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Abstract: Denitrification is an important process of nitrogen removal in lake ecosystems. However, the importance of denitrification
across the entire soil-depth gradients including subsurface layers remains poorly understood. This study aims to determine the spatial
pattern of soil denitrification enzyme activity (DEA) and its environmental determinants across the entire soil depth gradients in the
raised fields in Baiyang Lake, North China. In two different zones of the raised fields (i.e., water boundary vs. main body of the raised
fields), the soil samples from —1.0 m to 1.1 m depth were collected, and the DEA and following environmental determinants were quan-
tified: soil moisture, pH, total nitrogen (TN), ammonia nitrogen (NHI-N), nitrate nitrogen (NO;-N), total organic carbon (TOC), and
rhizome biomass of Phragmites australis. The results showed that the soil DEA and environmental factors had a striking zonal distribu-
tion across the entire soil depth gradients. The soil DEA reached two peak values in the upper and middle soil layers, indicating that
denitrification are important in both topsoil and subsurface of the raised fields. The correlation analysis showed that the DEA is nega-
tively correlated with the soil depth (p < 0.05). However, this phenomenon did not occur in the distance to the water edge, except in the
upper layers (from 0.2 m to 0.7 m) of the boundary zone of the raised fields. In the main body of the raised fields, the DEA level re-
mained high; however, it showed no significant relationship with the distance to the water edge. The linear regression analysis showed
significant positive correlation of the DEA with the soil TN, NOs-N, NHZ—N, and TOC; whereas it showed negative correlation with soil
pH. No significant correlations with soil moisture and temperature were observed. A positive correlation was also found between the
DEA and rhizome biomass of P. australis.
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1 Introduction

Denitrification is a key process that affects the nitrogen
cycling in wetland ecosystems (Burgin et al., 2010;
Akatsuka and Mitamura, 2011). Wetlands have been
widely acknowledged as the important regions to im-
prove the water quality through plant uptake and micro-
bial immobilization of excess nutrients via soil denitri-
fication. The nitrogen amount reduced by plant uptake
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and microbial immobilization is returned to soils when
the environmental conditions are changed (Liu et al.,
2011). Microbially-mediated denitrification is the main
process to remove nitrogen permanently in significant
amounts from the wetlands (Howarth ef al., 1996; Li et
al., 2011). Moreover, microbial denitrification is an an-
aerobic process and converts nitrate to N,O and N,
which are then released into the atmosphere (Khalil and
Richards, 2011). The reduction of nitrate to nitrous ox-
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ide (N,O) and nitrogen (N;) is performed by the deni-
trifying bacteria in soils, subsoils, and water bodies
(Song et al., 2011). Denitrification is difficult to quan-
tify directly, and the measurement of soil enzyme activ-
ity, the biological indicator for microbial community
functions, helps to better understand the transformation
and the fate of nitrate (Khalil and Richards, 2011).

Much work has been devoted to studying how deni-
trification varies as a function of soil characteristics,
vegetation factors, and water quality. Sites with different
environmental conditions exhibit different rates of deni-
trification; however, because the environmental factors
often interact dynamically, it is somehow difficult to
identify the main factor responsible for denitrification
(Bastviken et al., 2005; Stevenson et al., 2011). Because
biological denitrification requires a source of ni-
trate/nitrite, organic carbon, and anoxic conditions, the
soil and water characteristics directly influence the de-
nitrification process (Garcia-Ruiz et al., 1998). The re-
sults of most studies showed that the carbon availability
and soil temperature significantly influence the denitri-
fication efficiency of the soils (Burford and Bremner,
1975; Peterson et al., 2013; Reisinger et al., 2013).
However, the influence of soil moisture and nitrate nitro-
gen (NO3-N) on denitrification efficiency varies in dif-
ferent research fields (Griffiths er al., 1998). Moreover,
the vegetation characteristics significantly affect the
physicochemical characteristics of water and soils, thus
exhibiting indirect influence on biological denitrification
(Racchetti et al., 2011; Li et al., 2012). Plant residues
enrich the soil nutrients, and the highest denitrification
efficiency is generally found in the topsoil. Some studies
found no significant differences in the topsoil denitrifica-
tion enzyme activity (DEA) under different vegetation
covers (Priha et al., 1999; Dhondt et al., 2004), while
others found that plant biomass and vegetation signifi-
cantly positively affect the topsoil DEA (Liu et al., 2011).
Plant root growth has a significant influence on the DEA
in the deep soil layers (Dhondt et al., 2004).

Despite widespread regarding the denitrification
process in natural wetlands, few studies have explored
the spatial distribution and environmental determinants
of DEA across the entire soil depth gradients in the hu-
man-modified wetland systems. Human intervention
leads to the changes of the water and soil characteristics
of wetlands, and the DEA is changed along with it.
Raised field system is a traditional human-modified ag-

ricultural system with a long history of agricultural
production in Asia and the Americas (Erickson and
Candler, 1989; Wilson et al., 2002; Bandy, 2005). The
raised fields consist of a series of elevated planting
platforms surrounded by excavated ditches, and are
constructed in the seasonally flooded plains in wide-
spread parts of lowland and highland (Denevan, 1970;
Turner, 1974). Crops are grown on the platforms sur-
rounded by ditches connected to inlet and outlet canals.
The platforms can be further divided into two parts by
their structural and functional features: the transitional
boundary zone and main body. In recent years, it is in-
creasingly recognized that the raised fields play a direct
and important role in removing nutrients, particularly
nitrogen loads from agricultural runoff and domestic
sewage (Mitsch, 1992; Carney ef al., 1993). The bound-
ary zone is the interface between the terrestrial and
aquatic ecosystems, which often contain hot zones for
biogeochemical cycles (Zhu et al., 2013). However, the
biological process in the main body of raised fields is
not yet fully understood.

