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ABSTRACT

Dam decommissioning (DD) is a viable management option for thousands of ageing dams.
Reservoirs are large carbon sinks, and reservoir drawdown results in important carbon dioxide
(CO,) and methane (CH,) emissions. We studied the effects of DD on CO, and CH, fluxes from
impounded water, exposed sediment, and lotic water before, during, and 3-10 months after
drawdown of the Enobieta Reservoir, north Iberian Peninsula. During the study period,
impounded water covered 0-100%, exposed sediment 0-96%, and lotic water 0-4% of the total
reservoir area (0.14km?). Areal CO, fluxes in exposed sediment (mean [SEl: 295.65
[74.90] mmol m™2 d™") and lotic water (188.11 [86.09] mmol m™2d~") decreased over time but
remained higher than in impounded water (—36.65 [83.40] mmol m~2 d™"). Areal CH, fluxes did
not change over time and were noteworthy only in impounded water (1.82 [1.11] mmol
m~2d™"). Total ecosystem carbon (CO,+ CH,) fluxes (kg CO>-eq d™') were higher during and
after than before reservoir drawdown because of higher CO, fluxes from exposed sediment. The
reservoir was a net sink of carbon before reservoir drawdown and became an important emitter
of carbon during the first 10 months after reservoir drawdown. Future studies should examine
mid- and long-term effects of DD on carbon fluxes, identify the drivers of areal CO, fluxes from
exposed sediment, and incorporate DD in the carbon footprint of reservoirs.
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Introduction . . .
sediments of the reservoir may decompose and emit

Reservoirs influence the global carbon (C) cycle and cli-
mate system because they are large sinks of organic C
and great emitters of carbon dioxide (CO,) and meth-
ane (CH,) greenhouse gases (GHGs; Downing et al.
2008, Deemer et al. 2016, Mendonga et al. 2017). Emis-
sions of GHGs during the operational phase of reser-
voirs, ~0.8 Pg CO, equivalents (CO,-eq) yrf1 (Deemer
et al. 2016), have been included in the global inventories
of anthropogenic GHGs (IPCC 2019) because they play
a significant role in global warming. The global C emis-
sions from reservoirs are lower than the organic C burial
in their sediments (Deemer et al. 2016, Mendonga et al.
2017), although this finding has been recently chal-
lenged (Keller et al. 2021). In addition, during the
removal of a dam and its ancillary facilities, (i.e., dam
decommissioning), the large stocks of organic C in the

more CO, and CH, (Pacca 2007, Perera et al. 2021).
Dam decommissioning (DD) is becoming a credible
management solution for tens of thousands of dams that
have reached or exceeded their engineered life expectan-
cies of 50-100 years (Doyle et al. 2003, Stanley and
Doyle 2003, Perera et al. 2021). Dams are removed for
several reasons, including environmental restoration,
increasing maintenance costs, gradual reservoir sedi-
mentation, and public safety (Perera et al. 2021). The
process of DD has gained high research interest,
which has focused mostly on the effects of river connec-
tivity on ecological processes such as migration and dis-
persal of living organisms (Bednarek 2001, Marks et al.
2010, Bellmore et al. 2019). Although reservoir sedi-
ments are important repositories of organic C, previous
studies have not examined the fate of that sediment
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organic C following DD (Pacca 2007). Dam decommis-
sioning may be a relevant component of the C balance
in a reservoir because reservoir drawdown is hot
moment for the decomposition of sediment organic C
to CO, and CH, (Deshmukh et al. 2018, Keller et al.
2021, Paranaiba et al. 2021).

