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Abstract

Recent studies suggest that hypolimnetic respiration may be responsible for greenhouse gas (GHG) emissions
from deep reservoirs. Currently, quantitative evaluation of aerobic vs. anaerobic processes and priming
(enhanced processing of organic matter due to the addition of labile carbon) in regulating GHG production and
emissions across the reservoir-downstream continuum remains largely unknown. High-resolution, annual time-
series observations in a large, subtropical reservoir (Shuikou) experiencing seasonal hypoxia in southeast China
indicate that aerobic hypolimnetic CO, production dominated in most periods of the stratified spring/summer
with higher rates at higher temperatures. In addition, anaerobic production of hypolimnetic CO, occurred in
the late stratified spring/summer period, which stimulated hypolimnetic production of CH,; and
NO. Incubation experiments showed that priming in spring enhanced both aerobic and anaerobic production
of excess GHGs. A late spring flood event generated the highest daily efflux of CO, through the flushing of
GHG-enriched hypolimnion waters. Turbine degassing contributed 59%, 93%, and 63% of annual CO,, CHy,
and N,O effluxes, respectively. Moreover, annual downstream GHG emissions were similar to those in the tran-
sition/lacustrine zone of the Shuikou reservoir. Diurnal variation observations revealed net CO, emissions even
during algal bloom seasons. The reservoir-downstream river continuum was a year-round source of GHGs
(218.5 + 18.9 Gg CO,-equivalent yr '; CO, contributed 91%). However, the loss of oxygen also leads to
increased production and storage of recalcitrant dissolved organic carbon (RDOC). Thus, identifying mecha-
nisms controlling both GHG emissions and RDOC production is crucial to constrain the carbon neutrality issue
of hydroelectric reservoirs in the context of climate change mitigation strategies.

Globally, more than 70,000 large dams (> 15 m height)
with ~ 500,000 km? of reservoir surface area have been built
to meet the growing demand for renewable energy and

irrigation/drinking water sources (Wang et al. 2022). These
anthropogenic impoundments greatly enhance the heterotro-
phic metabolism of degradable organic matter in reservoirs
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owing to their longer water residence times (WRTs) (Maavara
et al. 2017; Qu et al. 2022). A potentially adverse effect is the
production and emissions of greenhouse gases (GHGs;
i.e., CO,, CHy, and N,O) (Barros et al. 2011), offsetting the
positive green benefits of hydropower (Kumar et al. 2019;
Paranaiba et al. 2021). However, current estimates of global
GHG emissions from hydroelectric reservoirs are primarily
restricted to reservoir water surfaces (Barros et al. 2011;
Deemer et al. 2016). Recent studies demonstrated large
amounts of unaccounted emissions of GHGs by hypolimnetic
water release and turbine degassing (Fearnside 2002; Soued
and Prairie 2020; Calamita et al. 2021), accompanied by the
export of “excess” nutrients and recalcitrant dissolved organic
carbon (RDOC) to downstream rivers (Carey et al. 2022; Qu
et al. 2022). Hence, there could be a substantial underestima-
tion of GHG emissions if hypolimnetic mineralization pro-
cesses and their influence on the entire reservoir-river
continuum are not completely assessed (Soued et al. 2022).

During thermal stratification periods of reservoirs, there is
active hypolimnetic oxygen consumption involving aerobic
and anaerobic stages (Carey et al. 2018; Han et al. 2018;
Wentzky et al. 2019). During the aerobic stage, oxygen is aero-
bically consumed by microbial degradation of bioavailable
organic matter, which is generally considered the dominant
process for CO, production in aquatic systems (Richey
et al. 1988; Atkins et al. 2013). Continued hypolimnetic oxy-
gen consumption following stratification could eventually
lead to the occurrence of hypoxia and even anoxia (dissolved
oxygen [DO] < 0.2 mg L") in bottom waters and sediments of
reservoirs (Yan et al. 2021), which may initiate the anaerobic
degradation of organic matter and in this way sustain produc-
tion of CO, (Cai et al. 2003; Krumins et al. 2013) and other
GHG gases (e.g., CHy, N,O) (Rinta et al. 2015). In contrast to
tropical reservoirs with persistent thermal stratification and
long-lasting hypoxia (Abril et al. 2005; Soued and Prai-
rie 2020), subtropical and temperate reservoirs commonly
experience seasonal stratification (hypoxic)-overturn (oxic)
cycles. However, how seasonal hypolimnetic hypoxia regu-
lates the production of GHGs in subtropical reservoirs remains
largely unknown. Moreover, whether and how hypolimnetic
temperature regulates reservoir GHG production/emissions
needs further investigation.

The addition of labile organic matter could induce priming,
that is, degradation of otherwise refractory organic matter
(Guenet et al. 2010; Bianchi 2011). This priming effect has
been found to increase mineralization resulting from inputs of
both allochthonous and autochthonous organic matter
(e.g., in lakes of the Qinghai-Tibet Plateau) (Yang et al. 2023).
Thus, input of labile organic matter from watershed runoft or
decomposition of algal blooms could enhance production and
emissions of GHGs in reservoirs, which has not attracted
enough attention.

Storm-induced flood events exhibit contrasting hydrologi-
cal processes from baseflow in regulating CO, and CHy
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emissions of reservoirs (Li et al. 2022). The interruption of
stratification results in resupply of oxygen to the hypolimnion
layer and a pulse input of terrigenous organic matter (Yan
et al. 2021; Zhou et al. 2021b), which could fuel hypolimnetic
mineralization and, therefore, GHG production due to sub-
strate supply and potential priming effect. In addition, flood
events increase the surface water velocity and water-air GHG
exchange. The sharp increase in stormflow may further
enhance the flushing of GHGs from reservoirs, resulting in
strong turbine degassing and downstream emissions. Due to
logistical difficulties in obtaining high-quality field measure-
ments, little is known about storm event effects on GHG emis-
sions along the reservoir-river continuum.