With varying environmental conditions in space, the
spatial variations and environmental factors for the soil
DEA is important for identifying regions where the pol-
lutant load can be effectively decreased, thus helping in
the design of raised fields. The objectives of this study
are as follows: 1) to identify the spatial distribution of
DEA across the entire soil depth gradients, includ-
ing subsurface layers in the raised fields of Baiyang
Lake and 2) to correlate the DEA with soil and plant
properties affecting biological denitrification.

2 Materials and Methods

2.1 Study site

Baiyang Lake (38°43'-39°02'N, 115°38'-116°07'E) is
the largest freshwater inland lake in the North China
Plain. It covers an area of approximately 366 km” and
has a temperate continental monsoon climate with an
average annual precipitation of 510 mm and evaporation
of 1690 mm. The elevation range is 5.5-6.5 m and the
whole lakebed is generally high in the west and low in
the east, with a water capacity of 1.07X10' m’. Over
the last several decades, due to various pollution sources
from industrial and agricultural production, the Baiyang
Lake was in a eutrophic state. The construction of up-
stream dams and reservoirs resulted in lowering water
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level and deterioration of ecosystem (Cui et al., 2010).

There is approximately 9400 ha of raised fields with
more than 3700 ditches in the Baiyang Lake, dividing
the whole body of water into 140 smaller shallow lakes.
Raised fields in the Baiyang Lake were mainly built
during 1965-1966, in order to respond to the Govern-
ment’s requirement to ’'grow crops in swamp’
(CCLCAC, 2000). Raised fields cover approximately
22% of the total area of the lake and consist of dug
ditches and elevated platforms (Fig. 1). Phragmites aus-
tralis is the dominant aquatic macrophyte growing in
raised fields. Platforms are higher than the surface of the
lake and surrounded by ditches, where the water level
can be controlled or fluctuate hydrologically. The height
from the ditch bottom to the platform surface ranges
from 2 m to 4 m. The widths and lengths of the plat-
forms also vary, roughly from 30-50 m and 100-300 m,
respectively, according to the site topography and land-
forms, and the average ditch width is between 2 m and 8
m in the lake.

2.2 Sampling and analysis

One of the well-managed raised fields at Duancun,
Anxin County, Hebei Province was chosen for sampling
in August 2011 (Fig. 1). The junction of the raised fields
and the lake surface was set as 0 m to measure the hori-
zontal distance to the water edge. Obvious changes oc-
curred in the plant height and the coverage of P. aus-
tralis at 5 m from the water edge in previous surveys, so
5 m was defined as a dividing point between the transi-
tional boundary zone and the main body of raised fields.
There were 21 soil profiles, being collected at intervals
of 0.5 m within the initial 5 m and at intervals of 10 m
from 10 m to 100 m. The outermost edge has the denser
sample profiles, which is demonstrated with spots
marked with blue dots in Fig. 2. The water level was also
set to 0 m in a vertical direction. Various soil samples
were collected from topsoil to 1.0 m below the water
level, and divided into sub-samples at 10 cm intervals.
The topsoil was 1.1 m above the water level in sam-
pling. The spatial variability of denitrification enzyme
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Fig. 2 Distribution of sampling spots in sampling raised fields

activity and soil nutrients were investigated for each soil
sample.

P. australis thizome litters were the major carbon and
nitrogen sources for raised fields, due to harvesting of
the high amount of aboveground material at the end of
November every year. Rhizome biomass was selected as
a marker to reflect the growth status of P. australis.
Rhizomes of P. australis were taken carefully under a
surface area of 0.25 m’ to a constant depth of 10 cm
using a small, metallic rake. Soil cores were collected
using a soil auger (Eijkelkamp, Netherlands, 01.11.SO)
and cut into 10 cm segments. Soil (10 cm in depth)
temperature was monitored using WET sensor kit
(Delta-T Devices, UK, Model WET-2), as soon as pos-
sible. A water pump was used to draw out water from
the quadrates, in time to make rhizome samples collec-
tion easier. Triplicates were used for each sample to en-
sure the precision of all the data.

All the soil and plant samples were stored in sealed
polyethylene bags, and transported in a cooler to the
laboratory. The 100-g soil of each sample was oven
dried at 105°C for 24 h, and weighed for moisture con-
tent determination. The remaining soil of each sample
was freeze-dried and sieved through a 2-mm sieve to
remove coarse debris and grass roots. Then, half of the
sieved soil samples were ground to a fine powder (100
mesh) and used to determine the total nitrogen (TN) in
soil. The TN content in powdered soil was determined
using an Elemental Analyzer (Elementar, Germany,
Vario EL cube). Nitrate-nitrogen (NO3-N) and ammo-
nia-nitrogen (NH4-N) contents in these soil samples
were determined using auto analyzer (Bran+Luebbe
AA3, Germany, Auto-analyzer 3). Total organic carbon
(TOC) in the soil samples was measured using a high

sensitivity TOC analyzer (Shimadzu, Japan, TOC-Vcpy).
The pH values of soil samples (soil : water = 1 :© 5)
were measured using a pH meter (Hach, USA,
A330113), and soil particle analyses were performed
using a particle size analyzer (Microtrac, USA, S3500).
Rhizomes of P. australis were cleaned from soil samples
using a pressurized water spray, and then subsequently
dried in oven at 60°C to a constant weight for biomass
determination.