The reservoir drawdown phase of DD is likely to
first increase CO, and CH, fluxes from a reservoir
through the formation of shallow waters (Harrison
et al. 2017, Deshmukh et al. 2018, Li et al. 2020).
Small patches of shallow waters can emit, for instance,
75% and 90% of, respectively, the annual CO, and
CH, fluxes from reservoirs (Harrison et al. 2017,
Deshmukh et al. 2018). Approximately 35% of total
CH, fluxes from the surface waters of reservoirs is
emitted via diffusion while 65% is emitted via ebulli-
tion (Deemer et al. 2016), which is higher in shallow
waters (Baulch et al. 2011). Shallow waters emit higher
areal C fluxes due to conditions such as increased aer-
ation and temperature that facilitate gas production in
sediments, and shallow depth that results in low
hydrostatic pressure and readily allows gases to be
transported to the overlying water layer and the
water—atmosphere interface (Harrison et al. 2017, Li
et al. 2020). Dam decommissioning may promote C
emissions to the atmosphere because of the increased
areal extension in shallow waters resulting from reser-
voir drawdown.

Reservoir drawdown can furthermore produce high
C fluxes when it exposes sediments to the atmosphere.
Exposed sediment is a hotspot for CO, emissions,
whose areal fluxes in reservoirs (4-1533 mmol m > d™;
GoOmez-Gener et al. 2016, Jin et al. 2016, Obrador et al.
2018) are higher than CO, fluxes from surface waters of
lentic waters (18-55 mmol m~>d~'; Raymond et al.
2013, Deemer et al. 2016, Holgerson and Raymond
2016), and even comparable to areal CO, fluxes from
lotic water (120-633 mmol m *d™}; Raymond et al.
2013, Borges et al. 2015, Gémez-Gener et al. 2015).
Lotic waters emit higher C fluxes than impounded
water because of their highly turbulent water columns
and, hence, higher gas exchange coefficients (Gémez-
Gener et al. 2015). Furthermore, the higher CO, emis-
sions from exposed sediment are related to a closer cou-
pling of CO, production and fluxes and increased CO,
production due to high oxygen availability (Fromin
et al. 2010, Keller et al. 2020).

Increased redox potentials in exposed sediment
reduce CH, production and increase CH, oxidation,
which results in lower CH, fluxes. Thus, CH, fluxes
from exposed sediment (0.1-1 mmol m2d Yang
et al. 2014, Gémez-Gener et al. 2015, Deshmukh et al.
2018) are lower than CH, fluxes from lotic waters

(4.2 [8.4] mmol m > d™'; Stanley et al. 2016) and surface
waters of lakes and reservoirs (3-10 mmol m %d™};
Deemer et al. 2016). Fluxes of CH, from a flooded site
may even be 3 orders of magnitude higher than CH,4
fluxes from a nonflooded site of the same reservoir
(Yang et al. 2014). Although areal CO, fluxes are higher
than CH, fluxes from reservoirs, CH, has a global
warming potential 25 times higher than that of CO,
over a span of 100 years (IPCC 2013); thus, 79% of
the annual CO,-eq emissions from reservoirs occurs
as CH; (Deemer et al. 2016). In summary, when
exposed sediment replaces impounded water during
DD, CO, emissions may increase, whereas CH, emis-
sions may decrease. However, to our knowledge, no
empirical evidence exists on the effects of DD on C
fluxes in reservoirs. This knowledge would help inform
regional and global scale estimates of the C footprint of
reservoirs and their perception as a C-neutral source of
energy (Barros et al. 2011).

Here, we assessed short-term effects of DD on CO,
and CHj, fluxes before, during, and after drawdown of
a temperate reservoir. We measured CO, and CH,
fluxes in exposed sediment, deep and shallow zones of
impounded water, and lotic water. We hypothesized a
temporal change in CO, and CH, fluxes for the 3 envi-
ronments along reservoir drawdown, CO, fluxes highest
in exposed sediment, CH, fluxes highest in impounded
water, higher CO, and CH, fluxes from the shallow
zone than the deep zone of impounded water, and
higher ecosystem C fluxes due to higher areal C fluxes
from exposed sediment and lotic water after reservoir
drawdown.

