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Abstract: To evaluate the influence of wetland reclamation on vertical distribution of carbon and nitrogen in coastal wetland soils, we
measured the soil organic carbon (SOC), soil total nitrogen (STN) and selected soil properties at five sampling plots (reed marsh, paddy
field, corn field, forest land and oil-polluted wetland) in the Liaohe River estuary in September 2013. The results showed that reclama-
tion significantly changed the contents of SOC and STN in the Liaohe River estuary (P < 0.001). The SOC concentrations were in the
order: oil-polluted wetland > corn field > paddy field > forest land > reed marsh, with mean values of 52.17, 13.14, 11.46, 6.44 and 6.16
g/kg, respectively. STN followed a similar order as SOC, with mean values of 1351.14, 741.04, 632.32, 496.17 and 390.90 mg/kg, re-
spectively. Interaction of reclamation types and soil depth had significant effects on SOC and STN, while soil depth had significant ef-
fects on SOC, but not on STN. The contents of SOC and STN were negatively correlated with pH and redox potential (Eh) in reed marsh
and corn field, while the SOC and STN in paddy field had positive correlations with electrical conductivity (EC). Dissolved organic
carbon (DOC), ammonium nitrogen (NH,'-N) and nitrate nitrogen (NO; -N) were also significantly changed by human activities.
NH,"-N and NO; -N increased to different degrees, and forest land had the highest NO; -N concentration and lowest DOC concentra-
tion, which could have been caused by differences in soil aeration and fertilization. Overall, the results indicate that reed harvest in-
creased soil carbon and nitrogen release in the Liaohe River Estuary, while oil pollution significantly increased the SOC and STN; how-
ever, these cannot be used as indicators of soil fertility and quality because of the serious oil pollution.
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1 Introduction

Coastal wetlands, which are important transition regions
between the ocean and land, comprise some of the most
productive ecosystems in the world. Moreover, coastal
wetlands serve as reservoirs of biodiversity and carbon
sinks and provide important ecological functions such as
degradation of pollutants and nutrient cycling (Costanza
et al., 1998; Zhang et al., 2014), and 230 water bird spe-
cies, over 25% of the global total, inhabit China’s coastal
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wetlands (Ma et al., 2014). Because of their geographical
conditions, coastal regions, especially estuarine deltas, are
areas of high anthropogenic activity. Reclamation of
coastal wetlands has become a common practice world-
wide to provide more space for anthropogenic activity,
and large areas of coastal wetlands are now employed for
urban, industrial, shipping and agricultural uses.
Worldwide, the development of coastal areas has en-
tered a peak period since the 1950s. Mangroves are
typical tropical and subtropical coastal wetlands; how-
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ever, previous studies have indicated that these areas have
decreased by 30%—50% over the last 50 years because of
agriculture and fish culture (Duke et al., 2007; Donato et al.,
2011). The coastline of China is expanding seaward 25-30
cm every year, mainly for agricultural use (lost et al., 2007;
Sun et al., 2011; Li et al., 2013), the reclamation rate has
increased dramatically to 40 000 ha/yr during 2006-2010
(Ma et al., 2014), and the trend of coastal wetland reclama-
tion will continue for the foreseeable future (Yin et al., 2016)
as a means of relieving population pressure and promoting
economic growth (Zhang et al., 2011). However,
large-scale reclamation activity has also led to unprece-
dented interference and damage to coastal wetlands, and
therefore poses substantial environmental risks and has
become a global concern. For example, reclamation can
increase soil fertility, but may also trigger coastal eutro-
phication (Boesch, 2002). Moreover, the increases in
tilled land lead to increased food production; however,
they also reduce wildlife habitats, and can even lead to
the extinction of species (Benoit and Askins, 2002). Other
consequences of reclamation include seawater erosion
and soil salinity (Utset and Borroto, 2001).

