mudflats, as
well as converted agricultural croplands and aquaculture ponds. The results revealed that converted
croplands and ponds exhibited a substantial increase in soil C, N and P concentrations, particularly in
comparison to mudflats. Furthermore, converting mudflats into croplands or ponds can enhance
topsoil C stocks, whereas converting from marshes may not change or even lose stored C. Cropland
soils exhibited considerably higher levels of available N (NHs™-N and NOj3-N) and available P
compared to those in natural marshes and mudflats. The distribution of soil TC, TN, and TP
demonstrated greater spatial heterogeneity in natural marshes and mudflats, while the converted areas
were more uniform and became hotspots for N and P accumulation. Coastal conversion altered soil
C:N:P stoichiometry, with cropland soils exhibiting a lower N:P ratio (2.9+1.1), indicating that long-
term application of N and P fertilizers could decrease the N:P ratio, as P is more retained in the soil
than N. Furthermore, it was observed that the dynamics of C, N and P, as well as their stoichiometry,
are closely linked to soil physicochemical properties, especially soil organic matter and texture. These
findings highlight that coastal conversion and associated management practices markedly affected
soil C, N and P dynamics, leading to a reshaping of their stoichiometric balances, particularly in the
topsoil layer.

Keywords: topsoil; C, N and P dynamics; land use change; coastal wetlands



1. Introduction

Coastal wetlands, serving as dynamic transition zones between terrestrial and marine ecosystems,
provide diverse and productive habitats (Ma et al., 2014; Wang et al., 2021). Their crucial roles in
coastal defense, biodiversity support, and nutrient balance maintain render them indispensable for the
health of both natural systems and human communities (Hu et al., 2024; Karstens et al., 2016).
Unfortunately, these vital ecosystems have historically experienced continuous and substantial losses
due to human disturbances and global environmental changes. On one hand, urbanization, agriculture,
and infrastructure development frequently encroach upon coastal wetlands, directly destroying them
or converting these areas into residential, industrial, or agricultural lands (Cui et al., 2021).
Additionally, global environmental changes, particularly rising sea levels and coastal erosion,
significantly threaten these wetlands with loss and degradation (Schuerch et al., 2018; Spencer et al.,
2016). In China, factors such as land reclamation, coastal erosion, and sea level rise have contributed
to a nearly 51% reduction in coastal wetland areas between 1984 and 2012 on a national scale (Gu et
al., 2018; Sun et al., 2015; Wang et al., 2021).This leads to the displacement of native vegetation,
accelerated degradation, and intensified fragmentation of wetlands, thereby adversely affecting their
primary productivity, nutrient balance, and overall ecosystem functions (Rodriguez et al., 2017;
Schuerch et al., 2018). The ongoing conversion and degradation of these ecosystems highlight the
urgent need for focused and effective conservation and restoration efforts to enhance the resilience of
coastal wetlands in the face of global changes.

Soil carbon (C), nitrogen (N), and phosphorus (P) are essential elements crucial for sustaining
plant growth, microbial activity, and overall ecosystem health, particularly in the topsoil layer (Smal
etal., 2019; Zhang et al., 2022). The topsoil, being the uppermost layer of soil where most plant roots
reside, plays a vital role in soil fertility, nutrient cycling, and supporting diverse plant and microbial
communities (Chirinda et al., 2014; Liu et al., 2020). However, the conversion and degradation of
coastal wetlands can significantly affect the dynamics of soil C, N, and P, yet the specific impacts
remain unclear (Karstens et al., 2016; Wang et al., 2018; Zhang et al., 2023). Typically, converting
coastal wetlands to other uses, such as agriculture or aquaculture, can disturb or remove soil organic
matter, thus reducing the soil's capacity to store C and nutrients (Yu et al., 2016). Conversely, a recent
nationwide study indicated that although soil organic C notably decreased following coastal
reclamation, total N and total P saw significant increases, primarily within the 0-40 cm soil layers
(Zhang et al., 2023). However, some studies, such as that by Xu et al. (2018), did not observe
significant changes in soil C, N, and P dynamics or their C:N:P stoichiometry even after 63 years of
coastal reclamation. These findings highlight that the effects of conversion and degradation on soil C,
N, and P concentrations, as well as their stoichiometric characteristics in coastal wetlands—
particularly in the topsoil layer—are still contentious and require further research. Specifically, the
conversion to cropland and ponds involves distinctly different environmental processes, and their
impacts on coastal nutrient balance have been largely overlooked, presenting considerable
uncertainties.