Materials and methods
Study site

The Enobieta Reservoir is in the valley of Artikutza
(Navarre, northern Iberian Peninsula), where human
activities have been restricted since 1919, when the
municipality of Donostia-San Sebastidn bought the
land to ensure the supply of high-quality drinking
water. The mean annual air temperature is 12.2 °C
with an average rainfall of 2064 mm yr ' (average
1954-2019; Gobierno de Navarra 2019). The dam was
constructed between 1947 and 1953 on the Enobieta
Stream. The reservoir had an initial storage capacity of
2.66 hm®, length of 1.1km, maximum depth of
25.5m, a concrete dam height of 42 m, and an area of
0.14 km®. Geotechnical problems appeared during its
construction, forcing a reduction in its storage capacity
to 1.40 hm>, and the construction of a larger reservoir
(Anarbe Reservoir, 43.8 hm®) downstream in 1976,



after which Enobieta Reservoir was no longer used as a
water supply facility (Larrafiaga et al. 2019). In addition,
Artikutza is part of the Natura 2000 Network and, since
2014, is a special conservation zone. The high conserva-
tion status of the valley and the structural instability of
the dam led to a DD plan of the Enobieta Reservoir, a
process that began in 2017 and extended through and
2019 (Supplemental Fig. S1). To date, the decommis-
sioning has been partial; the reservoir has been
completely emptied of water and the river runs freely
through a hole in the dam, but the concrete structure
of the dam (the physical structure retaining the water)
is still standing.

Sampling design

We measured CO, and CH, fluxes in 3 environments—
impounded water, exposed sediment, and lotic water—
before, during, and after reservoir drawdown. We
conducted 8 sampling campaigns on 16 June 2016, 7
July 2018, 10 September 2018, 22 October 2018, 21 Jan-
uary 2019, 9 April 2019, 2 July 2019, and 18 February
2020 (Table 1, Supplemental Fig. S1). Exposed sediment
and lotic water completely replaced impounded water
on 25 February 2019. The campaigns conducted before
25 February 2019 correspond to the periods Before and
During reservoir drawdown, while the campaigns after
this date correspond to the period After reservoir draw-
down. Thus, we sampled 2 times prior to drawdown
(day —984 and -233), 3 times during drawdown (days
-168, —126, and -35), and 3 times after drawdown
was complete (day 43, 127, and 358). We identified
these days by taking the sampling date minus 25 Febru-
ary 2019 (for instance, 16 June 2016-25 February 2019
=—984 days; Table 1).

Impounded water was sampled from day —984 to day
-35 (i.e., when it was present) in 2 zones: deep water
(>4 m) and shallow water (<4 m; Harrison et al. 2017;
Fig. 1, Table 1, Supplemental Fig. S1). The location of
the shallow water zone changed over time as the water
level decreased along drawdown. Before exposed sedi-
ment and lotic water completely replaced impounded
water (day —233 to —35), we measured CO, and CH,
fluxes in lotic water at the stream-reservoir transition
inlet (1 site). After complete reservoir drawdown (day
43-358), we measured the fluxes in lotic water at 2
sites across the reservoir. For both impounded water
and lotic water, we measured CO, and CH, fluxes in
triplicate (3 samples at each site).

We sampled CO, and CH, fluxes in exposed sedi-
ment from day -233 to day 358 (when it was present;
Table 1). To measure CO, and CH, fluxes in exposed
sediment, we used 4 cross-sectional transects (A, B, C,
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and D; Fig. 1) comprising between 1 and 5 sites
(Supplemental Table S1). We measured 3 CO, fluxes
and 1 CH, flux at each site. The number of transects
and the number of sites for some transects increased
with time as water retracted from the edge to the center
and toward the dam of the reservoir. For instance,
because impounded water covered most of the reservoir
on day —233, we had only transect A with 1 site (thus,
the sample size [#] in this campaign was 3 for CO,
and 1 for CH,). Moreover, the number of sites among
transects varied because the distance from the center
to the edge of the reservoir differed across the reservoir.
Consequently, the number and length of transects
changed with reservoir drawdown (Table 1). During
reservoir drawdown (day —168 to —35), we used 3 tran-
sects (A, B, and C) with 3 sites each (n = 27 for CO, and
n=9 for CH,). After reservoir drawdown (from day 43
onward), we used 4 transects, with 3 (A and D), 4 (B),
and 5 (C) sites each (n=45 for CO, and n=15 for
CH,, Fig. 1, Supplemental Table S1).