Measurements of DEA, proposed by Smith and
Tiedje (1979), have been widely used to evaluate the
activities of existing denitrifying enzymes. The 5 g of
soil was first placed in a 100-mL sterile, airtight, Hun-
gate-type anaerobic culture tube. Then, a solution con-
taining 0.18 g/L glucose, 0.1 g/ KNOs, and 1 g/L
chloramphenicol was added to each tube. The tubes
were flushed with nitrogen (N,) to remove Oxygen (O,)
and amended with Ethyne (C,H,) to a concentration of
0.05 atm, which provide anaerobic conditions and inhi-
bition of Nitrou oxide (N,O)-reductase activity. The soil
samples were shaken at 25°C for 6 h, and then the N,O
efflux was measured using a gas chromatograph with an
electron capture detector (Agilent, USA, 7890A).

2.3 Data analysis

The soil properties, rhizome biomass of P. australis, and
DEA data were collected to generate the spatial distri-
bution maps using Kriging module of ArcGIS software.
Pearson correlation coefficients were used to perform
the relationships between soil position and soil charac-
teristics, soil position and plant. Then, the results were
analyzed by linear regression analysis to reveal the ef-
fects of environmental factors on DEA. All statistical
analyses were performed using the software package,
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Origin 8.0 and SPSS 17.0.
3 Results

3.1 Spatial distribution of soil properties and P.
australis rhizomes across soil profiles

The physicochemical properties of the soil samples are
listed in Table 1. The soil pH showed alkaline conditions
and narrow pH ranges. The soil temperature and mois-
ture varied from 22.3°C to 33.4°C and from 18.62% to
42.61%, respectively. The concentrations of TN, NHy4-N,
NO;-N, and TOC varied significantly owing to different
depth and distance to the edge of the lake. The maxi-
mum concentrations of soil nutrient were 1.03-78.67
times higher than the minimum concentrations. The
largest and smallest differences in the physicochemical
properties were observed for the NO3;-N and pH. The
soil samples were dominated by high silt (36.55%—
68.21%) and sand (22.13%—50.76%) contents.

Some preferred soil properties, which strongly con-
trol the denitrification process were selected to analyze
their spatial distribution and relationships with the DEA
based on the literature studies (Dhondt et al., 2004; Cao
et al., 2008; Hill et al., 2000; Li et al., 2011; Al Ghad-
ban et al., 2012; Batson et al., 2012; Pan ef al., 2012; Yu
et al., 2012). Significant differences in soil properties
were found in the soil samples (Fig. 3). The horizontal
distribution patterns of soil characteristics showed slight
differences, while the vertical distribution was a zona-
tion pattern. The high temperature layer appeared in the
top and bottom layers. The moisture content within the
initial 1.0 m from the water edge and in the depth of
—0.1 m to —0.5 m showed the highest content, which
was influenced by the distance to the edge of the water.
The topsoil showed the highest moisture content

Table 1 Physicochemical properties of soil samples in raised
fields in Baiyang Lake
Property Mean£=SD Range
Temperature ('C) 28.7+2.4 22.3-33.4
Moisture content (%) 27.43£5.30 18.62-42.61
pH 7.74+0.21 7.13-8.09
TN (%) 0.116£0.072 0.019-0.317
NH,-N (mg/kg) 8.45+3.20 4.16-18.97
NO;-N (mg/kg) 3.76£5.14 0.30-23.90
TOC (g/kg) 3.20+1.65 0.67-7.69

Notes: TN is total nitrogen; NH,-N is ammonia nitrogen; NO;-N is nitrate
nitrogen, and TOC is total organic carbon

(26.02%) in the upper nine soil layers (from 0.2 m to
1.1 m). The difference in soil pH was small (from 7.13
to 8.09). Both the middle (from —0.2 m to 0.3 m) and
bottom layers (from —1.0 m to —0.7 m) showed high pH,
and no significant difference in the horizontal direction
was found. The concentrations of TN in the top (from
0.8 m to 1.1 m) and middle layers (from —0.5 to —0.1 m)
were significantly higher than those in the other depths,
and the mean concentrations within the initial 1.0 m
from the water edge were lower than those in farther
soils. The concentration of NH4-N showed similar spa-
tial distribution patterns of the TN, which contained
0.4%-1.9% of TN. The concentration of NH4-N was
also higher (up to 9.5 mg/kg) in the top (from 0.8 m to
1.1 m) and middle soil depths (from —0.5 m to —0.1 m)
compared to other depths. The trend of NO;-N concen-
tration did not agree with those of TN and NH4-N. The
distribution of NO;-N concentration showed a signifi-
cant zonation pattern across the soil depth gradient
above the lake surface, which gradually decreased from
the maximum concentration of 19.79 mg/kg in the upper
(from 1.0 m to 1.1 m) soil depth to a minimum concen-
tration of 1.35 mg/kg at a depth of 0-0.1 m. The NO3-N
concentration decreased to 0.3—1.1 mg/kgbelow the lake
surface, which was less than 5% of the top layers
(0.8-1.1 m). The top (0.7-1.1 m) and middle layers
(from —0.6 to —0.1 m) showed higher TOC concentra-
tions, which was similar to the distribution of TN and
NH4-N. The TOC concentration in the slope was much
lower than that in other sites.

The rhizome biomass of P. australis for each distance
and soil depth are shown in Fig. 4. The rhizomes of P
australis grew up to 1.5 m deep at the sampling sites in
the raised fields, and most of them spread densely in the
top 1.0 m layers. The rhizome biomass sharply de-
creased at the soil depth above 1.0 m.