Soil organic carbon (SOC) and soil total nitrogen
(STN) are two of the most important indicators used to
measure soil fertility and quality (Andrews et al., 2004;
Lal, 2004; Schindler, 2006), and they are also important
parts of global C and N cycles. Wetlands are important
in global carbon dynamics as they store a third of the
globe’s terrestrial soil organic carbon of 1395 Gt (Poster
et al.,, 1982), and slight changes in SOC can signifi-
cantly influence atmospheric CO, and CH, concentra-
tions (Liu et al., 2011). About 56%—70% of all global
Nitrous oxide (N,O) originates from soil (Syakila and
Kroeze, 2011). Many studies have indicated that SOC
concentrations might differ throughout a given area due
to differences in land use types (Don et al., 2011; Wies-
meier et al., 2015; Deng et al., 2016). Shao et al. (2010)
indicated that the sequence of SOC contents followed
the order vegetable field > paddy field > forest land >
dry land > wild grassland, and that SOC contents of all
agricultural land use patterns decreased from the surface
to deep layers. Coastal wetlands are embanked, drained
and then used for a variety of purposes, giving rise to
physical and chemical changes in the affected soils
(Santin et al., 2007), which will affect the input and de-
composition rate of soil organic matter. The accumula-
tion of SOC and STN was positively correlated with

reclamation duration (Cui et al., 2012; Zhang et al.,
2016). In some studies, coastal wetlands reclamation has
been found to have positive effects on SOC and STN
accumulation (Jin et al., 2013). On the contrary, some
studies indicated that the SOC and STN of coastal re-
claimed soils decreased in certain stages (Fu et al,
2014). The input of C to agricultural soils is often lower
than that to natural ecosystems in the early period of
reclamation (Huang and Song, 2010); therefore, the
SOC is rapidly lost in agricultural soils because of soil
organic matter (SOM) decomposition (Boesch, 2002).

However, few studies have addressed the effects of
different reclamations on the dynamics of SOC and STN
in coastal regions. To gain a better understanding of how
coastal wetland ecosystems respond to different anthro-
pogenic disturbances, five typical reclaimed regions of
the Liaohe River estuary were investigated to gain in-
sight into the effects of different reclamations on SOC
and STN dynamics.

2 Materials and Methods

2.1 Site description

This study was conducted in the southern Liaohe River
delta (40°40'N—41°25'N, 121°25'E-123°55’E), North-
east China, which is one of the largest warm temperate
coastal wetlands of Asia and an important bird habitat.
The annual average temperature of the study area is
8.3C-8.4°C (Suo et al., 2010), and the annual average
precipitation is 611.6-640.0 mm, most of which occurs
in summer (Zhang et al., 2009). Soil types in the region
are primarily paddy soil, saline soil, meadow soil and
swamp soil (Huang et al., 2000). Dominant plants in this
area include reeds (Phragmites australis), seepweed
(Suaeda salsa), typha (Typha orientalis) and langsdorff
small reed (Calamagrostis angustifolia). The main rec-
lamations include agriculture, aquaculture, oil exploita-
tion, forestry and industrial construction. The area con-
tains a total of 70 000 ha of reed marsh, with an annual
output of 300 000 t, most of which is used as paper-
making material. Additionally, some irrigation water in
the region may contain high levels of petroleum hydro-
carbons because of oil exploitation (Leng et al., 2006).
According to Chen et al. (2010), the coastal area of the
Liaohe River estuary increased by 110-143 km® during
1979-2003, with a change rate of 9.5-12.2 km?/yr.
However, the arca of natural wetlands has dwindled,
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primarily in response to engineering projects and agri-
cultural development projects.

2.2 Sample collection and analyses

In September 2013, we selected five land use types in
the coastal wetland of the Liaohe River estuary, reed
marsh(A), paddy field (B), corn field (C), Ulmu
spumila forest land (D), and reed wetland polluted by
oil exploitation (E). Site details are listed in Table 1.
Remote sensing data revealed that all sites had a recla-
mation history of less than 50 years. We collected soil
samples to a depth of 100 cm from three soil cores ran-
domly collected in each plot. Soils were sampled at
depths of 0-10 c¢cm, 10-20 cm, 20-30 cm, 30-50 cm,
50-70 cm, and 70-100 cm. A total 90 soil samples were
collected, placed in polyethylene bags and returned to
the laboratory. After removing the plant roots, fauna,
and debris by hand, soil samples were air dried at room
temperature and then ground until they passed through a
0.149 mm nylon sieve. SOC was measured by the di-
chromate oxidation method (Lu, 1999), while STN content
was analyzed by the Kjeldahl digestion method (Lu, 1999)
Additionally, ammonium nitrogen (NH,"-N) and nitrate
nitrogen (NO;3 -N) was extracted with 2 mol/L KCl and
analyzed by a sequence flow analyzer (SKALAR
San++, the Netherlands). The dissolved organic carbon
(DOC) was determined on a total organic carbon analyzer
(TOC-V CPH, Shimadzu). The pH and redox potential
(Eh) (soil : water, 1:5) was measured with a pH/Eh
meter, while electrical conductivity (EC) (soil : water,
1 : 5) was determined using an EC meter.

