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ABSTRACT

Estimates of biogeochemical processes and the proportion of N,O production in the aquatic system
of impoundments are important to quantify nitrogen cycling, particularly during stratification
periods. In this study, we used the dual isotopes of nitrate (NO3) and nitrous oxide (N,O) to
estimate the nitrogen dynamics and contributions to N,O production and reduction at varying
zones in Lake Baihua, located in southwest China. The lake was strongly stratified during the
sampling period, with the oxic zone from the surface to 12 m and the anoxic zone from 12 to
21 m. The assimilation shifted 8'°N and §'80 of NO3 significantly in the epilimnion (0—4 m),
and denitrification contributed to the shift in the low dissolved oxygen zone of the hypolimnion.
The semiquantitative analysis showed that nitrification accounted for >67% of the N,O
production between 0 and 4 m while higher nitrification contributions were also found between
6 and 12 m. The contribution of denitrification between 15 and 21 m was >43%. The
mechanism responsible for the vertical variations should be considered in the estimation of
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Introduction

Lakes are considered a large global sink for reactive
nitrogen (Pearson et al. 2012, Finlay et al. 2013). Nitro-
gen (N) dynamics in lake ecosystems involve a series of
complex processes, such as external inputs and internal
biogeochemical cycles; however, the effects of freshwater
N removal are still poorly understood (Mayer and
Wassenaar 2012, Finlay et al. 2013, Wenk et al. 2014).
In general, nitrate (NO3) is the dominant form of
dissolved inorganic nitrogen (DIN) entering aquatic
environments. Globally, concentrations of NOj3 are stea-
dily increasing in aquatic systems, which has been attrib-
uted to increasing surface run-off, river damming,
aquaculture, N deposition, agricultural, and other land-
based activities (Sterner 2011, Mostofa et al. 2013,
North et al. 2013, Beusen et al. 2016). High levels of
NOs3 in freshwaters are detrimental to human and eco-
system health and sustainability (Ohte et al. 2010, Finlay
et al. 2013, Beusen et al. 2016).

Lakes are most likely to become important N sinks
under stratified conditions, especially for anoxic bottom
water. Conditions in the surficial bottom sediments of

lakes that favor denitrification processes are due to
high organic matter inputs from the overlying water col-
umn and strong dissolved oxygen (DO) gradients. Deni-
trification processes in stratified lakes primarily occur in
the redox transition zone, which is largely controlled by
the oxygen supply via hydrodynamic processes and the
consumption of oxidants due to organic matter degra-
dation (Pearson et al. 2012, Wenk et al. 2014). Nitrous
oxide (N,O) can be produced by the N cycle as a by-pro-
duct of hydroxylamine (NH,OH) oxidation during
nitrification processes as well as during incomplete deni-
trification processes (Sasaki et al. 2011, Wenk et al. 2016)
and can contribute to global warming and stratospheric
ozone depletion (Well et al. 2005).

Stable isotope analysis, particularly the dual isotope
approach of NOj3 and N,O, is a powerful tool that can
provide critical insights into N transformation dynamics
in lakes (Spoelstra et al. 2001, Xiao and Liu 2004, Finlay
et al. 2007, Ohte et al. 2010, Sasaki et al. 2011, Mayer and
Wassenaar 2012, Wenk et al. 2014, 2016). For example,
the values of dual NOj isotopes would increase during
biological processes in aquatic environments, such as
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uptake by algae or denitrification by bacteria. Previous
studies showed that the §'°N and 8'%0 isotopic ratio
was maintained at 1:1 during assimilation (Granger
et al. 2010, Mayer and Wassenaar 2012) but increased
to ~2:1 during denitrification (Mayer and Wassenaar
2012, Wenk et al. 2014).