The mean rhizome biomass in surface soils reached
1127 g/m?, and no obvious difference was observed with
the changes in the distance to the water edge. From the
topsoil down to the fifth soil layer, the rhizome biomass
gradually decreased to less than 20% of the initial rhi-
zome biomass. A peak value of rhizome biomass was
found in the soil depth of 0.4-0.5 m, which was 1.12
times the weight of the biomass in the topsoil. The mean
rhizome biomass then sharply decreased from 1019
g/m” (0.3-0.4 m) to 2 g/m’ (from —0.5 m to —0.4 m).
The rhizome biomass at the slope of the raised fields
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Fig. 3 Spatial distribution patterns of soil physicochemical characteristics in raised fields

was obviously higher than those farther than 4 m in the
horizontal direction, probably due to the need for a
higher stability of the plant growth in the slope.

A pearson correlation analysis was performed to de-

termine the relationships between the soil position and
characteristics of soil and plant (Table 2). The mean
values of soil properties and rhizome biomass of P aus-
tralis at each depth and distance were used to better
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Table 2 Pearson correlation coefficients between soil position and characteristics of soil and plant

Temperature Moisture content pH ™ NH;-N NOs;-N TOC Rhizome biomass
Soil depth -0.691" 0.415 0.642"  —0.405 —0.033 —0.826™ -0.327 -0.897"
Distance to water edge -0.273 —0.062 0.593" 0.197 —0.341 0.431 0.252 0.170

Note: **, correlation is significant at the 0.01 level

analyze their correlation with such factors and reduce
the amount of data needed. The NO;-N concentration (p
< 0.01), and rhizome biomass of P. australis (p < 0.01)
showed significantly negative correlation with the soil
depth, while the pH showed significantly positive cor-
relation with the soil depth (p < 0.01). However, the
effects of soil depth on the soil temperature, moisture
content, TN, NH4-N, and TOC were insignificant (p >
0.05). The pH also showed a highly significant correla-
tion with the distance to the water edge (p < 0.01), with
a correlation coefficient of 0.593. However, no signifi-
cant correlation between the distance with other envi-
ronmental factors (p > 0.05) was found.

3.2 Spatial distribution of soil DEA across soil
profiles

Figure 5 shows the spatial distribution of the soil DEA
across the soil profiles in the raised fields. The DEA in
all the soil samples varied between 133 ng N,O-N/(g-h)

and 2685 ng N,O-N/(g-h) at a soil temperature of 25°C.
The mean values of DEA at each depth and distance
were first calculated to analyze the relationships be-
tween the DEA and soil depth, and the DEA and the
distance to the water edge. The highest DEA was found
in the upper soil layer (1.0-1.1 m), and did not signifi-
cantly differ among the different distances. A significant
decrease in the DEA was observed from the topsoil to
fourth layer; below 0.7 m, it decreased slowly. The mid-
dle layers (from —0.4 m to 0 m) also showed higher
values, with a wide range from 675 N,O-N/(g-h) to 1060
ng N,O-N/(g:h), which was higher than that in the adja-
cent soils except for the top layers (0.8—1.1 m). The soil
DEA decreased to 133-254 ng N,O-N /(g-h) in the deep
soil layers (from —1.0 to —0.6 m).

The DEA showed significant negative correlations
with the soil depth (p < 0.01); however, it did not show
significant correlation with distance increment (p >
0.05) (Fig. 6). The linear regression model was used to
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Fig. 5 Spatial distribution patterns of soil denitrification enzyme activity (DEA) in raised fields
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Fig. 6 Relationships between soil denitrification enzyme activ-
ity (DEA) and distance in boundary zone and main body of raised
fields

further illustrate the relationships between soil DEA and
distance. The DEA showed significant positive correla-
tions with the distance to the water edge in the boundary
zone of the raised fields (p < 0.05), while it showed no
significant correlation in the main body of the raised
fields (p > 0.05).

Pearson correlation coefficients between the soil DEA
and distance were analyzed using all the data to further
study the characteristics of spatial distribution of the soil
DEA in the boundary zone and main body of the raised
fields (Table 3). The calculation of the average values of

the DEA at each distance might avoid the variation rules
of the DEA at different soil depths, which significantly
influenced the soil DEA. The soil DEA showed significant
correlation with the distance in the upper layers of the
boundary zone of the raised fields (0.2—0.7 m). No signifi-
cant correlation between the DEA and distance in the sur-
face (0.8-1.1 m) and the lower soil layers in the boundary
zone of the raised fields (from —1.0 m to 0.2 m) was found.
No significant relationship between the DEA and distance
in the main body of the raised fields was found.

3.3 Relationships between DEA and environ-
mental factors

The linear regression results for DEA and environmental
factors are shown in Fig. 7. The soil DEA showed sig-
nificant positive correlations with soil TN, NO;-N,
NH4-N, and TOC content (p < 0.001), while it showed
significant negative correlation with soil pH (p < 0.001).
The highest coefficient of determination (R”) of linear
regression was found between DEA and NO;-N (R* =
0.612). The rhizome biomass of P. australis also sig-
nificantly correlated with DEA (R* = 0.174, p < 0.001).
No significant correlation was observed between the
DEA and soil moisture content, and DEA and soil tem-
perature (p > 0.05). The soil DEA still showed signifi-
cant positive correlations with soil TN, NO5-N, NHy-N
when the results of soil samples above and below the
water level were calculated by the linear regression
model, respectively (p < 0.001).

