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lakes worldwide. However, there is limited understanding of the effect of vegetation loss on sediment
nitrogen (N) cycling processes and microbial communities, which are closely linked to the N removal function
of aquatic ecosystems. Here we investigated the sediment denitriﬁcation and N2O production rates of 10
macrophyte-rich and 12 macrophyte-free lakes in subtropical China. We determined the abundance of
diversity of nirS- and nirK-encoding denitriﬁers in sediments using quantitative polymerase chain reaction
and clone libraries. The results showed that denitriﬁcation and N2O production rates in vegetated lakes were
slightly but not signiﬁcantly lower than those in nonvegetated lakes. Sediment denitriﬁcation rates in
vegetated lakes were positively correlated with water NO3 concentration but not signiﬁcantly related to
submerged vegetation and denitriﬁer communities. Similarly, the presence of submerged macrophytes had
no signiﬁcant effect on denitriﬁer diversity and abundance. Water N content and sediment moisture were
the main factors affecting the composition of denitrifying communities. Moreover, no signiﬁcant correlation
was found between community similarity and geographical distance among lakes. Overall, our ﬁndings
suggest that submerged vegetation degradation in Yangtze lakes has no signiﬁcant effect on sediment
denitriﬁcation rates and denitrifying community structure. Abiotic factors, especially water N level and
sediment moisture, play a critical role in controlling N removal capacity of lake sediments.

1. Introduction
Nitrogen (N) pollution is ubiquitous in the Earth (Galloway et al., 2003). It has been predicted that human
activities, including fossil fuel combustion and agricultural fertilizers, contribute approximately 210 Tg of
reactive N to global terrestrial and marine ecosystems annually (Fowler et al., 2013). Excess N has caused
many environmental problems in lakes across the globe, including water quality degradation, loss of oxygen,
toxic algal blooms, and declining biodiversity (Camargo & Alonso, 2006). In China, due to the increased pointand nonpoint-source pollution (e.g., fertilizer application, sewage discharge, and atmospheric deposition) in
watersheds, the N concentration in many lakes has increased considerably over the last 40 years (Guan et al.,
2011; Liu et al., 2010).
Lakes are one of the most important sink for N, which can be denitriﬁed, immobilized, or stored in the sediments (Jansson et al., 1994). By using the “NiRReLa” model, Harrison et al. (2009) have estimated that global
lakes can remove approximately 13 Tg of N every year, representing 20% of estimated N inputs to inland
waters. In contrast to biological immobilization and sediment storage, sediment denitriﬁcation is the dominant N removal pathway in lake ecosystems and results in the permanent removal of N through the conversion of nitrate (NO3) to nitrous oxide (N2O) and dinitrogen (N2) gases (Bettez & Groffman, 2012).
Denitriﬁcation in lakes can be signiﬁcantly inﬂuenced by many local abiotic and biotic factors, including
water chemistry, sediment properties, and aquatic plant communities (Bruesewitz et al., 2011; Veraart
et al., 2011; Yao et al., 2016).
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Sediment denitriﬁcation is a microbial process and mediated by the following four enzymes: NO3 reductase,
nitrite (NO2) reductase (Nir), nitric-oxide (NO) reductase, and N2O reductase (Wallenstein et al., 2006). NO2
reduction to NO is catalyzed by either a Cu-containing enzyme encoded by the nirK gene or a cytochrome
cd1 enzyme encoded by nirS gene and is also the rate-limiting step of denitriﬁcation (Zumft, 1997).
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Therefore, the two genes have been frequently used as molecular markers to examine the denitrifying community structure in aquatic ecosystems (Warneke et al., 2011). Studies have indicated that bacterial distribution in sediments is shaped by both environmental factors and geographical distance or dispersal limitation
(Shi & Grogan, 2015; Xiong et al., 2012). However, the relative contribution of environmental factors and
geographical distance to denitrifying community dissimilarity in aquatic habitats is still unclear.
Increased anthropogenic activities and nitrogen loading are a key cause of the shift from macrophytedominated to algal-dominated lakes (Scheffer et al., 2001). To date, very few studies have directly examined
the negative effects of vegetation loss on sediment denitriﬁcation rates and denitrifying microbial communities in lakes. Forshay and Dodson (2011) found that sediments with aquatic vegetation supported greater
denitriﬁcation capacity than bare sediments in an agricultural stream. However, Song et al. (2014) reported
that the presence of emergent vegetation had little inﬂuence on spatial and temporal variations of soil
denitriﬁcation in riverine wetlands. More recently, a study indicated that vegetated sediments showed significantly higher abundance of nirS and nirK genes than bare sediments in oligotrophic shallow lakes (Vila-Costa
et al., 2016).
Most of the shallow lakes in the Yangtze River basin have undergone eutrophication (Yang et al., 2010).
Aquatic vegetation, especially submerged plants, has declined or even disappeared in many Yangtze lakes
because of eutrophication and ﬁsh farming (Qiu et al., 2001). Here we investigated the denitriﬁcation rates
and nirK and nirS denitriﬁer communities of sediments collected from 10 macrophyte-rich and 12
macrophyte-free lakes in the Yangtze River basin. The purposes of our study were (1) to test the hypothesis
that there are signiﬁcant differences in sediment denitriﬁcation rates and denitrifying community structure
between macrophyte-rich and macrophyte-free lakes; (2) to examine the relationships between sediment
denitriﬁcation rates and abiotic and biotic factors; and (3) to determine the relative importance of local environment as compared to geographic distance in shaping the sediment denitrifying microbial communities.

