
Nitrification Regulates the Spatiotemporal Variability of N2O
Emissions in a Eutrophic Lake
Xia Liang,*,# Baoli Wang,# Dengzhou Gao, Ping Han, Yanling Zheng, Guoyu Yin, Hongpo Dong,
Yali Tang, and Lijun Hou*

Cite This: https://doi.org/10.1021/acs.est.2c03992 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Nitrous oxide (N2O) emissions from lakes exhibit
significant spatiotemporal heterogeneity, and quantitative identi-
fication of the different N2O production processes is greatly
limited, causing the role of nitrification to be undervalued or
ignored in models of a lake’s N2O emissions. Here, the
contributions of nitrification and denitrification to N2O production
were quantitatively assessed in the eutrophic Lake Taihu using
molecular biology and isotope mapping techniques. The N2O
fluxes ranged from −41.48 to 28.84 μmol m−2 d−1 in the lake, with
lower N2O concentrations being observed in spring and summer
and significantly higher N2O emissions being observed in autumn
and winter. The 15N site preference and relevant isotopic evidence
demonstrated that denitrification contributed approximately 90% of the lake’s gross N2O production during summer and autumn,
27−83% of which was simultaneously eliminated via N2O reduction. Surprisingly, nitrification seemed to act as a key process
promoting N2O production and contributing to the lake as a source of N2O emissions. A combination of N2O isotopocule-based
approaches and molecular techniques can be used to determine the precise characteristics of microbial N2O production and
consumption in eutrophic lakes. The results of this study provide a basis for accurately assessing N2O emissions from lakes at the
regional and global scales.
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1. INTRODUCTION
Nitrous oxide (N2O) is an important greenhouse gas that has
attracted much attention in recent climate change studies.1

With increased anthropogenic reactive nitrogen inputs and
nitrogen accumulation, quantifying N2O budgets has become a
popular and challenging topic in lake research.2,3 However, the
remarkable spatiotemporal heterogeneity of lake N2O
emissions makes it difficult to accurately determine lake N2O
budgets at the regional and global scales. Nitrification and
denitrification are the main N2O production pathways,4,5 but
the contributions of these two pathways of N2O emissions vary
significantly due to the spatial and temporal variability of the
environmental factors and microbes, leading to inconsistencies
in estimations of N2O emissions at the field and regional
scales.6−8 Therefore, a method of precisely quantifying
microbial N2O sources is urgently needed to improve N2O
emission estimates, despite the existence of empirical methods
for the estimation of N2O emissions using environmental
parameters (e.g., water temperature and nitrate content).9,10

Molecular biological techniques and isotopocule-based
approaches have been widely applied in the recognition of
key functional microorganisms and the simultaneous quanti-
tative evaluation of the key microbial pathways (e.g., fungal-

and bacterial-mediated denitrification) regulating N2O pro-
duction and consumption.11−15 For example, denitrification
has been reported to contribute to more than 90% of soil N2O
production in temperate coniferous forests and estuarine
intertidal sediments, but most of this N2O (up to 98%) is
simultaneously eliminated in the soil layers via N2O reduction,
causing forest soils and tidal flats to exhibit low or negative
N2O fluxes and to serve as N2O sinks.4,16−18 In freshwater
ecosystems, it has been found that the contribution of
denitrification to N2O emissions increases with increasing
eutrophication level.5,19 However, N2O produced via nitrifica-
tion has been found to contribute to the substantial N2O
accumulation in a coastal upwelling system and some lakes
when suitable conditions occur, and it is thus a principal source
of N2O emissions in these water bodies.20,21 In lakes, the
contribution of nitrification to the gross N2O emissions varies

Received: June 12, 2022
Revised: October 4, 2022
Accepted: October 20, 2022

Articlepubs.acs.org/est

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.est.2c03992
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

N
A

N
JI

N
G

 I
N

ST
 O

F 
G

E
O

G
R

A
PH

Y
 &

 L
IM

N
O

L
O

G
Y

 o
n 

N
ov

em
be

r 
24

, 2
02

2 
at

 0
4:

11
:2

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xia+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baoli+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dengzhou+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ping+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanling+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guoyu+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongpo+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yali+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yali+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lijun+Hou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.2c03992&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c03992?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c03992?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c03992?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c03992?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c03992?fig=tgr1&ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.2c03992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf


significantly (ranging from 20% to 100%) and depends on the
trophic status and hypoxic conditions.22,23 However, nitrifica-
tion has been ignored or underestimated in models of the
spatial and temporal variations in N2O emissions from lakes.
Currently, our understanding of the various microbial
pathways regulating N2O emissions from lakes is still limited,
mostly due to a lack of quantitative information about the
contributions of the different pathways to N2O production and
the potential N2O reduction processes. This lack of
quantitative information also makes it difficult to accurately
characterize the underlying mechanisms controlling the N2O
source−sink processes and to precisely describe and predict
the spatiotemporal variations in the N2O emissions.
Herein, we hypothesized that the N2O produced via

nitrification is an important source of N2O and promotes the
spatiotemporal heterogeneity of N2O emissions from eutrophic
lakes. Lake Taihu in eastern China was selected as a
representative lake to investigate the N2O flux and the
contributions of the various pathways to the N2O production
and consumption in the lake. The objectives of this study were
to identify the critical role of nitrification in N2O production
and to reveal the mechanisms controlling the spatiotemporal
heterogeneity of N2O emissions from eutrophic lakes. This
study is of great significance in improving our understanding of
N2O production, and it provides a basis for assessing N2O
budgets and mitigating N2O emissions from lakes at regional
and global scales.