Table 3 Pearson correlation coefficients between soil DEA and distance within each soil depth

DEA DEA DEA DEA
boundary zone main body boundary zone main body

Distance (depth 1.0 to 1.1 m) 0.516 0.160 Distance (depth —0.1 to 0.0 m) —-0.559 —-0.233
Distance (depth 0.9 to 1.0 m) —-0.383 0.353 Distance (depth —0.2 to —0.1 m) 0.523 -0.077
Distance (depth 0.8 to 0.9 m) —0.556 —0.115 Distance (depth —0.3 to —0.2 m) —-0.170 0.371
Distance (depth 0.7 to 0.8 m) -0.288 —-0.003 Distance (depth —0.4 to —0.3 m) —-0.023 0.054
Distance (depth 0.6 to 0.7 m) —0.849" 0.469 Distance (depth —0.5 to —0.4 m) 0.122 0.557
Distance (depth 0.5 to 0.6 m) —0.700" 0.355 Distance (depth —0.6 to —0.5 m) 0.019 0.370
Distance (depth 0.4 to 0.5 m) -0.792" -0.318 Distance (depth —0.6 to —0.7 m) 0.320 0.071
Distance (depth 0.3 to 0.4 m) —0.895™ 0.266 Distance (depth —0.8 to —0.7 m) -0.578 —0.428
Distance (depth 0.2 to 0.3 m) —0.652" —0.454 Distance (depth —0.9 to —0.8 m) 0.347 0.063
Distance (depth 0.1 to 0.2 m) -0.558 0.602 Distance (depth —1.0 to —0.9 m) 0.291 —-0.520
Distance (depth 0.0 to 0.1 m) —-0.321 0.369

Notes: *, correlation is significant at the 0.05 level; **, correlation is significant at the 0.01 level
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Fig. 7 Relationships between soil DEA and their environmental factors in raised fields

4 Discussion

4.1 Spatial changes in physicochemical properties
of soil

The soil depth and the distance to the water edge were
together used to determine the spatial distribution of
physicochemical properties of soil. No significant cor-
relations were observed between the soil nutrients and
the distance to the water edge (Table 2) because of the
similar vegetation compositions and plant productivity
in the raised fields. The pH of the soil was the only pa-
rameter that showed significant relationship with the
distance (p < 0.01) and is affected not only by the soil
parent materials but also by tillage management, quality
of plant litter, heavy metal content and base saturation
of soils (Helyar et al., 1990). Soil near the water edge is
affected more by the lake water of low pH (pH = 7.57 £
0.15) compared to the distant soil (Fig. 3). Further, the
linear regression analysis showed significant negative
correlation between soil pH and NH4-N (p < 0.05). Nye
(1981) reported that NO;-N tends to raise the pH,
whereas NH4-N lowers the pH.

Concentration of the soil nutrients changed signifi-
cantly with soil depth (Table 2). Bai et al. (2012) re-
ported that TOC and TN contents were significantly
correlated with soil depth. The results of Fig. 3 show
that the soil nutrients have higher concentrations in the
upper layer of top soil because of the large accumulation
of plant and animal residues (Hefting et al., 2004; Bai et
al., 2005). The concentration decreased with increasing
soil depth in the area above the lake surface. The pol-
luted lake water was considered as an important source
of nutrients in land-water ecotones having a strong fil-
tration effect, thus resulting in peak concentration of soil
nutrients below the lake surface (Risser et al., 1990).
The excessive nutrient-rich pollutants were introduced
into the Baiyang Lake by industrial waste emptied up-
stream, waste from population in surrounding area, wa-
ter transportation, tourism, and aquaculture (Xu et al.,
2011), thus resulting in appearance of two peaks of TN,
NH4-N, and TOC concentrations in the raised fields in
the Baiyang Lake.

Further, the result of previous study showed that soil
nutrients were strongly influenced by particle-size frac-
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tions (Jolivet et al., 2003). Centuries ago, raised fields
as a typical semi-natural agricultural system have been
developed in the Baiyang Lake. Canal sediments were
dredged and covered at the top of raised fields by farm-
ers to improve the nutrients on the planting surface
every year before 1990s (Wang et al., 2010). Therefore,
the soil particle-size distribution of raised fields was sig-
nificantly disturbed by human beings leading to great
differences in the measurement of the particle-size frac-
tions of soil samples; however, no obvious distribution
characteristics were observed in the horizontal and vertical
directions. Moreover, no significant correlation was ob-
served between particle-size fractions and soil nutrients.

4.2 Spatial changes of rhizomes of P. australis
Extensive and strong rhizomes of P. australis were
found in the raised field soil. Rhizome dynamics is de-
termined by growth characteristics (plant varieties and
rhizome age) and environmental conditions (water level,
soil texture, and seasonal changes) (Karunaratne et al.,
2004; White et al., 2007). Although, rhizomes covered
the entire soil profiles at depths less than 1.5 m in raised
fields, rhizomes growth showed the characteristics of
randomness and anisotropy (Fig. 4). Rhizomes in raised
fields were much deeper than those in flooded area. The
lower limit of depth of rhizomes is decided by the de-
crease in the atmospheric supply of CO, and O, (Rea,
1996). The decomposition of root residues releases nu-
trients into soil, thus increasing the concentration of soil
nutrients (Goulder, 1990; Wang and Yin, 2008). The
spatial distribution of soil TOC was similar to the rhi-
zome distribution in most instances; however, there was
no significant correlation between rhizome biomass and
TOC content in raised fields. The high TOC content
would be lowered by leaching due to the downward dis-
placement of rainwater and by the change in the water
level.

Rhizome biomass showed significant positive corre-
lation with soil depth, however, no significant correla-
tion was observed between rhizome biomass and dis-
tance to the water edge. The surface soil contained
29.5%-40.4% of the total biomass of rhizomes in the
initial 1.0 m depth of raised fields in vertical direction,
and then decreased to 10.9%—15.5% in the soil profiles
having increased length of the rhizomes. The percentage
of rthizome biomass of P. australis in the surface below
10 cm of raised field soil was much lower compared to

aquatic macrophytes (Caffrey and Kemp, 1991). With
the appearance of a multitude of horizontal rhizomes,
rhizome biomass reached a higher value in soil depth of
0.4-0.5 m than in the surface soil (Fig. 4). Moreover, a
high level of rhizome biomass was observed in the slope
of raised fields because of the requirement of extensive
root systems to keep P australis growing normally
(Rhee et al., 2008).