2. Material and Methods
2.1. Site Description
There are 648 natural lakes (most are <5 m deep) with an area greater than 1 km2 in the Yangtze River basin,
China. These lakes are concentrated in the middle and lower Yangtze River basin, which is located in the
subtropical climatic region with an average annual rainfall of 1,000–1,400 mm and annual temperature of
14–18 °C. This basin contains a large number of shallow lakes with a total area of more than 21,000 km2,
accounting for over 26% of the total area of Chinese lakes (Yang et al., 2010). These lakes are generally separated from the Yangtze River by hydrological dams and drainage sluices since the 1950s (Gui, 2013). Over the
last 40 years, most of the Yangtze lakes have faced many ecological issues such as nutrient enrichment, water
quality degradation, hypoxia, toxic algal blooms, and heavy metal pollution because of increased human
activities (Liu et al., 2012). In addition, the species richness, cover, and biomass of submerged plant communities have declined in many Yangtze lakes (Fang et al., 2006). For instance, the cover of submerged vegetation in the Lake Dianshan has decreased sharply from approximately 61.1% in 1987 to only 0.38% in 2010 (Shi
et al., 2011). In this lake, the dominant submerged macrophyte (Vallisneria natans L.) in 1980s and 1990s has
nearly disappeared in recent years.
2.2. Sample Collection and Vegetation Investigation
During 1 and 15 July 2013, we sampled 22 lakes in the Yangtze River basin, China (Figure S1 and Table S1 in
the supporting information). Before ﬁeld sampling, we searched published literatures to identify the studied
lakes and to understand the vegetation status of these lakes. Three to four sampling sites, separated by a
distance greater than 5,000 m, were sampled at the approximate mean water depth in each lake. At each
sampling site, we randomly collected three surface sediments (top 7 cm) within an area about 20 m2 by a
homemade sediment sampler. When submerged plants were present, the rhizosphere sediments were
collected by shaking off the sediments adhering to the plant roots. These sediments were mixed to form a
composite sample for each site, and 400–500 g of homogenized sediments was stored at 5 °C in a portable
refrigerator. To analyze the denitrifying microbial communities of each site, approximately 10-g sediments
were collected into a centrifuge tube and immediately frozen in liquid N2. Before sediment sampling began,
LIU ET AL.
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a 500-mL bottom water sample was collected at 0.5 m above the sediments to measure several water quality
parameters in the laboratory.
At each sampling site, we used a self-made plant grab (25 cm × 35 cm) to collect submerged macrophytes
three times in the same areas of sediment sampling (Wang et al., 2014). Submerged pants were generally
at their maximum seasonal biomass in late summer (July and August) in the Yangtze River basin. In this study,
we deﬁned the species richness as the species number of submerged macrophytes observed in a sampling
site. Submerged plants were thoroughly washed to remove sediments and other organisms and put into
cloth bags to calculate the fresh biomass per square meter. According to the deﬁnition by Bachmann et al.
(2002), the 22 lakes could be roughly grouped into macrophyte-rich (N = 10) and macrophyte-free (N = 12)
lakes based on their conditions of submerged vegetation (Table S2).
2.3. Assays of Sediment Denitriﬁcation and N2O Production Rates
The background denitriﬁcation assays were conducted on sediment from each sampling site using the acetylene blockage technique, which was the most commonly used method in the past (Bettez & Groffman, 2012;
Groffman et al., 2006; Vila-Costa et al., 2016; Xiong et al., 2017). The background denitriﬁcation rate was a conservative estimate of in situ sediment denitriﬁcation without carbon (C) and N amendments (Liu et al., 2015).
Approximately 20 g of homogenized sediments from each site were put into 250-mL brown glass bottles and
mixed with 20 mL of lake water. Each bottle was sealed with a rubber stopper and purged with 99.999% N2
for 2 min to create anoxic environments. Acetylene gas (25 mL) was then injected to each bottle to inhibit the
reduction of N2O to N2 during denitriﬁcation. We measured the N2O production rate using a similar procedure, but without the addition of acetylene (Liu et al., 2015). Finally, all bottles were incubated at 25 °C
(the approximate in situ water temperature) in the dark for 2 hr. The 2-hr incubation time was determined
after a trial, during which four random sediment samples were incubated for 1, 2, 3, and 4 hr to conﬁrm that
N2O accumulation was linear throughout the short assay duration (Bruesewitz et al., 2012). At the beginning
and end of incubation, approximately 5 mL of gas was removed from each bottle and stored in sealed vials.
A gas chromatograph equipped with an electron capture detector (Agilent 7890, CA, USA) was used to determine N2O concentrations. Sediment background denitriﬁcation and N2O production rates were calculated as
the difference between the initial and ﬁnal headspace N2O concentrations divided by the incubation time
and expressed on the basis of dry weight of sediment (ng N2O g1 hr1).
2.4. Measurements of Denitrifying Microbial Communities
DNA was extracted from replicate sediment subsamples using the PowerSoil DNA isolation kit (MoBio
Laboratories, Inc., CA, USA). The NanoDrop 2000 ﬂuorospectrometer (Thermo Fisher Scientiﬁc, MA, USA)
was used to detect the DNA quantity. The primers nirS1F and nirS6R were used to amplify the nirS gene
(Braker et al., 1998), while F1aCu and R3Cu were utilized for the nirK gene (Hallin & Lindgren, 1999). The polymerase chain reaction (PCR) mixture consisted of 2.5 μL of 10× buffer, 2 μL dNTPs (2.5 mM), 1 μL of genomic
DNA (10–100 ng), 0.5 μL of each primer (10 mM), and 0.2 μL of Taq polymerase (TaKaRa Biotech, Liaoning,
China). The PCR products were puriﬁed with an Axygen gel extraction Kit (Axygen Biosciences, CA, USA).
The puriﬁed PCR products were cloned into the pMD18-T vector (TaKaRa, Liaoning, China) and transferred
into DH5α competent cells (TransGen Biotech, Beijing, China). Eighty clones were randomly selected and then
sequenced using ABI 3730 automated sequencer (Applied Biosystems, CA, USA). The operational taxonomic
units were deﬁned as nirK or nirS sequences with at least 95% similarity using the furthest neighbor method
in Mothur software. The nirK and nirS sequences were deposited in GenBank under accession numbers
KU159577-KU159663, MF776097- MF776368, and MF776370-MF776507. By using the Mothur software, the
species richness (Chao1) and diversity indices (ACE, Shannon, and Simpson) of denitrifying communities
were calculated.
Quantitative PCR was performed to determine the abundance (i.e., copy number) of nirK and nirS genes in
triplicate using the ABI Prism 7900 (Applied Biosystems, CA, USA). The quantitative PCR was performed in a
20-μL volume containing 2 μL of genomic DNA template, 1 μL of each primer (10 μM), and 10 μL of SYBR
Green master mix (TaKaRa Biotech, Liaoning, China). The Primer sets of nirSCd3aF/nirSR3cd and
nirK876/nirK1040 were used for the nirS and nirK genes, respectively (Warneke et al., 2011). Standard curves
were obtained using serial dilution of the quantiﬁed standard plasmids carrying the target nirS and nirK
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Table 1
Mean Values and Standard Errors of Environmental Factors and Submerged Vegetation Structure in Macrophyte-Rich and
Macrophyte-Free Lakes
Abbreviation
Water quality
Depth (m)
Secchi depth (m)
Dissolved oxygen (mg/L)
Total organic carbon (mg/L)
Nitrate (mg/L)
Total nitrogen (mg/L)
Total phosphorus (mg/L)
3
Chlorophyll-a (mg/m )
Trophic state index
Sediment properties
Moisture (%)
3
Density (g/cm )
Sediment total carbon (mg/g)
Sediment total nitrogen (mg/g)
Submerged vegetation structure
Plant richness
2
Plant biomass (g/m )
Plant total nitrogen (mg/g)
a

Signiﬁcant at the 0.05 level;

b

Macrophyte-rich lakes (N = 10)

Macrophyte-free lakes (N = 12)

SD
DO
TOC

NO3 -N
TN
TP
Chl-a
TSI

1.98 ± 0.47
a
0.97 ± 0.08
6.36 ± 0.32
7.00 ± 0.36
0.24 ± 0.02
a
0.87 ± 0.05
b
0.03 ± 0.00
a
17.6 ± 4.16
b
55.3 ± 1.84