China has approximately 18,400 km of coastline and around 5.8 million hectares of coastal
wetlands. Since the early 1980s, due to extensive infrastructure development, land reclamation, and
various environmental changes, China's coastal wetlands have experienced severe loss, degradation,
and fragmentation on regional to national scales (Hu et al., 2024; Jiang et al., 2015; Sun et al., 2015).
However, the interaction between coastal conversion and topsoil nutrient dynamics has rarely been
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evaluated. In this study, our objectives were to (1) quantify the concentrations and stoichiometry of
topsoil C, N, and P resulting from coastal conversion and degradation, (2) evaluate the distribution
patterns and heterogeneity of topsoil C, N and P, and (3) investigate the driving factors affecting soil
C, N and P dynamics.

2. Materials and methods

2.1. Site description

The Min River estuarine wetland, located on the southeast coast of China, is characterized by a
subtropical monsoon climate, with an average annual temperature of 15°C and precipitation of 1350
mm. This coastal wetland is experiencing significant challenges due to both human disturbances (such
as aquaculture reclamation and dam construction) and natural factors (tidal erosion and typhoon),
leading to substantial loss, degradation, and fragmentation. Land use in this area is broadly
categorized into two types: natural landscapes, consisting of marshes and mudflats, and human-
converted areas, comprising ponds and croplands. A dam distinctly separates the marshes and
mudflats from the ponds and croplands. The natural tidal marshes in this region, subject to twice-
daily tidal ebb and flow (Hu et al., 2023a) , host vegetation uniquely adapted to the saline environment.
These marshes are dominated by Kandelia obovata, Phragmites australis, and Cyperus malaccensis.

Adjacent to the sea, the mudflats, interspersed with salt marshes, are characterized by their flat,
muddy surfaces. These surfaces are exposed during low tide and submerged at high tide, consisting
mainly of fine-grained sediment such as mud or silt. The ponds in this area, initially reclaimed from
marshes in the early 2000s for aquaculture purposes (shrimp farming), have undergone restoration
efforts to mitigate soil degradation and preserve bird habitats. As a result, many of these aquaculture
ponds are now undergoing natural restoration (Hu et al., 2023b). The croplands, converted from
marshes in the 1970s, are predominantly used for growing vegetables and rice, involving the
application of N and P fertilizers. A more comprehensive description of the region can be found in
Hu et al. (2023a).
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Fig S1. Sampling sites (black dots) and main landscapes in the Min River estuary, southeastern China.
2.2. Soil sampling and analysis

The sampling process was conducted from September to December 2022, utilizing high-resolution
spatial sampling techniques. A total of 153 soil samples were collected, comprising 69 from marshes,
38 from mudflats, 33 from ponds, and 13 from croplands. At each site, a 1 m x1 m quadrat was
established, and 2 to 3 topsoil (20 cm) samples were randomly collected and subsequently mixed to
represent a single composite sample. These samples were then placed in zip-lock bags and transported
to the laboratory for further processing. Once air drying, any roots and stones were removed, and the
samples were ground and sieved for analysis of soil C, N, P concentrations, as well as other
physicochemical properties.

Soil total C (TC) and total N (TN) concentrations were determined using an elemental analyzer
(Elementar, Frankfurt, Germany). Soil total P (TP) concentration was determined using a flow
injection analyzer (Skalar Analytical SAN++, Lachat, Netherland) after digestion by HC104-H>SOs.
Soil available N, including ammonium and nitrate, was extracted by 2M KCI and analyzed by a flow
injection analyzer (Skalar Analytical SAN++, Lachat, Netherland). Available P (AP) concentration
was measured following a 0.5M NaHCOj extraction (Olsen and Sommers, 1982). Soil organic matter
(SOM) was determined using the loss-on-ignition method. Soil moisture was calculated based on the
loss of water to constant weight at 105°C, while bulk density was calculated as the ratio of dry soil
weight to its volume. Electrical conductivity (EC) was measured using a portable conductivity meter
(2265FS, USA). Soil pH was measured using a pH meter with a soil-to-water ratio of 2.5:1. Salinity
was measured using a salinity meter (Oakton Instruments, Springfield, USA). Additionally, soil
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particle size distribution was analyzed using a particle-size analyzer (Mastersizer 2000, Malvern, UK).
We classified soil textures according with the United States Department of Agriculture classification
criteria, that includes: clay, clay loam, loam, silty clay, silty clay loam, silt loam, silt, sandy clay,
sandy clay loam, sandy loam, loamy sand, and sand textures.