Table 1 Coordinates and reclamation years of sampling site

2.3 Calculation and statistical analyses

Analysis of variance (ANOVA) followed by Dun-
can’s multiple comparison tests (P < 0.5) was used to
evaluate the effects of land use, soil depth, and their
interactions with soil characteristics. Pearson’s cor-
relation analysis was used to determine the possible
relationships between SOC and STN and other soil
properties. For all tests, differences were considered
significant at P < 0.05. All statistical analyses were
conducted using SPSS 18.0, while figures were gen-
erated using ORIGIN 8.0.

3 Results

3.1 Effects of wetland reclamation on EC, pH and
Eh of soils

There were significant differences in soil EC, pH
and Eh among the five reclamation types in the
Liaohe River estuary (P < 0.001) (Table 2 and Fig. 1).
The soil EC in the five plots followed the order
oil-polluted wetland > paddy field > reed marsh > forest
land > corn field, with mean values of 646.39 ps/cm,
414.22 ps/cm, 305.06 ps/cm, 183.84 ps/cm and 109.21
us/cm, respectively. The soil EC values in paddy field
and oil-polluted wetland were significantly higher than
those in the reed marsh (P < 0.001), while the soil EC
values of corn field and forest stand were significantly
lower than those of reed marsh (P < 0.001). Soil depth
had no significant effect on soil EC, while reclama-
tion type and soil depth had significant interaction
effects on EC (P <0.05) (Table 2).

Sampling site Coordinates Reclamation years
Reed marsh 40°55"24.28"N, 121°39'18.26"E 25-30
Paddy field 40°59'01.52" N, 121°40'15.25"E 10-20
Corn field 40°59'32.22"N, 121°4021.55"E 10-20
Ulmus pumila forest land 41°01'3.23" N, 121°4021.01"E 10-20
Oil-polluted wetland 40°57'46.20"N, 121°40"23.10"E 15-20

Table 2  Results of two-way ANOVA of effects of reclamation type, soil depth and their interaction for nine factors
Nele STN C/N DOC NH,"-N NO; -N EC pH Eh
Reclamation type <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Soil depth 0.003 0.140 0.001 0.742 0.087 0.835 0.255 0.005 0.004
Type x Depth 0.032 0.024 0.015 0.891 0.099 0.367 0.023 0.180 0.173
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Fig. 1 Effects of wetland reclamation on electrical conductivity
(EC), pH and redox potential (Eh) in different soil layers. A: reed
marsh; B: paddy field; C: corn field; D: forest land; E:
Oil-polluted wetland, similarly hereinafter. Different uppercase
letters indicate a significance difference at the same soil depth in
different kinds of soil, while different lowercase letters indicate a
significance difference at different soil depths in the same kind of
soil (P <0.05), similarly hereinafter

The soil pH in the five plots followed the order
oil-polluted wetland > paddy field > forest land > corn
field > reed marsh, with mean values of 9.900, 8.340,
8.258, 8.257 and 8.130, respectively. The soil Eh in the
five plots followed the same order as pH, with mean
values of 164.17 mV, 76.39 mV, 71.89 mV, 71.81 mV
and 64.39 mV, respectively. The soil pH and Eh of
each layer in oil-polluted wetland were significantly
higher than those in other plots (P < 0.01), while there

were no significant differences between the other
four plots. Soil depth had significant effects on soil
pH and Eh (P < 0.01), while the interaction of recla-
mation type and soil depth did not have significant
effects on pH and Eh (P > 0.05). There were positive
correlations between pH and Eh in all plots (P < 0.01)
(Table 2), as well as between EC, pH and Eh in forest
land (P < 0.01).