2.55 ± 1.07
a
0.38 ± 0.05
7.01 ± 0.52
7.74 ± 0.70
0.26 ± 0.04
a
1.25 ± 0.13
b
0.19 ± 0.03
a
40.7 ± 9.94
b
72.2 ± 1.87

b

STC
STN

68.5 ± 1.95
b
1.15 ± 0.02
29.2 ± 6.42
2.13 ± 0.36

57.1 ± 1.07
b
1.43 ± 0.02
20.1 ± 2.91
1.91 ± 0.16

PTN

3.05 ± 0.44
b
884 ± 197
b
7.90 ± 1.19

b

b

0
0
Not available

Signiﬁcant at the 0.01 level.

genes. The nirS and nirK abundance in each sampling site was calculated based on the constructed standard
curve and converted into copies per gram of sediment.
2.5. Determination of Environmental Factors and Geographical Distance
Water depth and Secchi depth (SD) were determined at each sampling site. The dissolved oxygen (DO) and
nitrate (NO3) concentrations of bottom water were determined with YSI meters (YSI Inc., OH, USA). Water
total organic carbon and total nitrogen (TN) concentration were determined using elemental analyzer
(Vario total organic carbon cube, Elementar, Germany). Water total phosphorus (TP) was analyzed by an acid
digest followed by the colorimetric assay with molybdenum blue method (Jiang et al., 2017). Chlorophyll-a
(Chl-a) was measured by ﬁltering 100–200 mL of lake waters through 0.45-μm cellulose acetate membrane
ﬁlters, extraction with 90% acetone, and measurement by a spectrophotometer. The trophic state index
(TSI) was calculated using the following equations (Carlson, 1977):

3

Macrophyte-free lakes (N=12)
Macrophyte-rich lakes (N=10)



2:04  0:68 ln Chl-a
TSI ðChl-aÞ ¼ 10 6 
ln 2

2

-1

-1

(ng N g h )

2.5

1.5

where SD was expressed in m, while TP and Chl-a contents were in mg/m3.
In this study, the TSI value was the mean value of TSI (SD), TSI (TP), and TSI
(Chl-a). The TSI values were categorized to <40, 40 ≤ TSI < 50,
50 ≤ TSI < 70, and ≥70, indicating oligotrophic, mesotrophic, eutrophic,
and hypertrophic status, respectively (Liu et al., 2010).

1
0.5
0

Background denitrification rate

N2O production rate

Figure 1. Background denitriﬁcation and N2O production rate (mean ± SE) in
sediments of macrophyte-rich and macrophyte-free lakes.
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TSI ðSDÞ ¼ 10 6 
ln 2
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1
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The sediment moisture was evaluated by drying 40-g fresh sediments at
105 °C for 24 hr. In addition, sediment density was measured by weighing
50 cm3 of homogenized fresh sediments after drying overnight at 80 °C.
The contents of sediment total nitrogen and total carbon were analyzed
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Table 2
Diversity and Abundance (Mean ± SE) of nirK and nirS Denitriﬁer
Communities in Macrophyte-Rich and Macrophyte-Free Lakes

NirK denitriﬁer community
Chao1
ACE
Shannon
Simpson
8 1
Abundance (10 g )
NirS denitriﬁer community
Chao1
ACE
Shannon
Simpson
8 1
Abundance (10 g )

Macrophyte-rich
lakes (N = 10)

Macrophyte-free
lakes (N = 12)

37.6 ± 4.17
52.8 ± 6.99
2.47 ± 0.09
0.12 ± 0.02
0.40 ± 0.12

29.4 ± 3.12
43.9 ± 6.54
2.40 ± 0.09
0.12 ± 0.02
0.32 ± 0.13

81.2 ± 9.87
161 ± 27.6
2.98 ± 0.09
0.06 ± 0.01
9.54 ± 1.82

80.7 ± 5.81
124 ± 13.8
3.03 ± 0.08
0.05 ± 0.01
11.7 ± 2.23

10.1029/2018GB005978

by an elemental analyzer (Vario total organic carbon cube, Elementar,
Germany) using air-dried and sieved samples (Jiang et al., 2017).
Submerged macrophytes were dried in an oven at 65 °C for 48 hr and then
powdered in a mixer. The Kjeldahl method was used to determine the
plant total N.
The latitude and longitude were obtained using a global positioning
system. These latitudes and longitudes were then imported into the
National Oceanic and Atmospheric Administration website (http://www.
nhc.noaa.gov/gccalc.shtml) to calculate the pairwise geographic distance
between sampling sites (Xiong et al., 2012). The detailed information
about the pairwise geographic distance is listed in Table S3.
2.6. Statistical Analyses

We calculated the average of each environmental factor, sediment denitriﬁcation variable, and microbial community parameter for each lake (Table S2
and Table S4). Before performing the statistical analyses, we examined
the data for normal distribution using a Shapiro-Wilk test. Nonnormally
distributed data were natural log or square root transformed to improve their normality. The independent
samples t test was used to compare environmental factor, sediment denitriﬁcation variable, and microbial
community parameter between macrophyte-rich and macrophyte-free lakes. In order to compare the denitrifying community composition of different lakes, cluster analysis was performed on the abundance of
operational taxonomic units using Bray-Curtis similarity and unweighted pair group method with arithmetic
mean. Pearson correlation test was used to assess the correlations between environmental factors and background denitriﬁcation and N2O production rates. The above statistical analyses were performed using PASW
Statistics 18.0 software (IBM SPSS Inc., Chicago, USA).
To investigate the role of environmental factors in shaping denitrifying community composition, canonical
correspondence analysis (CCA) was performed using the software CANOCO 4.5 (Microcomputer, NY, USA).
Detrended correspondence analysis was applied to evaluate if canonical correspondence analysis would
be appropriate to examine the associations between denitrifying community composition and environmental factors. Prior to canonical correspondence analysis, operational taxonomic unit abundance values were
standardized by expressing the abundance of per operational taxonomic unit as a percentage of the total
abundance for each lake. Additionally, each environmental factor was standardized by dividing the
value at a lake by the maximum measured value across the 22 lakes (Francis et al., 2013). The Monte Carlo
permutation test with a manual forward selection procedure was used to identify the signiﬁcant
environmental factors.