The water-air exchange flux of GHGs largely depends on
GHG concentrations in the reservoir epilimnion (i.e., the sur-
face layer) because atmospheric concentration is rather invari-
ant (Guérin et al. 2007; Zagarese et al. 2021). The gradient in
GHG concentrations between air and water may show strong
diurnal variability in magnitude or sign, as daytime is usually
dominated by photosynthesis, while respiration dominates
during nighttime. For example, the CO, efflux in Ross Barnett
Reservoir (Mississippi, USA) at night is about 70% higher than
that during daytime (Liu et al. 2016). This makes diurnal time-
series observations of GHG exchange fluxes in reservoirs an
essential prerequisite, as using only daytime observation data
may result in a systematic underestimation of 9-25% (Ran
et al. 2022). Thus, diurnal variations cannot be ignored when
spatial variation of water-air GHG flux exchanges in river res-
ervoirs are estimated across large time spans, such as an
annual cycle (Paranaiba et al. 2021).

China is one of the largest hydropower producers in the
world (Tarroja et al. 2014; Lu et al. 2020). Shuikou
(SK) reservoir, the largest dam/reservoir in southeast China
located on the Min River, is a typical reservoir owing to its
consistent occurrence of seasonal hypolimnetic hypoxia and
storm-induced flood events under an Asian monsoon climate
(Yan et al. 2021; Qu et al. 2022). Herein, we conducted com-
prehensive investigations of GHGs across the SK reservoir-
downstream Min River continuum in different seasons using
multiple strategies: high-resolution observations covering the
transition and lacustrine zones of the reservoir, time-series
diurnal monitoring of surface water and vertical profile obser-
vations at the lacustrine site, and lab incubation experiments
to assess priming and mineralization rates. The objectives of
this study were to: (1) explore the spatial-temporal patterns
of GHG production and emissions under a seasonal
stratification-overturn cycle; (2) examine the role of aerobic
and anaerobic respiration in hypolimnetic CO,, CHy, and
N,O production and the relationship of CO, production with
temperature; (3) test whether priming effects enhance
hypolimnetic CO, production; and (4) quantify the spatio-
temporal hot spots for GHG emissions across the entire
reservoir-river continuum. This study highlights the urgent
need to address hypolimnetic processes in reservoirs and lakes
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to improve the accounting of GHG budgets across the land-
ocean interface at regional and global scales.

Materials and methods

Description of the study area

The Min River is the third largest river in terms of runoff to
the China Seas (Supporting Information Fig. Sla), with a
mean annual discharge of 3.9 x 10'®m3. The watershed has
a subtropical humid monsoon climate with a mean annual air
temperature of 16-20°C and elevated precipitation in the dis-
tinct wet season from April to September. The mean annual
precipitation is 1700 mm, with flood events mainly occurring
in late spring (May-June) (Supporting Information Fig. S1b).
The daily average wind speed obtained from 20 national mete-
orological stations in the watershed ranged between 0.2 and
6.2ms ! in 2020-2021 and displayed small spatial and sea-
sonal variations.

SK reservoir (116°23'-119°35’E, 25°23'-28°16'N) was built
in the 1990s on the Min River with a storage capacity of 2.6
billion m* and a full-reservoir water surface area of 97 km?.
The average depth of the transition zone was ~ 30 m, whereas
the deeper lacustrine zone was ~ 55 m; the hypolimnetic
release point was ~ 30 m below the water surface. Average
WRTs were 12.9 £ 8.3 d (mean + std dev) for summer (July
2020), 45.6 + 14.3 d for fall (November 2020), 43.0 + 0.7 d for
winter (January 2021), 33.1 £ 12.4 d for spring (April 2021),
and 6.6 + 3.1 d for the spring flood-falling period (June 2021).
Definitions for the specific seasons/periods are described in
Supporting Information Text S1. SK reservoir is a mildly eutro-
phic system, and long-term seasonal hypoxia expands from
the bottom to near-surface waters (Yan et al. 2021).

In situ monitoring and sampling

To evaluate the stratification status and oxygen evolution
of SK reservoir, time-series of in situ monitoring of water tem-
perature, DO and chlorophyll a (Chl a) at a 1-h interval in sur-
face (0.5 m) and hypolimnetic layers of the transition (site Z3,
15 m depth) and lacustrine (site S4, 45 m depth) zones were
conducted using buoys equipped with a multiparameter water
quality sonde (YSI EXO2) along with regular data calibration/
quality assurance (Supporting Information Text S2) from 1 July
2020 to 30 June 2021. An index of relative thermal resistance
to mixing (RTRM) was calculated, which indicates stratifica-
tion (> 50) or mixing (< 50) of the reservoir (Supporting Infor-
mation Text S3).

To estimate spatial variations of excess dissolved carbon
dioxide (ACOgy; i.e., carbon dioxide above equilibrium with
air) and water-air CO, flux exchanges, longitudinal boat sur-
veys using underway-pumping measurement of surface pCO,
and temperature covering the entire transition and lacustrine
zones of SK reservoir (back and forth from Z3 to S1) were con-
ducted once per season/period in summer (July 2020), fall
(November 2020), winter (January 2021), spring (April 2021)
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and a spring flood-falling period (June 2021) (Supporting
Information Fig. S1b). To examine diurnal variations, a 24-h
observation of surface pCO, and temperature was performed
at S4 (center of lacustrine zone) following the boat underway-
pumping surveys (Supporting Information Text S4).

Water column vertical profiles of temperature, DO, Chl g,
pH (£ 0.01), specific conductivity, and turbidity were mea-
sured at three sites in the transition (Z1, Z2, and Z3) and lacus-
trine (S1, S4, and S7) zones of SK reservoir by YSI EXO, once
per season/period, with data calibration/quality assurance
(Supporting Information Text S2). The oxygen departure from
atmosphere equilibrium (O _opserved — O2_equitibrium, #MOl L")
was defined as AO, (Vachon et al. 2020).

Water samples from 7 to 10 m depths were collected by
Niskin bottles at three sites (S1, S4, and S7) in the lacustrine
zone of SK reservoir in four seasons and the spring flood-
falling period. Surface water samples were also collected at one
site in the transition zone (Z3) and five sites (D1-D5) in the
downstream Min River on each cruise. Diurnal time-series
water samples were collected at 1-3 h intervals for dissolved
inorganic carbon (DIC), CH4, and N,O analysis at S4. For
nutrients, a subsample was filtered through a GF/F membrane
(0.7 ym). Dissolved and particulate organic carbon data from
the study period are available from Qu et al. (2022). Sample
replication and preservation protocols are described in
Supporting Information Text SS5.

