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Abstract
Purpose The elements carbon (C), nitrogen (N), and phosphorus (P) in soil are crucial to all biological processes. Reclamation in
coastal wetlands would alter the balance of multiple chemical elements in soils and sediments. This study aimed to investigate the
effect of reclamation on total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP), and C:N:P stoichiometry in bulk
soil and soil aggregates of a coastal wetland in eastern China.
Materials and methods The space-for-time substitution method was used to determine the impact of reclamation on soil
properties. Field investigation and soil sampling were conducted in September 2012 and April 2014. Four experimental sites
were reclaimed in 1951, 1974, 1982, and 2007. The tidal flat was regarded as the control. We sampled soils based on the random
uniform grid method to ascertain the basic trends in soil physicochemical properties for the whole study area. After identifying
two areas with significant differences, wemainly selected the seasonally typical land use/cover types to analyze the effects of land
use/cover on TOC, TN, TP, and C:N:P stoichiometry in bulk soil and soil aggregates (macroaggregate, > 250 μm,
microaggregate, 53–250 μm, and silt + clay fraction, < 53 μm).
Results and discussion Soil TOC and TN content significantly increased, and EC and pH decreased after reclamation. C:N
decreased from 19.997 to 9.527, while C:P and N:P increased from 4.441 to 8.101 and 0.222 to 0.850 respectively over the
reclamation time. The main aggregate fractions were microaggregates in the natural wetland and macroaggregates after recla-
mation. TOC and TN were more likely to be reserved in macroaggregates, while TP was mainly stored in the silt + clay fraction.
Compared with the sediments in the tidal flat, the effects of land use/cover types on TOC, TN, TP, and C:N:P stoichiometry in
both bulk soil and soil aggregates after the 63-year reclamation were not significant.
Conclusions Long-term chronosequence reclamation could radically improve soil properties in coastal wetlands. Soil
physicochemical properties tended to reach a steady state 32 years after reclamation. TOC and TN were mainly reserved
in macroaggregates, and increasing the proportion of macroaggregates can contribute to increase TOC and TN content.
Soil development owing to the long-term reclamation played a relatively more important role in the soil nutrient stoichi-
ometry than land use/cover change.
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1 Introduction

Coastal wetlands are located at the interface between terrestri-
al and marine environments and play a vital role in the sus-
tainability of regional development. They provide enormous
direct and indirect ecosystem services, including nutrient cy-
cling, carbon storage, and tourism and recreation (Ma et al.
2014). Over the past decades, the reclamation of coastal wet-
lands for agricultural and architectural land use is a common
practice worldwide and has become an important way in
China to accommodate the increasing demand for space for
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living and development in China (Wang et al. 2014a; Tian
et al. 2016). Coastal reclamation, including the embanking
and filling of coastal wetlands and construction of seawalls,
levees, and dikes along the shoreline (Tian et al. 2016), usually
occurs in large river estuaries and coastal areas with rapid-
speed sediment, such as Jiangsu, eastern China (Li et al.
2014). Previous studies showed that with reclamation, land
use/cover types (LUTs) gradually transformed from natural
wetlands to artificial areas (Xu et al. 2016), and the landscape
had higher fragmentation but lower diversity (Li et al. 2010).
Research indicated that the heterogeneous soil, to some extent,
affected the landscape pattern and vegetation distribution
(Mayes et al. 2014). Soil properties varied significantly in
coastal wetland following reclamation. The study of evolu-
tionary processes in soil is essential for the sustainability of
coastal wetlands following reclamation (Iost et al. 2007; Sun
et al. 2011; Xu et al. 2014).

The elements carbon (C), nitrogen (N), and phosphorus (P)
are the main nutrients in soil and are crucial to all biological
processes. C:N:P stoichiometry predicts how the relative ra-
tios of these quantities can have dramatic effects on biological
processes. Redfield (1958) reported that there is a constrained
C:N:P ratio (106:16:1 M ratio) in planktonic and ocean wa-
ters. Researchers summarized the C:N:P stoichiometry in
plants and soil to discover a similar rule at different scales,
such as the national (Tian et al. 2010) and the global scale
(Cleveland and Liptzin 2007; Xu et al. 2013). C:N:P stoichi-
ometry is considered to be a powerful heuristic and predictive
tool for analyzing ecological systems (Elser et al. 2000;
Sterner and Elser 2002). Anthropogenic activity alters the
equilibrium among soil C, N, and P in coastal wetland (Guo
and Gifford 2002). Reports showed that N:P in both soil and
plants was well-constrained in the reed-dominated wetlands of
the Yellow River Delta (Qu et al. 2014), and the biogeochem-
ical processes of coastal wetlands were more limited by N and
P in the Yellow River Delta (Qu et al. 2014) and Laizhou Bay,
Bohai Sea (Cao et al. 2015). However, C:N:P stoichiometry in
soil has yet to be fully described (Zhang et al. 2013).