3. Results
3.1. Water Quality, Sediment Properties, and Vegetation Characteristics
The mean water TN and TP concentrations were 1.08 and 0.12 mg/L, respectively (Table S2). The water TN, TP,
and Chl-a concentrations and TSI in macrophyte-free lakes were signiﬁcantly greater than those in
macrophyte-rich lakes (Table 1), whereas the water SD was considerably higher in macrophyte-rich lakes
compared to macrophyte-free lakes. In the sediments, the averages of sediment total carbon and total nitrogen were 24.25 and 2.01 mg/g, respectively (Table S2). No submerged plants could be found in macrophytefree lakes, whereas the mean biomass of submerged plants in macrophyte-rich lakes was 884 g/m2 (Table 1).
3.2. Background Denitriﬁcation and N2O Production Rates
The background denitriﬁcation rate of lake sediments ranged from 0.36 to 5.87 ng N g1 hr1 and averaged
1.95 ng N g1 hr1. The N2O production rate varied between 0.02 and 0.61 ng N g1 hr1, with a mean
value of 0.09 ng N g1 hr1 (Table S4). The macrophyte-free lakes had a background denitriﬁcation rate
(2.31 ± 0.52 ng N g1 hr1) slightly but not signiﬁcantly greater than macrophyte-rich lakes
(1.50 ± 0.20 ng N g1 hr1, P = 0.07, Figure 1). Likewise, N2O production rate did not differ signiﬁcantly
between macrophyte-free and macrophyte-rich lakes (0.12 ± 0.05 versus 0.05 ± 0.01 ng N g1 hr1, P = 0.08).
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Figure 2. The community-level cluster of nirK denitriﬁers (a) and nirS denitriﬁers (b) at different sampling lakes. 1, Lake
Bajiaohu; 2, Lake Changdanghu; 3, Lake Changhu; 4, Lake Chihu; 5, Lake Datonghu; 6, Lake Dayehu; 7, Lake Dianshanhu;
8, Lake Donghu; 9, Lake Dongtinghu; 10, Lake Futouhu; 11, Lake Gehu; 12, Lake Guchenghu; 13, Lake Honghu; 14, Lake
Huahu; 15, Lake Junshanhu; 16, Lake Nanyihu; 17, Lake Saihu; 18, Lake Shijiuhu; 19, Lake Taihu (East Taihu); 20, Lake
Wanghu; 21, Lake Xilianghu; and 22, Lake Yangchenghu.

3.3. Sediment Denitrifying Community Structure
The Shannon index of nirK gene ranged from 1.85 in Lake Datong to 2.90 in Lake Nanyi, while the Shannon
index of nirS gene varied between 2.58 in Lake Futou and 3.43 in Lake Sai (Table S4). The nirK gene abundance
in lake sediments ranged from 0.18 × 107 to 16.64 × 107 gene copies per gram sediment, while the
abundance of the nirS gene varied between 1.88 × 108 and 26.25 × 108 gene copies per gram sediment
(Table S4). All diversity and abundance indices of nirK and nirS genes did not differ signiﬁcantly between
macrophyte-rich and macrophyte-free lakes (Table 2).
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Table 3
Pearson Correlation Coefﬁcients for the Associations Between Denitriﬁcation Variables and Environmental Factors and
Submerged Vegetation Structure
Macrophyte-rich lakes (N = 10)

Macrophyte-free lakes (N = 12)

Background
denitriﬁcation rate

N2O production
rate

Background
denitriﬁcation rate

N2O production
rate

0.27
0.09
0.38
0.12
a
0.66
0.34
0.08
0.21
0.15

0.24
0.39
0.45
0.13
0.38
0.28
0.29
0.27
0.10

0.40
0.09
0.29
0.06
0.29
0.32
0.26
0.02
0.12

0.36
0.27
0.14
0.26
0.08
a
0.74
0.05
0.19
0.23

0.55
0.10
0.15
0.08

0.51
0.34
0.20
0.14

0.64
0.28
0.18
0.23

0.11
0.51
0.05

0.26
0.15
0.07

Water quality
Depth
SD
DO
TOC

NO3 -N
TN
TP
Chl-a
TSI
Sediment properties
Moisture
Density
STC
STN
Vegetation structure
Plant richness
Plant biomass
PTN

a

0.49
0.05
0.58
a
0.65

Not available
Not available
Not available

Not available
Not available
Not available

Note. SD = Secchi depth, DO = dissolved oxygen, TOC = total organic carbon, TN = total nitrogen, TP = total phosphorus,
Chl-a = chlorophyll-a, TSI = trophic state index, STC = sediment total carbon, STN = sediment total carbon, PTN = plant
total nitrogen.
a
Signiﬁcant at the 0.05 level.

Cluster analysis indicated that nirK denitriﬁer community in the 22 lakes could be clustered into eight groups
(Figure 2a). The similarity indices of the nirK denitriﬁer community in Lake Nanyihu and Dayehu with that in
other lakes were both less than 0.2, which clustered into two groups. Cluster analysis also revealed that the
nirS denitriﬁer communities were approximately 70% similar in Lake Changhu and Lake Datonghu
(Figure 2b). The nirS denitriﬁer communities in the two lakes were similar to those in Lake Donghu and
Lake Dianshanhu. Overall, the denitriﬁer microbial community in macrophyte-rich lakes showed no clear distinction from those in macrophyte-free lakes (Figure 2).
Table 4
Pearson Correlation Coefﬁcients for the Associations Between Denitriﬁcation Variables and Denitrifying Community Structure
Macrophyte-rich
lakes (N = 10)
N2O production
rate

Background
denitriﬁcation rate

N2O production
rate

0.01
0.09
0.12
0.25
0.31

0.40
0.52
0.52
0.61
0.31

0.09
0.04
0.01
0.05
0.20

0.23
0.42
0.29
0.40
0.03

0.09
0.10
0.43
0.25
0.16

0.01
0.10
0.08
0.19
0.15

0.27
0.36
0.24
0.32
0.06

0.36
a
0.72
0.12
0.16
0.32

Background
denitriﬁcation rate
NirK denitriﬁer community
Chao1
ACE
Shannon
Simpson
Abundance
NirS denitriﬁer community
Chao1
ACE
Shannon
Simpson
Abundance
a

LIU ET AL.

Macrophyte-free
lakes (N = 12)

Signiﬁcant at the 0.05 level.
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Table 5
Eigenvalues and Variance Explained in the Canonical Correspondence Analysis
nirK denitriﬁer

Eigenvalues
Species-environment
correlations
Cumulative percentage
variance of species data
Cumulative percentage
variance of speciesenvironment relation
Sum of all eigenvalues
Sum of all canonical
eigenvalues

nirS denitriﬁer

Axis 1

Axis 2

Axis 3

Axis 4

0.535
0.993

0.529
0.988

0.403
0.982

0.333
0.970

Total
inertia
5.443

Axis 1

Axis 2

Axis 3

Axis 4

0.592
0.997

0.541
0.995

0.506
0.994

0.429
0.997

9.8

19.5

26.9

33.1

8.1

15.5

22.5

28.4

12.3

24.5

33.8

41.4

10.7

20.5

29.6

37.4

5.443
4.344

Total
inertia
7.289

7.289
5.533

3.4. Controls of Background Denitriﬁcation and N2O Production Rates
In the macrophyte-rich lakes, the background denitriﬁcation rate was positively associated with water NO3
concentrations (Table 3). However, N2O production rate was not signiﬁcantly correlated with water quality,
sediment parameters, and vegetation characteristics. In macrophyte-free lakes, the background denitriﬁcation rate increased with increasing sediment moisture (Table 3). N2O production rate was positively associated with N concentrations in both water and sediments (Table 3). In addition, N2O production rate in
macrophyte-free lakes was positively correlated with ACE index of nirS denitriﬁer (Table 4).
3.5. Factors Inﬂuencing Sediment Denitrifying Community Structure
The canonical axes explained 41.4% and 37.4% of the variance of the species-environment relation in nirK
and nirS denitriﬁer community, respectively (Table 5). Of all the environmental factors, water TN had the
greatest inﬂuence on the species composition of nirK denitriﬁer in lake sediments, followed by sediment
moisture (Figure 3a). With respect to nirS denitriﬁer community, water TN was the only signiﬁcant factor driving the distribution pattern (Figure 3b). In addition, the community similarity of both nirk and nirS was not
signiﬁcantly correlated with geographical distance (Figure 4).
Among the measured environmental factors, water DO was negatively correlated with the Simpson index
and abundance of nirS gene (Table 6). STN and plant total N were positively associated with Simpson diversity
and abundance of nirK gene, respectively. In addition, the ACE index of nirS denitriﬁer was positively associated with submerged plant biomass, while the Simpson diversity of nirS denitriﬁer was negatively related
to NO3 concentration (Table 6).