Incubation experiment

Samples were incubated to quantify CO, and CH,4 produc-
tion, DO consumption and to determine if there was
production of excess CO, due to a priming effect from mixing
surface DOM with hypolimnetic DOM during the overturn
period (Bianchi 2011). Incubation experiments were con-
ducted with surface, bottom, and mixed (30% surface + 70%
bottom) water samples collected at S4 during fall (November
2020) and winter (January 2021). A priming effect is identified
if the CO, production rate (umol L' d~") of the mixed group
was higher than the weighted-average CO, production rate of
surface (30%) and bottom (70%) waters, with the difference
defined as 6CO,. For comparison, a similar incubation experi-
ment was conducted during the stratified spring period (April
2021) as more bio-labile surface particulate and dissolved
organic matter were available (Qu et al. 2022). The biodegrad-
able substrates in the spring samples completely consumed
the O, in the incubation system, thus providing an opportu-
nity to simulate the shift from aerobic to anaerobic respira-
tion. The CH,4 concentrations were measured along with CO,
to quantify net methane production. Experimental details and
calculation of the priming effect are described in Supporting
Information Text S6. The standard error for the priming effect
was calculated to examine the uncertainty caused by both var-
iation among subsamples and production rate at different
timesteps.
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Laboratory analysis

DIC concentration was determined using a LI 7000 infrared
analyzer (Applo AS-C2), with a precision of + 2 ymol kg™'.
Concentrations of dissolved CH4, N,O, and CO, in incuba-
tions were measured by gas chromatography (Agilent 78904),
with a relative error < 1.5%. Ammonium (NH4-N), nitrite
(NO,-N), nitrate (NO3-N), and dissolved reactive phosphorus
concentrations were measured by continuous flow colorimetry
(SEAL AutoAnalyzer 3) with relative errors < 5%.

Water-air GHG flux calculations

To calculate gas fluxes, excess CO, (ACO,, pmol L~ 1) was first
defined as the departure of dissolved CO, from atmospheric
equilibrium and calculated following Zhai et al. (2005). Similarly,
ACH, (umol L™!) and AN,O (umol L™') were defined as the
departure of free dissolved CH, and N,O from atmospheric equi-
librium and calculated as the concentration differences between
dissolved CH4 (N,O) and atmospheric equilibrated CHy4 (N;O).
Water—air GHG flux (F; mmol m~2 h™!) was then estimated as
k, x ACO, (ACH,, AN,O) x 1072, where k, (cm h™?) is the gas
transfer value for CO,, CH,, and N,O at the observed tempera-
ture and the factor 1072 provides unit consistency (Supporting
Information Text S7).

GHG efflux budgets for reservoir-downstream continuum

There are three distinct segments for GHG degassing
from the reservoir-downstream continuum (i.e., reservoir,
turbine, and downstream river). Daily degassing CO, (CHy4
and N,O) efflux (E; td™') in the reservoir and downstream
segments during each season/period was quantified as
E=F xS xM,x0.042 x 107>, where F is the average
water-air CO, (CHg4, N,0) flux (mmol m~? h™') of each seg-
ment; S (km?) is the water surface area (20, 17, and 25 km?,
for transition, lacustrine and downstream river, respec-
tively), M, (gmol™') is the mole mass of CO, (CH4 and
N,O); the factor 0.042 x 102 is to convert to the unit of
td~'. The emissions for each season/period (Gg) were cal-
culated as daily efflux (td™') times its duration
(d) (Supporting Information Text S1) of that season,
together with a factor of 10~* for unit consistency. The
annual efflux (Ggyr~') was determined as the sum of all
seasonal emissions (Gg) for the year.

CO; and CH4 degassing effluxes by turbines were estimated
based on the concentration difference between hypolimnion
and downstream waters, while the degassing efflux of N,O
was estimated using the percentage degassing efflux of CH,4 to
total reservoir CH, release efflux (Supporting Information
Text S8), as downstream N,O dynamics appeared to be
affected by input from domestic wastewater discharge of local
villages (Yan et al. 2023). CH; and N,O effluxes were
converted to 27 and 273 times the global warming potential
(GWP) of CO, (COj-equivalent, CO,-eq) over a 100-yr time
horizon (IPCC 2021).

Reservoir hypoxia and greenhouse gas emissions

Other data processing and statistical analyses

In situ production rates for CO, (umolL 'd™') in the
hypolimnion of SK reservoir were quantified from the oxygen
utilization rate (OUR): PR = ACO5/(O2_cquiibrium-O2_observed) X
OUR, where ACO, (umol L) is the excess COy; O2_equlibrium
and Oz opservea (WMol LY are the equilibrium and observed
0, concentration, respectively; OUR (umolL™'d~!) is the
average oxygen consumption magnitude of the hypolimnion
during the WRT. This approach was similar to the method
used to determine in situ production rates for the humic-like
fluorescent DOM-FDOMpy (Qu et al. 2022). This estimation
can only be applied to stratification periods having no oxygen
supplements. Maps were drawn using ArcGIS 10.8, and data
were plotted using Origin and EXCEL. All statistical tests were
performed with SPSS 26.0. Pearson correlation and ANOVA
were used to evaluate relationships and differences at a p level
of 0.05.

Results

Physicochemical parameters in the reservoir

Water temperature, DO, and Chl a showed seasonal and
spatial variation in the transition and lacustrine zones of SK
reservoir (Fig. 1; Supporting Information Fig. S3). The temper-
ature difference between the surface and bottom layers was
much larger in the deeper lacustrine zone than in the
shallower transition zone in all periods, except for the falling
phase of the late-spring flood event when the whole reservoir
was well-mixed (i.e., RTRM < 50) (Fig. 1a,b). Conversely, the
transition zone was in a mixed status throughout most of
the year, except for mid-July and early October (Fig. 1b). In
the lacustrine zone, the larger temperature difference in spring
and summer (8°C and 6°C) corresponded to a persistent strati-
fied status (i.e., RTRM > 50) (Fig. 1b; Supporting Information
Fig. S3a,d). The hyperpycnal flow and/or overturning process
in early autumn, indicated by the higher specific conductivi-
ties in the bottom layer (Supporting Information Fig. S4),
changed the stratification status to well-mixed in winter.