4.3 Effects of environmental determinants on spa-
tial distribution of DEA

The soil DEA varied widely from 134 ng N,O-N/(g-h) to
2686 ng N,O-N/(g'h), based upon the spatial location
within the raised field soil in summer (Fig. 5). The re-
sults of this study showed that the relatively high DEA
(> 600 ng N,O-N/(g-'h)) was found at the upper soil lay-
ers from 0.4 m to 1.1 m depth and the middle soil layers
from —0.4 m to 0 m depth; however, it did not differ
significantly between the different distances. Root asso-
ciated carbon production and water level fluctuations
improve enzyme activity. Long rhizomes of P. australis
spread the carbon to deeper soil layer expanding the
scope of denitrification process. High DEA observed in
the deeper soil layers revealed the importance of sub-
surface denitrification in carbon-enriched soil horizons
(Dhondt et al., 2004). Most studies were focused on the
denitrification process in the top soil layers (< 100 cm)
not emphasizing the NO3;-N removal by denitrification.
The result of this study revealed the importance of deni-
trification in the deeper layers of raised fields control-
ling the NO3-N content in groundwater in the Baiyang
Lake.

The soil DEA immediately responded to the changes
in soil conditions because extracellular soil enzyme ac-
tivity was directly affected by soil physicochemical
properties (Geisseler and Horwath, 2009). Soil TN,
NO;-N, and TOC contents were the most important fac-
tors affecting the spatial distribution of DEA in raised
fields (Fig. 7). The highest DEA was encountered in the
surface soil because of the sufficient carbon and nitrate
available for denitrification enzyme expression. Steven-
son et al. (2011) and Arce et al. (2013) came to the same
conclusion on the relationships between denitrification
and soil properties. The soil DEA had significant posi-
tive correlation with rhizome biomass which indirectly
influences the denitrifying bacteria and soil properties
(Ge et al., 2011). Priha et al. (1999) reported that plant
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roots increased the DEA in the rhizospheres, because of
the extra carbon resource and anaerobic conditions
caused by root respiration.

5 Conclusions

This study analyzed the spatial distributions of soil
properties, rhizome biomass of P australis, and soil
DEA. Further, the relationships between DEA and envi-
ronmental factors in the raised fields in the Baiyang
Lake were established. The vertical distribution of each
index obviously shows a significant zonation pattern;
however, slight differences in each distance to the water
edge are observed. The soil TN, NH4-N, TOC, and DEA
show two peaks in the top and middle layers, which may
be caused by plant and animal residues at the upper soil
layers and the polluted nutrients in lake water. The spa-
tial distribution of the soil DEA shows the importance of
subsurface denitrification in the raised fields. The linear
regression analysis shows that the soil TN, NOs-N, and
TOC contents are the most important soil factors affect-
ing the spatial distribution of DEA in the raised fields.
Further research is required to investigate the temporal
patterns of DEA and calculate the boundary purification
effect of the raised fields under water level fluctuation
conditions.

References

Akatsuka T, Mitamura O, 2011. Response of denitrification rate
associated with wetting and drying cycles in a littoral wetland
area of Lake Biwa, Japan. Limnology, 12(2): 127-135. doi:
10.1007/s10201-010-0329-x

Al Ghadban A N, Uddin S, Maltby E et al., 2012. Denitrification
potential of the Northern Arabian Gulf—An experimental
study. Environmental Monitoring and Assessment, 184(12):
7103-7112. doi: 10.1007/s10661-011-2483-y

Arce M I, Gomez R, Suarez M L et al., 2013. Denitrification rates
and controlling factors in two agriculturally influenced tem-
porary Mediterranean saline streams. Hydrobiologia, 700(1):
169-185. doi: 10.1007/s10750-012-1228-4

Bai J, Ouyang H, Deng W et al., 2005. Spatial distribution char-
acteristics of organic matter and total nitrogen of marsh soils
in river marginal wetlands. Geoderma, 124(1-2): 181-192.
doi: 10.1016/j.geoderma.2004.04.012

Bai J, Wang J, Yan D et al., 2012. Spatial and temporal distribu-
tions of soil organic carbon and total nitrogen in two marsh
wetlands with different flooding frequencies of the Yellow
River Delta, China. Clean-Soil, Air, Water, 40(10):
1137-1144. doi: 10.1002/clen.201200059

Bandy M S, 2005. Energetic efficiency and political expediency

in Titicaca Basin raised field agriculture. Journal of Anthro-
pological Archaeology, 24(3): 271-296. doi: 10.1016/].jaa.
2005.03.002

Bastviken S K, Eriksson P G, Premrov A et al., 2005. Potential
denitrification in wetland sediments with different plant spe-
cies detritus. Ecological Engineering, 25(2): 183-190. doi:
10.1016/j.ecoleng.2005.04.013

Batson J A, Mander U, Mitsch W J, 2012. Denitrification and a
nitrogen budget of created riparian wetlands. Journal of Envi-
ronmental Quality, 41(6): 2024-2032. doi: 10.2134/jeq2011.
0449

Burford R A, Bremner ] M, 1975. Relationships between the
denitrification capacities of soils and total, water-soluble and
readily decomposable soil organic matter. Soil Biology and
Biochemistry, 7(6): 389-394. doi: 10.1016/0038-0717(75)
90055-3

Burgin A J, Groffman P M, Lewis D N, 2010. Factors regulating
denitrification in a riparian wetland. Soil Science Society of
America Journal, 74(5): 1826—1833. doi: 10.2136/sssaj2009.
0463