2. MATERIALS AND METHODS
2.1. Site Description and Sample Collection. Lake

Taihu is a typical shallow eutrophic lake in the middle and
lower reaches of the Yangtze River Delta. The lake’s surface
area, mean depth, catchment area, and mean water retention
time are 2338 km2, 1.9 m, 36895 km2, and 284 days,
respectively.24 The multiyear average annual rainfall and the
temperature are about 430 mm and 15.5 °C, respectively, and
the rainfall is concentrated in the summer (May−September).
A detailed description of the site is provided in the Supporting
Information. The annual lake N2O emissions range from 0.13
to 0.49 Gg N yr, and the N2O flux varies across the
watershed.25−27 Excessive nutrient loadings and frequent
severe algal blooms have been suggested to be the environ-
mental factors controlling the spatiotemporal variations in the
N2O emissions, and denitrification is thought to be the main
pathway regulating the N2O production in the lake.25,27

Nitrification has been observed to occur under seasonal
hypoxic and anoxic conditions and has been considered to play
a role only in providing substrates for denitrification.28

Seasonal sampling was performed in the autumn (October)
of 2018 and in the winter (January), spring (May), and
summer (August) of 2019. Three typical sites were surveyed
within the northern (Meiliang Bay, the algal-type zone,
denoted as AA), southeastern (Eastern Taihu Bay, the
macrophyte-type zone, denoted as SV), and central areas
(Central Lake Taihu, the transition area between the algal-type
and macrophyte-type zones, denoted as TA) (Figure 1). Water
profiles were sampled at 0.5 m intervals from the surface to the
sediment−water interface at all of the sites. The water
temperature (WT), pH, dissolved oxygen (DO) content, and
chlorophyll a content (Chl-a) were measured in situ using a
calibrated automated multiparameter profiler (Model YSI
6600; YSI Inc., Yellow Springs, OH, USA). Water samples in
triplicate were collected for nutrient and isotopic analyses. The

water samples used to measure the dissolved inorganic
nitrogen (DIN, including ammonium, nitrate, and nitrite)
and dissolved organic carbon (DOC) contents and isotopic
composition were filtered using 0.45 μm cellulose acetate
membranes (Millipore Corp., USA) within 12 h of collection.
The filtered water samples were stored in 500 mL high-density
polyethylene (HDPE) bottles at 4 °C for DIN and DOC
analysis and in 200 mL black HDPE bottles at −20 °C for DIN
isotopic analysis. The water samples for the isotopic analyses
(i.e., δ18OHd2O and δD) were stored in 15 mL centrifuge tubes
without headspace and were sealed with Parafilm-M. Water
samples in quintuplicate were collected in 70 mL headspace
bottles and 500 mL sampling bags for dissolved N2O
concentration and N2O isotopic analyses, respectively, and
they were preserved by adding saturated HgCl2 and were
sealed without headspace in the field. The water samples were
stored in the dark at 4 °C for N2O concentration analysis, and
the samples for stable isotope analysis were frozen at −20 °C
to prevent gas exchange with the atmosphere. The water
sample for microbial DNA extraction was filtered using a 0.22
μm sterilized filter membrane (MF-Millipore, USA), and the
membranes were then flash-frozen in liquid nitrogen and
stored at −80 °C. The surface sediments (10 cm deep) were
collected at each site using a rod hold sediment core sampler
and were stored at −80 °C until they were analyzed. Further
details regarding the sampling and treatment methods of the
water and sediments to determine environmental parameters
are presented in the Supporting Information.
2.2. Physical and Chemical Characteristics of Water

and Sediment Samples. The total nitrogen (TN) and total
phosphorus (TP) concentrations of the water samples were
analyzed using ultraviolet spectroscopy after digestion in
alkaline potassium persulfate and using molybdate spectropho-
tometry, respectively.29 The ammonium (NH4

+−N) concen-
tration of the water samples were analyzed using Nessler’s
reagent, and the concentrations of nitrate (NO3

−−N) and
nitrite (NO2

−−N) were quantified via ultraviolet−visible light
(UV−vis) spectrophotometry. The measurements of the total

Figure 1. Sampling sites in the Taihu Lake. AA, TA, and SV denote
the algal-type zone, the transition area between the algal-type and
macrophyte-type zones, and the macrophyte-type zone, respectively.
The solid yellow circles denote the sampling sites of the in situ
surveys. The colors represent the algal distribution in Lake Taihu in
May 2019, which were retrieved from remote sensing data (http://
www.geodata.cn).
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organic carbon (TOC) and dissolved organic carbon (DOC)
concentrations of the water samples were performed using an
automatic elemental analyzer (Shimadzu TOC-V CPH,
Shimadzu Co., Japan). To measure the sediment DOC, DIN,
and orthophosphate (PO4

3−), the sediment samples were
centrifuged at 4000 rpm for 10 min to obtain the pore water,
and then the pore water was filtered through a 0.45 μm filter
for further analysis. The sediment samples used for TN, TP,
and TOC analyses were dried at 70 °C for 48 h to determine
the water content of the sediment. The dry sediments were
then ground and sieved through a 100 mesh stainless steel
sieve in preparation for nutrient analysis. The TN, TP, TOC,
DOC, and DIN concentrations of the sediments were
determined using the same method described above.
2.3. N2O Concentration and Flux. The dissolved N2O

concentrations of the water samples were determined in
triplicate using the headspace-equilibrium method described
by Liang et al.30 The N2O concentration of the headspace was
determined using a gas chromatograph (Shimadzu, GC-2014)
equipped with an electron capture detector (ECD, HP6890)
and a 4.5 m × 3 mm packed Porapak Q (80/100 mesh)
column. The column and the ECD detector were conditioned
at 50 and 320 °C, respectively. The N2O concentration (CNd2O,
nmol L−1) was calculated using the equation described by
Goldenfum31 and Mengis et al.32