Determination of CO, fluxes

We determined CO, fluxes from exposed sediment and
impounded water using the chamber method (Frank-
ignoulle 1988). We measured CO, fluxes from exposed
sediment with an enclosed opaque soil respiration
chamber (SRC-1, PP-Systems, Amesbury, MA, USA).
For impounded water, we estimated CO, fluxes across
the water—air interface with a custom-made floating
enclosed opaque chamber. We monitored the partial
pressure of CO, (pCO,) in the chambers every second
with an infrared gas analyser (IRGA-EGM-5, PP-Sys-
tems, 1% accuracy). We waited for pCO, in chambers
to change by at least 10 patm, which took 120-300 s
in exposed sediment and 300-600s in impounded
water. We calculated CO, fluxes from exposed sediment
and impounded water by a linear regression of pCO, in
the chambers over time corrected for temperature and

pressure as:
FCO, = (£=22)(—), 1
0 ( dt )(RTS) (v

where FCO, is CO, flux (mol m™2 d™?), dpCQO,/dt is the
slope of the regression of pCO, in the chamber over
time (atm d7!), V is the volume of the chamber
(1.171 x 107> m? for exposed sediment, 0.027 m® for
impounded water), S is the area of the chamber (7.8 x
10 m® for exposed sediment and 0.194 m?> for
impounded water), T is temperature (K), and R is the
ideal gas constant (m® atm K' mol™). All fluxes
reported here follow the convention that efflux to the
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Table 1. Sampling campaigns, sampling date (day/month/year), time (d) before or after exposed sediment completely replaced
impounded water, phase of DD (pre = before, peri = during, post = after), average reservoir water depth (RWD), surface area and
percentage (%) area of each environment, and zone (DS = deep and shallow, S = only shallow) sampled within impounded
water, transects (A, B, C, and D) sampled for exposed sediment, (n is the sample size of CO, fluxes in exposed sediment while the

sample size for CH, fluxes is 3 times less than that of CO, for each sampling), NA = not applicable.

Impounded water

Exposed sediment Running water

Sampling date  Time  Phase ~ RWD (m)  Area(m?  %area  Depth  Area(m?)  %area  Transect (n)  Area (m?) % area
16/06/16 —984 pre 20 141400 100 DS 0 0 NA 0 0
07/07/18 —233 pre 19.8 140 800 99.6 DS 526 0.4 AQ3) 74 0.1
10/09/18 —168 peri 14.8 101 200 71.5 DS 39 385 28 ABC (27) 815 0.5
22/10/18 -126 peri 9.8 71500 50.6 DS 69 400 484 ABC (27) 1500 1
21/01/19 -35 peri 4.8 15000 10.6 S 122 500 86.6 ABC (27) 3900 28
09/04/19 43 post 0 0 0 NA 135 800 96 ABCD (45) 5600 4
02/07/19 127 post 0 0 0 NA 135 800 96 ABCD (45) 5600 4
18/02/20 358 post 0 0 0 NA 135 800 96 ABCD (45) 5600 4

atmosphere corresponds to a positive flux, and uptake
or influx corresponds to a negative flux.

We determined the direction and magnitude of CO,
fluxes from lotic water by applying FicK’s first law of gas
diffusion:

FCOZstream = kCOZ X B X (pCOZW - pCOZa)’ (2)
where FCOs4ream is the CO, flux from lotic water (mol
m~2d™), kCO, is the transfer velocity of CO, (m d™, B
is the solubility coeflicient of CO, (mol m~> atm™), and
pCO,,, and pCO,, are, respectively, the partial pressures
of CO, (atm) in surface water and air.

