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Abstract Aquatic ecosystems have been identified as a
globally significant source of nitrous oxide (N,O) due to
continuous active nitrogen involvement, but the processes
and influencing factors that control N,O production are still
poorly understood, especially in reservoirs. For that, monthly
N,O variations were monitored in Dongfeng reservoir (DFR)
with a mesotrophic condition. The dissolved N,O concen-
tration in DFR displayed a distinct spatial-temporal pattern
but lower than that in the eutrophic reservoirs. During the
whole sampling year, N,O saturation ranging from 144% to
640%, indicating that reservoir acted as source of atmo-
spheric N,O. N,O production is induced by the introduction
of nitrogen (NO;~, NH, ") in mesotrophic reservoirs, and is
also affected by oxygen level and water temperature. Nitri-
fication was the predominate process for N,O production in
DFR due to well-oxygenated longitudinal water layers.
Mean values of estimated N,O flux from the air—water
interface averaged 0.19 umol m—> h™' with a range of
0.01-0.61 pmol m>h~'. DFR exhibited less N,O
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emission flux than that reported in a nearby eutrophic
reservoir, but still acted as a moderate N,O source compared
with other reservoirs and lakes worldwide. Annual emissions
from the water—air interface of DFR were estimated to be
0.32 x 10° mol N-N,0, while N,O degassing from releas-
ing water behind the dam during power generation was
nearly five times greater. Hence, N,O degassing behind the
dam should be taken into account for estimation of N,O
emissions from artificial reservoirs, an omission that his-
torically has probably resulted in underestimates. IPCC
methodology should consider more specifically N,O emis-
sion estimation in aquatic ecosystems, especially in reser-
voirs, the default EF5 model will lead to an overestimation.

Keywords Nitrous oxide - Mesotrophic reservoir -
Nitrogen dynamics - IPCC methodology

1 Introduction

River impoundment and dam construction have signifi-
cantly altered the aquatic environment and water dynamics
during recent decades, resulting in complex feedback
mechanisms on nitrogen biogeochemical cycles. In 1996,
there were approximately 42000 large dams in rivers
worldwide (Rosenberg et al. 2000). Hydroelectric power
was accepted as “green energy” for a long time, but in
recent years researchers have noted associated deteriora-
tion of water quality and aquatic environments, including
eutrophication and greenhouse gas (GHG) emissions (Liu
et al. 2011a; Wang et al. 2011; Beaulieu et al. 2015;
Fearnside 2016). Indeed, most of the hydroelectric reser-
voirs worldwide have been identified as potentially
important sources GHGs, including CO,, CHy, and nitrous
oxide (N,O) (Peng et al. 2012; Sturm et al. 2014; Beaulieu
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et al. 2015; Fearnside 2016; Musenze et al. 2016). Aquatic
N,O production and emissions at reservoirs have attracted
additional attention recently as increased nitrogen loading
in reservoirs has resulted from anthropogenic activity
(Beaulieu et al. 2015).

N,0, a powerful GHG that contributes significantly to
the destruction of stratospheric ozone (Ravishankara et al.
2009), is an important component of nitrogen loss during
aquatic nitrogen biogeochemical cycling. Although atmo-
spheric N,O concentration is lower than CO,, its global
warming potential is about 298 times greater than CO,
(IPCC 2006). Atmospheric mixing ratios of N,O have been
increasing steadily over the past century. Aquatic systems
contribute 25%-30% of total global N,O emissions (IPCC
2006).

N,O is mainly produced during microbial processes
such as nitrification and denitrification. Nitrification is an
aerobic process through which ammonium is oxidized to
nitrate. During this process, N,O is a by-product of the
oxidation of NH,T by nitrifying bacteria and methan-
otrophs (Mengis et al. 1997). The yield of N,O in nitrifi-
cation strongly depends on the concentrations of dissolved
oxygen and nitrate. The processing steps of nitrification
are:

NHI + 02 — NHzOH + H+
NH,O0H + H,0 — NO; +H" — N,O + H,0
NO; + H,0 4+ O, — NO5

In suboxic conditions, nitrate can be reduced by deni-
trification to molecular nitrogen, with N,O as an interme-
diate. The rate of denitrification is influenced by
temperature, abundance of organic carbon, and supply of
N. As an intermediate in denitrification (NO3;~ to N,), N,O
may accumulate when O, is present along with high NO3™
concentrations:

NO; — NO; — NO — N;O — N,

Nitrification and denitrification often occur simultane-
ously in aquatic ecosystems, especially in periodically
thermally stratified deep reservoirs (depth >30 m) (Liu
et al. 2011a; Beaulieu et al. 2015). Factors controlling N,O
yield, including temperature, available dissolved oxygen,
nitrogen variation, and organic matter, vary temporally and
spatially in reservoirs, and little is known about their
specific impacts on N,O yield in reservoirs. While N,O is
enhanced by increasing N levels and increasing eutrophi-
cation, this connection is not well characterized. Reservoirs
are complex and dynamic ecosystems and it is important to
understand how they operate and respond to changes in
order to make appropriate management decisions.