4. Discussion
4.1. Environmental and Biological Differences Between Macrophyte-Rich and Macrophyte-Free Lakes
Submerged vegetation is crucial for shallow lakes, because submerged plants are important primary producers and play a key role in maintaining the clear water state (Hilt et al., 2006). Studies have indicated that it is
easy to change an alternative stable state with clear water and dominance by aquatic macrophytes into a
stable situation with turbid water and dominance by phytoplankton (Scheffer et al., 2001). Eutrophication
has been considered as a major threat to shallow lakes in the world. In the Yangtze River basin, the most common result of eutrophication is excessive increases in the productivity and biomass of phytoplankton (Qin
et al., 2013). Increased anthropogenic activities in the Yangtze River basin have caused the shift from a
macrophyte-dominated state to a phytoplankton-dominated state in many shallow lakes. Our study revealed
that water TN, TP, and Chl-a concentrations and TSI in macrophyte-free lakes were greater than those in
macrophyte-rich lakes (Table 1). In addition, water transparency was considerably higher in macrophyte-rich
lakes (0.97 ± 0.08 m) compared to macrophyte-free lakes (0.38 ± 0.05 m), implying that submerged vegetation restoration might effectively improve water quality of shallow lakes. Similarly, Pan et al. (2015) found that
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TN, TP, and Chl-a concentrations in phytoplankton-dominated lakes
were considerably larger than those in macrophyte-dominated lakes in
China. Mieczan (2010) also found considerable differences between
phytoplankton-dominated and macrophyte-dominated lakes in water
transparency, N and P concentrations, and Chl-a in eastern Poland.
Results from previous studies and our study indicated that there were signiﬁcant differences in environmental factors between macrophyte-free
and macrophyte-dominated lakes.
In comparison with phytoplankton-dominated lakes, macrophytedominated lakes usually had higher biodiversity and abundance of aquatic
animals and microbes (Qiu et al. 2011). For instance, Pan et al. (2015)
revealed that macroinvertebrate diversity declined with increasing eutrophication in Yangtze lakes, because of the gradual disappearance of aquatic vegetation that provided food sources and habitable area for epiphytic
animals. However, Hu et al. (2016) indicated that the total abundance of
sediment microinvertebrates was signiﬁcantly higher in the algaedominated lakes than in the macrophyte-dominated lakes in eastern
China. In this study, the diversity and abundance of denitrifying microbial
communities did not differ signiﬁcantly between macrophyte-rich and
macrophyte-free lakes (Table 2). Similarly, Shao et al. (2011) and Sun
(2014) reported that sediment bacterial diversity and abundance were
comparable between macrophyte-dominated and algae-dominated areas
in shallow lakes. These results may imply that submerged vegetation
degradation may produce inconsistent effects on abundance and diversity
of different groups of aquatic organisms.
4.2. Sediment Denitriﬁcation Rates of Macrophyte-Rich and
Macrophyte-Free Lakes

Figure 3. Biplots of canonical correspondence analysis of environmental factors and nirK (a) and nirS (b) denitriﬁer communities.

Several studies have examined the effects of submerged macrophytes on
the sediment denitriﬁcation rates, but their ﬁndings are controversial
(Forshay & Dodson, 2011; Veraart et al., 2011). Forshay and Dodson
(2011) reported that sediments with submerged vegetation supported
higher denitriﬁcation rates than unvegetated sediments, because sediments with plants might not be C limited. A meta-analysis also showed
that wetland plants increased soil denitriﬁcation rates by 55% on average,
mainly by supplying organic C and introducing oxygen that increased generation of NO3 from nitriﬁcation (Alldred & Baines, 2016). However,
Veraart et al. (2011) found that sediment denitriﬁcation rates were comparable between microcosms with submerged plants and microcosms
without plants. In the present study, macrophyte-free lakes in the
Yangtze River basin had a background denitriﬁcation rate slightly but
not signiﬁcantly higher than macrophyte-rich lakes (Figure 1). Moreover,
we found no signiﬁcant relationships between plant community characteristics and sediment background denitriﬁcation and N2O production
rates. Thus, water quality, sediment properties, and denitrifying communities may explain most of the variation in sediment denitriﬁcation rates
in Yangtze lakes.

In macrophyte-rich lakes, sediment denitriﬁcation rate was positively correlated with water NO3 concentrations (Table 3). However, this signiﬁcant correlation was not detected in macrophyte-free lakes. The positive
relationship between N content and denitriﬁcation rate has been frequently observed, because NO3 is the
terminal electron receptor of denitriﬁcation process and a high NO3 level in lake water can directly enhance
the sediment denitriﬁcation rates (Garcı́a-Ruiz et al., 1998; Liu et al., 2015; Yao et al., 2016). In macrophytefree lakes, background denitriﬁcation rate increased with increasing sediment moisture (Table 3).
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Sediments were taken from under the lake water and generally saturated
with water. High sediment moisture inhibits oxygen diffusion to sediment
microorganisms, therefore leading to anoxic or anaerobic environments
favorable for sediment denitriﬁcation process (Liu et al., 2015). In some
cases, C availability is considered as one of the most important factor regulating the sediment denitriﬁcation rates (Bruesewitz et al., 2011).
Consistent with previous work conducted in the Yangtze River basin
(e.g., Yao et al., 2016), our study found that there was no signiﬁcant relationship between denitriﬁcation rates and C concentrations in water or
sediments (Table 3). This result can be due to the high concentration of
C in sediments and suggests that sediment denitriﬁcation rates of
Yangtze lakes are not limited by the availability of C.