The ""N-site preference (SP), namely the difference in
isotopic '°N between the central (a) and terminal (B)
positions within the asymmetric N,O molecule, can be
defined as SP=8""N* — §"°NP (Toyoda and Yoshida
1999). The characteristic isotopic signature of N,O can
be used to determine different sources of N,O and its
microbial pathways (Yoshida et al. 1989, Toyoda et al.
2005, Sutka et al. 2006, Yamagishi et al. 2007, Wenk
et al. 2016). Previous studies have used SP as a diagnostic
tool to elucidate source processes of N,O, such as nitrifi-
cation and denitrification (Sutka et al. 2003, Baggs 2008,
Frame and Casciotti 2010, Santoro et al. 2011, Heil et al.
2014). For example, the SP signature of N,O via nitrite
(NO3) or NO3 reduction, whether by nitrifying or deni-
trifying bacteria, can be as low as —10.7%o, clearly lower
than that from N,O produced by nitrification (e.g.,
ammonia and hydroxylamine oxidation, up to 37.5%o;
Sutka et al. 2006, Frame and Casciotti 2010). In addition,
fungal denitrification yields N,O with an SP value of
37%o, which is close to nitrification but considerably
different from that produced during bacterial denitrifica-
tion (Sutka et al. 2008). Finally, pure culture studies pro-
vide compelling evidence suggesting that SP values of
0%o or less are indicative of N,O produced by denitrify-
ing bacteria while SP values of 30.6%0-7.5%o indicate
N,O produced from hydroxylamine oxidation or fungal
denitrification (Sutka et al. 2006, Frame and Casciotti
2010, Wu et al. 2016).

Hydroelectric impoundments are widely distributed
in southwest (SW) China. High levels of N,O and its
emission to the atmosphere have been found from
those reservoirs (Liu et al. 2011). Constructed in 1966,
Lake Baihua (BH) is a typical hydroelectric impound-
ment in SW China with a series of 8 dams along the
Maotiao River, located in the upper reaches of Wujiang,
a tributary of the Changjiang (Yangtze) River of China.
BH is a eutrophic lake with a high content of dissolved
organic matter (up to 330 uM C) and high primary pro-
duction with chlorophyll concentration up to 66 pg/L
(Fu et al. 2010). Previous studies showed that the pro-
duction and consumption of N,O in BH strongly accord
with the decomposition of organic matter during lake
stratification, and the emission flux of N,O is high (2.4
umolm®/h; Wang et al. 2004, Liu 2010). However, the
proportion of N,O production from various processes
is not well constrained in hydroelectric impoundments
of SW China. Relatively high concentrations of NOj3
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and N,O along with high contents of dissolved organic
matter in BH make it ideal for studying N processes in
subtropical impoundments, which can provide vital
information for understanding processes for many
lakes with similar conditions around the globe. To
understand the processes leading to the production of
N,O, however, it is imperative to explore the N cycle
in the whole water column. As such, the goal of this
study was to assess NO3 and N,O transformation in
this subtropical lake during summer stratification
periods. We report new measurements to estimate the
concentration and isotopic composition of NO3 and
N,O in the water column to assess their spatial variation
as well as to identify their fate. The major transform-
ations of nitrification and denitrification contributed to
N,O production and reduction in different water depths
were also estimated based on SP values.

Study site

BH is located near Guiyang, SW China, at an altitude of
~1200 m a.s). The mean annual precipitation in the
area is ~1200 mm. The valleys upstream and down-
stream of BH are both long and narrow, but the middle
section of the lake is wide, with >100 islands distributed
in the lake (Fig. 1). Another hydroelectric impoundment,
Lake Hongfeng (HF) built in 1960, is situated upstream
of BH. The water discharged from HF (30.2 m’/s) is
the primary water source for BH (38 m>/s; Liu 2010).
These 2 impoundments serve to control floods and pro-
vide water for electrical power generation, industrial and
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Figure 1. Lake Baihua sampling sites, denoted by circles. The
gray areas within the lake represent islands.
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agricultural water supply, and recreation. The water level
fluctuates between 1240 m (normal level) and 1227.5 m
(storage level) a.sl. in HF, and between 1195 m and
1188 m a.s.l. in BH, influenced by engineered water con-
trol and climate (Liu 2010). Stratification can be
observed frequently between April and August in BH
(Wang et al. 2004).