We determined pCO,,, and pCO,, in triplicate at
each sampling site. The pCO,, was determined by
means of a membrane gas exchanger (MiniModule,
Liqui-Cel, 3M, Maplewood, MN, USA) coupled to an
IRGA. We circulated sampled water via gravity through
the membrane contactor at a rate of 300 mL min '

da

Upstream

Downstream

while recirculating an enclosed volume of gas between
the membrane and the IRGA. We determined the solu-
bility of CO,, for the temperature and salinity of each
sample (Bastviken et al. 2004). We estimated kCO,
(m d7!) in the lotic water as:

©)

$cCO,\ 3
600 ’

kCO, = ksoo(

where ScCO, is the Schmidt number of CO, (dimen-
sionless) and kego (m d™*) is k of CO, at a Schmidt num-
ber (Sc) of 600,

Vel (600 3 "
413\ scco,)

d is depth of the water column (m) and Vel denotes the
water velocity (m s™'), noting that this equation is an
empirical adjustment for kgg in lotic water.

k600 = 514 xd x

Downstream A

Figure 1. Simplified schematic and photographic view of the sampling design showing the state of Enobieta Reservoir when (a) it was
full: photo taken on day —233, July 2018; and (b) when it was empty: photo taken on day 358, February 2020. The scheme shows the 3
sampled environments: exposed sediment, impounded water, and running water. The red dashed lines are the cross-sectional tran-
sects used to measure CO, and CH, fluxes from exposed sediment. The numbers in brackets are the number of sites sampled for each
transect of exposed sediment on each day. Photos taken by M. Amani and B. Obrador.



We estimated the velocity of lotic water by the time-
conductivity curve that we obtained in instantaneous
additions of a tracer (NaCl) at a turbulent point in the
channel, 200 m downstream of the point of addition,
using a field conductivity meter (WTW 340i, Germany).
We recorded changes in electrical conductivity gener-
ated by the tracer pulse then used the changes to calcu-
late the speed by dividing the distance by time that
electrical conductivity takes to reach the maximum
peak (Gordon et al. 2004).

Determination of CH, fluxes

Determination of diffusive CH, fluxes in water
We determined diftusive CH, fluxes from impounded
water and lotic water using the gradient of pCH,
between water and air. We collected 3 samples of
pCH, in surface water at each sampling site using the
headspace technique equilibrated in situ with air (Bast-
viken et al. 2004). Briefly, we collected 30 mL of water
with a 60 mL plastic syringe, which created a headspace
with ambient air at 1:1 ratio (collected water:ambient
air). We manually shook the syringe for 1 min and
then submerged it at each sampling site for 5 min to
maintain constant equilibration temperature. There-
after, we transferred 20 mL of the gas mixture from
the plastic syringe to a pre-evacuated vial (Exetainer,
Labco Ltd., Lampeter, UK). We took ambient air sam-
ples to correct for CH, concentration in the headspace.

In the laboratory, we determined pCH, in the gas-
eous mixture using a gas chromatograph equipped
with a Flame Ionising Detector (FID; 7820A GC, Agi-
lent, Santa Clara, CA, USA), with an accuracy of 4%.
We routinely ran 6 point standard curves obtained
from a standard of 15 ppm CH, (Crystal, Air Liquide
SA, Paris, France).

We determined diffusive CH, fluxes as for CO,
(equation 2). In impounded water, the CH, transfer
coefficient (kCH,, in m d™') was obtained as:

ScCH,\ °°
kCH, = k 5
4 600( 600 ) ( )
with
keoo = 0.228 x Uj;> + 0.168, (6)

where ScCH, is the Schmidt number for CH, and U,
corresponds to the wind speed (m s™') at a height of
10 m above impounded water. To find U, we measured
the wind speed in situ at 1 m with a portable anemom-
eter (Kestrel 4000, Boothwyn, PA, USA) and converted
it to Uy following Crusius and Wanninkhof (2003). We
determined ScCH, in impounded water and lotic water
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at the measured water temperature (Howard and How-
ard 1993, Gémez-Gener et al. 2015). We calculated CH,
fluxes from lotic water the same way we calculated CO,
fluxes, using ScCH, instead of ScCO, in equation 3 to
estimate kCH,.