Further, to a large extent, soil functioning is defined by
its structure, and soil structure is regarded as an important
regulator of many soil physical and biological processes
(Mikha and Rice 2004). Approaches based on the physical
fractionation of soils, which permit soils to be separated
into several size fractions, may provide information on soil
functioning. Soil aggregates not only physically protect
soil organic matter (Tisdall and Oades 1982) but also affect
the microbial community (Schutter and Dick 2002) and
determine nutrient cycling (Wang et al. 2001). The aggre-
gation process often occurs in a hierarchy of three main
size classes: free primary particles (< 2 μm in diameter),
microaggregates (2–250 μm), and macroaggregates (>
250 μm), which were first proposed by Tisdall and Oades
(1982) and then improved by Oades (1984). Afterwards,

the main aggregates became macroaggregates (> 250 μm),
microaggregates (53–250 μm), and the silt + clay fraction
(< 53 μm) (Elliott 1986; Six et al. 2002; Six et al. 2000; Six
and Paustian 2014). C:N:P stoichiometry in soil aggregates
has been explored since the 1980s (Elliott 1986). Studies
showed that smaller aggregates were more sensitive to fer-
tilization (Jiang et al. 2017) and contained more C, N, and
P than larger ones (Elliott 1986; Jiménez et al. 2008).
Hence, the variations of C, N, P, and C:N:P stoichiometry
in soil aggregates could further contribute to describing the
mechanisms of soil property changes. However, little is
known about C, N, and P stoichiometrical characteristics
in the soils aggregates of coastal wetlands.

The objectives of this study were to identify the effects of
coastal wetland conversion to artificial land on C, N, P, and
C:N:P stoichiometry of bulk soil and soil aggregates and to
explore the linkage among the nutrients in bulk soil and ag-
gregates during long-term reclamation. We hypothesized that
(i) long-term reclamation would have significant impact on
soil structure linked to nutrient storage and these effects would
be more pronounced in larger soil structures (e.g., macroag-
gregates), and (ii) different LUTs had less influence on the
aggregate size and nutrient distribution than year of reclama-
tion. To test these hypotheses, we used soil samples collected
from a chronosequence of reclaimed areas and selected the
oldest (63-year-old) reclaimed area to analyze the effect of
LUTs on soil C, N, P, and C:N:P stoichiometry.

2 Materials and methods

2.1 Study area

This study was conducted at the reclaimed area of Rudong
County, Jiangsu Province, eastern China (32° 14′ 23″–32°
38′ 10″ N, 120° 41′ 22″–121° 35′ 25″ E) (Fig. 1). This area
is situated in the coastal plain of the Yangtze River Delta, and
its north and east borders are the south Yellow Sea. Rudong,
the largest alluvial coastal zone in the mid-latitude region, has
a total land area of 1872 km2 with an average elevation of 3.5–
4.5 m (Zhang et al. 2016a). The climate is affected by sub-
tropical and marine monsoons with a mean annual tempera-
ture and precipitation of 15 °C and 1028.6 mm, respectively.
The tidal flat is currently expanding seaward at a rate of 25–
30 cm per year. There is a history of over 60 years of recla-
mation. Since 1951, 302.09 km2 of tidal flats have been
reclaimed under a series of projects (Xu et al. 2014; Zhang
et al. 2016a). The Jiangsu Coastal Exploitation National
Strategy has been implemented since 2009 (Jiangsu Coastal
Areas Development Office 2009). Therefore, reclamation ac-
tivities in Rudong County are intensively conducted, which
makes it a typical area for our study.
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2.2 Field investigation and soil sampling