Methods

Water sampling was conducted in BH during August
2013. To understand the spatial variations in N cycles
within the entire lake system, 4 sampling sites were cho-
sen along the lake (Fig. 1). Specifically, the first sampling
site (BH,) was located at the upper reach, the second
(BH,) was near one of the tributaries located in the
middle section, the third (BH;) was located in the
lower reach, and the fourth (BH,) was located ~0.5 km
upstream of the dam. Water flow was from BH; to
BH, (Fig. 1). Profiles of temperature (T), DO, and con-
ductivity (EC) were obtained with an automated multi-
parameter monitoring instrument (Yellow Springs
Instruments: YSI 6600 v2). A 5-L Niskin water sampler
was used to collect water samples at the same depths at
which T, DO, and EC were measured. Water samples
were filtered through 0.45 um membrane filters (Milli-
pore) and kept at 4 °C in the dark until analysis. Concen-
trations of ammonium (NH}), NO3, NO3, and total
dissolved nitrogen for the filtered samples were analyzed
using an automatic flow analyzer (SKALAR Sans Plus
Systems) within 48 h. The concentrations of dissolved
organic carbon (DOC) were analyzed as CO, by the
wet oxidation method (Aurora 1030). Water samples
were first acidified with 5% (vol/vol) of H;PO, to remove
all inorganic carbon, and then 10% Na,S,04 was added
to oxidize organic carbon to inorganic carbon.

The NOj3 isotopes of water samples were measured by
the denitrifer method (Mcllvin and Casciotti 2011). Four
international NO3; (USGS-32, USGS-34, USGS-35, and
IAEA-N3) and 2 experimental reference materials were
used for the calibration. The precision for the samples
analyzed in duplicates was 0.3%o for 8'°N and 0.5%o
for 8'%0 of NO3.

Water samples for N,O isotopomer analysis were
directly sampled into 120 mL glass bottles sealed with
butyl rubber stoppers. The samples were injected with
0.6 mL of HgCl, solution (5%) and stored at 4 °C until
analysis. Bulk N,O isotope and isotopomer analyses
were conducted at the Tokyo Institute of Technology,
Japan, using an online analytical system with a stainless
steel gas transfer line, pre-concentration traps, chemical
traps for removal of H,O and CO,, and a gas chromato-
graph/isotope ratio mass spectrometer (MAT 252;

Thermo Fisher Scientific Inc.; Toyoda and Yoshida
2016). The detailed description of the calibrated method
and process for measuring N,O concentrations and iso-
topomer can be found in Toyoda and Yoshida (2016).
The §"°N and §'®0 were reported relative to atmospheric
N, and V-SMOW, respectively.

Results

Because of the shallow depth at BH;, the depth profiles
of T, DO, and DOC (Fig. 2) were limited to 10 m. The
T profiles in the epilimnion zone were similar at all
4 sites (Fig. 2a); however, below the thermocline
(~6-10 m), the depth-profiles of T remained similar
between the 2 middle sites (i.e., BH, and BH;) but
were notably different at the other 2 sites. The mixing
discharge at site BH,, with a constant T value between
15 and 21 m, may be caused by continuous water flow
at the suboxic hypolimnion zone toward the dam. The
DO values ranged from 223 to 338 umol/L (uM) from
the surface to the depth of 4 m and then decreased
rapidly between the depth of 4 and 8 m (Fig. 2b). Low
DO (<20 pM) was detected at 10 m at BH; and below
12 m at the other 3 sites. Thus, the oxic zone extended
from the surface to about 12 m, and the anoxic zone
was roughly from 12 m to the lake bottom. In addition,
DO values between the surface and 6 m were higher at
the upper section of the lake (i.e., BH;) and gradually
decreased toward the lower reaches (i.e., BH,). This
decreasing trend in DO along the water flow direction
was probably caused by O, degassing and consumption
of oxygen by degradation of organic matter. As the
major recharge source of BH, the water discharged
from HF with low T (13.7 °C) can increase dissolution
of O, into the water, but the increased temperature of
water during the water flow may lead to O, degassing.
Although DOC concentrations were relatively constant
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Figure 2. Water column profiles of (a) temperature, (b) DO, and
(c) dissoved organic carbon in Lake Baihua during August 2013.
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Figure 3. Water column profiles of (a) dissolved NO3, (b) DON, (c) NH3, (d) NO3, (e) 8'°N—NO3, and (f) §'®0—NO3 in Lake Baihua during
August 2013.