2.3. Statistical analyses

The stoichiometry of soil C, N, and P across all sites was calculated in terms of molar ratios (atomic
ratio) by converting their concentrations from g kg!' to units of mol kg'. To visualize the spatial
variability of these elements, Kriging interpolation was employed using the Geostatistical Analyst
extension tool in ArcGIS 10.2 software. A one-way analysis of variance (ANOVA) was conducted to
assess differences in soil C, N, and P concentrations and their associated physicochemical properties
across different sites. The Mantel test was applied to investigate the relationships between the
dynamics of soil C, N, and P and selected physicochemical properties, using the “vegan” R package.
Pearson correlations were used to assess the relationship between various soil properties and were
visualized with a heatmap. Furthermore, the Random Forest model was utilized to investigate the
relative importance of environmental factors on changes in soil C, N, and P, using soil C, N, and P
concentrations as response variables and soil physicochemical properties as explanatory variables
using the randomForest R package. In addition, we calculated soil C, N and P stocks in different
coastal landscapes based on their concentration, bulk density and soil layer height (20 cm). To assess
the effects of soil physicochemical variables on TC, TN, and TP simultaneously, we conducted a
Redundancy Analysis (RDA) using the CCA (Gonzalez et al., 2008), corrplot (Wei T and V, 2021),
and vegan (Oksanen, 2010) packages within the R platform. Subsequently, we analyzed the
differences in the scores of the first two axes of the RDA for soil samples from distinct sites. This
was achieved using a one-way ANOVA with a Bonferroni post hoc test, to identify significant spatial
differences between these site score sets within the 2D space of the RDA. For these analyses, we
utilized Statistica 8.0 (StatSoft Inc., Tucson, OK, USA).

3. Results

3.1. Soil physicochemical properties

Soil physicochemical properties across various coastal landscapes are displayed in Table 1. Notably,
the cropland sites exhibit considerably lower soil pH, electrical conductivity, and salinity compared
to marshes, mudflats, and ponds (p< 0.05). Soil bulk density is typically lower in marshes and higher
in croplands, while the trend for soil moisture is the opposite. Marshes and ponds feature markedly
higher concentrations of soil organic matter than the mudflats (p< 0.05). Additionally, there is a clear
link between soil particle size and coastal landscape types, with marshes and ponds predominantly
composed of clay and silt, whereas mudflats and croplands are mostly sandy (Fig. 1). These
observations indicate a discernible impact of coastal conversion on soil physicochemical properties,
leading to reduced soil pH, salinity, and moisture, as well as changes in the distribution of soil particle
sizes.

Table 1. Changes in soil physicochemical properties across different coastal landscapes

Coastal landscape
Properties Ccv p
Marsh Mudflat Pond Cropland
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pH 6.3+0.5b 6.9+0.4a 6.1+0.6b 5.6+0.4c 9.7 <0.001

Electrical conductivity (mS cm) 8.7+2.4a 9.8+1.9a 6.0£2.5b 0.4+0.3c 44.2 <0.001

Salinity (%o) 5.5+1.5a 4.2+1.7b 4.3x2.4b 1.2+0.3c 46.3 <0.001
Bulk density (g cm®) 0.9+0.2c 1.1+0.3b 1.1+0.2b 1.4+0.1a 244 <0.001
Moisture (%) 68.9+18.8a 52.8£25.4b 52.6+16.6b 11.8+7.9c 44.3 <0.001
Organic matter (g kg) 9.6+3.6a 6.6+4.5b 10.7¢3.2a  8.0+x1l.7ab 435 <0.001

The presented values are expressed as mean + standard deviation. Different letters indicate statistically significant
differences among various coastal landscapes (p< 0.05, ANOVA).
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Fig. 1. Soil particle size distribution across different coastal landscapes.

3.2. Soil C, N and P concentrations and stocks

The concentrations of TC, TN, and TP varied from 0.7 g kg™ to 31.4 g kg™ (mean 10.5 + 5.5 gkg™),
from 0.1 gkg! t0 2.8 gkg! (mean 1.0 + 0.5 gkg!), and from 0.1 g kg™ to 2.2 g kg'! (mean 0.6 + 0.3
g kg') across different coastal landscapes, respectively (Fig. 2). Converted ponds exhibited
considerably higher TC and TN concentrations compared to mudflats (p< 0.05). Furthermore,
cropland soils have notably higher TN concentrations than mudflats. In terms of soil TP, croplands
showed higher levels than other landscapes, while mudflats had the lowest. Croplands and ponds
recorded the higher TC stocks than mudflats (13.1+8.2 Mg ha'!). Comparatively, cropland soils
experienced dramatic increases in soil TN (TP) stocks, rising by 97% (234%), 176% (341%) and 49%
(146%) compared to marsh, mudflat, and pond soils, respectively. In summary, coastal conversion
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has markedly elevated the levels of C, N and P in soils across diverse coastal landscapes, especially
in croplands. From the perspective of soil C storage, whereas the conversion of mudflats to cropland
or ponds can enhance the storage of topsoil C, but the conversion from marshes may not affect or
could even result in the loss of stored C.
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Fig. 2. Variations of topsoil TC, TN, and TP concentrations and storage across diverse coastal landscapes. TC, total
carbon; TN, total nitrogen; TP, total phosphorus. Different letters indicate significant differences among various
coastal landscapes (p< 0.05, ANOVA).