(1)

where pNd2O is the partial pressure of the N2O in the water
(μatm) and K is the solubility of N2O at the laboratory
temperature (mol L−1 atm−1). The detailed calculation of pNd2O

is described in the Supporting Information. The flux of N2O
(F, μmol m−2 h−1) was calculated using the equation described
by Macintyre et al.33

(2)

where Cwater and Cair are the N2O concentrations (CNd2O) of the
water and ambient air samples, respectively. k is the gas-
exchange coefficient (cm h−1), which was calculated by
considering the wind speed and water temperature (the details
are presented in the Supporting Information). The N2O
emissions (×103 kg N2O−N yr−1) from the lake were
calculated by multiplying the average flux by the area of the
lake.34

2.4. Isotopic Analysis. The nitrogen and oxygen isotopic
compositions of the NH4

+−N and NO3
−−N (δ15NNHd4

+,
δ15NNOd3

− and δ18ONOd3
−) were analyzed using the chemical

conversion method with hypobromite and hydroxylamine
oxidation and the bacterial denitrification method with
Pseudomonas aureofaciens, respectively.35,36 The δ18OHd2O value
of the lake water was analyzed using a liquid water isotope
analyzer (LGR, IWA-45EP, USA). The results are reported
using the standard δ notation relative to Vienna Standard
Mean Ocean Water (VSMOW). The analytical precision for
δ18OHd2O is ±0.1‰. The isotopic analysis of the dissolved N2O
was conducted using a modified headspace-equilibrium
method, and the isotopic composition of the N2O was
analyzed using a gas chromatograph-isotope ratio mass
spectrometer (GC-IRMS, Thermo Fisher Scientific [China]
Co., Ltd., Beijing, China).11 The details of the modified

headspace-equilibrium method and the IRMS calibration are
presented in the Supporting Information.
The δ15Nbulk, δ18ONd2O, δ15NN2O, and site preference (SP)

values were calculated using the methods of Toyoda and
Yoshida37 and Toyoda et al.11

(3)

(4)

(5)

(6)

where the isotopomer ratios of N (δ15Ni, i refers to α, β, or
bulk) and O (δ18ONd2O) are given in ‰, δ15Nα and δ15Nβ are
the relative enrichments of 15N in the central and terminal
positions, respectively, and are reported relative to air,3815Rα

and 15Rβ represent the 15N/14N molar ratios at the center and
end sites of the nitrogen atoms, respectively, 15Rbulk and 18R are
the 15N/14N and 18O/16O isotope ratios, respectively, and
Rsample and Rstd are the isotope ratios of the sample and
standard atmospheric N2 for N and Vienna Standard Mean
Ocean Water (V-SMOW) for oxygen, respectively. The
difference between δ15Nα and δ15Nβ is referred to as the 15N
site preference (SP, in ‰).
2.5. Quantifying N2O Production and Consumption.

The δ15NSP − δ18ONd2O mapping approach model (SP/O MAP)
was used to estimate the contributions of the various pathways
to the N2O production and consumption. The corrected
δ18ONd2O values, which were calculated based on the measured
δ18OHd2O of the water from Lake Taihu and the corresponding
isotope effect, were used as the nitrification (Ni) and
denitrification (bD) mixing endmembers and the fractionation
factors involved in the N2O reduction.15,39,40 One mixing line
for the median values of Ni and bD and one reduction line with
a mean slope were defined in the SP/O MAP. Two scenarios
were used separately in the mapping models. (1) In the
reduction-mixing scenario (R-M), the N2O produced via
bacterial denitrification is reduced, and the remaining N2O is
then mixed with the N2O produced via nitrification. (2) In the
mixing-reduction scenario (M-R), the N2O produced via
bacterial denitrification and nitrification is mixed, and the
mixed N2O is then reduced.39,41 The impact of the
fractionation associated with N2O reduction and the admixture
of N2O originating from denitrification and nitrification were
estimated according to the isotopic values of the samples and
the calculated initial values on the isotopocule map.40,42 A
detailed summary and justification of the endmember values
used, including relevant references, are presented in the
Supporting Information.
The contributions of denitrification ( f bD‑gross, %) and

nitrification ( f Ni‑gross, %) to the N2O source and the degree
of N2O reduction (%) were calculated according to the
method of Wu et al.40 The fraction of the microbial-derived
N2O ( fmicro, %) to the dissolved N2O was calculated according
to the method of Salk et al.22 and Li et al.5 The gross N2O
production rate (N2Oproduction) and gross N2O consumption

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c03992
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03992/suppl_file/es2c03992_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03992/suppl_file/es2c03992_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03992/suppl_file/es2c03992_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03992/suppl_file/es2c03992_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c03992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


rate (N2Oconsumption) were also calculated, in which both the
N2O flux (μmol m−2 h−1) and N2O concentration (nmol L−1)
of the lake water were considered.18 The details are presented
in the Supporting Information.
2.6. Metagenomic Sequencing and Data Processing.