0.8

4.3. The Role of Environment Factors and Geographic Distance in
Structuring Denitriﬁer Communities
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The present study indicated that the abundance and diversity of nirS gene
were considerably greater than those of nirK gene in sediments of both
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been
reported in a large number of aquatic ecosystems (e.g., Abell et al.,
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2010; Francis et al., 2013). Interestingly, we found that abundance of
Figure 4. The linear relationships between geographic distance and the nirS-encoding but not nirK-encoding denitriﬁers was negatively related
Bray-Curtis similarity of nirK (a) and nirS (b) denitriﬁer communities.
to water DO (Table 6). It has been proved that sediment denitriﬁers favor
anoxic or anaerobic conditions to conduct NO2 reduction (Yuan et al.,
2012). Knapp et al. (2009) have reported that nirS-encoding denitriﬁers
mainly reside in low oxygen environments and nirK-type denitriﬁers are not sensitive to change in oxygen
availability. We also found that water TN, STN, plant total N, and sediment moisture were the main factors
regulating the species composition of denitrifying microbial communities (Figure 3 and Table 6). TN and
NO3 concentrations have been always considered as the important determinants of denitrifying microbial
communities (Guo et al., 2014), because NO3 can serve as a terminal electron acceptor. Sediment moisture

Table 6
Pearson Correlation Coefﬁcients Between Local Factors and Diversity and Abundance of Sediment Denitrifying Communities
nirK denitriﬁer

Depth
SD
DO
TOC
TN

NO3 -N
TP
Chl-a
TSI
Moisture
Density
STC
STN
Richness
Biomass
PTN

nirS denitriﬁer

Chao1

ACE

Shannon

Simpson

Abundance

Chao1

ACE

Shannon

Simpson

Abundance

0.13
0.20
0.36
0.12
0.26
0.01
0.11
0.07
0.23
0.09
0.19
0.06
0.09
0.11
0.25
0.29

0.12
0.03
0.31
0.19
0.31
0.06
0.03
0.02
0.08
0.01
0.12
0.11
0.14
0.02
0.08
0.25

0.01
0.12
0.18
0.16
0.18
0.05
0.16
0.03
0.23
0.15
0.15
0.21
0.29
0.02
0.22
0.30

0.07
0.00
0.14
0.20
0.12
0.16
0.11
0.06
0.14
0.20
0.04
0.36
a
0.48
0.10
0.10
0.30

0.15
0.16
0.06
0.10
0.22
0.13
0.05
0.27
0.16
0.18
0.10
0.34
0.06
0.06
0.02
a
0.72

0.21
0.17
0.03
0.00
0.03
0.03
0.01
0.18
0.03
0.38
0.11
0.18
0.14
0.08
0.26
0.31

0.17
0.19
0.16
0.06
0.02
0.22
0.20
0.04
0.32
0.05
0.18
0.06
0.08
0.21
a
0.52
0.51

0.40
0.16
0.30
0.17
0.07
0.21
0.03
0.20
0.11
0.16
0.16
0.07
0.00
0.19
0.14
0.20

0.27
0.05
a
0.49
0.27
0.19
a
0.43
0.06
0.08
0.01
0.05
0.09
0.01
0.05
0.14
0.12
0.38

0.09
0.29
a
0.49
0.34
0.11
0.27
0.23
0.25
0.37
0.18
0.21
0.13
0.05
0.18
0.19
0.36

Note. SD = Secchi depth, DO = dissolved oxygen, TOC = total organic carbon, TN = total nitrogen, TP = total phosphorus, Chl-a = chlorophyll-a, TSI = trophic state
index, STC = sediment total carbon, STN = sediment total carbon, PTN = plant total nitrogen.
b
Signiﬁcant at the 0.05 level; Signiﬁcant at the 0.01 level.

a
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was strongly associated with oxygen availability in lake sediments (Seitzinger et al., 2006). Previous studies
have proven that DO is a key factor affecting the denitriﬁer community (e.g., Guo et al., 2014).
Species dispersal is a key process regulating the spatial pattern of sediment microbial communities (Martiny
et al., 2006). Many studies have investigated the relationships between geographic distance (an index of species dispersal limitation) and similarity indices of microbial communities in a variety of habitats, but their
results are not always in agreement (e.g., Monroy et al., 2012; Xiong et al., 2012). Xiong et al. (2012) demonstrated that dispersal limitation was important in inﬂuencing assemblage structure of sediment microorganisms in Tibetan lakes. They also reported that similarity of community composition between sites decayed
with increasing geographic distance (the distance-decay relationship in microbial ecology). In this study,
we found no signiﬁcant association between geographic distance and community similarity of sediment
denitriﬁers in Yangtze lakes (Figure 4), consistent with a study by Fierer et al. (2007) who showed that dispersal limitation had little effect on the biogeographical patterns of stream bacterial communities. Our ﬁndings
suggest that environmental factors, not geographic distance, appear to be the primary drivers of species
composition and distribution pattern of sediment denitrifying communities in human-disturbed lakes.

5. Conclusions
To our knowledge, the present study is the ﬁrst to examine the inﬂuence of submerged vegetation loss in
lakes on sediment denitriﬁcation process and denitrifying microbial communities at a large basin scale.
We observed that denitriﬁcation and N2O production rates in macrophyte-rich lakes were slightly but
not signiﬁcantly lower than those in macrophyte-free lakes. Likewise, the presence of submerged vegetation had no signiﬁcant effect on both diversity and abundance of denitrifying microbes. We found that
sediment denitriﬁcation rates were primarily determined by water quality and sediment properties rather
than denitriﬁer microbial community. From these ﬁndings, we can conclude that decline of submerged
vegetation in Yangtze lakes has no signiﬁcant effect on sediment denitriﬁcation rates and denitrifying
community structure.
Acknowledgments
We thank Yujing Wu, Ziqian Xiong, and
Bei Lu for their assistance with ﬁeld
sampling, sample processing, and
laboratory analyses. This research was
funded by the National Natural Science
Foundation of China (31720103905 and
31570535), the National Science and
Technology Basic Special Project of
China (2014FY210700), and the Youth
Innovation Promotion Association,
Chinese Academy of Sciences
(2017388). The data used are available
in the supporting information.

LIU ET AL.