Calculated N,O emissions from China are globally
significant, accounting for over 90% of those in the Pacific
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Basin (Seitzinger and Kroeze 1998), but there is still
considerable uncertainty or overestimation as few studies
of N,O production and emission have been made in Chi-
na’s reservoirs (Liu 2007; Liu et al. 2011a). The objectives
of our study are: (1) to ascertain the spatial and temporal
variations of N,O emission and assess whether the reser-
voir functions as a sink or a source of N,O, (2) to under-
stand the impact of nitrogen dynamics on N,O emissions,
and (3) to assess the production mechanisms of N,O and
influential factors.

2 Study area and methods
2.1 Study area

The Wujiang is one of the largest tributaries in the upper
reaches of the Changjiang Basin, mainly flowing through a
karst area in Guizhou Province, with a total length of
874 km, drainage area of 66849 kmz, and mean water
discharge of 1690 m® s™'. The karst landscape accounts
for about 70% of the total drainage area of the Wujiang
River, and water chemistry is controlled by carbonate
dissolution under the influence of carbonic and sulfuric
acid (Han et al. 2010). The region experiences a subtropical
monsoon humid climate, with perennial mean temperature
of 14.8 °C and multi-year average annual rainfall of about
1100 mm. Dongfeng reservoir (DFR) (26°51'N, 106°8'E),
located in Qingzhen City, Guizhou Province, was com-
pleted in 1994. It has a surface area of 19.06 km?2, a total
volume of 8.63 x 108 m>, and drainage area of 18161 km?.

2.2 Sampling

Samples were collected monthly from July 2007 to June
2008 (Fig. 1) from the central part of the river, generally
0.4-0.5 km upstream of the dam at depths of 0.5, 5, 15, 30,
and 60 m using a Niskin bottle. Samples downstream of the
dam were collected 0.5 m under the water surface. In total,
60 vertical samples and 12 downstream samples were
collected.

2.3 Environmental variables and nitrogen species

Water temperature (T), pH, dissolved oxygen (DO), and
chlorophyll levels were measured in situ using an auto-
mated multi-parameter monitoring instrument (United
States Gimcheon Instruments Inc. YSI 6600 v2). Water
samples were filtered through 0.70-um membrane filters
(Whatman), H,SO, was added (pH < 2), and the samples
were cold-stored at <4 °C in the dark until analyzed. The
concentrations of NO;~ were measured using an automatic
flow analyzer (SKALAR Sans Plus Systems), with
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Fig. 1 Map showing the location of Dongfeng reservoir on the Wujiang River

precision under 2% as determined by duplicate samples. In
addition, total phosphorous (TP) was determined spec-
trophotometrically (Unico UV-2000) using the molybde-
num blue method after alkaline potassium persulfate
digestion. Total nitrogen (TN) was also analyzed spec-
trophotometrically (Unico UV-2000) after alkaline potas-
sium persulfate digestion. The typical precision of TN and
TP measured by the spectrophotometric method is +3%.

2.4 N,0 measurement and flux calculation

N,O concentration in water was measured following the
headspace-GC method. Water samples were collected in
serum bottles, amended with 10 mol L' sodium hydrox-
ide (NaOH) as a preservative, and sealed with rubber
stoppers. The headspace equilibrium technique was used to
determine the concentrations of dissolved gases. Details are
available in Liu et al. (2011a) and Wang et al. (2009). The
relative errors for N,O measurement were less than 2%;
regression corrections with ambient air were less
than + 10 nmol L™".

For assessing N,O concentration and saturation, gas
concentrations were expressed as the degree of saturation
relative to air (Mengis et al. 1997):

Degl‘ee of Nzosaluration = CNZO/CNantm x 100 (l)

(2)

where Cn»o is the measured concentration, Cn0am 1S the
saturated concentration of N,O in water at the given water
temperature and C, is the atmospheric N,O concentration
of the sampling sites. The saturated concentration of N,O
in water was calculated using Henry’s Law, where K is the
Bunsen coefficient.