The space-for-time substitution method was used to determine
the variation in TOC, TN, TP, and C:N:P stoichiometry fol-
lowing reclamation. The first and most important step was to
identify the homogeneity of the soil sources observed in the
different areas by trace metal analysis (specifically, the ratio of
Ti to Zr). The results were presented in Li et al. (2018a) and
verified that the soils of the different reclaimed areas in study
area can be considered to share the same source. Field inves-
tigation and soil sampling were conducted in September 2012
and April 2014. We sampled soils according to reclamation
time based on the random uniform grid method to document
the basic trend of soil properties in study area in September
2012. The number of sampling points on the tidal flat and
reclamation areas reclaimed in 2007 (7-year-old), 1982 (32-
year-old), 1974 (40-year-old), and 1951 (63-year-old) was 8,
10, 10, 14, and 14, respectively (Fig. 1). After identifying two
significant stages of reclamation (0-year-old and 63-year-old
reclaimed areas), we mainly selected the seasonally typical
LUTs (tidal flat, TF; aquaculture ponds, AP; rape, RP; wheat,
WT; and broad bean, BB) to analyze the effects of land use on
TOC, TN, TP, and C:N:P stoichiometry in bulk soil and soil
aggregates (macroaggregates, > 250 μm, microaggregates,
53–250 μm, and the silt + clay fraction, < 53 μm) in April
2014. The number of sampling points for TF, AP, RP,WT, and
BB was 10, 6, 7, 8, and 7, respectively. Soil profiles consisted
of two soil layers at depths of 0–20 cm (topsoil) and 20–40 cm
(subsoil). In the study area, the cropping system was mainly a
wheat/broad bean/rape-corn rotation. The depth of plowing
was 0–20 cm. NPK compound fertilizer is the main nutrient

input, and the amount applied to each type of field can be
found in Li et al. (2018b). The aquaculture ponds here were
located mostly near the 40-year-old reclaimed area; thus, their
age was approximately 40 years and their water depth was
around 1 m. Crop residues or litter on the soil surface were
carefully removed before soil sampling. The soil samples for
laboratory tests were air-dried, divided, and screened through
a 2-mm sieve.

2.3 Soil physical and chemical analyses

Soil aggregates (macroaggregates, > 250 μm, microaggregates,
53–250 μm, and the silt + clay fraction, < 53 μm) were obtained
by dry-sievingwith nested flat sieves according to the procedures
reported by Larney (1993) and Beauchamp and Seech (1990).
We measured the weight of each aggregate fraction and the con-
tent of TOC, TN, and TP in soil aggregates. Soil pH and elec-
trical conductivity (EC) were measured respectively, with
a pH meter (Mettler Toledo, FiveEasy Plus, Switzerland)
and a conductivity meter (Mettler Toledo, FiveEasy Plus
with Conductivity Sensor LE703, Switzerland), using a
1:5 soil to deionized water ratio. Soil bulk density (BD)
was determined by cutting a ring in undisturbed soil at
each soil sampling point. TOC was determined by the
dichromate redox colorimetric method (Heanes 1984;
Larney 1993). TN was measured using dry combustion
with a CNS Analyzer (Elementar Vario MICRO,
Germany). TP was measured by perchloric acid digestion
followed by the molybdenum-antimony anti-spectropho-
tometric method (O’Halloran and Cade-Menun 1993).

Fig. 1 The location of study area
and soil samples
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2.4 Data analysis

Soil C:N:P stoichiometry contained the ratios TOC:TN (C:N),
TOC:TP (C:P), and TN:TP (N:P), which were expressed as
mass ratios. The effects of years of reclamation on soil physi-
cochemical properties and the effects of LUTs on TOC, TN, TP,
and C:N:P stoichiometry in bulk soil and soil aggregates were
assessed with one-way ANOVA using the Student–Newman–
Keuls post hoc test or the Games-Howell test with significance
defined at 0.05. The homogeneity of variance was examined by
Levene’s test before ANOVA. The Pearson correlation coeffi-
cient was used to analyze the relationships among TOC, TN,
TP, and C:N:P stoichiometry in bulk soil and soil aggregates.
The data in Fig. 6 were log10-transformed before analysis.
ANOVA was performed using SPSS18.0 for Windows
(Statistical Graphics Crop, Princeton, USA). Figure 1 was cre-
ated with ArcGIS (version 10.2; Environmental Systems
Research Institutes, Inc., Redlands, CA, USA). R (version
3.4.3; R Core Team) was used to conduct Pearson correlation
analysis and construct other figures.