The DO concentration in SK reservoir decreased with depth
in all seasons except for the flood period (Supporting Informa-
tion Fig. S3). In the surface layer, DO was high in spring
(6.43-11.51 mg L™') and summer (7.52-9.32 mg L™') and was
oversaturated in certain areas of the lacustrine zone. In con-
trast, surface DO was below saturation in fall (2.46-
6.89 mg L', DO%: 41.5-60.6) and winter (4.53-7.68 mg L
DO%: 53.4-64.7). In the lacustrine zone, hypolimnetic hyp-
oxia (DO < 2 mg L™ ') started in August with a short disappear-
ance in October, but also re-occurred during April. The
bottom layer reached anoxia status in late summer (August
and September) and late spring (mid-April to mid-May)
(Fig. 1d). There was only occasional hypoxia in late summer
within the shallower transition zone, while the hypolimnetic
oxygen was well above hypoxia during the fall, winter and
flood periods (Supporting Information Fig. S3b-e).
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Fig. 1. Time-series data for surface and bottom temperature (a, b), DO (¢, d), and surface Chl a (e, f) in transition and lacustrine zones (Z3 and S4) of
SK reservoir. A stratification index RTRM (relative thermal resistance to mixing, gray shaded) of 50 was used to divide stratified vs. mixed periods in the
reservoir. Bottom DO < 2 mg L~ was defined as hypoxia and Chl a > 20 ug L™ represents the algae bloom events.

Surface algal blooms (Chl a > 20 ug L) occurred within all
seasons in the transition zone vs. only in spring and summer
in the lacustrine zone (Fig. le,f). The Chl a decreased in fall
and reached its lowest levels in winter (Fig. 1f). During the
flood-falling period, surface Chl a at S4 was recorded at
>20 ug L' (Supporting Information Fig. S5a). Chl a showed
very low concentrations below the euphotic zone in spring
and summer (Supporting Information Fig. S3a,d). However,
Chl a in fall and winter showed relatively high values (1.2-
7.0 ug L) in the deeper layer of the transition zone due to
water mixing (Supporting Information Fig. S3b,c). In particu-
lar, the hyperpycnal flow from upstream, characterized by
lower temperature and higher DO and Chl g, was evident
from the transition to lacustrine zones along the bottom layer
in fall and winter.

Distribution of pH, DIC, and AGHGs in the reservoir
Vertical profiles of pH, DIC, and AGHGs (excess concentra-
tions relative to atmosphere) in SK reservoir are shown in
Fig. 2. DIC and ACO; in surface water of the lacustrine zone
were higher than those in the transition zone in all investi-
gated periods, but the ACH,; and AN,O concentrations
showed similar levels among the two zones. The vertical distri-
butions of pH, DIC, and AGHGs were variable during the dif-
ferent temporal periods in the lacustrine zone. In spring and
late summer, the concentration of CO, in the surface water
was below atmospheric equilibrium level (negative ACO,),
while DIC and ACO, concentrations reached their highest
level at depths deeper than 30 m due to stratification (Fig. 1b).
The ACH4 and AN,O concentrations in the bottom layer dur-
ing spring/summer were much higher than other periods due
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to the anaerobic conditions at this time. Concentrations of summer (Fig. 2a). During the fall, winter, and flood periods,
DIC, ACO,, and ACH4 in the hypolimnion increased as sum- the vertical concentrations of parameters were more evenly
mer progressed, with the highest concentrations in late distributed. The autumn ACO, in the bottom layer was lower
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than the summer, whereas the average ACO, concentration
throughout the water column was slightly higher. The AGHGs
reached their lowest levels during the flood event falling
period. A much lower pH was observed in the deeper layer
(> 5 m) of the reservoir at this time and in early summer.

CO; production during aerobic and anaerobic conditions:
Incubation experiments

During all incubation experiments, CO, production
occurred, with higher production rates in the bottom than
in surface waters in the winter season (p < 0.05) (Fig. 3). In
fall and winter, O, concentrations estimated from CO, pro-
duction declined but remained above 10 ymol L' during
the 15-d incubation (Fig. 3a,d). Estimated O, levels were
above zero even when using the upper limit of reported O,/
CO, ratios (1.61). Accordingly, aerobic CO, production
rates were 1.19 + 0.37-2.08 + 0.34 ymol L' d~! in fall and
2.01 £ 0.15-2.95 + 0.17 yumol L' d"' in winter (Supporting
Information Table S1). In contrast, O, concentrations were
estimated to become zero after 5-10 d in incubations with
bottom and mixed group waters in spring (Fig. 3h),

Reservoir hypoxia and greenhouse gas emissions

resulting in a shift from hypoxic to anaerobic conditions.
Overall CO, production rates in spring (3.61 +0.71-
9.18 + 0.70 yumol L~ d™!) were higher than those in fall
and winter seasons (p < 0.05), with especially higher pro-
duction rates of 8.24 ymol L™' d~! for bottom water and
10.86 yumol L~ d~! for mixed waters during the late anaero-
bic stage (Supporting Information Table S1). The indicator
for a potential priming effect, 8CO,, was significant in
stratified  spring  (3.63 + 0.52-4.58 £ 0.61 ymol L' d*
among different timesteps), with an overall value of
4.09 +1.27 yumol L~ d~! for the whole experiment. On the
contrary, the overall 8CO, in fall (0.05 + 0.52 ymol L™ d™1)
and winter (0.64 + 0.42 ymol L' d~!) was small. CH, con-
centrations were less than 0.04 umol L' and generally
decreased during incubation in the aerobic fall and winter
samples and in surface water during spring (Fig. 3¢,f). CHy
decreased from higher levels (0.50+0.13-1.27 £0.36
umol L™Y) to zero before O, was consumed in the spring
bottom and mixed waters. However, CH, was quickly pro-
duced at the onset of anaerobic conditions, especially for
bottom waters (Fig. 3i).
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Fig. 3. Variation (mean = std; n = 3) of estimated O; (a, d, g), measured CO; (b, e, h) and CH, (¢, f, i) concentrations during incubation experiments.
O, concentrations and their error bars are calculated using an O,/CO, ratio of 1.20 (range = 1.11-1.61 for freshwater systems; Wang et al. 2014). The
dashed line separates the preincubation from the remaining incubation that was included in the estimation of the priming effect. As an indicator for the
priming effect, 8CO, was calculated as the difference between the CO, production rate of the mixed water group and the weighted-average CO, pro-

duction rate of the surface (30%) and bottom (70%) water groups.
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Variation of surface GHG concentrations and fluxes