3.3. Available N and P dynamics

The concentration of soil NH4'-N varied across different coastal landscapes, ranging from 0.2 mg

kg 'to 10.5 mg kg !. It is notably higher in croplands (5.9+2.2 mg kg!) and ponds (4.7+2.2 mg kg ')

compared to marshes (3.5+1.4 mg kg™!) and mudflats (3.4+1.2 mg kg!) (Fig. 3; p< 0.05). Soil

concentrations of NOs™-N and AP were significantly elevated in cropland soils, with the lowest values

recorded in mudflats. Additionally, the NH4"-N, NOs™-N, and AP stocks in cropland soils were
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considerably higher than in other landscapes (p< 0.05), although they displayed notable spatial
heterogeneity. Overall, soil management in croplands has substantially enhanced the levels and
storages of available N and P.
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Fig. 3. Dynamics of soil NH4*-N, NO3z-N, and AP concentrations and storages in different coastal landscapes.

Different letters indicate significant differences among various coastal landscapes (p< 0.05, ANOVA).

3.4. Spatial distribution of soil C, N and P

The concentrations of soil TC, TN, and TP exhibited substantial spatial variability, with coefficient
of variation (CV) of 52.6%, 47.2% and 54.7%, respectively (Fig. 4). Notably, high concentrations of
TC and its hotspots were predominantly observed in marshes and ponds, significantly exceeding those
in mudflats and croplands. Among these, mudflats presented the greatest spatial heterogeneity in TC,
with a CV of 63.8%. Generally, soil TN, TP, and NH4"-N concentrations have similar overall spatial
patterns, showing higher values in croplands and ponds. The concentrations of NO3s-N and AP in the
soil demonstrated pronounced spatial variability, with CVs of 392.8% and 193.6%, respectively. The
hotspots for these nutrients were primarily found in croplands. Overall, the dynamics of soil C, N,



and P along coastal areas are intricately associated with landscape types. Natural marshes exhibited a
notably higher distribution of TC, while converted areas like croplands and ponds are identified as

hotspots for N and P concentrations.
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Fig. 4. Spatial distribution of soil TC, TN, TP, NH4"-N, NO3™-N and AP concentrations in the Min River estuarine
wetland. TC, total carbon; TN, total nitrogen; TP, total phosphorus, NH4"-N, ammonium; NO3™-N, nitrate; AP,

available phosphorus.
3.5. Soil C:N:P stoichiometry and distribution under different coastal landscapes

Soil C: N: P stoichiometry exhibited marked variations across different coastal landscapes (Fig. 5).
The ranges for the C:N, C:P, and N:P ratios in soils were 4.2 to 28.3, 7.1 to 235.7, and 1.3 to 23.3,
respectively, with corresponding CVs of 30.3%, 55.5%, and 50.2%. Marsh soils stood out, showing
elevated C:N and C:P ratios with averages of 13.4+3.5 and 57.5+26.2, respectively, which were
notably higher than those found in other areas (p< 0.05). In contrast, cropland soils presented the
lowest values for these ratios. The N:P ratios in cropland soils were particularly lower, averaging
2.9+1.1, further emphasizing the stoichiometric distinction among the coastal landscapes. The spatial
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distribution of soil C:N and C:P ratios exhibited a consistent pattern, with marshes exhibiting
significantly higher values than other environments. These ratios peaked primarily in marsh sites,
indicating these sites as critical hotspots for such stoichiometric measures. Conversely, the soil N:P
ratio distribution was more uniform, with the lowest values consistently found in cropland soils,
suggesting a different nutrient dynamic in agricultural areas compared to natural coastal landscapes.
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Fig. 5. Stoichiometric characteristics of soil C: N: P and their distributions in under different coastal landscapes.