Caffrey ] M, Kemp W M, 1991. Seasonal and spatial patterns of
oxygen production, respiration and root-rhizome release in
Potamogeton perfoliatus L. and Zostera marina L. Aquatic
Botany, 40(2): 109-128. doi: 10.1016/0304-3770(91)90090-R

Cao Y, Green P G, Holden P A, 2008. Microbial community
composition and denitrifying enzyme activities in salt marsh
sediments. Applied and Environmental Microbiology, 74(24):
7585-7595. doi: 10.1128/AEM.01221-08

Carney H J, Binford M W, Kolata A L et al., 1993. Nutrient and
sediment retantion in Andean raised-field agriculture. Nature,
364: 131-133. doi: 10.1038/364131a0

CCLCAC (Compilation Committee of Local Chronicles of Anxin
County), 2000. Anxin County Annals. Beijing: Xinhua Pulish-
ing House, 219. (in Chinese)

Cui B, Li X, Zhang K, 2010. Classification of hydrological con-
ditions to assess water allocation schemes for Lake Baiyang-
dian in North China. Journal of Hydrology, 385(1-4):
247-256. doi: 10.1016/j.jhydrol.2010.02.026

Denevan W M, 1970. Aboriginal drained-field cultivation in the
Americas. Science, 169(3946): 647—654. doi: 10.1126/science.
169.3946.647

Dhondt K, Boeckx P, Hofman G et al., 2004. Temporal and spa-
tial patterns of denitrification enzyme activity and nitrous ox-
ide fluxes in three adjacent vegetated riparian buffer zones.
Biology and Fertility of Soils, 40(4): 243-251. doi: 10.1007/
s00374-004-0773-z

Erickson C L, Candler K L, 1989. Raised fields and sustainable
agriculture in the Lake Titicaca basin of Peru. In: Browder ] O
et al. (eds.). Fragile Lands of Latin America. Boulder: West-
view Press, 230-243.

Garcia-Ruiz R, Pattinson S N, Whitton B A, 1998. Denitrification
in river sediments: Relationship between process rate and
properties of water and sediment. Freshwater Biology, 39(3):
467-476. doi: 10.1046/j.1365-2427.1998.00295.x

Ge Y, Zhang C, Jiang Y et al., 2011. Soil microbial abundances



LAN Yan et al. Spatial Distribution and Environmental Determinants of Denitrification Enzyme Activity in Reed-Dominated... 449

and enzyme activities in different rhizospheres in an integrated
vertical flow constructed wetland. Clean-Soil, Air, Water,
39(3): 206-211. doi: 10.1002/clen.201000230

Geisseler D, Horwath W R, 2009. Relationship between carbon
and nitrogen availability and extracellular enzyme activities in
soil. Pedobiologia, 53(1): 87-98. doi: 10.1016/j.pedobi.
2009.06.002

Goulder R, 1990. Extracellular enzyme-activities associated with
epiphytic microbiota on submerged stems of the reed Phrag-
mites australis. Fems Microbiology and Ecology, 73(4):
323-330. doi: 10.1111/j.1574-6968.1990.tb03956.x

Griffiths R P, Homann P S, Riley R, 1998. Denitrification en-
zyme activity of Douglas-fir and red alder forest soils of the
Pacific Northwest. Soil Biology and Biochemistry, 30(8-9):
1147-1157. doi: 10.1016/S0038-0717(97)00185-5

Hefting M, Clement J C, Dowrick D et al., 2004. Water table
elevation controls on soil nitrogen cycling in riparian wetlands
along a European climatic gradient. Biogeochemistry, 67(1):
113-134. doi: 10.1023/B:BI0G.0000015320.69868.33

Helyar K R, Cregan P D, Godyn D L, 1990. Soil acidity in
new-south-wales-current pH values and estimates of acidifica-
tion rates. Australian Journal of Soil Research, 28(4):
523-537. doi: 10.1071/SR9900523

Hill A R, Devito K J, Campagnolo S et al., 2000. Subsurface
denitrification in a forest riparian zone: Interactions between
hydrology and supplies of nitrate and organic carbon. Biogeo-
chemistry, 51(2): 193-223. doi: 10.1023/A:1006476514038

Howarth R W, Billen G, Swaney D et al., 1996. Regional nitrogen
budgets and riverine N and P fluxes for the drainages to the North
Atlantic Ocean: Natural and human influences. Biogeochemistry,
35(1): 75-139. doi: 10.1007/978-94-009-1776-7 3

Jolivet C, Arrouays D, Léveque J et al., 2003. Organic carbon
dynamics in soil particle-size separates of sandy Spodosols
when forest is cleared for maize cropping. European Journal
of Soil Science, 54(2): 257-268. doi: 10.1046/j.1365-2389.
2003.00541.x

Karunaratne S, Asaeda T, Yutani K, 2004. Age-specific seasonal
storage dynamics of Phragmites australis rhizomes: A pre-
liminary study. Wetlands Ecology and Management, 12(5):
343-351. doi: 10.1007/s11273-004-6245-2

Khalil M I, Richards K G, 2011. Denitrification enzyme activity
and potential of subsoils under grazed grasslands assayed by
membrane inlet mass spectrometer. Soil Biology and Bio-
chemistry, 43(9): 1787-1797. doi: 10.1016/j.s0il1bi0.2010.08.
024

Li F, Zhang Q, Tang C et al., 2011. Denitrifying bacteria and
hydrogeochemistry in a natural wetland adjacent to farmlands
in Chiba, Japan. Hydrological Processes, 25(14): 2237-2245.
doi: 10.1002/hyp. 7988