The 24-h time-series observations at S4 revealed larger
diurnal variations of surface pCO, concentrations and
water-air CO, fluxes during the stratified spring (83—
3897 patm, —0.5 to 4.7 mmol m 2 h™Y), summer (4044210 yatm,
0.4-4.6 mmolm 2h~!) and spring flood-falling period
(55-2501 patm, —0.5 to 3.1 mmol m 2 h™ 1), compared to the
well-mixed fall (3750-5565 uatm, 3.3-6.3 mmol m 2 h~') and
winter (3780-4116 patm, 3.9-4.5 mmol m~2 h™!) time periods
(Fig. 4; Supporting Information Fig. SS5b). Surface ACO,
showed a similar pattern as pCO, among seasons. The pCO,
and CO, fluxes at certain daytime periods were low due to
photosynthesis, whereas continuous respiration, especially
during nighttime and early morning, resulted in elevated
pCO, and CO, fluxes. This resulted in 1.55 (spring), 1.69
(summer), and 2.40 (flood-falling period) times higher average
pCO, values across the whole 24-h period compared to the
daytime period during stratified periods. The CO, fluxes were
only 1.05-1.06 times higher in fall and winter seasons due to
smaller diurnal pCO, variations (Supporting Information
Fig. S5b). Contrary to ACO,, surface ACH, and AN,O levels
showed only slight differences between daytime and night-
time during the four seasons (Supporting Information Fig. S6).
To alleviate the significant underestimation of water-air GHG
fluxes resulting from the use of only daytime data (Calamita
et al. 2021), the daily GHG fluxes from SK reservoir and the
downstream river are all reported on a 24-h basis (Supporting
Information Text S9).

The SK reservoir and its downstream river were a GHG
source to the atmosphere on both seasonal and annual
timescales (Table 1), with an annual GHG efflux of
218.5 + 18.9 Gg CO-eq yr ', of which CO,, CH,, and N,O
accounted for 91%, 5%, and 4%, respectively. During the
spring flood-rising period, the reservoir-downstream contin-
uum had the highest daily CO, efflux (~ 3657 t CO,-eq d™ 1),
which was 9, 5-8, and 9-12 times those of the flood-falling,
stratified and mixed periods, respectively (Supporting Informa-
tion Table S2). Throughout the annual cycle, CO, effluxes
from the continuum had the highest value during the strati-
fied summer (40%), and the spring flood period contributed
14% but accounted for only 8% of the duration. In particular,
turbine degassing contributed the greatest CO, efflux in all
periods (spring flood period: 68-73%; stratified: 55-69%;
mixed: 33-50%; annual: 59%). The CO, efflux in the down-
stream river was comparable to that in the lacustrine and tran-
sition zones in spring and winter, but was 1.6-2.4 times
greater in the summer and fall. A total of 10.7 Gg CO,-eq yr!
CH,4 was released from the continuum throughout the year,
93% of which degassed from the turbine. Moreover, 78% and
16% of annual CH,4 efflux occurred in spring and summer, of
which 84-97% was degassed from the turbine (Table 1).

The daily CHy efflux from the continuum was high in
spring (107.2 t CO,-eq d™ ') and the spring flood-rising period
(36.7t COz-eqd™'). The spring/summer values were 10-23

Reservoir hypoxia and greenhouse gas emissions
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Fig. 4. Diurnal variation of water—air CO; fluxes during different periods
at site S4 in SK reservoir.

times those in the fall, winter, and flood-falling period
(Supporting Information Table S2). N,O effluxes from the con-
tinuum were the highest in summer and fall. A total of 38—
78% (annual mean of 63%) of N,O degassing occurred from
the turbine as estimated via the methane degassing percent-
ages, whereas the downstream segment contributed 6-25%,
partly derived from contributions of local anthropogenic
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Reservoir hypoxia and greenhouse gas emissions

Table 1. Annual CO,-equivalent emissions (Gg CO,-eq) within the SK reservoir-downstream river continuum from 1 July 2020 to 30

June 2021.

GHGs Item Spring Summer Fall Winter Flood rising Flood falling Annual

CO, Transition zone 5.63 7.12 2.53 5.59 2.39* 0.78 24.03
Lacustrine zone 5.22 6.38 3.88 6.27 2.03 0.97 24.75
Turbine 20.79 55.63 12.30 9.18 13.35 6.95 118.20
Downstream 5.83 11.70 6.08 7.18 0.52 1.48 32.80
Total 37.47 80.82 24.79 28.22 18.28 10.19 199.78

CHat Transition zone 0.07 0.11* 0.03 0.02 <0.01* 0.01 0.24
Lacustrine zone 0.03 0.09 0.01 0.07 <0.01 0.01 0.21
Turbine 8.11 1.44 0.03 0.17 0.17 0.01 9.93
Downstream 0.16 0.08 0.05 0.06 <0.01 0.01 0.35
Total 8.36 1.72 0.12 0.31 0.18 0.04 10.73

N,OF Transition zone 0.12 0.23* 0.31 0.19 <0.01* 0.01 0.86
Lacustrine zone 0.13 0.20 0.20 0.18 <0.01 <0.01 0.71
Turbine 0.89 2.89 0.74 0.52 0.02 0.01 5.07
Downstream 0.20 0.48 0.43 0.26 <0.01 <0.01 1.37
Total 1.34 3.80 1.68 1.16 0.03 0.02 8.01

*Data were estimated assuming average GHG concentrations of the transition zone equal that of the lacustrine zone, as field samples were not always col-
lected. The duration of each season/period in a year was 78 d for spring, 107 d for summer, 61 d for fall, 90 d for winter, 5 d for flood-rising period, and

24 d for flood-falling period.