at BH,, they varied greatly with depth at BH, and BH;,  all sampling sites, with higher values at 4, 12, and
where higher DOC concentrations were found at deeper 21 m. Significant negative relationships between DON
depths (Fig. 2c). and NOj existed at all sites except for BH,, which were
The depth profiles of NO3, dissolved organic nitrogen  indicative of the contribution of NOj3 from degradation
(DON), NHj, NO3, and dual NO3 isotopes at the 4 of organic N (Fig. 4a).
sampling sites (Fig. 3) show that the average concen- NH; and NO; were minor forms of DIN while NO3
tration of NO3 over the depth profile was highest at and DON were the dominant forms of dissolved N
BH, (mean [1 SD]=119 [24] uM) and decreased in  (Fig. 3c). The concentrations of NH; and NO; were
the lower reaches with (86 [47] uM) at BH,, (81 [35] low (<4 uM) for most depth profiles. The NHj concen-
uM) at BH;, and (85 [17] pM) at BH, (Fig. 3a). NO3 tration was highest at 6 m at BH; and 2 m at BH,
concentrations were relatively constant above 4 m, but  (Fig. 3c), and NO3 concentration was highest at 12 m
in the deeper water its concentrations fluctuated greatly — at BH, (Fig. 3d).
with depth and among sites (Fig. 3a). The isotopic composition of NO3 varied markedly
The average concentration of DON over the depth  with depth at all 4 sites (Fig. 3e). The average §'"°N of
profile was lower at BH,; (10.8 [5.5] uM) and increased =~ NOj3 over the depth profile increased from 15.2%o
monotonically from BH, (15.9 [8.0] uM) to BH; (23.4 (2.4%0) at BH; to 20.3%o (5.1%0) at BH, and 23.0%o
[27.6] uM) and BH, (33.3 [12.3] uM; Fig. 3b). DON at (9.1%0) at BH; and then decreased slightly to 21.8%o
BH, showed the greatest fluctuation with depth among  (5.8%o) at BH,. The average 8'°0 of NOj3 over the
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Figure 4. The relationship between (a) NO3 and DON and between (b) §'*°N-NO3 and 8'80-NO3 in Lake Baihua during the summer
stratified period.
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depth profile varied from 6.7%o (1.6%o) at BH; to 6.8%o
(6.1%0) at BH,, 7.8%o0 (5.1%o0) at BH3, and 6.1%o (2.9%o)
at BH,. The NO3 isotope peaks occurred at the top of the
anoxic zone (between 4 and 6 m). However, §'*0 of
NOj3 tended to decrease with depth, and negative values
were measured at 15 and 18 m at BH, and BH3, respect-
ively. Increasing 8'°N and §'®0 of NOj3 with decreasing
NOj concentrations were also observed in a few water
samples taken from the epilimnion and in most of the
water samples taken from the hypoxic hypolimnion.
The highest §'°N value was 40.5%o0 at 6 m at BH; and
the highest §'°0 value was also observed at the same
depth at BH; with a value of 16.9%o. In addition, the
8N and 8'®0 values of NO3 were relatively stable
from 0 to 8 m at BH; and below 12 m at BH,, whereas
those values fluctuated at BH, and BHj;, closely resem-
bling the trends in NO3 and DON concentration profiles.
A 1:1 slope line existed between §'*0 of NO3 and §'°N
of NO3 for the water samples taken from the depths
between 0 and 4 m (Fig. 4b).