The microbial DNA was extracted from the filters and
sediments (0.5 g) using an E.Z.N.A. water and soil DNA Kit
(Omega Biotek, Norcross, GA, US). The paired-end
sequencing was performed using an Illumina NovaSeq/Hiseq
Xten (Illumina Inc., San Diego, CA, USA) and NovaSeq
Reagent Kits/HiSeq X Reagent Kits. The raw reads from the
metagenomic sequencing were used to generate clean reads by
removing adaptor sequences and trimming and removing low-
quality reads using fastp (version 0.20.0).43 A nonredundant
gene catalog was constructed using CD-HIT (version 4.6.1),44

with a 90% sequence identity and 90% coverage.
Representative sequences of the nonredundant gene catalog

were annotated based on the US National Center for
Biotechnology Information (NCBI-NR) database using blastp
implemented in DIAMOND v0.9.19, with an e-value cutoff of
1e−5 and using Diamond (version 0.8.35) for the taxonomic
annotations.45 The cluster of orthologous groups of protein
(COG) annotation for the representative sequences in each
process of the nitrogen cycle (e.g., the nifH gene for nitrogen
fixation) was performed using Diamond (version 0.8.35)
against the evolutionary genealogy of genes: nonsupervised
orthologous groups (eggNOG) database (version 4.5.1), with
an e-value cutoff of 1e−5. Kyoto Encyclopedia of Genes and
Genomes (KEGG) annotation was performed using Diamond
(version 0.8.35) against the KEGG database (version 94.2),
with an e-value cutoff of 1e−5.45 The reads per kilobase million
(RPKM) method was used to determine the relative
abundances of each sample at the species, gene, and functional
levels, and the functional composition and differences were

analyzed. The dominant species, genes, and functional
composition of the gene sets were intuitively studied using
the histogram and heatmap visualization methods. The
number of hits was normalized to the number per Gbps to
compare the relative abundances of the nitrogen-cycle-related
microbes in the different samples.
2.7. Statistics. The statistically significant differences

among the sampling sites and seasons were analyzed using
one-way analysis of variance (ANOVA) with least significant
difference (LSD) and Tukey’s honestly significant difference
(HSD) test at significance levels of 0.05 and 0.001. Pearson’s
correlation analysis was used to analyze the correlations
between the relative abundances of the microbial functional
genes and the environmental parameters. The t-test was used
to compare the linear regression slopes. The structural
equation model (SEM) was used to account for the direct
and indirect environmental variables that affected the N2O
concentration (see the Supporting Information for detailed
calculations). The one-way ANOVA, Pearson’s correlation
analysis, and t-test were performed using the SPSS 18.0
statistical software package, and the statistical analyses involved
in the SEM were performed using Amos Graphics software
(version 22.0).

3. RESULTS
3.1. Water Physical and Chemical Parameters. The

WT, DO, Chl-a, and DIN concentrations were 5.8−31.9 °C,
4.4−13.6 mg L−1, 2.8−73.4 μg L−1, and 0.15−2.65 mg L−1,
with mean values of 18.9 ± 1.01 °C, 10.26 ± 0.25 mg L−1,
12.61 ± 2.03 μg L−1, and 0.67 ± 0.20 mg L−1, respectively
(Table 1). High concentrations of Chl-a, DO, and DIN were
observed in the spring and winter (Figures 2 and 3). The DO
exhibited seasonal stratification in summer, and the lowest DO

Table 1. Physiochemical Parameters, N2O Concentrations, N2O Fluxes, and Isotopic Characteristics of the Water and
Sediment Samplesa

water sediment

param value n param value n

WT (°C) 18.89 ± 1.07 (5.75, 31.92) 66 TP (g kg−1) 0.46 ± 0.03 (0.23, 0.78) 30
DO (mg L−1) 10.26 ± 0.25 (4.44, 13.59) 64 TN (g kg−1) 0.58 ± 0.05 (0.23, 1.19) 30
pH 8.46 ± 0.07 (8.00, 9.00) 47 TOC (mg L−1) 12.48 ± 0.48 (1.20, 27.93) 101
Chl-a (μg L−1) 12.61 ± 2.03 (2.79, 73.41) 64 DOC (mg L−1) 9.34 ± 0.39 (0.21, 20.81) 96
TP (mg L−1) 0.14 ± 0.01 (0.04, 0.28) 40 PO3

+-P (mg L−1) 0.22 ± 0.04 (0.01, 2.76) 120
TN (mg L−1) 2.61 ± 0.25 (0.73, 5.88) 24 NH4

+−N (mg L−1) 0.55 ± 0.05 (0.05, 3.37) 120
TOC (mg L−1) 9.76 ± 1.02 (2.32, 23.82) 40 NO3

−−N (mg L−1) 0.72 ± 0.08 (0.05, 8.38) 122
DOC (mg L−1) 9.12 ± 0.92 (1.00, 24.42) 65 NO2

−−N (mg L−1) 0.005 ± 0.01 (0.01, 0.12) 57
NH4

+−N (mg L−1) 0.07 ± 0.01 (0.003, 0.42) 65
NO3

−−N (mg L−1) 0.61 ± 0.08 (0.06, 2.54) 65
NO2

−−N (mg L−1) 0.05 ± 0.01 (0.01, 0.66) 65
CNd2O (nmol L−1) 24.92 ± 1.94 (3.80, 72.24) 64

N2O flux (μmol m−2 d−1) 5.13 ± 5.39 (−41.48, 28.84) 12
δ15NNHd4

−(‰) 3.32 ± 0.27 (0.65, 9.96) 65

δ15NNOd3
− (‰) 5.84 ± 0.42 (−4.76, 11.42) 65

δ18ONOd3
− (‰) 7.91 ± 0.81 (−9.05, 18.09) 65

δ18OH2O (‰) −4.88 ± 0.10 (−5.90, −4.0) 37
δ15NNd2O

bulk (‰) −1.45 ± 0.23 (−4.49, 2.45) 64

δ18ONd2O (‰) 27.06 ± 0.88 (14.39, 41.30) 64

SP (‰) 9.81 ± 0.36 (4.83, 13.52) 31
aThe data are presented as the mean ± standard error, and the minimum and maximum values of the measurements are given in the parentheses; n
indicates the sample numbers.
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concentration (4.44 mg L−1) occurred at a water depth of 1.5
m in the AA area (Figure 3). The NO3