"The emissions were converted to CO,-equivalent (CO-eq). 1 g CH, = 27.0 g CO-eq, 1 g N,O = 273.0 g CO,-eq (IPCC 2021).

nitrogen inputs (Yan et al. 2023). Daily N,O effluxes from the
continuum during the spring flood-rising and flood-falling
periods were 5.3 and 0.8t CO,-eqd ', respectively, much
lower than for other periods (12.8-35.5t CO,-eqd™')
(Supporting Information Table S2).

Discussion

Appreciable production of GHGs in the hypolimnion of SK
reservoir occurred during the stratified (spring/summer, CO,,
CH,4, and N,O) and mixed (autumn/winter, mainly as COy)
periods (Figs. 2, 5), accompanied by consistent oxygen depletion
(Fig. 1; Supporting Information Fig. S3). A similar deoxygenation-
driven hypolimnetic mineralization is observed in many reser-
voirs and lakes (e.g., Kariba Reservoir, Lake Biwa) (Thottathil
et al. 2013; Calamita et al. 2021). The AO,/ACO, ratio is an indi-
cator of the contribution of anaerobic processes, as anaerobic res-
piration produces relatively low ratios. Indeed, this indicator
showed different ranges between the middle and bottom layers
at S4 (Fig. 5). Aerobic-dominated aquatic ecosystems theoretically
display a AO,-ACO; relationship that falls roughly on a 1: -1
line (Fig. 5d), which reflects the stoichiometry of glucose produc-
tion and respiration (Vachon et al. 2020). Deviation from this
theoretical metabolic 1: —1 line is affected by combinations of
biological, chemical, and physical processes. Our AO,/ACO,
ratios in the middle layer containing some oxygens were roughly
around the 1 : —1 line, whereas ratios in the bottom layer, partic-
ularly in spring and late summer, showed a rightward shift rela-
tive to the 1: —1 line (Fig. 5), indicating a microbially mediated
anaerobic pathways producing CO, without concomitant

consumption of O, (e.g., denitrification and acetoclastic
methanogenesis) (Vachon et al. 2020).

Aerobic production of hypolimnetic CO,: Temperature
regulation

Oxygen in the hypolimnion of SK reservoir was not
completely consumed from fall to early-stratified spring and dur-
ing early-stratified summer after O, resupply by spring flooding
(Fig. 1; Supporting Information Fig. S3). The middle layer of SK
reservoir during late spring and late summer was in an aerobic
state with some periods of hypoxia for near-bottom waters.
Therefore, aerobic mineralization dominated hypolimnetic CO,
production during these periods. In the aerobic spring period,
the hypolimnetic in situ CO, production rate derived from oxy-
gen utilization was 5.49 4+ 1.83 ymol L' d~! (Fig. 6), while the
hypoxic water column CO, production rate based on laboratory
incubation experiments was 4.58 + 0.61 umol L' d~' (Fig. 3h).
Hence, the sediment CO, production rate, estimated by differ-
ence, was 0.92 + 1.28 ymol L~ d~'. This indicates that water
column respiration was the major contributor to CO, production
under aerobic conditions (Zhou et al. 2021a).

In situ CO;, production rates during the warm summer
were significantly higher than those during the other sea-
sons (Fig. 6), suggesting a strong temperature regulation for
(aerobic) CO, production in inland dark waters. A similar
temperature regulation was observed for the humic-like
fluorescent DOM (FDOMy) component in SK reservoir,
which is another product of deoxygenation-related micro-
bial transformations (Qu et al. 2022). The higher
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temperature facilitates a higher hypolimnetic OUR and,
thus, the in situ CO, production rate in the warmer sum-
mer compared to the cooler spring (Fig. 6). This occurred
despite the higher hypolimnetic oxygen consumption dur-
ing the spring owing to a longer WRT. Therefore, variation
in reservoir WRTs during periods of stratification may influ-
ence the production of CO, mainly through regulation of
the hypolimnetic temperature.

To quantify the temperature sensitivity of CO, production,
we estimated the Q;¢ value from 15°C to 30°C. The value of
2.3 obtained for aerobic CO, production in SK reservoir is at
the center of Q;¢ values (0.1-4.0) reported for CO, production
in streambed and lake sediments (Liikanen et al. 2002;
Comer-Warner et al. 2018). Consequently, future warming
would lead to higher CO, production in such reservoirs as
more organic matter and oxygen will inevitably be consumed.
Moreover, warming will likely enhance vertical stratification,
thereby limiting oxygen availability and causing more severe
hypoxia issues (Woolway et al. 2020), which would further
enhance anaerobic CH, and N,O production (discussed in the
following section).
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Late spring/summer stratification: Hypolimnetic anaerobic
processes and GHG degassing

During late spring/summer stratification (Fig. 1b), the
hypolimnion was anoxic (Fig. 1d). The rightward shift of AO,/
ACO, ratios in Fig. 5 indicates that there was anaerobic pro-
duction of CO,. Anaerobic decomposition of organic matter
coupled with nitrate and sulfate reduction could raise ACO,
(Salomao et al. 2008). The spring incubation experiment dem-
onstrated that the bottom oxygen of SK reservoir could be
quickly consumed (~ 5 d), creating an anaerobic environment
with sustained CO, production (Fig. 3h). Notably, production
of CH4 and N,O along with NO3-N consumption was simulta-
neously observed (Fig. 2a,d; Supporting Information Fig. S7c¢),
suggesting methanogenesis and denitrification in the bottom
layer/sediments during late spring and summer. Anaerobic
production of CH4 in bottom waters during the spring was
0.19 yumol L-'d™! based on the incubation experiments
(Fig. 3h). Thus, bottom-water (> 40 m) CH,4 production in SK
reservoir during the spring was 94 mmol m 2, much smaller
than the CH, storage in the bottom layer (732 mmol m ?) as
estimated from the bottom-water CH4 concentration increase
(Fig. 2). This suggests that methanogenesis in sediments plays
an important role in hypolimnetic CH; dynamics via
sediment-water exchange.