The N,O concentrations varied substantially among
the sampling sites ranging from 15 to 850 nmol/L
(nM), and the average values increased from 33.9
(27.4) nM at BH,, to 77.1 (81.4) nM at BH,, to 213
(274) nM at BH; and then decreased to 45.4 (27.5) nM
at BH, (Fig. 5a). Extreme oversaturation levels (e.g.,
1.6-71-fold) of N,O with respect to atmospheric equili-
brium were detected at different depths. Three water
profiles had N,O peaks at 8 m, associated with the
rapid decrease in DO concentrations (Fig. 5a and 2b).
Although the N,O peak at BH; occurred at 11 m, it
occurred at analogous DO concentrations to other
depth profiles with high concentrations of N,O (Fig. 5a
and 2b) and was associated with the lowest bulk §'°N
(—8.3%o). The highest N,O concentration was detected

at the bottom of BHj, which also had the highest DOC
concentration. The stable isotopic composition of N,O
at BH; was relatively constant with depth, except that a
peak value occurred at 8 m, which corresponded to
the depth of the peak concentration of N,O (Fig. 5a-b).

The bulk §'°N of N,O ranged from —8.3%o to 26.9%o
for the 4 water depth profiles. The average values of bulk
8N were 2.8%o (1.8%o) at BH,, 6.8%o (8.7%o) at BH.,,
2.0%0 (2.9%0) at BH3, and 2.8%0 (9.2%0) at BH,. The
bulk §'°0 values of N,O ranged from 16.1%o to 55.1%o
among the 4 depth profiles, and their average values
were 26.7%o (5.3%0) at BH;, 36.8%0 (6.8%0) at BH,,
31.8%0 (6.0%0) at BH;, and 32.9%o (14.2%0) at BH,.
The bulk §'°N and §'°0 were higher at 12 m and then
decreased to the bottom at BH,; however, the bulk
8"°N decreased from 8 m to the bottom and §'°0
decreased from 12 m to the bottom at BHj.

The average SP values of N,O were higher in the
upper (29.2%o0 [11.1%0] at BH;) and lower (33.0%o
[16.8%0] at BH,) reaches compared to the 2 middle
sites (26.9%o0 [9.0%0] at BH, and 20.4%o [9.7%o] at
BH3). The SP values were higher at 8 and 15 m and sub-
sequently decreased to the bottom for 3 profiles.

Discussion

Nitrate transformation and cycling along with its
isotopic characteristics in Lake Baihua

Compared to other sites, BH; showed higher NO3 con-
centrations and lower NO53 isotopes at almost all depths,
indicating different NOj3 sources or different processes.
Degradation of organic N (e.g., organic N - NH; —
NO3; mineralization and nitrification), which is primar-
ily released from phytoplankton by both photochemical
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Figure 5. Water column profiles of (a) N50, (b) 6" Npyi-N,0, (c) §'®0-N,0, and (d) SP—N,0 in Lake Baihua during August 2013.



and microbial respiration, can produce NH; and then
NOs;. Significant negative relationships between DON
and NOj at all sites except BH, were indicative of the
contribution of NO3 from degradation of organic N
(Fig. 4a). The isotopic fractionation in these paths is
likely to cause the nitrified NO3 to have a lower isotopic
signature than that of the primary sources. The terrestrial
inputs and high DON concentration in drainage water
from the bottom of the lake might result in higher
NOj3 concentrations at BH; than at the other 3 sites.

At the 3 other sites, NO3 isotopes decreased from
12 m to the bottom of the lake subsequent with increased
DON concentration. The high concentrations of DON at
greater depths might be the result of phytoplankton sink-
ing out of surface waters (Mostofa et al. 2016). Low 8'%0-
NO; values might be caused by the oxygen exchange
between water and NO; during nitrification or by the
different isotopic value of water oxygen and atmospheric
oxygen used during nitrification (Casciotti et al. 2010).
N characteristics in deeper water layers (>12 m)
suggested that NO3 at those depths was primarily derived
from nitrification. Furthermore, dissimilation and deni-
trification processes may be also involved in the 3 depth
profiles and result in higher NOj3 isotopes. The 1:1 line
between 8'0 of NO3 and 8'°N of NO3 in the 0—4 m
depth samples would represent assimilation along with
the regeneration of NOj3 via nitrification (Fig. 4a; Granger
et al. 2010, Mayer and Wassenaar 2012).