3.6. Factors influencing the dynamics of C, N, and P

The study revealed strong correlations between TC concentrations and various factors such as SOM,
pH, particle size, and salinity (Fig. 6). Similarly, soil TN concentrations were influenced by pH, SOM,
particle size, and NH4"-N concentrations. Soil TP concentrations were primarily affected by pH,
salinity, SOM, bulk density, N availability, particle size, and AP concentrations. Heatmap analysis
illustrated a negative correlation between soil pH and EC with the concentrations of NO3™-N, NH4"-
N, and AP. Salinity was found to positively correlate with soil C:N, C:P, and N:P ratios, as well as
SOM concentrations, while showing a negative correlation with NO3-N and AP concentrations.
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Conversely, soil bulk density negatively correlated with soil C:N and C:P ratios, and SOM, but
positively with NOs-N and AP concentrations. Soil water content showed opposite trends.
Additionally, the distribution of soil clay and silt was positively correlated with C:N, C:P, and N:P
ratios, whereas sand displayed negative correlations. The Random Forest analysis identified soil
organic matter, pH, and particle size distribution as the key soil parameters associated with the
dynamics of soil C, N, and P. These findings indicate that a combination of soil physicochemical
properties and nutrient status is key to understanding the variation in soil C, N, P dynamics across
different coastal landscapes.
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Fig. 6. Relationships between soil TC, TN, TP and soil physicochemical properties based on Mantel test (a) and the
importance scores (%) of different factors estimated by the random forest model (b). The importance of each
predictor is measured by the increment in Mean Squared Error (MSE) of each predictor. TC, total carbon; TN, total
nitrogen; TP, total phosphorus; EC, electrical conductivity; BD, bulk density; SWC, soil water content; SOM, soil
organic matter; AP, available phosphorus.

The RDA revealed that variables such as NH4"-N, NO3™-N, AP, salinity, SWC, pH, EC, SOM,
and clay content collectively accounted for 71% of the total variance in TC, TN, and TP (Fig. 7). The
most determinant factors were soil NH4*-N and AP concentrations (F=96.2, P<0.0001 and F=63,
P<0.0001, respectively), followed by SOM (F=101, P<0.0001), pH (F=30.9, P<0.0001), and salinity
(F=49.1, P<0.0001), mostly consistent with previous analyses. The case scores from different sites
were distinctly separated along the first RDA axis, while the case scores from croplands were
differentiated from the other three sites along the second RDA axis.

12



RDA Variables RDA Case Scores

1.5 T T
(a) (b)
1 | ]
TC Salinity 05k |
) 2
55. 0.5 TN EC 1 &
- pH -
~— 0 L | ; 0_ |
(9]
5 )
T 05 1 B
0.5+ -
1k _
-1.5 TP| 1 ] ] 1 _1 1 ] ]
-2 -1 0 1 2 0.4 0.2 0 0.2 0.4
RDA1 (60%) RDA1 (60%)

Fig. 7. Redundancy analyses with NH4+™-N, NOs™-N, AP, Salinity, SWC, pH, EC, SOM and Clay as constraining
(independent) variables and TC, TN and TP as dependent variables (a). The mean + confidence interval (95%) of
the cases scores if the two main RDA axes of different site (croplands, ponds, marshes and mudflats) are showed
(b). TC, total carbon; TN, total nitrogen; TP, total phosphorus; EC, electrical conductivity; BD, bulk density; SWC,
soil water content; SOM, soil organic matter; AP, soil available phosphorus.

4. Discussion

4.1. Soil C, N and P concentrations and stocks following coastal conversion

While numerous studies have been conducted on the dynamics of soil C, N, and P in response to land-
use changes in terrestrial ecosystems, the results often present considerable uncertainties (Beillouin
et al., 2022; Buruso et al., 2023; Li et al., 2020; Zheng et al., 2021). Moreover, there is a notable
scarcity of research specifically targeting coastal conversion (Hu et al., 2024). In natural sites, the
average TC concentrations varied significantly, ranging from 6.6 g kg™ in coastal mudflats to 12.1 g
kg in marshes, with an overall mean of 10.1 g kg™! (Fig. 2). These observed concentrations were
comparable to those found in the Liaohe estuary (12.6 g kg™!), yet markedly lower than those in the
Yangtze River estuary (23.2 g kg'!), and higher than in the Yellow River estuary (4.7 g kg!) (Xia et
al., 2022). The variations in soil C concentrations across these regions can be attributed to diverse
factors such as distinct climatic conditions and dominant vegetation, as well as unique soil types and
sedimentation histories. For instance, the coastal wetland in this study, situated in a subtropical zone,
benefits from higher temperatures that foster vigorous plant growth and result in an increased input
of organic matter (Hu et al., 2020b). Conversely, the wetland at the Yellow River estuary, located in
atemperate zone, experiences lower average temperatures which contribute to a slower rate of organic
matter decomposition. Furthermore, marshes exhibit higher soil C concentrations than mudflats,
primarily due to the abundant plant biomass that directly contributes to soil organic matter
accumulation (Xia et al., 2023). The anaerobic or anoxic environments in these marshes also
effectively inhibit microbial decomposition of organic matter, thereby further enhancing soil C
concentration (Lu et al., 2023). This is confirmed by a substantial positive correlation observed