Determination of ebullitive CH, fluxes from
impounded water

We measured ebullitive CH, fluxes from impounded
water with 8 inverted funnel collectors: 4 in deep
water and 4 in shallow water. We maintained the fun-
nels for 6-23 h (DelSontro et al. 2010) to get a measur-
able flux (ie., a detectable signal). The funnels
(collection area of 0.44 m*) had a collector bottle
where the gas accumulated during the entire sampling
period. We closed the collectors of each funnel under-
water and weighed them on the shore to determine
the volume of gas, defined as the difference in weight
between the collector after collection and the same col-
lector filled with water. We estimated that the detection
limit was ~10 mL for the gas collected using the gravi-
metric method. The collected gas was sampled and
stored in pre-evacuated vials. We analysed pCH, in
the gas samples with a gas chromatograph as detailed
earlier for the diffusive CH, fluxes. We determined
ebullitive CH, fluxes based on pCH, in the gas mixture,
the volume of collected gas, collection time of the fun-
nel, and surface area of the funnel.

Determination of diffusive CH, fluxes from exposed
sediment

We determined diffusive CH, fluxes in exposed sedi-
ment with enclosed opaque chambers equipped with
gas inlet and outlet valves in a closed mode (no open
vent). We installed the chambers (verifying a correct
seal between sediments and the atmosphere) in fixed
sampling sites within the transects where we installed
fixed collar rings (Fig. 1). We sampled the chamber 3
times during each measure: at time 0 (T0), time 1
(T1 =55 min), and time 2 (T2 <654 min). We deter-
mined pCH, in the gas samples using a gas chromato-
graph as detailed earlier. We determined areal CH,
fluxes (mmol m™2 d7!) based on the variation of
[CH4] using the linear regression slope of the pCH,—
time relationship, the area (0.0168 m?), and the volume
(1.388 x 107> m>) of the chamber (equation 1). For this
calculation, we included only the variations in pCH,
above the detection limit (>0.05 ppmv: parts per million
by volume).

Upscaling carbon fluxes to the ecosystem level
We multiplied the mean areal C flux (mmol m2d™) of
each environment by the surface area (m?) it occupied
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during each sampling campaign (Table 1) to quantify
ecosystem C fluxes (mol d™!). We obtained surface
areas of impounded water and exposed sediment
using satellite Sentinel images (Miranda et al. 2018)
taken during the period closest to each sampling cam-
paign, mostly 2-3 days, maximum 1 week. We extracted
the surface areas of the reservoir and lotic water, respec-
tively, using pixel-based classification and a digital ele-
vation model using Erdas Image 2020 and ArcMap
10.8 (Maathuis and Wang 2006, Rathore et al. 2018).
Finally, we multiplied ecosystem C fluxes by the molar
mass of each GHG (16 g for CH, and 44 g for CO,)
by the global warming potential of each GHG (25 for
CH, and 1 for CO, considering a span of 100 years)
to find CO,-eq in kg CO,-eq d™ (IPCC 2013).

Statistical analyses

We assessed the effect of environment type and time on
CO, and CH, flux rates using mixed effects models
(Pinheiro and Bates 2000, Madsen and Thyregod
2010) with the R package nlme (Pinheiro and Bates
2018) in R 4.0.5 (R Core Team 2021). Environment, a
categorical factor with 3 levels (exposed sediment,
impounded water, and lotic water) and time, a numer-
ical variable, were fixed factors. We explored the poten-
tial presence of spatial structure, such as differences in C
fluxes among transects and sites of exposed sediment via
spatial correlograms, but we found no significant spatial
pattern. Thus, we applied spatially explicit methods of
analysis by using a random factor “Site” within the
framework of mixed modeling to account for spatial
variability; therefore, site was the random effect. To con-
sider the temporal autocorrelation present in the data
and avoid wrong inference, temporal autocorrelation
within each site was accounted for by means of a corre-
lation structure with homogeneous variances (com-
pound symmetry). We included a variance function
that allowed different standard deviations per environ-
ment level to control for heteroscedasticity.

Results

Spatial extent of the environments and areal CO,
and CH, fluxes

Before reservoir drawdown, impounded water occupied
almost 100% of the surface area of the reservoir (Table
1). During reservoir drawdown, exposed sediment cov-
ered 28-87% of the reservoir. After reservoir drawdown,
exposed sediment covered 96% and lotic water 4% of the
surface area of the Enobieta Reservoir.