Li X, Cui B, Yang Q er al., 2012. Detritus quality controls
macrophyte decomposition under different nutrient concentra-
tions in a eutrophic shallow lake, North China. PLOS ONE,
7(7): e42042. doi: 10.1371/journal.pone.0042042

Liu W, Liu G, Zhang Q, 2011. Influence of vegetation character-
istics on soil denitrification in shoreline wetlands of the Dan-

jiangkou Reservoir in China. Clean-Soil, Air, Water, 39(2):
109-115. doi: 10.1002/clen.200900212

Mitsch W J, 1992. Landscape design and the role of created, re-
stored, and natural riparian wetlands in controlling nonpoint
source pollution. Ecological Engineering, 1(1-2): 27-47. doi:
10.1016/0925-8574(92)90024-V

Nye P H, 1981. Changes of pH across the rhizosphere induced by
roots. Plant and Soil, 61(1-2): 7-26. doi: 10.1007/BF02277359

Pan Y, Ye L, Ni B et al., 2012. Effect of pH on N,O reduction
and accumulation during denitrification by methanol utilizing
denitrifiers. Water Research, 46(15): 4832-4840. doi: 10.1016/
j.-watres.2012.06.003

Peterson M E, Curtin D, Thomas S et al., 2013. Denitrification in
vadose zone material amended with dissolved organic matter
from topsoil and subsoil. Soil Biology & Biochemistry, 61:
96-104. doi: 10.1016/j.s0ilbi0.2013.02.010

Priha O, Hallantie T, Smolander A, 1999. Comparing microbial
biomass, denitrification enzyme activity, and numbers of nitri-
fiers in the rhizospheres of Pinus sylvestris, Picea abies and
Betula pendula seedlings by microscale methods. Biology and
Fertility of Soils, 30(1-2): 14-19. doi: 10.1007/s003740050581

Racchetti E, Bartoli M, Soana E et al., 2011. Influence of hydro-
logical connectivity of riverine wetlands on nitrogen removal
via denitrification. Biogeochemistry, 103(1-3): 335-354. doi:
10.1007/s10533-010-9477-7

Rea N, 1996. Water levels and Pharagmites: Decline from lack of
regeneration or dieback from shoot death. Folia Geobotanica
and Phytotaxonomica, 31(1): 85-90. doi: 10.1007/BF02803997

Reisinger A J, Blair ] M, Rice C W et al., 2013. Woody vegeta-
tion removal stimulates riparian and benthic denitrification in
tallgrass prairie. Ecosystems, 16(4): 547-560. doi: 10.1007/
$10021-012-9630-3

Rhee D S, Woo H, Kwon B A et al., 2008. Hydraulic resistance
of some selected vegetation in open channel flows. River Re-
search and Applications, 24(5): 673-687. doi: 10.1002/
rra.1143

Risser P G, 1990. The ecological importance of land-water
ecotones. In: Naiman R J et al. (eds.). The Ecology and Man-
agement of Aquatic-Terrestrial Ecotones. Lancs: Taylor &
Francis Group, 7-18.

Smith M S, Tiedje J M, 1979. Phases of denitrification following
oxygen depletion in soil. Soil Biology and Biochemistry,
11(3): 261-267. doi: 10.1016/0038-0717(79)90071-3

Song K, Lee S H, Kang H, 2011. Denitrification rates and com-
munity structure of denitrifying bacteria in newly constructed
wetland. European Journal of Soil Biology, 47(1): 24-29. doi:
10.1016/j.ejsobi.2010.10.003

Stevenson B A, Schipper L A, McGill A et al., 2011. Denitrifica-
tion and availability of carbon and nitrogen in a well-drained
pasture soil amended with particulate organic carbon. Journal
of Environmental Quality, 40(3): 923-930. doi: 10.2134/jeq
2010.0463

Turner B L, 1974. Prehistoric intensive agriculture in the Mayan
lowlands. Science, 185(4146): 118—124. doi: 10.1126/science.
185.4146.118



450 Chinese Geographical Science 2015 Vol. 25 No. 4

Wang L, Yin C, Wang W et al., 2010. Phosphatase activity along
soil C and P gradients in a reed-dominated wetland of North
China. Wetlands, 30(3): 649—655. doi: 10.1007/s13157-010-
0055-5

Wang W, Yin C, 2008. The boundary filtration effect of
reed-dominated ecotones under water level fluctions. Wetlands
Ecology and Management, 16(1): 65-76. doi: 10.1007/s11273-
007-9057-3

White S D, Deegan B M, Ganf G G, 2007. The influence of water
level fluctuation on the potential for convective flow in the
emergent macrophytes Typha domingensis and Phragmites
australis. Aquatic Botany, 86(4): 369-376. doi: 10.1016/].
aquabot. 2007.01.006

Wilson C, Simpson I A, Currie E J, 2002. Soil management in

pre-Hispanic raised field systems: Micromorphological evi-
dence from Hacienda Zuleta, Ecuador. Geoarchaeology: An
International Journal, 17(3): 261-283. doi: 10.1002/gea.10015

Xu F, Yang Z F, Chen B et al., 2011. Ecosystem health assess-
ment of the plant-dominated Baiyangdian Lake based on
eco-exergy. FEcological Modelling, 222(1): 201-209. doi:
10.1016/j.ecolmodel.2010.09.027

Yu H, Song Y, Xi B et al., 2012. Denitrification potential and its
correlation to physico-chemical and biological characteristics
of saline wetland soils in semi-arid regions. Chemosphere,
89(11): 1339-1346. doi: 10.1016/j.chemosphere.2012.05.088

Zhu G, Wang S, Wang W et al., 2013. Hotspots of anaerobic
ammonium oxidation at land-freshwater interfaces. Nature
Geoscience, 6: 103—107. doi: 10.1038/ngeo1683