−−N concentration of
the water was observed to remain at a relatively high level
throughout the year, while the NH4

+−N concentration
displayed a large range of values (from 0.001 to 0.42 mg
L−1), with the highest NH4

+−N concentration being in the
surface water in the SV area. High NH4

+−N concentrations
also occurred in the surface sediments in the AA area during
winter, while NO3

−−N accumulated in the surface sediments
in the SV area in summer (Table S1).
3.2. Water N2O Concentrations and N2O fluxes. The

dissolved N2O concentrations ranged from 3.8 to 72.2 nmol
L−1, with an average of 27.9 ± 1.9 nmol L−1, during the study
period (Table 1). The N2O concentrations increased from

spring to winter, with remarkable N2O stratification occurring
in the winter (Figure 3). In addition, dramatic spatial variations
in the N2O concentrations occurred in the SV area where
abnormally high N2O concentrations were observed in
summer. The N2O fluxes ranged from −41.48 to 28.84 μmol
m−2 d−1, with an average N2O flux and N2O emissions of 5.13
± 5.39 μmol m−2 d−1 and 0.19 Gg N yr−1, respectively (Table
1). Low N2O fluxes occurred in spring, while significantly high
N2O fluxes occurred in autumn and winter. In addition, the SV
area exhibited large variations in the N2O flux, which was the
lowest (−41.48 μmol m−2 d−1) in spring and the highest
(25.93 μmol m−2 d−1) in summer (Figure 2).
3.3. Isotopic Compositions and N2O Source Partition-

ing. The δ15N and δ18O values of the NO3
− (δ15NNOd3

− and

Figure 2. Temporal and spatial variations in the (a) N2O fluxes and N2O concentrations, (b) environmental parameters (water temperature, DO,
and Chl-a), (c) water DIN (NH4

+−N, NO3
−−N, and NO2

−−N) concentrations, and (d) isotopic compositions of N2O, NO3
−−N, and NH4

+−N.
For the N2O concentration, the boxes and whiskers indicate the 25th to 75th and 10th and 90th percentiles, respectively, the asterisk denotes a
statistically significant difference in the N2O concentrations (* and ** denote significant differences at the P < 0.05 and P < 0.001 levels,
respectively, using Tukey’s HSD test), the red dashed line represents the average annual N2O concentration of the water, and AA, TA, and SV
denote the algal-type zone, the transition area between the algal-type and macrophyte-type zones, and the macrophyte-type zone, respectively. The
data for the N2O flux, environmental parameters, and DIN are presented as the mean ± standard error. For the isotopic compositions of N2O,
NO3

−−N, and NH4
+−N, the asterisk represents a statistical difference in the isotopic compositions between seasons (P < 0.05, LSD test).

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c03992
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03992/suppl_file/es2c03992_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c03992?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c03992?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c03992?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c03992?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c03992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 3. Variations in water temperature (WT), Chl-a, DO, DIN (NH4
+−N, NO3

−−N, NO2
−−N), and N2O concentrations, as well as the

δ15Nbulk, δ15NSP, and δ18O values of the N2O, and the δ15NNOd3
−, δ18ONOd3

−, and δ15NNHd4
+ values of the water columns. The sediment−water interface

is indicated by the solid yellow box. The dashed lines represent the average values of the parameters. AA, TA, and SV denote the algal-type zone,
the transition area between the algal-type and macrophyte-type zones, and the macrophyte-type zone, respectively.
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δ18ONOd3
−) and the δ15N values of the NH4

+ (δ15NNHd4
+) ranged

from 0.65 to 9.96‰, from −9.05 to 18.09‰, and from −4.76
to 11.42‰, respectively (Table 1). The δ15NNOd3

− and δ18ONOd3
−

values exhibited significant seasonal variations, with lower
values in summer and higher δ15NNOd3

− values in spring and
winter (Figure 2d). Positive linear relationships were observed
between δ18ONOd3

− and δ15NNOd3
− in all of the seasons, except for

spring, and the δ15NNOd3
−:δ18ONOd3

− ratio increased significantly
in autumn (Table 2 and Figure S3). In addition, the δ15NNOd3

−

value was found to increase with the natural log of the NO3
−−

N concentration in summer, and the slope of the linear
regression (i.e., enrichment factor of δ15NNOd3

−) was 4.08 ±
0.93‰ (Table 2 and Figure S3; details are presented in the
Supporting Information).
For the water N2O, the δ15Nbulk and δ18ONd2O values ranged

from −4.49 to 2.45‰ and from 14.39 to 41.30‰, with
averages of −1.45 ± 0.23‰ and 27.06 ± 0.88‰, respectively.
The lowest δ15Nbulk and δ18ONd2O values occurred in winter, and

the highest δ18ONd2O value occurred in summer (Figure 2).
Linear relationships were observed between the isotopic
compositions (δ15Nbulk and δ18ONd2O) and the inverse of the
measured N2O concentration in all of the seasons, and the
highest value of the isotope effect (i.e., slope of the linear
regression lines) occurred in summer (ε15NNd2O ≈ 3.9‰ and
ε18ONd2O ≈ 9.5‰) (Table 2 and Figure S4). In addition, the