between soil C concentrations and organic matter (Fig. 6).
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In the coastal soils, TN concentrations varied from 0.7 g kg™ in mudflats to 1.1 g kg™ in marshes,
averaging 0.9 g kg™ overall. Similarly, TP concentrations ranged from 0.4 g kg™! in mudflats to 0.6 g
kg in marshes, with a mean of 0.5 g kg!. These values closely align with those observed in the
Yellow River estuary, where both TN and TP were recorded at 0.7 g kg™!, but they were lower than
the concentrations in the Yangtze River estuary, which were 1.9 g kg! for TN and 1.0 g kg™ for TP
(Xia et al., 2022). In coastal wetlands, N and P frequently act as limiting nutrients, critically
influencing primary productivity and nutrient cycling (Sundareshwar et al., 2003). The lower N and
P concentrations observed in these coastal wetlands indicate on one hand that vigorous plant growth
increases the absorption of soil nutrients and/or that potential N and P availability is naturally low, as
evidenced by the observed low concentrations of available N and P (Fig. 3). Moreover, soil N and P
concentrations in marshes are generally higher than those in mudflats. This difference may be
attributed to the combined effects of various ecological processes. In marshes, plants absorb and
accumulate nutrients for growth and return them to the soil upon decomposition, leading to a
progressive build-up of organic matter rich in N and P (Spohn and Berg, 2023). Additionally,
vegetation stabilizes the soil, thereby mitigating erosion and the consequent loss of nutrient-rich
sediments, while root systems foster microbial activities that further enhance nutrient cycling
(Henneron et al., 2020; Tang et al., 2021). Vegetated areas also act as natural traps for nutrient-rich
sediments carried by tidewater, thereby enriching the soil. Together, these factors create a nutrient-
richer environment in vegetated marshes compared to the typically nutrient-scarce conditions found
in mudflats. These scenarios are corroborated by the markedly higher organic matter concentration
in marsh soils (Fig. 1), alongside a significant positive correlation between soil organic matter and
TC concentration (Fig. 6a).

The reclamation of coastal wetlands for agriculture and aquaculture has significantly altered the
concentrations and stocks of C, N, and P in the topsoil. In particular, ponds that were previously used
for aquaculture show higher soil C concentrations than natural mudflats, mainly due to factors related
to their historical usage and current ecological dynamics (Hu et al., 2023b). The elevated initial C
levels in these ponds are often a legacy of their previous aquaculture period, where substantial organic
matter was accumulated from uneaten feed, feces, and other biological wastes (Yuan et al., 2021). As
these ponds recover, this organic accumulation, along with contributions from bird droppings and
plant residue, continues to enhance the soil C concentration (Yang et al., 2022). Additionally, the
enclosed nature of these ponds reduces erosion and promote more stable sedimentation, further
fostering conditions that favor the preservation and build-up of organic C in the soil. In addition, N
concentrations in cropland soil are typically higher than those in mudflats, while P concentrations
significantly surpass those found in both marsh and mudflat soils. This disparity is largely due to
agricultural practices such as tilling, crop rotation, and the application of fertilizers or compost, all of
which significantly contribute to nutrient enrichment (Zheng et al., 2021). Additionally, the
decomposition of plant residues left in fields after harvesting also increases the nutrient pool.
Cropland soils, characterized by better drainage and aeration, facilitate microbial activities that
efficiently convert organic forms of N and P into inorganic, making these nutrients more readily
available (Gramlich et al., 2018; Yang and Norton, 2019). In contrast, the saturated soil conditions of
wetlands lead to slower decomposition rates owing to limited oxygen availability, thereby resulting
in lower levels of these nutrients (Lu et al., 2023; Mueller et al., 2017). Additionally, the stocks of
soil C, N, and P follow a similar pattern. Compared to mudflats, converted cropland or ponds lead to
an increase in topsoil C stocks, while this effect is not observed in marshes.
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The RDA, along with other statistical analyses, indicated that NH4*-N, AP, SOM, pH, and clay
are the soil variables most closely associated with soil TC, TN, and TP (Figs. 6-7). It also revealed
that mudflats possess soils with higher pH and lower values of SOM. In contrast, marsh soils exhibit
higher SOM levels and proportionally higher TC values relative to TN and TP. Ponds have
proportional TN values in relation to TC and TP. Cropland soils, however, display the highest
absolute values of available-N and -P, with proportionally higher TP values. This data suggests that
the distinct management practices of ponds and especially croplands effectively reshape soil
conditions. Long-term application of N and P fertilizers in croplands tends to increase nutrient
concentrations. However, P, being the most immobile and prone to retention in the soil through salt
precipitation and adsorption processes, tends to accumulate at high levels in non-plant-available
forms in intensively fertilized croplands (Hu et al., 2023a; Lambers, 2022; Pefiuelas and Sardans,
2022). Similarly, in ponds, the substantial accumulation of fish and shrimp waste leads to higher
levels of TC, TN, and TP, but with a higher proportional amount of TN compared to other natural
sites, aligning with the widely observed high N concentrations in animal feces (Ghojoghi et al., 2023;
Yang et al., 2022; Yuan et al., 2021).