3 Results

3.1 Basic soil properties and C:N:P stoichiometry
in bulk soil over time

Soil properties in the coastal reclaimed wetland varied
markedly depending on reclamation years (Fig. 2). The

concentration of TOC, TN, and TP significantly increased
from 3.019 g/kg, 0.151 g/kg, and 0.680 g/kg to 6.337 g/kg,
0.651 g/kg, and 0.782 g/kg respectively (p < 0.05) and EC
and pH decreased from 21,171.272 to 783.772 μS/cm and
8.621 to 8.261, respectively, after reclamation (p < 0.05).
Soil BD initially decreased and then increased slightly after
reclamation. Soil C:N decreased from 19.997 to 9.527,
while soil C:P and N:P increased from 4.441 to 8.101
and 0.222 to 0.850, respectively, over time. Soil nutrients
tended to accumulate after reclamation. Based on ANOVA,
there was no significant difference between the 7-year-old
reclaimed area and the natural wetland for all the soil prop-
erties in Fig. 2. Moreover, no significant differences were
found among 32-year-old, 40-year-old, and 63-year-old
reclaimed areas for TOC, TP, EC, and BD, which indicated
that soil properties reached a relatively stable state after
32 years of reclamation.

3.2 Soil C, N, P, and C:N:P stoichiometry in bulk soil
under different LUTs

LUTs in coastal wetlands changed sharply along with rec-
lamation time. As in the analysis above, only natural wet-
lands and the 63-year-old reclaimed area were selected to
analyze the features of soil TOC, TN, TP, and C:N:P stoi-
chiometry under different LUTs and aggregate fractions.
TOC, TN, and TP were generally higher in AP, RP, WT,
and BB compared with TF (p < 0.05, Fig. 3). TOC content

Fig. 2 Basic characteristic and C:N:P stoichiometry (C:N, TOC:TN; C:P, TOC:TP; N:P, TN:TP) in bulk soil (0~20 cm) over time. Different letters
represent significant differences at p < 0.05
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was the lowest in TF, and the highest TN and TP in topsoil
were found in BB.

Soil C:N was higher in subsoil than that in topsoil while
C:P and N:P had the opposite pattern (Fig. 3). Soil C:N
values for topsoil in TF, AP, RP, WT, and BB ranged from
8.7 to 218.5, 7.3 to 24.6, 8.3 to 17, 6.7 to 22.6, and 6.5 to
12, respectively. Soil C:P values of topsoil in TF, AP, RP,
WT, and BB ranged from 2.4 to 8.3, 4.2 to 13.7, 5.4 to
11.7, 7.9 to 12.3, and 5.8 to 15.6, respectively. Soil N:P
values of topsoil in TF, AP, RP, WT, and BB ranged from
0.02 to 0.35, 0.46 to 0.83, 0.37 to 1.28, 0.88 to 1.32, and
0.58 to 1.56, respectively. Specifically, C:N was the
highest in TF. The analysis of variance indicated that there
were significant differences between TF and other four
LUTs, while in most cases, no significant differences were
observed among these four types.

3.3 Aggregate size distributions

The distribution of soil aggregates changed significantly after
reclamation (Fig. 4). The aggregate size distribution was dom-
inated by microaggregates in TF, while macroaggregates be-
came the major fraction in AP, RP, WT, and BB. The mass
proportion of the silt + clay fraction was always accounted for
the lowest (p < 0.05). There were no significant differences
among AP, RP, WT, and BB.

3.4 Soil C, N, P, and C:N:P stoichiometry in soil
aggregates under different LUTs

As seen in Fig. 5, at 0–40 cm, TOC content of each aggregate
fraction remained relatively stable under different LUTs. TP
content increased in macroaggregates and microaggregates in
topsoil and decreased in subsoil after reclamation, but no sig-
nificant differences were found among LUTs (p > 0.05). TOC
decreased from macroaggregate > silt + clay fraction >
microaggregate and TN from macroaggregate >
microaggregate > silt + clay fraction, which indicated that
TOC and TN was more likely to be stored in macroaggregates.
TP tended to be stored in the silt + clay fraction. LUTs had no
significant effect on TOC, TN, and TP of soil aggregates in the
63-year-old reclaimed area.

C:N:P in soil aggregates declined after 63 years of recla-
mation, which was similar with that in bulk soil. C:P in soil
aggregates had a larger range of values than that in bulk soil.
C:P in the silt + clay fraction was the lowest. N:P in soil
aggregates increased after reclamation and was higher in top-
soil than that in subsoil.