Apparent oxygen utilization (AOU) and AN,O were
calculated as follows:

AOU = DOgy — DOpeas
AN20 = CNZO - CNZOatm

Cny0am = K X Cy

(3)
(4)

where DOy, is the saturation DO concentration in water
and DO,,.,, is the measured concentration of DO.

The exchange flux of N,O at the gas—water boundary
layer of the surface water was calculated as:
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F=KAC =~ (C; ~ Cuy) (5)
T
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where F is the gas exchange flux; AC is the difference
between the N,O concentration in the air and water; K is
the gas transfer velocity; D is the gas diffusion coefficient,
which was calculated using Eq. (6), obtained from Lerman
(1979); m is the viscosity of the water; Vy is the molar
volume of the gas, with a value of 36.4 cm® mol™! (Sat-
terfield 1970); and Z is the thickness of the boundary layer,
which is an empirical constant related to wind speed
(Emerson 1975). Taking into account variations in wind
speed for each sampling month, Z was estimated to have a
value of 180-350 pum.

2.5 Statistical analysis

Statistical analysis was conducted using SPSS Statistics
22.0.0, Grapher 12.0, and Microsoft Excel in Windows 10.
In all analyses where p < 0.05, the factor and the rela-
tionship tested were considered statistically significant.

3 Results

3.1 Variation of water parameters and trophic
status

Surface water parameters including temperature, pH,
chlorophyll, and DO displayed significant monthly variation
(Fig. 2). Monthly variation data were divided into two
groups: cold season (November to March) and warm season
(April to October). DO, pH, and chlorophyll in the cold
season ranged from 188.75 to 323.75 pumol L™ (average
281.65 pmol L™"),  7.50-8.73  (average 7.83), and
0.01-2.20 pug L™ (average 0.24 pg L™"), respectively. In
warm season, DO, pH, and chlorophyll ranged from 209.69
t0 337.50 pmol L™" (average 271.38 pmol L), 7.25-8.73
(average 7.88), and 0.05-6.60 ug L™ (0.93 pg L™,
respectively. All three parameters were generally higher in
the warm season than in the cold season. Temperature, pH,
DO, and chlorophyll in DFR surface waters shared similar
seasonal trends with the Hongjiadu (HJD) and Wujiangdu
(WID) reservoirs on the mainstem of the Wujiang River (Liu
etal. 2011a) and with reservoirs in the Maotiao River (Wang
etal. 2011, 2015). However, DFR had higher DO and lower
pH than HJD; and lower DO, pH, and chlorophyll than WID.

DFR was typically thermally stratified in spring (April
to June) and summer (July to September) during the sam-
pling year. Thermal stratification was absent from October
to March (Fig. 4). pH and DO showed similar vertical
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distribution. In thermally stratified months, pH and DO
values were lower in the deep water layers than in surface
waters, e.g. mean values of 7.69 and 242.14 umol L,
respectively, in the bottom layer, and of 8.38 and
296.15 umol L™ in surface waters. Compared with HID
and WID, pH and DO in the bottom layer of DFR were
much higher (Liu et al. 2011a), perhaps because DFR is
much deeper (>100 m) than the others. DO data suggest
that deep waters (depth of 60 m) maintained anoxic
environment.

Results for TN, TP, and chlorophyll concentrations are
in Fig. 3. TN and TP in DFR surface waters ranged from
230 to 5.11mgL~' (average 3.50 mgL~') and
0.001-0.31 mg L™" (average 0.04 mg L"), respectively.
Significant monthly variation in TP and chlorophyll were
observed, suggesting eutrophic status varied greatly
between cold seasons and warm seasons. DFR had mod-
erate TN, TP, and chlorophyll content when compared with
HJD and WIJD (Liu et al. 2011a). However, as discussed
and reported previously, reservoirs along Wujiang River
have higher nitrogen loading than other reservoirs, such as
Harsha Lake (Beaulieu et al. 2014), and Three Gorges
reservoir (Zhu et al. 2013). Comparable high nitrogen
loading has been reported in other watersheds and reser-
voirs, such as Brookville Lake and Mississinewa (Beaulieu
et al. 2015). The main nitrate sources in the Wujiang
watershed are nitrification and flooded soil organic matter
(Li et al. 2010). The moderate levels of TN, TP, and
chlorophyll in DFR indicate that the reservoir has a
mesotrophic nutrient status when compared to its upstream
(HJD) and downstream (WJD) counterparts. Chlorophyll
was only detected in the upper layer (>15 m); average
concentrations in thermal stratification months and non-
thermal stratification months were 2.23 and 0.46 pg L_l,
respectively. In comparison, chlorophyll in WJD and HID
in the warm season averaged 20.45 and 2.66 pug L',
respectively, and in the cold season, 1.01 and 0.53 pg L™".
The concentration of chlorophyll in DFR is very similar to
HID, an oligotrophic reservoir, but is notably lower than
WID, a eutrophic reservoir.