4.2. Land uses and soil managements cause C:N:P stoichiometry imbalance

Ecological stoichiometry, which focuses on the balance of key chemical elements like C, N, and P,
is crucial for understanding the nutrient needs and limitations of various organisms, as well as for
assessing ecosystem responses to environmental changes (Cleveland and Liptzin, 2007; Isles, 2020;
Penuelas and Sardans, 2022). In our study, the average soil C:N:P ratios for natural wetlands were
found to be 52.8:4.3:1 (Fig. 5). These ratios are lower than the global scale ratios of 186:13:1 reported
by Cleveland and Liptzin (2007), yet they align closely with the average ratios of 60:5:1 observed in
China on a national scale (Tian et al., 2010). This variation in these ratios can be partially attributed
to differences in ecosystem types, decomposition rates, vegetation diversity, and specific
environmental conditions, such as nutrient loadings and hydrological dynamics. For instance,
Cleveland and Liptzin (2007) focused on forest and grassland ecosystems, which typically have a
higher C concentration due to the abundance of C-rich plant materials, including trees. In contrast,
the water-saturated and anaerobic conditions prevalent in wetlands facilitate the enhanced cycling
and enrichment of N and P, resulting in comparatively lower C:N:P ratios (Baldwin and Mitchell,
2012; Hu et al., 2020a). Therefore, the soil C:N:P ratios in wetland ecosystems exhibit significant
differences when compared to those in terrestrial ecosystems like forests and grasslands. Our data
offer a valuable contribution to the understanding of global soil nutrient balances, enriching the
existing body of knowledge with specific insights into wetland soil dynamics.

In the present study, we observed that C:N:P ratios were typically higher in natural sites
(52.8:4.3:1) than in converted sites (42.1:4:1), particularly in cropland sites (25.9:2.9:1). This
variation is understandable given the distinct environmental conditions of these ecosystems. Wetlands,
characterized by their waterlogged conditions, foster anaerobic environments that significantly slow
down the decomposition process of organic matter (Mueller et al., 2017). This leads to an
accumulation of C-rich plant materials, which decompose more slowly compared to the plant and
animal residues typically found in cropland soils. Moreover, the anaerobic conditions in wetlands
restrict the processes of N and P mineralization, thereby reducing the relative availability of these
nutrients compared to C (Fellman and D’ Amore, 2007). In contrast, cropland soils are usually well-
aerated and subjected to agricultural practices like fertilization, which receives additions of N and P-
rich substances (Gramlich et al., 2018; Ma et al., 2022). These practices alter the soil nutrient
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composition, resulting in a lower C:N ratio compared to natural landscapes. These observations
further corroborate the notion that organic-rich topsoil, characterized by its dynamic interactions
between organisms and the environment and its well-regulated C:N:P ratios, can effectively indicate
the nutrient status of soil during soil development (Tian et al., 2010).

In addition, our study highlighted that the soil N:P ratio in cropland soils (2.9+1.1) was
significantly lower compared to marshes (4.3£1.5), mudflats (4.2+3.5), and ponds (4.4£1.0). This
observation is typical in cropland regions subjected to long-term P fertilization, where a substantial
portion of the applied P either precipitates or is strongly adsorbed, resulting in an increase in TP stocks
without a corresponding rise in plant-available P. The N cycle within soil is dynamic and complex,
encompassing processes such as mineralization, nitrification, and denitrification, which contribute to
N loss through leaching, gaseous emissions, and other pathways (Henneron et al., 2020; Zhang et al.,
2020). The rapid absorption of N by fast-growing crops leading to a rapid depletion of available N in
the soil. When crops are harvested, the N accumulated within them is removed from the soil system,
thereby reducing the soil's N storage (Zhang et al., 2021). This dynamic also highlights the significant
role of soil P concentration in influencing the C:P and N:P ratios. Phosphorus in the soil is typically
found in mineral forms, which are stable and not easily lost through gaseous pathways as N (Hu et
al., 2023b). Moreover, the extended and intensive use of N fertilizers in cropland systems can create
a relative surplus of other nutrients, including P, thereby contributing to the reduced N: P ratio and an
imbalance between N and P (Pefiuelas and Sardans, 2022). These findings indicate that long-term
application of N and P fertilizers tends to lower the soil N:P ratio, as N is rapidly utilized and lost in
significant quantities, while P remains more stable and is retained more effectively in the soil.