3.2 Effects of wetland reclamation on SOC, STN
and C/N of soils

Significant effects were observed in SOC, STN and
C/N among the five types of soils (P <0.001) (Fig. 2
and Table 3). The SOC in the five plots followed the
order oil-polluted wetland > corn field > paddy field >
forest land > reed marsh, with mean values of 52.17
g/kg, 13.14 g/kg, 11.46 g/kg, 6.44 and 6.16 g/kg, re-
spectively. The SOC values in oil-polluted wetland
were significantly higher than those of other types of
soils (P < 0.001). Additionally, the SOC values of paddy
field (P < 0.05) and corn field (P < 0.01) differed sig-
nificantly from those of the reed marsh, while the SOC
of forest land did not differ significantly from that of
reed marsh (P > 0.05). Soil depth had significant ef-
fects on SOC (P < 0.01), and the interaction of rec-
lamation type and soil depth also had a significant
effect on SOC (P < 0.05). There were positive corre-
lations between SOC and STN in all plots (P < 0.05)
(Table 3). In reed marsh and corn field, there were nega-
tive correlations between SOC and pH, Eh (P < 0.01),
while there were positive correlations between SOC
and EC in paddy field (P < 0.01).

The STN in the five plots followed the same order
as SOC, with mean values of 1351.14 mg/kg, 741.04
mg/kg, 632.32 mg/kg, 496.17 mg/kg and 390.90 mg/kg,
respectively. The STN values of reed marsh were
lower than those of the other four types of soils. Addi-
tionally, there were significant differences between
oil-polluted wetland (P < 0.001), corn field (P < 0.05)
and reed marsh. Soil depth had no significant effect
on STN (P > 0.05), while reclamation type and soil
depth had significant interaction effects on STN (P <
0.05). In reed marsh and corn field, there were negative
correlations between STN and pH, Eh (P <0.01), while
there were positive correlations between STN and
EC in paddy field (P < 0.01).
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Table 3 Pearson’s correlation coefficients of soil characteristics