3.2 Monthly and spatial variation of N,O
in the reservoir

Significant vertical and monthly variation of N,O con-
centration was observed in DFR (Fig. 3). All surface
waters were supersaturated with respect to the equilibrium
atmospheric N,O concentration, 319 ppbv (IPCC 2006).
The N,O concentration in surface waters ranged from
15.05 to 59.63 nmol L™! (average 27.03 nmol L_l); cor-
responding N,O saturations were from 164.79% to
640.89% (average 287.31%), indicating that DFR repre-
sents a N,O source to the atmosphere.
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Significant vertical variation of N,O was observed
throughout the sampling year. Monthly average N,O con-
centration in the deep water (depth >30 m) was signifi-
cantly higher than that in surface waters (¢ test, p < 0.05),
except in April and February. These anomalies were pos-
sibly due to N,O accumulation in the hypolimnion where
gas diffusion was constrained by the water density gradi-
ent. There was no apparent seasonal variation pattern of
N,O throughout the sampling year (Fig. 4). In the cold
season, average surface-water N,O concentration was
26.02 nmol L™!, while in the warm season it was
28.03 nmol L™". Longitudinal averaged N,O concentration
in the cold season was 28.40 nmol L_l, in contrast with
30.11 nmol L™" in the warm season.

In general, N,O concentration and saturation in DFR
were conspicuously lower than in the WJD reservoir and
slightly higher than in the HJD reservoir (Liu et al.
2011a). As previously noted, DFR is classified as a
mesotrophic reservoir while HJD is oligotrophic and
WID eutrophic, suggesting that N,O concentration may
differ according to nutrient status, with eutrophic having
the highest N,O saturation potential. This is coincident
with the findings in Swiss lakes and reservoirs by
Mengis et al. (1997), who concluded that oligo-

2007

2008
Month/Year

mesotrophic reservoirs had significantly lower N,O sat-
uration than eutrophic ones. In addition, DFR had
slightly higher N,O concentration and saturation than
Ohio River basin oligotrophic reservoirs (4 < NO,; <
19 ug N L™'; N,O saturation ratio 0.4-2.0), but signifi-
cantly lower than Ohio River basin mesotrophic and
eutrophic reservoirs (16 < NO, 3 < 1786 pg N L% N,O
saturation ratio 0-1000) (Beaulieu et al. 2014).

3.3 N,O diffusion fluxes

Conservative estimates of N,O flux in DFR were based on
wind speed data provided by the meteorological observa-
tory and on surface water N,O saturation (Fig. 5). Monthly
N,O flux on the water—air interface ranged from 0.01 to
0.61 pmol m~2 h™', with an average value of 0.19 umol
m~ > h™". The highest emission flux was in April, while the
lowest was in October, both turnover months between
thermal and non-thermal stratified periods. No obvious
seasonal difference in N,O flux was exhibited. Compared
to the average surface flux in surface waters of adjacent
reservoirs WJD and HID (0.67 pmol m> h™' and
0.45 pmol m > h™", respectively), DFR had notably lowest
emission level of the three reservoirs.
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Fig. 3 Monthly variation of 6r
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4 Discussion

4.1 Effects of nitrogen and environment variables
on N,O

Environmental variables such as T, DO, and nitrogen species
are known to influence N,O production and emissions in
artificial reservoirs (Liu et al. 2011a ; Zhu et al. 2013;
Beaulieu et al. 2014, 2015). The relationships between N,O
concentration and nitrogen species, T, and DO in DFR were
analyzed (Fig. 6); T and DO were recognized as the two most
important factors for spatial and temporal N,O variation. T
was found to have a significant negative correlation with
N,O concentration in summer and spring (R = 0.55;
P = 0.003), while a positive correlation in winter
(R =0.70; P = 0.004). DO in DFR also had a negative
correlation with N,O in summer and autumn (R = 0.63;
P < 0.001), while a positive correlation in spring (R = 0.60;
P = 0.002). Seasonal differences in the relationships of T
and DO with N,O may be related to the complexity of N,O
production throughout the water column. T exhibited an
opposite correlation with N,O in warm seasons versus winter
probably due to significant differences of N,O between