During spring/summer stratification, methanogenesis
could contribute 14.2-14.7% of the excess CO, produced in
the bottom layer, and denitrification contributed 19.2-28.3%
of excess CO, production, estimated by the theoretical stoi-
chiometric ratios for methanogenesis (ACO,/ACHy4: 1/1) and
denitrification (ACO,/ANO3: 10/8) (Cai et al. 2003;
Krumins et al. 2013). These estimates were determined from
the differences between bottom and surface water concentra-
tions of NO3~ and CHy,. The AO,/ACO, ratios after correc-
tion for methanogenesis and denitrification (late summer:
—1.19; late spring: —1.23) were closer to the zero point and
1: —1 line, further supporting the role of anaerobic processes
in sustaining CO, production in the bottom-water layer dur-
ing late spring/summer stratification. Notably, much longer
hypolimnetic anaerobic conditions and stronger production
of GHGs would occur if the thermal stratification was not
broken by the large spring flood event.

CH, oxidation is a potentially important process in SK res-
ervoir, as inferred from the sharp decline of CH4 concentra-
tions in the upper water column (Fig. 2a,d) (Soued and
Prairie 2020). If all the methane produced diffused upward,
most of it would be oxidized to carbon dioxide, which has a
much lower GWP. However, turbine degassing provides an
efficient pathway for CH4 to bypass water column oxidation
thus directly released to the atmosphere. In the SK reservoir,
daily CHy effluxes due to turbine degassing varied from 0.4 to
104 t CO,-eqd™!, with a higher contribution to total CH,
effluxes during stratified periods and the hypoxic spring (97%)
and summer (84%) conditions than during mixed, oxic fall,
and winter conditions (22-55%) (Table 1).
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Priming effects enhance hypolimnion CO, production

The surface labile organic matter to the bottom layer for
priming was possibly driven by hyperpycnal flow and/or over-
turning processes during mixed periods (Supporting Informa-
tion Fig. S3b,c). The weak positive priming signals in fall and
winter in the SK reservoir could be mainly due to little surface
algal bloom events (Fig. 3). However, the obvious algal bloom
events could support an active priming effect during stratified
spring and possibly stratified summer. Algal bloom events pro-
duce large amounts of bio-labile organic materials
(Qu et al. 2022), which may sink to the bottom layer and con-
tribute to the formation of anaerobic conditions. Incubation
experiments indicated that input of these fresh organic mate-
rials in spring could initiate a much stronger priming effect
during anaerobic conditions than during mixed periods
(Fig. 3), that is, stimulating the production of other GHG gases
(CH4 and N,0) besides CO,. The higher CO, production rate
during early summer 2020 than other summer periods (Fig. 6)
could be due to the hypolimnetic priming effect initiated by
frequent algal blooms (Fig. 1f). Therefore, long-term in situ
sensor monitoring of oxygen in the hypolimnion, especially
the bottom layer, should be included in river observation sys-
tem (RIOS) projects to better constrain the relationship of oxy-
gen depletion with GHG production and emissions from
reservoirs (Battin et al. 2023). Overall, this study highlights
possible ways that priming might affect GHG emissions from
reservoirs, but further observations and experiments are
required to gain a more robust understanding.

Flooding events perturb GHG dynamics and longitudinal
transport

There are regular late-spring flooding events in the Min
River-SK reservoir system (Qu et al. 2022), which differentially
alter the hypolimnetic GHG dynamics of the reservoir
between its rising and falling periods. During the flood-rising
period (18-22 May 2021), there was a rapid rise of DO accom-
panied by a 0.4 decrease in pH (from 6.8 to 6.4) (Supporting
Information Fig. S8). Accordingly, the AO,/ACO, was up
above the 1 : —1 line (Fig. 6), largely due to a concurrent rapid
increase in water temperature and catchment input of CO,-
rich water. The pH decrease might be due to the mixing of res-
ervoir waters with lower-pH riverine waters during the storm
runoff or chemical proton buffering effects as the replenish-
ment of DO (8 mg L") was faster than CO, degassing from
the reservoir (Middelburg 2019). Higher temperatures result in
lower CO, solubility, and a lower pH creates more CO, (from
HCOs3), possibly contributing to more degassing (Carrillo
et al. 2004). This mechanism is supported by the higher ACO,
concentration during the rising period (130-137 ymol L)
than that during the falling period (66-106 yumol L™') when
dilution dominated dissolved CO, dynamics due to strong
flushing. Together with the sudden increase of fluvial runoff
during the rising period, the daily CO, efflux from the SK res-
ervoir was 3668 t CO,-eq d™!, which was 9-12 times greater
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than that in fall and winter (Supporting Information
Table S2). In addition, 36.7 t COy-eqd ' of CHy and 5.3t
CO,-eqd™! of N,O were released during the rising flood
period. Large amounts of GHGs were flushed from the reser-
voir and contributed to a significant GHG efflux from turbine
degassing and downstream river emissions.

During the flood-falling period (23 May-11 June 2021),
AO,/ACO; ratios in the hypolimnion shifted to the left and
were closer to the 1:—1 line (Fig. Sb). This could be due to
the enhancement of aerobic respiration as average oxygen
consumption rate was as high as 0.27 mg O, L~'d™! in the
bottom layer (Supporting Information Fig. S8). The lowest
hypolimnetic ACO, values (80.5 + 13.9 ygmol L™!) within the
annual timescale occurred during the falling period. This indi-
cates a flushing-dilution mechanism controlling reservoir CO,
dynamics over the course of the flood event. Dilution
decreased CO, after the initial flushing of the reservoir CO,
pool and slowed the oxygen consumption rate. Such a supply-
limited phenomenon has been observed during El Nino-
driven extreme flooding events (Qu et al. 2022) and could be
a general pattern for strong flooding events (Gao et al. 2018).
Nonetheless, the daily CO, efflux from the SK reservoir was
529t COz-eq d™' during the falling period, which was much
less than the flood-rising period, but still higher than fall/
winter efflux values (Supporting Information Table S1). In
contrast, daily CH4 and N,O effluxes from the continuum dur-
ing the falling period were only 4% and 14% of the CH,4 and
N,O efflux during the flood-rising period. Reoxygenation
might depress their anaerobic production, leading to the low
CH,4 and N, O effluxes during the flood-falling period.

In total, the spring flood event contributed 28.7 Gg CO,-
eq. (28.5 Gg by CO,), accounting for 13% of the annual GHG
efflux (218.5 Gg CO,-eqyr!) (Table 1). This indicates that
spring floods provide a disproportionately large CO, efflux
from subtropical reservoirs. In the future, more intense precip-
itation events associated with climate change could lead to
more GHG emissions from riverine reservoir systems during
flooding periods (Rozemeijer et al. 2021). This highlights the
necessity of considering extreme weather events in global-
scale assessments of GHG emissions (Battin et al. 2023).