Parameter SoC STN C/N DOC NH,-N NO;-N EC pH Eh
Site A

SocC 1

STN 0.993" 1

CN 0.421 0.323 1

DOC 0.212 0.223 0.05 1

NH,"-N 0.816" 0.819" 0.235 ~0.194 1

NO; -N 0.533" 0.546" 0.079 0.567 0.34 1

EC 0.073 0.088 —0.133 0.321 —0.142 0.083 1

pH -0.745" -0.729" —0.468 —0.149 -0.653" -0.358 0.294 1

Eh -0.754" -0.739" ~0.466 ~0.152 —0.658" ~0.359 0.279 1.000™ 1
Site B

soc 1

STN 0.973" 1

C/N 0.813" 0.689" 1

DOC 0.736™ 0.639” 0.832" 1

NH,"-N 0.045 0.015 0.11 —0.288 1

NO;-N 0.051 0.053 0.01 -0.385 0.852" 1

EC 0.791" 0.772" 0.789™ 0.742" —0.087 -0.136 1

pH —0.417 —0.402 —0.475" —0.401 0.083 0.185 —0.403 1

Eh ~0.426 ~0.413 —0.482" ~0.411 0.075 0.174 ~0.409 0.999" 1
Site C

soc 1

STN 0.969™ 1

CIN -0.107 -0.324 1

DOC 0.36 0.402 -03 1

NH,"-N 0.597" 0.625" -0.313 0.327 1

NO;-N 0.296 0.359 -0.174 0.121 0.195 1

EC 0.345 0.335 -0.27 0.504" 0.183 —0.225 1

pH -0.772" -0.833" 0.404 ~0.328 -0.633" ~0.232 ~0.059 1

Eh ~0.774" -0.836" 0.409 ~0.299 —0.645" ~0.236 ~0.066 0.998" 1
Site D

socC 1

STN 0.984" 1

C/N 0.846" 0.770" 1

DOC 0.555" 0.549" 0.518" 1

NH,'-N ND 0.007 0.104 -0.035 1

NO;-N ~0.378 —0.374 ~0.256 0.117 —0.118 1

EC 0.381 0.38 0.374 0.518" 0.228 0.002 1

pH 0.318 0.283 0.314 0.374 0.222 -0.01 0.878" 1

Eh 0.298 0.265 0.293 0.376 0.217 0.005 0.878" 0.999" 1
Site E

soC 1

STN 0.570" 1

CN 0.185 —0.654" 1

DOC 0.404 0.439 -0.272 1

NH,"-N 0.368 0.588" ~0.345 0.012 1

NO;-N ~0.333 —0.123 ~0.193 —0.243 0.154 1

EC 0.325 0.325 —0.223 0.417 —0.022 —0.007 1

pH -0.108 ~0.255 0.125 -0.207 —0.450 0.327 0.270 1

Eh ~0.094 —0.247 0.129 ~0.203 —0.460 0315 0278 0.999™ 1

Note: *: P value is significant at <0.05; ™. Pvalue is significant at <0.01; ND: no data
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Fig. 3 Effects of wetland reclamation on dissolved organic car-
bon (DOC), ammonium nitrogen (NH, -N) and nitrate nitrogen
(NOj;-N) in different soil layers
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correlations between soil DOC and SOC, STN, C/N
in paddy field (P < 0.01) (Table 2) and in forest land
(P < 0.05). Soil EC had significant effects on soil
DOC in paddy field (P < 0.01), corn field and forest
land (P < 0.05).

The soil NH,-N in the five plots followed the or-
der oil-polluted wetland > corn field > paddy field >
forest land > reed marsh, with mean values of
7.93 mg/kg, 3.93 mg/kg, 2.29 mg/kg, 2.10 mg/kg and
1.40 mg/kg, respectively. The soil NH;-N values in
oil-polluted wetland and corn field were significantly
higher than those in reed marsh (P < 0.01), while
NH,"-N values of paddy field and forest land did not
differ from those of reed marsh (P > 0.05). In reed
marsh and corn field, there were positive correlations
between soil NH; -N and SOC, STN (P < 0.01) and
negative correlations between soil NH;-N and pH, Eh
(P<0.01).

The soil NO3 -N in the five plots followed the or-
der corn field > oil-polluted wetland > forest land >
paddy field > reed marsh, with mean values of
10.42 mg/kg, 8.17 mg/kg, 6.69 mg/kg, 5.79 mg/kg and
5.30 mg/kg, respectively. The soil NO; -N values in
corn field, forest land and oil-polluted wetland were
significantly higher than those in reed marsh (P < 0.01),
while no significant difference in NO3 -N was observed
between paddy field and reed marsh (P > 0.05). Soil
depth and interaction of reclamation type and soil
depth had no significant effects on soil DOC,
NH,"-N or NO3 -N (P > 0.05) (Table 3).

4 Discussion

4.1 Effects of wetland reclamation on EC, pH and
Eh of soils

All soils investigated in the present study were alkaline
(pH 8.13-9.91). The soil pH values in paddy field, corn
field, and forest land were slightly higher than those in
reed marsh, and oil-polluted wetland soil had the highest
pH values (9.82-10.08) in every layer. Generally, soil
pH tends to increase temporarily during the early recla-
mation period because of the increase of HCO; and
Ca®" and the reduction of Na* and Mg®" (Chen et al.,
2000). Oil exploitation will produce large amounts of
alkaline waste drilling fluids, resulting in higher soil pH
values, and these will increase with soil depth (Han et
al., 2008). In each plot, the pH values of surface layers

were slightly lower than those in deeper layers, which
might be attributed to the release of organic acids from
litter decomposition in the surface (Cui et al., 2000).
Soil pH was negatively correlated with SOC and STN in
reed marsh and corn field (P < 0.01) (Table 2). More-
over, soil pH greatly impacted the contents and spatial
distributions of SOC and STN in wetland soils by in-
fluencing microbial activities (Bai et al., 2005). This is
because microorganisms would be inhibited under alka-
line conditions, and were most active in neutral condi-
tions (Huang, 1994). Additionally, soil pH is sensitive to
land management techniques such as fertilization (Kal-
bitz et al., 2013), and can be regulated to adapt to agri-
cultural production.

The soil EC varied significantly among different rec-
lamation types. Ganjegunte et al. (2009) observed an
increase in EC of the reclaimed areas compared to
the undisturbed site. However, Ding et al. (2001) re-
ported that the EC of reclamation areas was lower than
that of natural coastal saline soil. The soil EC in paddy
field and reed marsh was significantly higher than that
in corn field and forest land, possibly because the appli-
cation of irrigated water from adjacent ditches led to an
increase in and accumulation of soil salinity in surface
soils (Bai et al., 2013). The increase of EC in
oil-polluted wetland may be caused by the drilling
mud, because drilling mud is composed of various
stable colloidal suspensions that contain clays,
weighting materials,
sewage and detritus, and usually have a high degree
of mineralization, ions and anions (Wang et al.,
2009).