ε18ONd2O:ε
15NNd2O ratio was close to 2.5 in summer, but the

ratios in other seasons exhibited an obvious positive deviation
(Table 2 and Figure S4). High spatiotemporal heterogeneity of
the δ15NSP value was also observed in summer and autumn,
during which high SP values (13.17‰) occurring in the SV
area (Figure 3). In addition, using the isotope mapping
approach, which employs dual isotope plots (i.e., δ15NSP and
δ18ONd2O) to constrain the N2O reduction progress and
endmember mixing ratios, it was found that approximately
77.6−99.3% of the gross N2O production in the lake was

Table 2. Isotopic Effects Associated with N2O Production and Consumptiona

item factor season site theor value obsd value adj r2 p n

N2O Production
Nitrification Occurs with Denitrification

δ18ONOd3
‑:δ15NNOd3

− sum all sites >1.0b 1.52 ± 0.30 0.63 <0.001 15

aut all sites 2.72 ± 0.42 0.79 <0.001 12
win TA + SV 1.17 ± 0.28 0.62 0.002 11

Denitrification
ε15NNOd3

− sum all sites 5−33c 4.08 ± 0.93 0.57 <0.001 15

N2O Consumption
ε15 NNd2O sum all sites 4−13d 3.86 ± 0.30 0.94 <0.001 11

spr-aut-win all sites 2.49 ± 0.63 0.51 0.002 15
ε18ONd2O sum all sites 11−31c 9.49 ± 0.88 0.92 <0.001 11

spr-aut-win all sites 7.74 ± 1.95 0.51 0.002 15
ε18ONd2O:ε

15NNd2O sum all sites 2.5d 2.46

spr-aut-win all sites 3.11
δ15NSP:δ15NNd2O sum AA 0.5−2.79d(mean = 0.96) 1.56 ± 0.25 0.93 0.03 4

SV 0.99 ± 0.09 0.98 0.01 4
sum-aut all sites 1.09 ± 0.27 0.45 <0.001 20

aε15NNOd3
− is the N isotope enrichment factor of NO3

−−N, ε15NNd2O and ε18ONd2O are the N and O isotope enrichment factors of N2O, and the ratio
of δ15NSP to δ15NNd2O represents the N2O reduction fractionation factor. Abbreviations: spr, spring; sum, summer; aut, autumn; win, winter. All sites
mean the total sampling sites during the study periods. AA, TA, and SV denote the algal-type zone, the transition area between the algal-type and
macrophyte-type zones, and the macrophyte-type zone, respectively. bFrom ref 50. cFrom ref 49. dFrom ref 38.

Table 3. Contributions of Microbial N2O Production and Consumptiona

N2Oproduction N2Oconsumption

modeling
case season fmicro (%)

N2O reduction
(%) f bD‑gross (%) nmol L−1 μmol m−2 h−1 nmol L−1 μmol m−2 h−1

R-M summer 54.4 ± 1.8a
(39.2, 68.2)

72.9 ± 1.7a
(58.0, 83.6)

96.3 ± 0.5Bb
(92.2, 99.3)

31.25 ± 4.20
(13.70, 69.49)

11.40 ± 16.53
(−6.77, 44.40)

9.40 ± 1.93
(2.34, 28.92)

5.34 ± 6.57
(−1.56, 18.48)

autumn 64.6 ± 3.3c
(41.8, 88.3)

60.8 ± 3.5c
(27.6, 78.2)

94.3 ± 0.5Ba
(90.5, 95.9)

37.02 ± 3.47
(23.34, 66.57)

16.80 ± 8.20 (5.19,
32.64)

15.56 ± 2.95
(7.13, 47.98)

6.52 ± 4.04 (2.23,
14.59)

M-R summer 54.4 ± 1.8a
(39.2, 68.2)

72.9 ± 1.7a
(58.0, 83.6)

87.1 ± 1.3A
(77.6, 96.7)

32.33 ± 4.38
(13.80, 72.15)

11.89 ± 17.13
(−6.84, 46.10)

10.48 ± 2.11
(2.75, 31.57)

5.83 ± 7.17
(−1.62, 20.17)

autumn 64.6 ± 3.3c
(41.8, 88.3)

60.8 ± 3.5c
(27.6, 83.6)

85.0 ± 0.8A
(79.9, 90.1)

38.31 ± 3.54
(24.22, 67.82)

17.52 ± 8.53 (5.36,
33.97)

16.84 ± 2.99
(8.60, 49.23)

7.23 ± 4.35 (2.41,
15.91)

aResults for two modeling cases: R-M is the reduction-mixing scenario; M-R is the mixing-reduction scenario. The data are presented as the mean
± standard error, and the minimum and maximum values of the measurements are provided in parentheses. The different capital letters on the
mean values indicate significant differences among the different scenarios based on LSD (P < 0.05), and the different lower-case letters indicate
significant differences among the seasons within each scenario.
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Figure 4. Functional annotation and relative abundances of the genes in the water and sediments. (a) Genes involved in nitrogen metabolisms. The
heat map shows the relative abundances of the KEGG Orthology genes annotated using the KEGG database; A, T, and S denote the algal-type
zone, the transition area between the algal-type and macrophyte-type zones, and the macrophyte-type zone, respectively. (b) Relative abundances
of functional genes involved in N2O production and consumption in the water (blue background) and sediments (yellow background). AA, TA,
and SV denote the algal-type zone, the transition area between the algal-type and macrophyte-type zones, and the macrophyte-type zone,
respectively. (c) Relationships between the relative abundances of denitrification genes (norBC and nirSK) and Chl-a concentration at the
sediment−water interface. (d) Spearman rank correlations between abundance (percent normalized gene abundance) of nitrogen-metabolism-
related genes and measured environmental parameters in the water (left) and surface sediment (right; parameters unlabeled with sediment are for
the sediment−water interface). All of the colored squares and the colored squares with a double asterisk (**) in the figure indicate P < 0.05 and P <
0.001 levels, respectively; the different colors indicate the type of correlation (Spearman’s ρ; red being positive and blue being negative). (e)
Relative contributions of the different taxa at the species levels to the nitrification and denitrification in the water and sediments.
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sourced from denitrification ( fbD‑gross), 27−83% of which was
simultaneously reduced to N2 (Table 3 and Figure 5).
3.4. Metagenomic Analysis of Pathways Controlling