3.5 Relationships among C, N, P, and C:N:P
stoichiometry in bulk soil and soil aggregates

Generally, the relationships of TOC and C:P, TN and C:N, TN
and N:P, and C:N and N:P were similar in both bulk soil and

Fig. 3 Soil TOC, TN, TP, and C:N:P stoichiometry (C:N, TOC:TN; C:P, TOC:TP; N:P, TN:TP) in bulk soil with different LUTs (tidal flat, TF;
aquaculture ponds, AP; rape, RP; wheat, WT; and broad bean, BB). Different letters represent significant differences at p < 0.05
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Fig. 5 Soil TOC, TN, TP, and C:N:P stoichiometry (C:N, TOC:TN; C:P,
TOC:TP; N:P, TN:TP) in soil aggregates under different LUTs (tidal flat,
TF; aquaculture ponds, AP; rape, RP; wheat, WT; and broad bean, BB).
Different uppercase letters represent significant differences among

different LUTs in each aggregate fraction at p < 0.05. Different
lowercase letters represent significant differences among aggregate
fractions under each LUT at p < 0.05

Fig. 4 Soil aggregate fraction distribution over time and under different
LUTs (tidal flat, TF; aquaculture ponds, AP; rape, RP; wheat, WT; and
broad bean, BB). Different uppercase letters represent significant

differences among LUTs in each aggregate fraction at p < 0.05.
Different lowercase letters represent significant differences among
aggregates under each LUT at p < 0.05
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aggregates. However, there were many differences between
bulk soil (Fig. 6a) and soil aggregates (Fig. 6b) in terms of
the relationships among soil TOC, TN, TP, and C:N:P. There
was a remarkably positive relationship between TOC and TN
in bulk soil (p < 0.001), but there was no such significant
relationship in soil aggregates (p > 0.1). TOC was found to
be negatively related to C:N (p < 0.05) in bulk soil, while
TOC and C:N displayed positive relationships in soil aggre-
gates (p < 0.001). There were positive correlation between
TOC, C:P, and N:P in bulk soil (p < 0.001), but their relation-
ships were negative in soil aggregates (p > 0.1).

4 Discussion

4.1 Effects of coastal reclamation on soil properties
in bulk soil

Soil physicochemical properties could be generally improved
with reclamation (Li et al. 2013; Li et al. 2018a). In this study,
we confirmed that soil TOC and TN content significantly in-
creased and EC and pH decreased after reclamation (Fig. 2),
which were consistent with other researches in coastal
reclaimed areas, such as the Yangtze River Estuary (Sun et al.
2011), Hangzhou Bay (Iost et al. 2007), and Atlantic estuaries
(Fernández et al. 2010). There were three main factors resulting
in the accumulation of nutrients and the decalcification process.
First, the seawalls blocked the influence from seawater, which
has high salinity. Second, the surface elevation in the reclaimed
area tended to increase with the increasing ages of reclamation,
resulting in the decline of the groundwater level. Third, the
input of fertilizer and manure and the decomposition of plant
residues introduced a large amount of nutrients. Xie et al.
(2017) showed that long-term reclamation had significant ef-
fects on soil enzyme activities in the reclaimed area of Rudong

County. In addition, bacterial communities in coastal saline soil
changed radically after a 10-year reclamation (Fu et al. 2012).
Therefore, coastal reclamation obviously changed the physical,
chemical, and biological properties of soil. Furthermore, there
was no significant difference in soil bulk density, TOC and EC
over the 32-year reclamation (Fig. 2). Thus, soil properties
tended to reach a steady state after being reclaimed for approx-
imately 32 years, which is consistent with the researches in the
Yangtze River Estuary (Sun et al. 2011) and ShangyuCounty of
Zhejiang Province, China (Fu et al. 2014).

On the other hand, we found that even with 63 year of
reclamation activity, the average content of TOC and TN
was lower than that in China (Tian et al. 2010) and at the
global scale (Cleveland and Liptzin 2007; Xu et al. 2013),
while TP content was approximately the same. The different
sources of soil C, N, and P determined the variations: the main
source of C and N is the decomposition of plant litter, and their
content is greatly influenced by vegetation, climate, and hu-
man activities; P primarily derives from rock weathering, and
therefore its content depends on the soil parent material to a
greater extent and experiences less influence from anthropo-
genic activity. It has been reported that tillage exposes physi-
cally protected organic material and enhances decomposition
of soil organic matter (Mikha and Rice 2004). Considering the
low content of TOC and TN in the sediments of the coastal
wetland, although there was an input of nutrients, the intensive
disturbance from human activity would accelerate the rate of
nutrient decomposition.