Oil-polluted wetland soils have had the highest Eh
value in every soil layer, with a mean value of 164.17

chemical treatment agents,

mV, which was higher than those in other plots,
while the values in other plots ranged from 64.39 to
76.39 mV. There is a mutual restriction between oil
content and moisture content in oil-polluted wetland.
Some studies indicated that the strong hydrophobicity of
oil caused high hydrophobicity of oil-polluted soil,
which led to decreased water holding ability of soil, and
lower moisture content (Jia et al., 2009). Moreover, this
hydrophobicity had indirect effects on soil Eh. There
were negative correlations between Eh and SOC,
STN, NH, -N in reed marsh and corn field (P < 0.05)
(Table 2). This is likely because soil aeration will
affect the mineralization of SOC (Yang et al., 2009)
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and nitrification of NH,"-N (Liu et al., 2015), leading
to loss of soil carbon and nitrogen. However, this cor-
relation was weaker in paddy field and forest land,
possibly because of frequent water control and field
management.

4.2 Effects of wetland reclamation on SOC, STN
and C/N of soils

In this study, we found that the SOC contents (3.35—
15.84 g/kg) in the reed marsh were lower than those in
other studies (Song et al., 2011; Lou et al., 2015). This
was associated with the reed harvest in our study area,
which led to decreased input of plant carbon. Below the
surface (0—10 cm), the SOC levels in paddy field and
corn field were 2—4 times greater than those in reed
marsh and forest land, and also higher than some natural
wetlands in this area (Lin et al., 2013). This may be at-
tributed to the mature cultivation management and fer-
tilization (Bai et al., 2013). More plant residues are re-
turned to agricultural land, leading to higher soil SOC
contents. Some studies have indicated that the amount
of plant residues returned to paddy soils is positively
correlated with SOM accumulation (Zhou et al., 2009).
In China, the return of plant residues to soil is a com-
mon practice in paddy lands (Cui et al., 2012). Addi-
tionally, application of chemical fertilizers and organic
manure promote crop biomass production and bring
more organic materials into agroecosystems directly
(Roth et al., 2011). Generally, the effects of soil proper-
ties (EC, pH and Eh) on SOC mainly influence plant
growth, microbial activity and physical leaching, but
those correlations may be weakened by human dis-
turbance. For example, the increases in soil pH that oc-
cur during coastal reclamation normally have a negative
effect on soil organic matter. This is because high soil
pH usually limits plant growth, leading to a decrease of
plant carbon source into soils (Zhang et al., 2016). In
our study, significant negative correlations between
SOC and pH were only observed in reed marsh and corn
field (P < 0.01). This difference can be attributed to
the plant residues return management. Moreover, no
significant correlations were found between SOC and
soil properties in forest land and oil-polluted wetland.
52.17 g/kg in
oil-polluted wetland, which was significantly higher
than in the other four types of soils. Some studies indi-
cated that the oil content in severely polluted soil of the

The mean SOC content was

Liaohe River oilfield has reached 10 g/kg, which is
much higher than the critical value of 500 mg/kg (He et
al., 1999). Oil is composed of hundreds of materials, but
its main ingredients are C;s—C;¢ alkanes, PAHs/olefin
and benzene (Liu et al.,, 2007). Carbon is the main
component of petroleum hydrocarbons; therefore, oil
pollution could lead to increased SOC. However, this
kind of increase does not mean that there are more
available nutrients for plants because the components of
oil could poison plants, destroy the growth environment
and cause biological dysfunction, as well as severely
damage agricultural and forestry production (Liu et al.,
2007). As a result, SOC cannot be used to indicate soil
fertility in areas of oil pollution.