the N2O Flux. About 1106751748 paired-end clean reads
were generated for a total of 24 water and sediment samples
and were related to main nitrogen metabolic pathways,
including nitrification, denitrification, nitrogen fixation, assimi-
lated nitrate reduction, and dissimilated nitrate (Figure 4). The
relative abundances of the microbial functional genes involved
in N2O production (amo, hao, and nor) and reduction (nosZ)
were significantly higher in the surface sediments than in the
water. Significant seasonal variations in the relative gene
abundances were observed in the lake waters, with the highest
abundance of nitrifying genes (amoABC and hao) occurring in
winter and the maximum abundance of denitrifying genes
(nirSK, norBC, and nosZ) occurring in summer (Figure 4b and
Figure S2a). The relative abundances of functional genes in the
surface sediments exhibited significant spatial variability, with
the lowest nitrifying gene abundances occurring in the AA area

and lower denitrifying gene abundances occurring in the SA
area in spring. In addition, species and functional contribution
analysis revealed that Gammaproteobacteria, Steroidobacter
denitrificans, and Candidatus Nitrospira nitrificans (Ca. N.
nitrificans) were the main contributors of denitrification and
nitrification (Figure 4e and Figure S2). Furthermore, there was
a significant positive correlation between the relative
abundance of amoAB and the N2O concentration (r > 0.6, P
< 0.05), and there was a negative correlations between the
relative abundance of amoBC and the δ15Nbulk value in the
water (r2 > 0.56, P < 0.005; Figure 4d). In contrast, the relative
abundances of the denitrifying functional genes (i.e., nirSK and
norBC) exhibited a unimodal relationship with the Chl-a
concentration of the surface sediments (Figure 4c).

4. DISCUSSION
4.1. Key Processes related to N2O Emissions. Excessive

anthropogenic nitrogen input has made eutrophic lakes a hot
spot for nitrogen removal and N2O emissions.27,46 In this

Figure 5. (a) 3-D map of δ15NSP (y axis), δ18O (x axis), and δ15Nbulk (z axis), (b) SP/O map, and (c) the modeled pathway fractions and the gross
N2O production and consumption. In (a), bD is bacterial denitrification, nD is nitrifier denitrification, f D is fungal denitrification, and Ni is
nitrification. The solid blue square indicates atmospheric N2O. The black and red dashed lines in (b) are the theoretical reduction line and the
mixing line between denitrification and nitrification, respectively. In (c), RM is the reduction-mixing scenario, MR is the mixing-reduction scenario,
and N2Omeasure is the measured N2O concentrations in the water columns. A detailed summary and justification of the endmember values are
presented in the Supporting Information. AA, TA, and SV denote the algal-type zone, the transition area between the algal-type and macrophyte-
type zones, and the macrophyte-type zone, respectively.
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study, the N2O emissions exhibited significant seasonal
variations, with low N2O fluxes (−15.07 ± 13.22 μmol m−2

d−1) in spring and significantly high values in winter (19.24 ±
5.34 μmol m−2 d−1). The variations in the N2O flux from
negative values to positive values indicate a shift of the lake
from an N2O sink to a source.32,47 These results are consistent
with the results of previous studies that identified the temporal
and spatial heterogeneity of N2O emissions in Lake
Taihu.25−27

Biotic nitrification and denitrification are considered to as
the main N2O production pathways, but denitrification is
considered to play a more critical role than nitrification in
regulating N2O emissions because it is the only process that
both produces and consumes N2O.

4,5,48 To understand the
mechanisms involved in the spatial−temporal variations in the
N2O flux, the main pathways of N2O production and the N2O
consumption processes were qualitatively evaluated by
investigating the relationship between δ15NNOd3

− and δ18ONOd3
−

and the isotope enrichment factors associated with denitrifi-
cation (ε15NNOd3

−) and N2O consumption (ε15NNd2O and
ε18ONd2O) (the details are presented in the Supporting
Information). Denitrification has been reported to have
isotopic enrichment factors (i.e., ε15NNOd3

−) ranging from 5‰
to 33‰.49 Nitrification is thought to co-occur with
denitrification when the potential isotopic effect value (i.e.,
the ratio of δ15NNOd3

− to δ18ONOd3
−) is >1.0.50 In this study, the

isotopic effects of the co-occurrence of nitrification and
denitrification were observed in all of the seasons, except for
spring, and significant isotope fractionation due to denitrifica-
tion was only observed in the summer (Table 2 and Figure
S3). Thus, it is reasonable to infer that nitrification co-occurred
with denitrification in Lake Taihu, but the denitrification was
more intense in the summer. Denitrification with strong N2O
reduction is thought to occur with an 18O to 15N enrichment
ratio (i.e., ε18ONd2O:ε

15NNd2O) of ∼2.5.51 The positive deviation
indicates a N2O source with relatively low δ15Nbulk values,
which partially counteracts the isotopic signature of the N2O
consumption.38,47 N2O produced via nitrification generally has
lower δ15Nbulk values than that produced via denitrification.52