4.3. Spatial patterns of soil C, N, and P concentrations and C:N:P ratios

Land use changes, such as deforestation, urbanization, or conversion to agriculture, can profoundly
impact the spatial distribution of soil C, N, and P, along with their stoichiometry, due to alterations in
vegetation cover, soil management, and environmental interactions (Li et al., 2020; Tian et al., 2010;
Zhang et al., 2023). In our study, the concentrations of soil TC, TN, and TP across various coastal
landscapes exhibited substantial spatial heterogeneity, with coefficient of variation (CV) of 52.6%,
47.2% and 54.7%, respectively (Fig. 4). Notably, high concentrations of TC and its hotspots were
predominantly observed in marshes and ponds, significantly exceeding those in mudflats and
croplands. Among these, the spatial heterogeneity of TC in mudflats was the greatest (CV 63.8%),
while it was the least in cropland (CV 31.6%). These results are consistent with the size of the area
that occupied the four sites in 2D plot with the two first axes of the RDA analyses, where we can
observe that the two managed ecosystems have lower distribution surface than the two natural
ecosystems. Mudflats, dynamic environments influenced by tidal actions, riverine inputs, and wave
activities, exhibit greatly varied sediment deposition (Redzuan and Underwood, 2020; Sasmito et al.,
2020). This leads to uneven distribution of organic matter, and consequently, C concentration can
vary significantly across different areas of the mudflat. In contrast, croplands typically undergo
uniform agricultural practices aimed at optimizing soil conditions for crop growth, resulting in more
homogenized soil properties, including C concentration.

Generally, soil TN, TP, and NH4"-N concentrations across different landscapes exhibit similar
spatial patterns, with natural sites showing higher overall CV than converted sites. Further, converted
sites, particularly croplands, exhibit significantly more hotspots and peaks in N and P distribution.
This is mainly attributed to the concentrated application of N and P fertilizers in these areas, which
can result in a lasting impact on nutrient accumulation and current distribution patterns (Ma et al.,
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2022; Yang and Norton, 2019). In contrast, natural marshes and mudflats tend to show relatively low
and uniform distributions of soil NH3-N and AP, while ponds and croplands demonstrate high spatial
heterogeneity, with CVs of 207.9% and 60.1% for ponds, and 94.9% and 92.3% for croplands,
respectively. This alteration in nutrient dynamics also impacts the stoichiometric distribution of soil
C, N, and P in different coastal landscapes. The average CVs for soil C:N and C:P ratios are 30.3%
and 55.5%, respectively, with the highest variability observed in mudflats (40.0% and 81.9%). The
dynamic nature of mudflats, including their flooding and draining cycles, significantly influences the
distribution and decomposition of organic matter and nutrients (Sasmito et al., 2020). Additionally,
the higher C concentration in mudflats versus the higher N and P concentration in croplands also
contributes to this stoichiometric imbalance. The soil N:P ratio also displays significant spatial
heterogeneity (50.2%), with less internal spatial variation in croplands and ponds, which is mainly
attributable to human management practices (Fig. 8).

Croplands Ponds Marshes Mudflats

Tideline

Low C Stock

» High N: P ratio
| > High heterogeneity

.0 P conmainion S p /5 miere ]

Stoichiometric imbalance | Available N and P pool BD/SOM p m
[ CNPraio 3 Soil particle size
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Fig. 8. The conceptual framework showing the effects of coastal conversion on soil C, N and P dynamics and
stoichiometric balances. C, carbon; N, nitrogen; P, phosphorus; EC, electrical conductivity; BD, bulk density; SOM,
soil organic matter.

5. Conclusions

This study provides valuable insights into the potential effects of coastal conversion on nutrient
cycling by examining the dynamics of soil C, N, and P, as well as their stoichiometric relationships.
The results demonstrate a significant correlation between soil nutrient dynamics and land use
practices in coastal regions. Specifically, natural mudflats displayed lowest total C stocks, while
converted areas such as croplands and ponds serve as hotspots for C, N and P concentration. This
emphasizes the nutrient shifts resulting from coastal conversion, highlighting that the conversion of
mudflats into cropland or ponds can enhance topsoil C stocks, whereas converting marshes may not
significantly impact or might even decrease C stocks. The study also points out imbalances in C:N:P
ratios, indicating that the prolonged use of N and P fertilizers in croplands tends to lower the soil N:P
ratio due to the rapid consumption of N while P remains more stable and accumulates in the soil. In
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addition, natural marshes and mudflats exhibit greater spatial heterogeneity compared to the more
uniform soil properties of converted croplands and ponds, likely a result of consistent agricultural
practices. These insights reveal that coastal land conversion alters topsoil C, N and P stocks and
stoichiometric balances. Conversion from mudflats to croplands or ponds increases soil C stocks
relative to marshes, and converted croplands exhibit higher levels of available N and P compared to
ponds. Future research should broaden its focus to encompass a wider range of coastal ecosystems
and landscapes, providing a more comprehensive understanding of soil nutrient dynamics and their
implications at both regional and global scales.
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