@ Springer
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surface waters and deep waters in warm seasons while this
phenomena disappeared in winter (Fig. 4). Good correlation
between T and N,O in surface waters was also found in Three
Gorges reservoir (Zhu et al. 2013), but this correlation has
not held in other reservoirs worldwide (Huttunen et al. 2002;
Hendzel et al. 2005; Guerin et al. 2008; Liu et al. 2011a; Zhu
et al. 2013; Beaulieu et al. 2014). Actually, N,O production
mainly occurs in the water column in reservoirs, especially in
the hypolimnion (Deemer et al. 2011; Beaulieu et al. 2014),
thus the influence of temperature and DO on N,O production
also depends on other parameters such as nitrogen loading in
water layers and dissolved organic carbon content.

The relationships of N,O with NO;~ and NH," in dif-
ferent seasons were analyzed at DFR (Fig. 6). We found a
good and positive relationship between N,O and NO;3;™ in
autumn (R = 0.63; P = 0.016), with the exception of one
deep-water sample at 60 m (Fig. 6). Positive correlations
between N,O and NO3 ™ are well documented in rivers and
streams (Yu et al. 2013; Liu et al. 2015), lakes (Wang et al.
2009), and reservoirs (Liu et al. 2011a; Beaulieu et al.
2015). Nitrification and denitrification have been identified
as the major N,O-producing pathways in reservoirs
(Mengis et al. 1997; Deemer et al. 2011; Liu et al. 2011a;
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Fig. 4 Longitudinal and monthly distribution pattern of N,O and main parameters
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Fig. 5 N,O concentration, saturation, and emission flux in surface
waters

Beaulieu et al. 2014), and NO;~ should have a positive
correlation with N,O, especially in nitrification-dominated
aquatic environments. However, in DFR, a significant

relationship was observed between N,O and NO;™ only in
autumn, which was likely due to N,O being produced by
both nitrification and denitrification, resulting in dispro-
portionate NO3~ consumption and production with N,O
production. Excess NO3~ and exogenous nitrogen input
into a reservoir also result in this disproportionation.

A positive correlation between N,O and NH,"
(R =0.82; P <0.001) was identified in the warm season
(from April to September) with a slope of 1.13 (Fig. 6). As
previously noted, the water column remained oxic
throughout the year, even during the thermal stratification
period. A well-oxygenated water column provides ideal
conditions for NH,* oxidation. The first step of nitrifica-
tion is the oxidation of NH,* to hydroxylamine (NH,OH),
during which both NO,™ and N,O are produced. If the
NO,™ is not immediately oxidized to NO;~, reduced to
N,O or N, (nitrifier-denitrification), or assimilated into
biomass, NH44r oxidation results in the simultaneous
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Fig. 6 Correlation of N,O with nitrogen and T, DO in Dongfeng reservoir

accumulation of N,O and NO,  (Sasaki et al. 2011;
Beaulieu et al. 2015). In other words, NH, " promotes N,O
production in oxygenated water layers when sufficient
NH, " is available. But in cold seasons, the mineralization
process, which produces NH,* through organic matter
decomposition in anaerobic water layers, would be blocked
by well-oxygenated waters and water-mixing processes.

4.2 Production mechanisms of N,O

As previously noted, denitrification is not a dominant
process for N,O production, but how it might influence
spatial and temporal N,O distribution in DFR still
unknown. That is to say, whether nitrification is solely
responsible for N,O in this mesotrophic reservoir remains
to be determined. A linear correlation between AN,O and
AOU in oxic waters has established that N,O is produced
by nitrification in oceans, lakes, rivers, and reservoirs.
AOU reflects the amount of O, consumed by remineral-
ization of organic matter and nitrification, while the strong
correlation between AOU and AN,O commonly observed
in depth profiles provides circumstantial evidence that
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nitrification is the dominant mechanism of N,O production
in oceans (Nevison et al. 2003), lakes (Mengis et al. 1996;
Wang et al. 2009), and reservoirs (Mengis et al. 1997; Liu
et al. 2011). The reported regression coefficient varies from
0.076 to 0.31 nmol L™ AN,O/pmol L™ AOU (Sunthar-
alingam and Sarmiento 2000).