Although mineralization and nitrification were the
major N-transformations at BH;, the NO3 character-
istics at the bottom of BH; also indicated incomplete
denitrification. The decrease in NO3 concentration
from 12 m to the bottom of the lake suggested dissimi-
lation or denitrification processes. As one of the 2 reduc-
tive N reduction pathways, however, dissimilation
mostly occurred in the epilimnion. More specifically,
this decrease in NOj concentrations with depth was
caused by denitrification. The mixing between denitrifi-
cation and nitrification was the major reason for the ver-
tical variation in the NOj3 concentration from 12 m to
the bottom of the lake, subsequently with relatively low
NOj3 concentration and isotopes and high DON.

N,O0 cycling along with its isotopic characteristics
in Lake Baihua

The N,O concentration and its isotopic composition were
the net result of mixing dissolved N,O from the upper
reaches (drainage water from the bottom of HF) with sim-
ultaneous production and reduction of N,O. N,O
reduction has been thought to be more affected by low
oxygen levels than other enzyme-regulated steps involved
in denitrification. Moreover, enzyme-regulated steps
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could result in a lag phase between reduction and pro-
duction of N,O, which could possibly lead to a short-
term accumulation of N,O (Wenk et al. 2016). High
fluctuations of N,O concentration in the oxic zone,
oxic-anoxic interface, and the anoxic water at depth
may be linked to enhanced denitrification rates and sub-
sequent regulation of reduction (stimulated by increased
organic matter inputs following spring algal blooms).

The SP values of N,O varying between —1.5%o and
47.7%o showed a slight variation in the epilimnion and
a more pronounced variation in the hypolimnion, the
latter of which was larger than those for other lakes
(Sasaki et al. 2011, Wenk et al. 2016). The simultaneous
increases in NO3 and N,O concentrations between the
surface and 8 m in these 3 profiles, except for at 6 m
at BHj;, indicated N,O production by nitrification.
Some features can be obviously identified for NO3 and
N,O. For example, high SP values were found at 4 and
8 m at BH, and at 8 m at BH; with the N,O peak
and high SP value, which was interpreted as the result
of nitrification processes and notably different from at
6 m at BH;. The N,O concentration at BH, was highest
at 11 m, where a minimum bulk 8"”N-N,O (ie.,
—8.3%o0) occurred, indicating that in situ N,O production
could occur by either bacterial nitrification or nitrifier
denitrification. The SP value was 43.6%o at the depth
of N,O production, however, similar to the N,O pro-
duction at 8 m at BHj, suggesting an NH,OH-derived
source of N,O rather than nitrifier denitrification.
Nitrification was observed for all profiles with the highest
peaks for both NO3 and N,O concentrations at 8 m,
suggesting a simultaneous occurrence of NOj regener-
ation and N,O production by nitrifying microorganisms.
The amount of newly produced N,O was expected to be
controlled by the newly produced NO3, if nitrification
was related to the N,O accumulation in the oxic zone.

Although the isotopic evidence implied that nitrifica-
tion was responsible for the increased SP values, samples
at 6 m at BH; with considerably increased NO3 isotope
values and decreased SP values could indicate that NO3
and N,O mainly originated from denitrification pro-
cesses. Denitrification was also observed in the anoxic
hypolimnion (15 to 21 m) zone with decreased SP signa-
tures and NOj3 concentrations, suggesting the increased
contribution of denitrification to N,O production. The
highest DOC concentration observed at the bottom of
BH; and anoxic zones was conducive to denitrification.
Low values of the N,O isotopomer (SP=-1.5%o and
8" Npuk = —2.1%0) at 21 m at BH; indicated that deni-
trification was responsible for the highest N,O concen-
trations at this depth.