Soil C:N:P ratios are good indicators of the condition of
soil nutrients. High C:N ratio (> 25 on a mass basis) indicates
that the accumulation of organic matter is faster than decom-
position (Wei et al. 2009; Zhao et al. 2015). C:P < 200 sug-
gests a net mineralization, C:P > 300 implies a net immobili-
zation, and C:P between 200 and 300 reveals little change in
the soluble P concentrations (Paul 2006). Our study revealed

Fig. 6 Pearson correlation matrix among TOC, TN, TP, and C:N:P stoichiometry (C:N, TOC:TN; C:P, TOC:TP; N:P, TN:TP) in bulk soil (a) and soil
aggregates (b). The statistical significance was denoted as for p < 0.1, * for p < 0.05, ** for p < 0.01, and *** for p < 0.001
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that soil C:N decreased from 19.997 to 9.527 while soil C:P
increased from 4.441 to 8.101 and N:P increased from 0.222
to 0.850 after the 63-year reclamation, which implied a net
mineralization of nutrients. Soil C:N in this study was higher
than the values in the Yellow River Delta (Qu et al. 2014),
Laizhou Bay, Bohai Sea (Cao et al. 2015) and Chinese wet-
lands (Zhang et al. 2016b). C:P in the coastal wetland was
similar to the results in Laizhou Bay, Bohai Sea (Cao et al.
2015), while both were far less than that in Chinese wetlands
(Zhang et al. 2016b) and global wetlands (Xu et al. 2013).
Moreover, C:P at the scale of study area was much lower than
the average level in China (Tian et al. 2010) and worldwide
(Cleveland and Liptzin 2007; Xu et al. 2013). The average
level of N:P in China and globally was six to eleven times
as high as the level in our study area. The results of high C:N
and low C:P and N:P were also proven by Zhang et al. (2013).
The comparative results above could mostly be attributed to
the low content of soil C and N, especially the N content. N is
often considered to be the most limiting element to net prima-
ry production in terrestrial ecosystems (Vitousek and Howarth
1991). This phenomenon also appeared in the Minjiang River
Estuary (Wang et al. 2014b), the Yellow River Delta (Qu et al.
2014), and Laizhou Bay, Bohai Sea (Cao et al. 2015).

4.2 Effects of long-term reclamation on C, N, P,
and C:N:P stoichiometry in soil aggregates

Soils in reclaimed area are cultivated and generally matured
from the sediments in coastal wetland with long-term recla-
mation. Aggregate size distributions changed significantly af-
ter reclamation, and the proportion of macroaggregates
markedly increased, consistent with the results of Elliott
(1986) and Six et al. (2002). This finding suggested that mac-
roaggregates contributed greatly to the variation in soil struc-
ture and that cultivation produced an immediate increase in
the silt + clay fractions. Studies showed that cropping system
(e.g., fertilization and straw application) promoted macroag-
gregate formation (Angers and Mehuys 1988; Green et al.
2005). This result may be attributed to the effect of a large
number of plant residues, roots, and associated micro- and
macro-organic activity (Li and Pang 2010).

Some researchers have shown that nutrient contents in soils
are greater in macroaggregates than in microaggregates
(Bhatnagar and Miller 1985; Kocyigit and Demirci 2012),
whereas others have found greater nutrient concentrations in
microaggregates than in macroaggregates (He et al. 1995;
Maguire et al. 1998; Wan and El-Swaify 1998). In the present
study, TOC and TNwere mainly concentrated in macroaggre-
gates, while TP was primarily concentrated in the silt + clay
fraction. John et al. (2005) also indicated that increasing TOC
concentrations were closely associated with the formation of
macroaggregates. With respect to the difference between
TOC, TN, and TP, He et al. (1995) demonstrated that the

method (dry-sieving or wet-sieving) used to obtain aggregate
size classes impacted the results. Green et al. (2005) indicated
that the differences in land use andmanagement contributed to
the discrepancies of nutrient distribution. However, in this
study, TOC, TN, and TP were analyzed from one particular
soil sample, so that we could exclude the above factors. Wan
and El-Swaify (1998) demonstrated that unlike C, P move-
ment from soil solution into the interior of aggregates is a
diffusion process that can be chemically retarded due to the
strong affinity of P to the oxisol studied. Therefore, the low TP
concentration in large aggregates can be understood in a con-
text of the combined effect of physical blockage and chemical
retardation for P diffusion into aggregates.