In Fig. 7, AN,O was plotted versus AOU for all water
samples throughout the reservoir. While a considerable
amount of scatter appears on the figure, significant positive
correlation between AOU and AN,O was found in the
sampling year with the exception of spring. A good linear
correlation was found in summer (R = 0.75; P = 0.001;
July to September) in DFR; the calculated regression
coefficient was 0.19 nmol L™' AN,O/umol L™ AOU. A
significant positive correlation between AOU and AN,O
was also found in the cold season (R = 0.41; P = 0.023;
October to March), with a calculated regression coefficient
of 0.23 nmol L™" AN,O/pmol L™ AOU. The regression
coefficients for reservoirs in this study agree nicely with
reported coefficients in lakes and oceans (Mengis et al.
1997; Nevison et al. 2003; Wang et al. 2009; Liu et al.
2011), indicating that N,O production in DFR was
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Fig. 7 AN,O versus AOU in Dongfeng reservoir

predominated by nitrification. In addition, even though
N,O only correlated with NO5;™ in autumn, it exhibited a
wide-ranging positive correlation with NH,", which sup-
ports N,O production by nitrification.

This approach for identifying the key process of N,O
production is not definitive as numerous factors can con-
tribute to the variability (Mengis et al. 1997). Organic
matter that oxidized in different layers, or differences in the
production yield of nitrifiers could result in varying AN,O/
AOU ratios. In addition, mixing of different water masses
or additional N,O sources, such as denitrification or
assimilative NO;~ reduction, may also affect AN,O/AOU
ratios.

4.3 N,O-N:NO;s-N ratio for assessing N,O
production and IPCC methodology

The IPCC method for indirect N,O emissions assumes that
a certain proportion of soil nitrogen including anthro-
pogenic fertilizer and organic nitrogen is leached to aquatic
ecosystems, from which N,O is produced and emitted from
groundwater and surface drainages to rivers and estuaries
(IPCC 2006). Indirect N,O emissions from agricultural N
utilization are estimated for groundwater, rivers, and
estuaries using an emission factor (EF5) for aquatic
ecosystems. Currently, EF5 is set at 0.75% (kg N>O-N per
kg N leached), with an uncertainty range of 0.05%-2.5%
(IPCC 2006). Specifically, for each aquatic component, the
aquatic EF5 values are currently 0.25% for groundwater
and surface drainage (EF5-g), rivers (EF5-r), and estuaries
(EF5-e) (IPCC 2006; Baulch et al. 2012). Recently, the
IPCC method for estimating indirect N,O emissions from
aquatic systems came into dispute (Baulch et al. 2012;
Hinshaw and Dahlgren 2013; Yu et al. 2013). The current
EF5-r value was confirmed based on data primarily from

small river systems, but there remains great uncertainty in
scaling these values to larger rivers (Hinshaw and Dahlgren
2013). Studies in Ohio rivers showed a three-fold overes-
timation of N,O (Beaulieu et al. 2011), and in spring-fed
rivers in New Zealand, only 0.01% of N,O estimated by
IPCC methodology was observed (Clough et al. 2007).
This uncertainty could be even greater for impounded
rivers with multiple reservoirs.

Ratios of dissolved N,O-N:NO3;—-N from groundwater
and agricultural drainage water has been used to confirm
the EF5 value; in many studies this ratio has been used
directly to evaluate emissions in rivers and lakes
(McCrackin and Elser 2011), but few studies have focused
on reservoirs. The N,O-N:NOs-N ratio in DFR over the
study year ranged from 1.4 x 10™*to0 6.1 x 10~ with an
average value of 2.7 x 10_4, much lower than the default
EF5 value of 75 x 10_4, and even above the minimum
value of 5 x 107*, suggesting an overestimation by IPCC
methodology for reservoirs. Table 1 compares N,O-N:
NOs-N ratios presented in recent literature. N,O-N: NO3-N
ratios in HID, WJD, and DFR along the Wujiang River
exhibited lower values than default ratio values from IPCC
methodology, suggesting that N,O fluxes from reservoirs in
Wujiang River would be significantly overestimated by the
IPCC method. Similar overestimate would also happen in
Swiss reservoirs (Mengis et al. 1997) and in Taihu Lake in
China (Wang et al. 2009), where N,O-N: NO3-N ratios
averaged 0.002 (Fig. 1). However, for reservoirs in the
United States and Finland, default IPCC values would lead
to an underestimate (Huttunen et al. 2002; Deemer et al.
2011).