Elucidating the oxygen isotopic characteristics of N,O
is particularly challenging because its isotopic
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composition reflects both source and the tendency for
intermediate compounds of N,O production (Sutka
et al. 2006, Well and Flessa 2008, Zou et al. 2014). The
80 of N,O derived from NH,OH decomposition
might depend on the §'®0 of O, during the first reaction
of nitrification if the §'*0 of N,O produced by nitrifica-
tion and nitrifier-denitrification depended on both the
§'®0-0, and §'°*0-H,0, which would be proportionally
affected by the amount of oxygen atom exchange
between NO; and H,O. This pattern is consistent with
relatively more N,O production by nitrifier—denitrifica-
tion due to a significant decrease in O, concentration
at deeper layers; thereby, a substantial contribution to
the overall §'*0-N,O came from H,O.

The contribution of nitrification, denitrification,
and reduction to N,O

Relatively stable N,O concentrations and SP values
between the surface and 4 m at BH,;, BH,, and BH;
implied the homogeneous distribution of N,O. The dis-
solved N,O in the upper reaches might partly come from
denitrification owing to the outflow from the bottom of
HE. The SP signatures at those depths suggested that
N,O between the surface and 4 m was a mixture of deni-
trified N,O from the upper reaches and nitrified N,O in
situ. The discrepancy of SP signatures between the 2 pro-
duction pathways can be used to back-calculate the rela-
tive contributions of nitrification and denitrification to
the N,O production according to the following equation:

8measure = 8denitriﬁcation X (1 - f) + 8nitriﬁcation X f) (1)

where Ogenitrification> Onitrification» and f are denoted as the
SP value for denitrification, the SP value for nitrification,
and the nitrification contribution, respectively.

To further quantify the contributions of the 2 pro-
cesses, the SP signature of endmembers should be deter-
mined. In this study, the high concentration of N,O in
the deep water (21 m) at the center of the lake (BHj;)
suggested that denitrification was responsible for the
accumulation. The low values of N,O isotopomers and
the highest N,O concentrations in the deep water
(21 m, SP =-1.5%0) at the center of the lake (BHj3),
which was within the range of pure cultures from
—4.0%o0 to 1.9%o (Stuka et al. 2006), can be used as a deni-
trification signature because of the relatively stable stra-
tification. The SP value of hydroxylamine oxidation or
nitrification from pure cultures ranged from 30.6%o to
37.5%o, and the SP value of 33%o was characteristic of
nitrification (Stuka et al. 2006). We used an SP of
—1.5%0 and 33%o as the characteristic value of denitrifi-
cation and nitrification, respectively. The contribution of
N,O production by nitrification and denitrification at

BH, was not calculated because this site location was
close to the dam and the trend of N,O isotopic compo-
sition significantly varied compared to the other 3 sites.
The contribution of nitrification in the epilimnion zone
between the surface and 4 m (SP 20.2—27.8%o) was cal-
culated to be between 70% (6.8%), 75% (9.3%), and 67%
(5.8%) at BH;, BH,, and BH3, respectively.

As discussed earlier, the relatively low SP value in the
hypolimnion zone (15 to 21 m) can be explained by a
mixture of nitrification and denitrification processes.
Using the same end member information, the portion
of the denitrification contribution can be calculated.
The results showed that 42% (3.6%) and 57% (41%) of
N,O were produced by denitrification at BH, and BH;,
respectively, whereas 58% (3.6%) and 43% (41%) of
N,O were produced by nitrification at BH, and BH;,
respectively. Because the SP value at 21 m at BH; was
chosen as the end member of denitrification, the deni-
trification contribution should be responsible for the
entire N,O production at this depth.