Diurnal considerations for reservoir GHG budgets during
algal bloom periods

Diurnal variations of in situ pCO, and CO,, fluxes displayed
distinct differences between seasons (Fig. 4; Supporting Infor-
mation Fig. S5b). In contrast to the small fall and winter diur-
nal variations, relatively large diurnal pCO, variation was
observed during algal bloom periods (spring: 83-3897 patm;
summer: 404-4210 yatm; flood falling: 55-2501 patm)
(Supporting Information Fig. S5b). The significant negative
relationship between temperature-normalized pCO, and DO
in surface water (Supporting Information Fig. S9) indicates
that the photosynthesis-respiration balance rather than tem-
perature had the strongest effect on diurnal variations
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(Macklin et al. 2018; Pu et al. 2020). As such, the reservoir
served as a temporary sink for atmospheric CO, during certain
daytime periods with high algal production. However, inte-
grated over a 24-h period, it was a net CO, source even if there
were frequent algal blooms (Supporting Information Fig. S10).
This indicates that the SK reservoir during the algal bloom
periods is a net heterotrophic system dominated by microbial
respiration of allochthonous organic matter. Thus, given the
considerable diurnal CO, variability, routine daytime surveys
of pCO, could lead to a significant underestimate of water—air
CO,, fluxes from reservoirs (Calamita et al. 2021). The appre-
ciable spatial variation of pCO, across the reservoir system
during longitudinal boat underway measurements was largely
due to variations in monitoring time (morning vs. evening).
Therefore, the direct spatial comparison of pCO, patterns
without suitable correction for diurnal CO, dynamics will
induce considerable uncertainty.

Given these concerns, the in situ pCO, at each time point
for a certain location was corrected for diurnal variability by
assuming that the magnitude of the diurnal pCO, variation
across the reservoir-downstream river continuum was similar
to that at monitoring station S4 (Supporting Information
Text S§9). Correspondingly, the 24-h-averaged water-air CO,
flux at each location (at 0.1 m intervals) was estimated. This
correction indicated that the water-air CO, flux in 65.6%,
99.4%, and 89.7% of the reservoir area in spring, summer, and
flood-falling periods were underestimated (Supporting Infor-
mation Fig. S10a,d,e) with maximum daily pCO, differences
of 54, 39, and 26 patm, respectively (Supporting Information
Fig. S5b). In contrast, corrected water—air CO, fluxes were sim-
ilar to the in situ values during fall and winter (Supporting
Information Fig. S10b,c), but experienced relatively high
values due to overturn transport of hypolimnetic CO,-rich
water to the surface (Fig. 1) (Pu et al. 2020). Thus, in situ,
high-frequency monitoring and correction for diurnal varia-
tion of GHG concentrations during algal bloom periods are
crucial for better constraining global estimates of GHG emis-
sions from hydroelectric reservoirs and other biologically
active aquatic ecosystems.

Carbon neutrality of reservoirs: Relative importance of
GHG emissions vs. RDOC storage

Previous studies found that hypolimnetic microbial oxygen
depletion in reservoirs and lakes enhances the production and
storage of RDOC in inland waters, thereby serving as an impor-
tant carbon sink (Thottathil et al. 2013; Qu et al. 2022). Obser-
vations from the subtropical SK reservoir and other reservoirs/
lakes (e.g., tropical Kariba Reservoir [Zambia/Zimbabwe], tem-
perate Lake Biwa [Japan]) indicate that this process also inten-
sifies the production and outgassing of GHGs, thus serving as a
carbon source to the atmosphere (Thottathil et al. 2013;
Calamita et al. 2021; Ran et al. 2022). The alleviation of
seasonal hypolimnetic hypoxia by engineering measures
could appreciably reduce GHG emissions in such reservoirs.
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Therefore, carbon neutrality related to reservoir hypoxia
depends on the relative importance of its source vs. sink pro-
cesses (Chen et al. 2022). The water-air GHG fluxes for the SK
reservoir-downstream river continuum indicate that it was a
year-round source of GHGs (i.e.,, sources > sinks) (Table 1).
Thus, organic matter transformations by reservoir oxygen con-
sumption were not a net carbon sink process.

RDOC is a by-product of microbial respiration associated
with oxygen consumption (Hayase et al. 1988). If the sub-
strate of respiration were only from in situ primary production
within the reservoir, there could be some storage of RDOC
components, making oxygen depletion a net carbon sink pro-
cess. However, overall SK reservoir is a substantial source of
CO, because of the respiration of degradable allochthonous
organic matter, in particular, during flood events. Moreover,
the priming effect from relatively labile organic matter, both
external and locally produced, enhanced CO, production
through extra consumption of recalcitrant organic matter
(Fig. 3). The formation of anaerobic conditions under thermal
stratification further promotes production and outgassing
(through turbine and downstream river emissions) of CH4 and
N,O, which have a much stronger GWP than CO, (Hayase
et al. 1988; He et al. 2021; Shenoy et al. 2021). Although the
storage of RDOC originating from local production is a sink of
carbon, it is clear that it does not offset the emissions
of GHGs.

Projected future temperature increases could prolong strati-
fied periods and strengthen the thermal stratification of reser-
voirs (Zhang et al. 2014), thereby enhancing GHG production
in the hypolimnion of inland waters (Fig. 6). The intensifica-
tion of thermal stratification and oxygen consumption could
further increase the occurrence and volume of hypolimnetic
anaerobic waters resulting in enhanced production of CHy
and N,O. Outgassing of these GHGs by reservoir outflows
under shorter WRTs (i.e., flood events) could, therefore,
enhance the GHG source intensity of the reservoir-river con-
tinuum. With ongoing dam construction for hydroelectric res-
ervoirs, progressively more fluvial organic matter could be
degraded in reservoirs instead of in estuaries (Maher and
Eyre 2012), thus changing the carbon balance across land—air—
ocean interfaces.

Data availability statement
The data that supports the findings of this study are avail-
able in the Supporting Information Material of this article.
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