Environment (p < 0.001), time (p = 0.006), and their
interaction (p<0.001) influenced areal CO, fluxes
(Table 2, Fig. 2a, Supplemental Fig. S2a). Areal CO,
fluxes (mean [SE]) from exposed sediment (295.65
[74.90 mmolm2d™") and lotic water (188.11
[86.09] mmol m > d™') decreased over time but
remained higher than areal CO, fluxes from impounded
water  (-36.65 [83.40] mmolm 2 d % Fig. 2a;
Supplemental Table S2, Supplemental Fig. S2a). Areal
CO, fluxes in impounded water increased slightly
from negative to positive values over time (Fig. 2a;
Supplemental Table S2, Supplemental Fig. S2a).

Environment (p <0.001) but not time (p=0.531)
influenced the areal CH, fluxes (Table 2, Fig. 2b,
Supplemental Fig. S2b). The sum of areal diffusive and
ebullitive CH, fluxes from impounded water (1.82
[1.11] mmol m 2 d™") were higher than areal diffusive
CH, fluxes from exposed sediment (0.06 [0.10]
mmol m > d') and lotic water (-0.96 [1.72] mmol m >
d™'; Supplemental Table S3). Ebullition was the domi-
nant pathway of areal CH, fluxes (i.e., 63% of areal
diffusive + ebullitive CH, fluxes), whereas the shallow
zone emitted 93% of areal CH, fluxes from impounded
water (Supplemental Fig. S3).

Ecosystem CO, and CH, fluxes

The total ecosystem C flux was slightly positive
(74 mol d™'; day —984) or even negative (~5904 mol d';
day —233) before drawdown (i.e., when the reservoir
was almost fully covered by impounded water; Fig. 3a).
During reservoir drawdown, total ecosystem C fluxes
were 18718 mold™" (day —168), 12540 mold™" (day
~126), and 12 393 mol d ' (day —35; Fig. 3a). After reser-
voir drawdown, total ecosystem C fluxes were, respec-
tively, 23669 mold" (day 43), 38713 mold " (day
127), and 18 568 mol d™! (day 358; Fig. 3a). On average,
the total ecosystem C fluxes were —2915 mol d™! before,
14550 mol 4! during, and 26 983 mol d™! after reservoir
drawdown. Thus, ecosystem C fluxes from the reservoir
were 2 and 10 times higher after than, respectively, during
and before reservoir drawdown.

Exposed sediment contributed most of total ecosys-
tem C fluxes, and its contribution over time followed
the same temporal pattern as total ecosystem C fluxes.
The mean of total ecosystem C fluxes from exposed
sediment, impounded water, and lotic water was,
respectively, 16047 mold™" (93% of total C flux),
1071 mold™ (6%), and 154 mold™ (1%). Thus,
exposed sediment contributed most to total ecosystem
C fluxes because of its high areal CO, fluxes and surface
area, whereas lotic water had the lowest contribution to
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Table 2. Mixed modeling results for areal CO, and areal CH, (diffusion + ebullition) fluxes (mmol m™2 d™"): hypothesis testing for fixed
factors (environment and time). df (num) is the numerator degrees of freedom for the F test for the fixed variables, df (den) displays
the denominator degrees of freedom for the F test for the fixed variables, and EnvXTime represents the interaction between

environment and time. Significant p-values are shown in bold.

CO, CH,
Source df (num) df (den) F-value p-value df (num) df (den) F-value p-value
Intercept 1 255 37.71 <0.001 1 35 164.76 <0.001
Env 2 255 13.91 <0.001 2 35 316.78 <0.001
Time 1 255 7.82 0.006 1 35 0.40 0.531
EnvXTime 2 255 8.70 <0.001 2 35 0.40 0.676

the total ecosystem C fluxes because of its small surface
area.