It is generally acknowledged that SOC decreases ex-
ponentially with increasing depths (Bowman and Sa-
vory, 1992; Hobley et al., 2013). Similar results were
observed in the present study, but the pattern was modi-
fied in different reclamation areas. In reed marsh and
forest land, the SOC content of the surface layer (0-10
cm) was two to three times greater than that of deep
layers. In paddy field, the SOC contents were higher at
0-20 cm, then decreased gradually with increasing
depths. Moreover, the SOC content was higher at 20—50
cm in corn field. The vertical distribution of SOC was
affected by many factors. First, vegetation provides soil
with an important carbon source that directly affects the
distribution of SOC (Gower et al., 2001; Zhang et al,
2008). Jobbagy and Jackson (2000) found that the roots
of trees are distributed deeper and flourish more than
herbs, and SOC decomposed more slowly in forest than
in farmland and grassland, leading to a change in verti-
cal distribution of SOC. Second, land management ex-
erts a strong influence on SOC by changing the soil
aeration condition. Paddy field submergence is consid-
ered a practice for the sequestration of soil carbon (Roth
et al., 2011; Cui et al., 2012). Soils in drained agricul-
tural lands have different redox conditions compared to
waterlogged wetlands, which could lead to greater or-
ganic mineralization and decomposition under drying
aerobic conditions (Sigua et al., 2009; Kdgel-Knabner et
al., 2010).

The content of STN showed a similar pattern to
that of SOC, as did the correlations between STN and
soil properties. Specifically, there were significantly
negative correlations between STN and pH in reed
marsh and corn field (P < 0.01), while significant cor-
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relations between STN and EC were found only in
paddy field (P < 0.01), and no significant correla-
tions were found between STN and soil properties in
forest land and oil-polluted wetland (P > 0.05). In
our study, the STN contents (390.90-1351.14 mg/kg)
did not differ significantly relative to some natural wet-
lands (Mao et al., 2009; Mou et al., 2012). The STN
values in paddy field and corn field were nearly double
those in reed marsh and forest land, and decreased with
depth (except for those in oil-polluted wetland). STN
content is usually correlated with vegetation and land
reclamation, similar to SOC (Bedard-Haughn et al.,
2006). Moreover, factors such as soil management
(Laudicina et al., 2009), fertilization (Powers, 2004) and
reclamation duration (Cui et al., 2012) exert a strong
influence on STN. Agricultural reclamation generally
utilizes different crops, which leads to different spe-
cies-specific effects on STN (Wang et al., 2010a). Some
studies have indicated that plants adsorb about 50%—
70% of N from the soil, although this ability varies
among plants (Dewes, 1999). Long—term agricultural
actions will increase the STN of topsoil and depth of the
organic horizon (Cui et al., 2012). With the application
of N-based fertilizer, STN increased in reclamation ar-
eas (Fu et al., 2014).

The STN content of oil-polluted soil varies with
changes in regional and petroleum properties. Some
studies have indicated that oil pollution causes de-
creased STN (Wang et al., 2009; 2010b). In the present
study, STN was 1351.14 mg/kg in oil-polluted wet-
land, which was significantly higher than that in the
other four reclamation types. This difference may have
been because of the high content of nitrogen in petro-
leum. The amount of nitrogen in oil is usually less than
a few percent, but the nitrogen content of crude oil was
0.06% in the nitrogen-rich Liaohe River oil field (Wang
et al., 2010b). Additionally, STN values in oil-polluted
wetland were higher in deeper layers. This might be
attributed to accumulation of petroleum hydrocarbons,
which are difficult to degrade (Soclo et al., 2000). Gen-
erally, the STN values were significantly correlated with
SOC, but this correlation in oil-polluted wetland (+* =
0.57) was weaker than in the other four reclamation
types (> 0.9) investigated in our study. Additionally,
NO; -N levels in oil-polluted wetland were significantly
higher than in other reclamation types (Fig. 3), indicat-
ing that the composition and morphology of STN was

changed by oil pollution.

Soil C/N ratios were between 10 and 20, except in
oil-polluted wetland (41.2), where the degree of hu-
mification of soil organic matter is higher and more
conducive to microbial fermentation, so that organic
nitrogen mineralizes easily (Thornton and Mcmanus,
1994; Springob and Kirchmann, 2003). Soil C/N can
also indicate the soil organic matter source (oceanic
or terrigenous) of an estuary (Milliman et al., 1984).
In the present study, the mean values of soil C/N in all
plots (11.26-41.18) were >8, indicating that the soil
organic matter mainly comes from terrestrial in this
study area. Generally, when the soil C/N reaches 12, it
is beneficial to soil microbial degradation of petroleum
contaminants (Ptaza et al., 2005). The soil C/N value
was 41.2 in oil-polluted wetlands, which was signifi-
cantly higher than the ideal value. Oil pollution leads
to increased soil carbon, and in the process of degra-
dation of oil, soil microorganisms consume soil nu-
trients such as nitrogen and phosphorus (Atlas and
Bartha, 1973), increasing the C/N. This imbalance of
nutrients limits soil microbial reproduction and
growth, thereby reducing the petroleum hydrocarbon
degradation rate (Braddock et al., 1997).