C:N in macroaggregates and microaggregates was higher
than found in Six et al. (2001), mainly because of the low N
content in this study. The low TN content in bulk soil resulted
in the similar condition in soil aggregates. Therefore, we con-
firmed that N was the most limiting factor in terms of soil
C:N:P stoichiometry. The synergic relationship between
TOC and TN has been proven in the bulk soil of this study
and many others (Tian et al. 2010; Yang and Luo 2011; Zhang
et al. 2012), but this relationship was not observed in soil
aggregates (Fig. 6). This phenomenon should be further stud-
ied with many more soil samples.

4.3 Effects of land use on C, N, P, and C:N:P
stoichiometry after long-term reclamation

Land use/cover changes during reclamation affect natural veg-
etation, crops and human structures that cover the land surface
and alter soil physical, chemical, and biological properties as
well as environmental conditions, thus affecting soil ecologi-
cal processes. In the present study, TOC, TN, and TP were
significantly higher in AP, RP, WT, and BB than in TF, and
TN in BB was the highest because of N-fixing bacterial spe-
cies associated with broad bean roots. N-fixing species have
been widely proven to increase the soil TOC and TN concen-
trations, N-cycling and availability, and primary productivity
(Uselman et al. 2000; Rice et al. 2004; Wang et al. 2010).
However, our study revealed that there was no significant
difference between AP, RP, WT, and BB, implying the weak
effect of land use on TOC, TN, and TP. For soil C:N:P stoi-
chiometry, Li et al. (2012) revealed that different LUTs had
diverse soil C:N:P ratios due to the differences in elevation,
vegetation type, and land management practices, and Zhang
et al. (2012) also reported that soil C:N:P stoichiometry dif-
fered between two wetlands covered with different vegetation.
Our analysis showed that C:N in soil covered with broad bean
was lower, which could be attributed to biological nitrogen
fixation. On the other hand, soil C:N:P ratios under different
LUTs had no statistically significant differences. The distribu-
tion of soil aggregates also had no statistically significant dif-
ferences among LUTs when reclaimed for 63 years. The TOC,
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TN, TP, and C:N:P stoichiometry in soil aggregates basically
followed similar patterns. Compared with the sediment of a
natural wetland, soil from the 63-year-old reclaimed area
proceeded through a long-term maturation process, and its
properties reached a stable status, which exceeded the influ-
ences of vegetation and land use management. It has been
demonstrated that soil development (e.g., substrate age and
weathering intensity) can change nutrient availability and
C:N:P stoichiometry in soils (Tian et al. 2010; Bing et al.
2016). Mayes et al. (2014) also suggested that soil type medi-
ates the effects of land use on soil carbon and nitrogen. Sun
et al. (2011) indicated that in the reclamation area of the
Yangtze River Estuary, soil physicochemical properties were
mainly influenced by reclamation time and then land use
types. Many authors reported that the temporal trends in land
use intensity, soil properties, and the biodiversity during rec-
lamation would reach a relatively stable state after being
reclaimed for 30 to 35 years (Shen et al. 2006; Sun et al.
2012; Li et al. 2013). Thus, except for land use/cover change,
soil development plays an important role in soil nutrient
stoichiometry.

5 Conclusions

This study comprises the comprehensive analysis of the
impact of reclamation on soil C, N, P, and C:N:P stoichi-
ometry in bulk soil and soil aggregates in a coastal wetland
of J iangsu Province , eas tern China . Long- term
chronosequence reclamation obviously changed the phys-
icochemical properties of the coastal saline soil, and soil
properties reached a steady state after being reclaimed for
approximately 32 years. The main aggregate was
microaggregates in natural wetland and was transformed
to macroaggregates after 63 years of reclamation. Soil
TOC and TN were mainly reserved in macroaggregates;
thus, increasing the proportion of macroaggregates could
contribute to increases in TOC and TN content. Compared
with the sediments in tidal flats, the effect of land use/cover
on TOC, TN, TP, and C:N:P stoichiometry in both bulk soil
and soil aggregates after 63 years of reclamation was not
significant. The results of this study may improve the un-
derstanding of nutrient cycling in coastal wetlands with
intensive human activity. Our data also provide supple-
mentary information for C:N:P stoichiometry in global ter-
restrial ecosystems.
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