From 6 to 12 m, oxygen concentrations decreased
with depth. This decrease may shift the N,O production
process from nitrification to denitrification and also the
increase in the ratio of N,O reduction to its production,
which may induce an increase in SP value along with
8" Nnao and 8'%0y,0 values (Well et al. 2005, Yama-
gishi et al. 2007, Koba et al. 2009, Wenk et al. 2016).
From the various reports of high SP values in aquatic sys-
tems, high SP values were characteristic of denitrifying
aquatic environments, where N,O reduction is favored
because N,O fluxes are restricted by low gas diffusivity
(Well et al. 2005). In this study, no profiles showed a
consistent increase in 6'°N, 80, and SP values.
Although higher SP values than the pure culture results
were observed, N,O reduction can be used to explore
possible mechanisms for the high values. N,O between
6 and 12 m likely resulted from mixing processes,
including nitrification and denitrification, and the
increase in the ratio of N,O reduction. If the contri-
bution of nitrification and denitrification between 6
and 12 m was the same as that between the surface
and 4 m, the SP signature should have the same range
as the signature between the surface and 4 m (SP
20.2-27.8%o). The proportion of N,O reduction can be
calculated using the following approximate Rayleigh lin-
earization (Yamagishi et al. 2007, Sasaki et al. 2011):

Omeasure = 8original + & xIn(C/Cy), (2)

where &=5Pe=—-16.4%o, which is calculated from the
N,O reduction in the water column (Yamagishi et al.
2007, Sasaki et al. 2011), and &riginal = SPoriginal =
22.9%o, which is the average SP signature between the



surface and 4 m at BH,, BH,, and BH;. C, and C
denoted the original, not reduced, N,O concentration
and N,O concentration after reduction, respectively.
Quantitative analysis showed that the pre-existing N,O
could be reduced within the range of 24% to 77% at
BH, and BHs.

Although we calculated the N,O contributions from
nitrification, denitrification, and reduction based on the
mixing model and Rayleigh linearization, uncertainties
might still exist in those calculations. For example,
unstable redox conditions between 6 and 12 m might
impede the transformation of N,O to N, (Wenk et al.
2016). Thus, the N,O reduction might be overestimated
between 6 and 12 m because the SP signature of nitrifi-
cation can reach up to 37.5% (Frame and Casciotti 2010).
The high SP signature implied that nitrification contri-
butions between 6 and 12 m should be higher than
between the surface and 4 m. Furthermore, we could
not exclude the possibility of contribution of N,O
reduction between 15 and 21 m, meaning that the quan-
titative analysis from denitrification between 15 and
21 m might be underestimated. In addition, this calcu-
lation ignored the vertical and horizontal diffusion,
which might influence the estimation based on the isoto-
pic fractionation (Well and Flessa 2008).

Conclusion

This study investigated N biogeochemical processes and
N,O production in a typical stratified impoundment in
SW China, located on a river with a large number of
hydroelectric dams. The water temperature profile
showed the thermocline occurred between a depth of 6
and 8 m. The DO concentration declined in the thermo-
cline and continued to fall to <20 uM below 12 m. The
DOC concentrations showed a larger variation, particu-
larly at BH,, whereas high concentrations of DOC were
detected at the bottom of the other 3 profiles. NO3 con-
centrations and its isotopic composition varied with
depth and among locations. The positive relationship
between §'°N and §'°0 of NO3 along with decreasing
NOj3 in the 0—4 m depth could be a signature of NO3
assimilation. Denitrification and nitrification were
responsible for the variation of various N species from
12 m to the bottom of the lake.

High N,O concentration and its extreme oversatura-
tion were often detected for all depth profiles of Lake
BH. Simultaneous increases in NO3 and N,O concen-
trations at BH,; indicated that the N,O production
could result from nitrification. The detected N,O peaks
suggested N,O accumulation. The SP signature
suggested that N,O in the oxic zone was produced by
denitrified N,O from the upper reach and nitrified
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N,O in situ. Low values of the N,O isotopomers along
with the highest N,O concentrations at the bottom of
this lake (SP=—1.5%0) can be used as a signature for
denitrification. Although the calculation of SP gave semi-
quantitative analysis for N,O dynamic processes, we
concluded that nitrification contributed >67% of the
N,O production between the surface and 4 m, which
was lower than that between 6 m and 12 m. N,O
reduction is <77% between 6 and 12 m. The contri-
bution of denitrification between 15 and 21 m was
>43%. Further studies on the vertical distribution of
microorganism and hydrological conditions in the key
zone will help to understand N dynamics and production
of greenhouse gases in hydroelectric impoundments.
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