The N,O-N: NO;-N ratios vary substantially among
different reservoirs worldwide, contributing to poor
understanding of N,O emissions and spatiotemporal pat-
terns, e.g. how the ratio of N,O-N: NO5-N varies season-
ally and vertically within a reservoir is still unknown and
the key influencing factors still not well understood. Sig-
nificant negative correlation was observed between N,O—
N:NO3;-N ratios and T throughout the year in DFR
(R=045; P=0.013 in cold season; R = 0.50;
P = 0.005 in warm season) (Fig. 8). T seemed to constrain
N,O formation by NOj in the reservoir. However, DO
displayed a much more complicated seasonal variation.
Negative correlation was observed in summer (R = 0.71;
P = 0.004) and winter and autumn (R = 0.81; P < 0.001)
(Fig. 8). Nitrification was recognized as the dominant
process for N,O production in DFR and a positive corre-
lation between N,O-N:NOs;-N ratios and DO was
observed in spring, indicating that DO increases N,O-
N:NO5-N ratios. Further research is needed to confirm this
relationship.
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Table 1 Comparison of the ratio of N;O-N: NO5-N among different studies

Name of lake/reservoir Location Ratio of [N,O-N]:[NO5s-N] References
Average Range
Dongfeng reservoir China 0.00027 0.0001-0.0006 This study
Wuyjiangdu reservoir China 0.00040 0.00017-0.0014 Liu et al. (2011a)
Hongjiadu reservoir China 0.00045 0.00014-0.0031 Liu et al. (2011a)
26 lakes in Colorado USA 0.01 0.001-0.07 McCrackin and Elser (2011)
Lacamas reservoir USA 0.009 0.002-0.02 Deemer et al. (2011)
Taihu Lake China 0.002 0.0003-0.02 Wang et al. (2009)
Lokaa reservoir Finland 0.026 0.004-0.031 Huttunen et al. (2002)
Greifensee Switzerland 0.002 0-0.017 Mengis et al. (1997)
IPCC indirect N,O emission factor (EF5) N/A 0.0025 0.0005-0.025 IPCC (2006)
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Fig. 8 Relationship between N,O-N: NO3-N ratios and T, DO

4.4 N,O emission fluxes compared with other water
bodies

Exchange fluxes of N,O were estimated in DFR by month,
as previously noted; maximum and minimum emission
fluxes values were in April 2008 and October 2007,
respectively. In April (early stage of thermal stratification),
N,O emission was expected to exhibit a supersaturation
status and high emission flux, as found in other reservoirs
(Liu et al. 2011a; Beaulieu et al. 2014), but this temporal
pattern was complicated by variable nitrogen dynamics,
especially in thermal stratification seasons. N,O fluxes of
other reservoirs and lakes worldwide are listed in Table 2.
Tropical reservoirs tend to emit more N,O through the
water—air interface than subtropical and temperate reser-
voirs. In addition, DFR had rather low N,O emission flux
when compared to other subtropical reservoirs, including
the adjacent WJID and HJD reservoirs. As many lakes and
reservoirs worldwide, those in the Wujiang basin are sub-
ject to substantial N loading from the surrounding

@ Springer

T (°C)

watershed as evidenced by the high N levels in HID, WID,
and DFR. Even though DFR is a mesotrophic reservoir, the
N,O production and saturation in the hyperlimnion main-
tained a high level when compared with the eutrophic WJD
reservoir. However, the difference in N,O emission fluxes
between WJD and DFR indicates that nutrient status
impacts N,O production.

According to the N,O emission fluxes and water surface
area of DFR (19.06 km?), we estimated the annual N,O
emissions from the water—air interface to be 0.32 x 10°
mol N,O. Due to a smaller water surface area and flux,
annual N,O emissions were less in DFR than in HID and
WID (3.17 x 10° mol N,O and 2.81 x 10° mol N,O,
respectively) (Liu et al. 2011a). Although this annual N,O
emission amount was not comparable with large rivers and
soil systems, it should be emphasized since most rivers
worldwide are impounded with reservoirs, especially in
China. China is already the world’s largest producer of
hydroelectricity, with more than 220 large- and medium-
scale (>50 MW) hydropower plants and over 40,000
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Table 2 Emission fluxes of N,O at water—air interface in lakes and reservoirs