References
Abell, G. C. J., Revill, A. T., Smith, C., Bissett, A. P., Volkman, J. K., & Robert, S. S. (2010). Archaeal ammonia oxidizers and nirS-type denitriﬁers
dominate sediment nitrifying and denitrifying populations in a subtropical macrotidal estuary. ISME Journal, 4(2), 286–300. https://doi.
org/10.1038/ismej.2009.105
Alldred, M., & Baines, S. B. (2016). Effects of wetland plants on denitriﬁcation rates: A meta-analysis. Ecological Applications, 26(3), 676–685.
https://doi.org/10.1890/14-1525
Bachmann, R. W., Horsburgh, C. A., Hoyer, M. V., Mataraza, L. K., & Canﬁeld, D. E. (2002). Relations between trophic state indicators and plant
biomass in Florida lakes. Hydrobiologia, 470(1/3), 219–234. https://doi.org/10.1023/A:1015660922494
Bettez, N. D., & Groffman, P. M. (2012). Denitriﬁcation potential in stormwater control structures and natural riparian zones in an urban
landscape. Environmental Science & Technology, 46(20), 10909–10917. https://doi.org/10.1021/es301409z
Braker, G., Fesefeldt, A., & Witzel, K. P. (1998). Development of PCR primer systems for ampliﬁcation of nitrite reductase genes (nirK and nirS)
to detect denitrifying bacteria in environmental samples. Applied and Environmental Microbiology, 64(10), 3769–3775.
Bruesewitz, D. A., Hamilton, D. P., & Schipper, L. A. (2011). Denitriﬁcation potential in lake sediment increases across a gradient of catchment
agriculture. Ecosystems, 14(3), 341–352. https://doi.org/10.1007/s10021-011-9413-2
Bruesewitz, D. A., Tank, J. L., & Hamilton, S. K. (2012). Incorporating spatial variation of nitriﬁcation and denitriﬁcation rates into whole-lake
nitrogen dynamics. Journal of Geophysical Research, 117, G00N07. https://doi.org/10.1029/2012JG002006
Camargo, J. A., & Alonso, Á. (2006). Ecological and toxicological effects of inorganic nitrogen pollution in aquatic ecosystems: A global
assessment. Environment International, 32(6), 831–849. https://doi.org/10.1016/j.envint.2006.05.002
Carlson, R. E. (1977). A trophic state index for lakes. Limnology and Oceanography, 22(2), 361–369. https://doi.org/10.4319/
lo.1977.22.2.0361
Fang, J. Y., Wang, Z. H., Zhao, S. Q., Li, Y. K., Tang, Z. Y., Yu, D., et al. (2006). Biodiversity changes in the lakes of the Central Yangtze. Frontiers in
Ecology and the Environment, 4(7), 369–377. https://doi.org/10.1890/1540-9295(2006)004[0369:BCITLO]2.0.CO;2
Fierer, N., Morse, J. L., Berthrong, S. T., Bernhardt, E. S., & Jackson, R. B. (2007). Environmental controls on the landscape-scale biogeography of
stream bacterial communities. Ecology, 88(9), 2162–2173. https://doi.org/10.1890/06-1746.1
Forshay, K. J., & Dodson, S. I. (2011). Macrophyte presence is an indicator of enhanced denitriﬁcation and nitriﬁcation in sediments of a
temperate restored agricultural stream. Hydrobiologia, 668(1), 21–34. https://doi.org/10.1007/s10750-011-0619-2
Fowler, D., Coyle, M., & Skiba, U. (2013). The global nitrogen cycle in the twenty-ﬁrst century. Philosophical Transactions of the Royal Society B,
368, 20,130,164.
Francis, C. A., O’Mullan, G. D., Cornwell, J. C., & Ward, B. B. (2013). Transitions in nirS-type denitriﬁer diversity, community composition, and
biogeochemical activity along the Chesapeake Bay estuary. Frontiers in Microbiology, 4, 237.
Galloway, J. N., Aber, J. D., Erisman, J. W., Seitzinger, S. P., Howarth, R. W., Cowling, E. B., & Cosby, B. J. (2003). The nitrogen cascade. Bioscience,
53(4), 341–356. https://doi.org/10.1641/0006-3568(2003)053[0341:TNC]2.0.CO;2
Garcı́a-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, 467–476.