4.3 Effects of wetland reclamation on DOC,
NH,"-N and NO;™-N of soils

Soil DOC mainly comes from plant litter, root secre-
tions, hydrolysis of soil organic matter and microbial
metabolites (Christ and David, 1996; Yang et al., 2006),
which are all sensitive to soil properties. In the present
study, a significant correlation was observed between
DOC and EC in paddy field (P < 0.01), corn field and
forest stand (P < 0.05), while no significant correlation
was observed between DOC and pH, Eh in any plots.
Mailapalli et al. (2010) found that wetland soil DOC
content changed after being reclaimed because the
drainage and farming changed the soil physical and
chemical properties, and such factors will directly affect
plant growth and microbial activities. Different irriga-
tion patterns means different soil moisture, and it has a
significant impact on soil DOC content (Han et al,,
2010). In compared with the dry soil, alternate wetting
and drying could improve the dissolution of SOC
and scatter soil aggregates, thereby increasing the
content of soil DOC (Xiao et al., 2015). The reclama-
tion types and fertilization are also known to be impor-
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tant factors that influence soil DOC (Freeman et al.,
2004; Tian et al., 2011). The content of DOC in paddy
field and forest land was higher than in reed marsh and
corn field, and there were positive correlations be-
tween DOC and SOC, STN, C/N in paddy field and
forest land (P < 0.05) (Table 2). This may have been
because of plant source and fertilization. Some studies
have indicated that organic manure could increase soil
DOC, but use of acid fertilizer will reduce the soil pH
and microbial activity, leading to decreased soil DOC
(Chantigny et al., 1999; Liu et al., 2006). In oil-polluted
wetland, soil DOC increased with exogenous carbon
input.

The soil NO; -N in corn field and forest stand were
higher than in other plots, which could be caused by
differences in soil aeration and nitrogen fertilization. In
paddy field and reed marsh, soil was usually in an an-
aerobic state because of irrigation, which would inhibit
nitrification, while soil under aerobic conditions was
more conductive to the accumulation of NO3; -N in corn
field and forest (Haynes and Goh, 1978; Sun and Liu,
2008). In all plots, soil NO3 -N decreased with depth
(0-50 cm), then increased in deeper layers, which may
have affected soil moisture and plant absorption ca-
pacity (Mou et al., 2010). NO; —N is mineral nitrogen
that can be absorbed by the plant, but is also easily
leached (Wang et al., 2011). In the present study, the
content of soil NH4 -N showed minor differences in
agroecosystems, but in oil-polluted wetland, the con-
tent of soil NH; -N in deep layers was significantly
higher than in superficial layers and corresponding
layers of other types. Because the transport and soil
absorption ability of NH;"-N and NO; -N changed with
soil properties, they were significantly influenced by oil
pollution (Chang and He, 1998; Zhang et al., 2013).

5 Conclusions

In this study, we measured the content and distribution
of SOC and STN in different land reclamation types.
Overall, significant changes in SOC and STN with rec-
lamation types were observed. The SOC and STN con-
centrations followed the same order, namely oil-polluted
field > corn field > paddy field > forest land > reed
marsh, and these differences were attributed to the dif-
ferent vegetation and land management among reclama-
tion types. Moreover, the variations in soil properties

exerted an indirect influence on SOC and STN. Higher
SOC concentrations in paddy field and corn field high-
lighted the positive effects of mature land management
on the accumulation of SOC. Interaction of reclamation
type and soil depth had significant effects on SOC and
STN, while soil depth had significant effects on SOC,
but not STN. DOC, NH,"-N and NO; -N also changed
with intensity of human activities. SOC and STN were
significantly correlated, but this correlation was weaker
in oil-polluted wetland, and the measured values in
oil-polluted wetland were higher than those in other
reclamation types. However, these types of increases
were attributed to petroleum hydrocarbon pollution, and
the contents of SOC and STN cannot be indicators of
soil fertility and quality.
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