Name Location Climate FN,O (pmol m2h7h References

Reservoirs
Petit Saut French Guiana Tropical 4.04 + 2.54 Guerin et al. (2008)
Fortuna Panama Tropical 0.29 £+ 0.46 Guerin et al. (2008)
Tucurui Brazil Tropical 521 £342 Lima et al. (2002)
Samuel Brazil Tropical 6.54 + 6.17 Lima et al. (2002)
Serra de Mesa Brazil Tropical 0.13 £ 0.92 Sikar et al. (2005)
Manso Brazil Tropical 0.13 £ 1.25 Sikar et al. (2005)
William H. Harsha United States Extratropical ~—50 ~ &~ 100 (data from fig) Beaulieu et al. (2014)
Lokka Finland Temperate —0.08 ~ 0.26 Huttunen et al. (2002)
Porttipahta Finland Temperate —-0.02 ~ 0.24 Huttunen et al. (2002)
Three Gorges China Subtropical 0.32 + 0.48 Zhu et al. (2013)
Hongjiadu China Subtropical 0.45 (0.10 ~ 1.32) Liu et al. (2011a)
Wujiangdu China Subtropical 0.64 (0.08 ~ 1.76) Liu et al. (2011a)
Dongfeng China Subtropical 0.19 (0.01 ~ 0.61) This study

Natural lakes
Mochou Antarctica Frigid 0.22 £+ 0.48 Liu et al. (2011b)
Tuanjie Antarctica Frigid 0.18 4+ 0.20 Liu et al. (2011b)
Daming Antarctica Frigid 0.51 &+ 0.49 Liu et al. (2011b)
ELA in Ontario Canada Temperate <0.0033 Hendzel et al. (2005)
Kevaton Finland Temperate 0.09 ~ 0.50 Huttunen et al. (2003)
Tahu China Subtropical 0.41-0.58 Wang et al. (2009)
Yugiao China Subtropical 0.18 (—0.14 to 0.89) Liu et al. (2015)

smaller-scale ones. Given the rate of dam construction,
GHG emissions from hydroelectric reservoirs may have
significant global impact (Hu and Cheng 2013).

In addition, supersaturated N,O content in the bottom
waters will be released into the atmosphere as water passing
through the turbines and spillways is drawn from the lower
layer, and downstream GHG emissions will occur as water is
released under pressure below the dam (Liu et al. 2011a;
Fearnside and Pueyo 2012). In 2007, the water output of DFR
was about 5.02 x 10° m3, and the average concentration of
N,O in discharged water was 31.04 nmol L% In total,
1.56 x 10° mol N,O was released through power genera-
tion, which is nearly five times the N,O emissions from the
water—air interface. A similar difference between N,O
degassing from water—air interface and releasing water
during power generation was found in WJD and HJD, but
DEFR has the highest proportion of the three. This is mainly
because DFR has larger output than the other two reservoirs,
demonstrating that management of reservoir operations
strongly affects N,O degassing.

The annual electric energy production of DFR is
24.2 x 108 kW/h (http://192.168.4.1/gsgk/zjdz/3213 htm).
Combined N,O emissions from the water—air interface and
degassing from releasing water during power generation was

1.88 x 10° mol N,O. So, per 1 kW/h electrical power, DFR
released 77.69 pmol N,O, which was lower than both WJID
and HID (107.78 and 134.88 pmol/kW/h, respectively).

5 Conclusions

This study investigated the temporal and spatial variation
of N,O as well as controlling factors in a mesotrophic
reservoir. Though as a mesotrophic reservoir, DFR acted as
obvious N,O sources with respect to atmosphere. However,
N,O emission fluxes in DFR were significantly lower than
that in the neighboring eutrophic WID reservoir, implying
that eutrophication may enhance the N,O emission. N,O
production in DFR was dominated by nitrification in well-
oxygenated water layers, while no obvious effects of den-
itrification on N,O emission were observed in DFR, which
should be emphasized in future researches, especially in
sediment—water interface.

IPCC methodology would seemingly lead to overesti-
mation if it were applied in reservoirs of the Wujiang
River, but this needs to be substantiated by further obser-
vation because it remains unclear 1) how seasonal and
diurnal N,O variation influence N,O-N: NOs-N ratios and
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2) how some special events, such as ice-cover water, may
affect N,O production with respect to NO; ™.

N,O emission flux from the water—air interface and N,O
degassing from releasing water behind the dam during
power generation should be given equal attention and
emphasis. N,O emission flux from surface waters is related
to N,O saturation and physical-chemical quality, while
N,O degassing during power generation is related to water
output and N,O saturation in releasing water layers.
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