1205

Global Biogeochemical Cycles

10.1029/2018GB005978

Groffman, P. M., Altabet, M. A., Bohlke, J. K., Butterbach-Bahl, K., David, M. B., Firestone, M. K., et al. (2006). Methods for measuring denitriﬁcation: Diverse approaches to a difﬁcult problem. Ecological Applications, 16(6), 2091–2122. https://doi.org/10.1890/10510761(2006)016[2091:MFMDDA]2.0.CO;2
Guan, B. H., An, S. Q., & Gu, B. H. (2011). Assessment of ecosystem health during the past 40 years for Lake Taihu in the Yangtze River Delta,
China. Limnology, 12(1), 47–53. https://doi.org/10.1007/s10201-010-0320-6
Gui, Z. F. (2013). Organic carbon burial in lake sediments in the middle and lower reaches of the Yangtze River basin, China. Hydrobiologia,
710(1), 143–156. https://doi.org/10.1007/s10750-012-1365-9
Guo, L. Y., Hu, Z. X., Fang, F., Liu, T., Chuai, X. M., & Yang, L. Y. (2014). Trophic status determines the nirS-denitriﬁer community in shallow
freshwater lakes. Annals of Microbiology, 64(3), 999–1006. https://doi.org/10.1007/s13213-013-0737-3
Hallin, S., & Lindgren, P. E. (1999). PCR detection of genes encoding nitrite reductase in denitrifying bacteria. Applied and Environmental
Microbiology, 65(4), 1652–1657.
Harrison, J. A., Maranger, R. J., Alexander, R. B., Giblin, A. E., Jacinthe, P. A., Mayorga, E., et al. (2009). The regional and global signiﬁcance of
nitrogen removal in lakes and reservoirs. Biogeochemistry, 93(1-2), 143–157. https://doi.org/10.1007/s10533-008-9272-x
Hilt, S., Gross, E. M., Hupfer, M., Morscheid, H., Mahlmann, J., Melzer, A., et al. (2006). Restoration of submerged vegetation in shallow
eutrophic lakes: A guideline and state of the art in Germany. Limnologica, 36(3), 155–171. https://doi.org/10.1016/j.limno.2006.06.001
Hu, Z. X., Sun, X., Cai, Y. J., Guo, L. Y., Chen, Q. K., Liu, T., et al. (2016). The habitat type and trophic state determine benthic macroinvertebrate
assemblages in lowland shallow lakes of China. Journal of Limnology, 75, 330–339.
Jansson, M., Andersson, R., Berggren, H., & Leonardson, L. (1994). Wetlands and lakes as nitrogen traps. Ambio, 23, 320–325.
Jiang, X. L., Wu, Y. J., Liu, G. H., Liu, W. Z., & Lu, B. (2017). The effects of climate, catchment land use and local factors on the abundance and
community structure of sediment ammonia-oxidizing microorganisms in Yangtze lakes. AMB Express, 7(1), 173. https://doi.org/10.1186/
s13568-017-0479-x
Knapp, C. W., Dodds, W. K., Wilson, K. C., O’Brien, J. M., & Graham, D. W. (2009). Spatial heterogeneity of denitriﬁcation genes in a highly
homogenous urban stream. Environmental Science & Technology, 43(12), 4273–4279. https://doi.org/10.1021/es9001407
Liu, W. Z., Yao, L., Wang, Z. X., Xiong, Z. Q., & Liu, G. H. (2015). Human land uses enhance sediment denitriﬁcation and N2O production in
Yangtze lakes primarily by inﬂuencing lake water quality. Biogeosciences, 12(20), 6059–6070. https://doi.org/10.5194/bg-12-6059-2015
Liu, W. Z., Zhang, Q. F., & Liu, G. H. (2010). Lake eutrophication associated with geographic location, lake morphology and climate in China.
Hydrobiologia, 644(1), 289–299. https://doi.org/10.1007/s10750-010-0151-9
Liu, W. Z., Zhang, Q. F., & Liu, G. H. (2012). Inﬂuences of watershed landscape composition and conﬁguration on lake-water quality in the
Yangtze River basin of China. Hydrological Processes, 4, 570–578.
Martiny, J. B. H., Bohannan, B. M., Brown, J. H., Colwell, R. K., Fuhrman, J. A., & Green, J. L. (2006). Microbial biogeography: Putting microorganisms on the map. Nature Reviews. Microbiology, 4(2), 102–112. https://doi.org/10.1038/nrmicro1341
Mieczan, T. (2010). Periphytic ciliates in three shallow lakes in eastern Poland: A comparative study between a phytoplankton-dominated
lake, a phytoplankton-macrophyte lake. Zoological Studies, 49, 589–600.
Monroy, F., van der Putten, W. H., Yergeau, E., Mortimer, S. R., Duyts, H., & Bezemer, T. M. (2012). Community patterns of soil bacteria and
nematodes in relation to geographic distance. Soil Biology & Biochemisty., 45, 1–7. https://doi.org/10.1016/j.soilbio.2011.10.006
Pan, B. Z., Wang, H. Z., Pusch, M. T., & Wang, H. J. (2015). Macroinvertebrate responses to regime shifts caused by eutrophication in subtropical shallow lakes. Freshwater Science, 34(3), 942–952. https://doi.org/10.1086/682077
Qin, B. Q., Gao, G., Zhu, G. W., Zhang, Y. L., Song, Y. Z., Tang, X. M., et al. (2013). Lake eutrophication and its ecosystem response. Chinese
Science Bulletin, 58(9), 961–970. https://doi.org/10.1007/s11434-012-5560-x
Qiu, D. R., Wu, Z. B., Liu, B. Y., Deng, J. Q., Fu, G. P., & He, F. (2001). The restoration of aquatic macrophytes for improving water quality in a
hypertrophic shallow lake in Hubei Province, China. Ecological Engineering, 18(2), 147–156. https://doi.org/10.1016/S0925-8574(01)00074-X
Scheffer, M., Carpenter, S., Foley, J. A., Folke, C., & Walker, B. (2001). Catastrophic shifts in ecosystems. Nature, 413(6856), 591–596. https://doi.
org/10.1038/35098000
Seitzinger, S., Harrison, J. A., Bohlke, J. K., Bouwman, A. F., Lowrance, R., Peterson, B., et al. (2006). Denitriﬁcation across landscapes and
waterscapes: A synthesis. Ecological Applications, 16(6), 2064–2090. https://doi.org/10.1890/1051-0761(2006)016[2064:DALAWA]2.0.CO;2
Shao, K., Gao, G., Qin, B., Tang, X., Wang, Y., Chi, K., & Dai, J. (2011). Comparing sediment bacterial communities in the macrophyte-dominated
and algae-dominated areas of eutrophic Lake Taihu, China. Canadian Journal of Microbiology, 57(4), 263–272. https://doi.org/10.1139/
w11-003
Shi, W., Liu, L. H., & Da, L. J. (2011). Current status and 30-year changes in aquatic macrophytes in Lake Dianshan, Shanghai. Journal of Lake
Science, 23, 417–423. (in Chinese with English abstract)
Shi, Y., & Grogan, P. (2015). Multi-scale variability analysis reveals the importance of spatial distance in shaping Arctic soil microbial functional
communities. Soil Biology and Biochemistry, 86, 126–134. https://doi.org/10.1016/j.soilbio.2015.03.028
Song, K., Hernandez, M. E., Batson, J. A., & Mitsch, W. J. (2014). Long-term denitriﬁcation rates in created riverine wetlands and their relationship with environmental factors. Ecological Engineering, 72, 40–46. https://doi.org/10.1016/j.ecoleng.2013.06.041
Sun, X. (2014). Spatial distribution of ammonia-oxidizing archaea and bacteria across eight freshwater lakes in sediments from Jiangsu of
China. Journal of Limnology, 73, 312–324.
Veraart, A. J., De Bruijne, W. J. J., De Klein, J. J. M., Peeters, E. T. H. M., & Scheffer, M. (2011). Effects of aquatic vegetation type on denitriﬁcation.
Biogeochemistry, 104(1-3), 267–274. https://doi.org/10.1007/s10533-010-9500-z
Vila-Costa, M., Pulido, C., Chappuis, E., Calviño, A., Casamayor, E. O., & Gacia, E. (2016). Macrophyte landscape modulates lake ecosystem-level
nitrogen losses through tightly coupled plant-microbe interactions. Limnology and Oceanography, 61(1), 78–88. https://doi.org/10.1002/
lno.10209
Wallenstein, M. D., Myrold, D. D., Firestone, M., & Voytek, M. (2006). Environmental controls on denitrifying communities and denitriﬁcation
rates: Insights from molecular methods. Ecological Applications, 16(6), 2143–2152. https://doi.org/10.1890/1051-0761(2006)016[2143:
ECODCA]2.0.CO;2
Wang, Z. X., Yao, L., Liu, G. H., & Liu, W. Z. (2014). Heavy metals in water, sediments and submerged macrophytes in ponds around the Dianchi
Lake, China. Ecotoxicology and Environmental Safty, 107, 200–206. https://doi.org/10.1016/j.ecoenv.2014.06.002
Warneke, S., Schipper, L. A., Matiasek, M. G., Scow, K. M., Cameron, S., & Bruesewitz, D. A. (2011). Nitrate removal, communities of denitriﬁers
and adverse effects in different carbon substrates for use in denitriﬁcation beds. Water Research, 45(17), 5463–5475. https://doi.org/
10.1016/j.watres.2011.08.007
Xiong, J. B., Liu, Y. Q., Lin, X. G., Zhang, H. Y., Zeng, J., Hou, J. Z., et al. (2012). Geographic distance and pH drive bacterial distribution in
alkaline lake sediments across Tibetan Plateau. Environmental Microbiology, 14(9), 2457–2466. https://doi.org/10.1111/j.14622920.2012.02799.x

LIU ET AL.

1206

Global Biogeochemical Cycles

10.1029/2018GB005978

Xiong, Z. Q., Guo, L. D., Zhang, Q. F., Liu, G. H., & Liu, W. Z. (2017). Edaphic conditions regulate denitriﬁcation directly and indirectly by altering
denitriﬁer abundance in wetlands along the Han River, China. Environmental Science & Technology, 51(10), 5483–5491. https://doi.org/
10.1021/acs.est.6b06521
Yang, G. S., Ma, R. H., Zhang, L., Jiang, J. H., Yao, S. C., Zhang, M., & Zeng, H. A. (2010). Lake status, major problems and protection strategy in
China. Scientia Limnologica Sinica., 22, 799–810. (In Chinese with English abstract)
Yao, L., Jiang, X. L., Chen, C. R., Liu, G. H., & Liu, W. Z. (2016). Within-lake variability and environmental controls of sediment denitriﬁcation and
associated N2O production in a shallow eutrophic lake. Ecological Engineering, 97, 251–257. https://doi.org/10.1016/j.ecoleng.2016.10.023
Yuan, Q., Liu, P. F., & Lu, Y. H. (2012). Differential responses of nirK- and nirS-carrying bacteria to denitrifying conditions in the anoxic rice ﬁeld
soil. Environmental Microbiology Reports, 4(1), 113–122. https://doi.org/10.1111/j.1758-2229.2011.00311.x
Zumft, W. G. (1997). Cell biology and molecular basis of denitriﬁcation. Microbiology and Molecular Biology Reviews, 61(4), 533–616.

LIU ET AL.

1207