As a result, the different enrichment ratio values in summer
(close to 2.5) compared to the other seasons (obvious positive
deviation to 2.5) suggest that N2O consumption was the
dominant force driving the low lake N2O concentration in
summer, and the co-occurrence of nitrification and denitrifi-
cation may support more net N2O accumulation by increasing
the N2O production and leading to higher lake N2O
concentration in autumn and winter. The mechanisms of
N2O production during nitrification were explored using an
environmental factor analysis (i.e., SEM; the details are
presented in the Supporting Information), which revealed
that NH4

+−N served as an important substrate for nitrification
and increased the N2O yield (Table S4 and Figure S6).
4.2. Microbial-Driven N2O Production and Consump-

tion Mechanisms. Algal blooms and the decay of excess algal
biomass have been reported to inhibit denitrification in the
sediments and thus N2O emissions in Lake Taihu.27,28 In this
study, the lowest N2O emissions from Lake Taihu occurred
during the algal bloom in spring, which is consistent with
previous studies on the lake. The lower lake N2O
concentrations and higher water Chl-a were accompanied by
a decline in the relative abundances of the denitrifying

functional genes in the water (i.e., nirSK and norBC) and
the nosZ gene in the surface sediments (Figure 5 and Figure
S2). Since the reduction of N2O to N2 via the nosZ gene
encoding the N2O reductase is the only known microbial
process that can consume N2O,

53,54 the increased Chl-a
concentration (i.e., algal biomass accumulation) likely
inhibited both the denitrifying and N2O-reducing bacteria.
Gammaproteobacteria as the predominant representing
denitrifiers harboring both nirS and nosZ genes were found
to be the most abundant denitrifying population in lakes,
mangroves, estuaries, and marine sediments.55,56 Thus, the
dominant presence of Gammaproteobacteria in Lake Taihu
indicated that denitrifiers indeed played key roles during the
N2O production and consumption in the lake. A combination
of isotopic and microbial analysis has been used to determine
the denitrification and N2O reduction activities in water and
sediments.57 However, no reasonable linear correlations were
found between the δ15N and δ18O values of the NO3−N and
N2O and their concentrations in spring, indicating restrained
bacterial denitrification and N2O consumption with increasing
algal accumulation (Table 2 and Figure S3). As a result, the
algal bloom inhibited the denitrification and N2O reduction in
the sediments, thus leading to low N2O concentrations and
N2O fluxes. In contrast to the inhibitory effect of the algal
bloom on the denitrifying communities, significant correlations
were observed between the functional genes involved in the
nitrification processes (amoABC) and the N2O concentration
and δ15Nbulk value (Figure 4), supporting the important role of
nitrifying bacteria in N2O production. This result is consistent
with that of a recent study; that is, nitrifying microorganisms
play a far more significant role in N2O emissions in wetlands
than was previously recognized.58

4.3. Quantitative Assessment of N2O Production and
Consumption. In this study, the most obvious spatiotemporal
variations in the N2O emissions occurred in summer and
autumn, during which the lake shifted from a net N2O sink to a
net N2O source and abnormally high N2O concentrations
occurred in the SV area. These two seasons were selected as
representatives to quantitatively assess the relative contribu-
tions of nitrification and denitrification to the N2O production,
as well as the effect of N2O consumption on the N2O
emissions. The isotopocule mapping results indicate that more
than 50% of the lake N2O was produced through microbial
processes, among which approximately 90% was derived from
denitrification (Table 3, Table S3, and Figure 5). However, a
large amount of the N2O produced was eliminated via N2O
reduction, and the higher degree of N2O reduction led to lower
N2O concentrations and N2O fluxes in the lake (Figure 5 and
Figure S7a). The regulation of N2O consumption on the lake’s
N2O emissions is also supported by the calculated gross N2O
production and consumption rates, in which lower N2O
concentrations occurred with higher N2Oconsumption values
(Figure S7b). This observation can partially be explained by
the fact that the measured N2O concentrations are the net
result of simultaneously occurring N2O production and
consumption processes; thus, intense N2O consumption may
respond to low N2O concentrations.19,38 In addition to the
effect of N2O consumption, the contributions of nitrification to
the N2O sources were observed to significantly increase with
increasing N2O concentration (Figure 5 and Table S3). These
quantitative results are consistent with the qualitative
evaluation based on the isotopic effects and the analysis of
the key microbial functional genes (e.g., Table 2 and Figure 4),
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supporting the importance of nitrification to lake N2O
emissions. As a result, nitrification is suggested to be a key
process that promotes N2O production and regulates the
temporal−spatial variations of N2O emissions from Lake
Taihu.
Denitrification has long been considered to be the dominant

pathway of N2O emissions in eutrophic Lake Taihu. Our
comprehensive study supplements the current understanding
of the N2O dynamics and suggests that, although denitrifica-
tion contributes most of the gross N2O production in
eutrophic shallow lakes, high N2O consumption via microbial
N2O reduction would cause the lake to exhibit low N2O levels.
In contrast, nitrification seems to act as a key process
promoting N2O production and contributing to the lake as a
source of N2O emissions. The isotopocule mapping approach
model yields the precise characteristics of the microbial N2O
production and consumption processes, which are easily
ignored if the N2O budget estimation is only based on in
situ measurements of water N2O concentrations and fluxes.
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isotope and microbiome analysis indicates dominance of denitrifica-
tion in N2O production after rewetting of drained fen peat.
Biogeochemistry 2022.

(58) Bahram, M.; Espenberg, M.; Pärn, J.; Lehtovirta-Morley, L.;
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