Ecosystem CO, and CH, fluxes contributed, respec-
tively, 99% and 1% of total ecosystem C fluxes. Ecosys-
tem CO, and ecosystem CO,-eq fluxes followed the
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Figure 2. (a) Areal CO, and (b) CH, fluxes from impounded
water (green), exposed sediment (red), and running water
(blue). Boxplots display 25th, 50th, and 75th percentiles; whis-
kers show minimum and maximum values; and points beyond
the minimum and maximum whiskers are outliers. The x-axis
describes the 8 sampling campaigns, which are divided into 3
categories: Before (days —984 and —233), During (days —168,
—126, and —35), and After (days 43, 127, and 358) reservoir
drawdown. Colour version available online.

temporal pattern of total ecosystem C fluxes in exposed
sediment because this environment contributed most of
total ecosystem C fluxes, and ecosystem CO, fluxes pre-
dominated over ecosystem CH, fluxes (Fig. 3b-d). By
contrast, impounded water emitted 98% of ecosystem
CH, fluxes (Fig. 3d). Thus, ecosystem CH, fluxes from
impounded water were higher before reservoir draw-
down and then decreased along DD as impounded
water was replaced by exposed sediment and lotic
water. Exposed sediment contributed 87%, impounded
water 12%, and lotic water 1% of total C fluxes expressed
in CO,-eq (814 kg CO,-eq d™)overa span of 100 years.
The average of C flux after reservoir drawdown was
8g CO,-eqm>d™".

Discussion

As we hypothesized, the drawdown phase of DD
increased total ecosystem C (CO,+ CH,) fluxes
from the reservoir because of higher fluxes from
exposed sediment. Exposed sediment emitted, on
average, 93% of the CO, flux and 87% of the flux
expressed in CO,-eq. At the ecosystem scale, CO,
fluxes contributed 99% of total C fluxes while the
remaining 1% was contributed by CH, fluxes. Most
of the CH, fluxes (98% on average) arose from
impounded water and mostly emitted via ebullition.
The rates of CO, and CH, emissions from shallow
impounded water were higher than from deep
impounded water.

The drawdown phase of DD increased CO, and
CH, fluxes from the reservoir

Before drawdown (days —984 and —233), the reservoir
was a net sink of atmospheric CO, but a net source of
CH,. Because impounded water took more CO, than
the CH, it emitted, the Enobieta Reservoir was a net
sink of C before reservoir drawdown. Note that we con-
ducted these samplings during summer, a season of high
primary production in the Northern Hemisphere and
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are divided into 3 categories: Before (days —984 and —233), During (days —168, —126, and —35), and After (days 43, 127, and 358)

reservoir drawdown. Colour version available online.

therefore high CO, fixation via photosynthesis (Teo-
doru et al. 2011).

During reservoir drawdown (days —168, —126, and
—35) the reservoir became a net source of C to the atmo-
sphere, especially as CO,. Areal CO, fluxes from
impounded water were comparable to areal CO,
fluxes measured elsewhere in lakes, ponds, and reser-
voirs (Raymond et al. 2013, Deemer et al. 2016, Holger-
son and Raymond 2016). They were, however, lower
than fluxes from exposed sediment and lotic water, in
agreement with previous studies (Raymond et al. 2013,
Kosten et al. 2018, Keller et al. 2020). Impounded waters
typically emit lower areal CO, fluxes than lotic waters
and exposed sediments because of higher CO, uptake
by primary producers (Howard and Howard 1993,
Gomez-Gener et al. 2015). C emissions from reservoirs

are typically highest during their first 10-20 years, when
flooded labile C is still available for microbial respiration
(St. Louis et al. 2000, Barros et al. 2011). Thus, low areal
CO, fluxes from impounded water were expected in this
oligotrophic reservoir of more than 60 years of
existence.

As we expected, areal CH, fluxes were lower in
exposed sediment and lotic water than in impounded
water and higher in shallow than in deep impounded
water. Impounded waters are important emitters of
CH, because of their increased anaerobic microbial
functioning (Deemer et al. 2016). Methane is produced
in anoxic conditions by anaerobic archaea and bacteria
and emitted mainly via ebullition (Bastviken et al. 2004,
Baulch et al. 2011, Deemer et al. 2016). Ebullition was
the dominant pathway of CH, fluxes from impounded



water in this study, consistent with other findings (Del-
Sontro et al. 2016, West et al. 2016), mainly in shallow
impounded water. Shallow impounded waters are hot-
spots for CH, emissions because they have a lower
capacity to dissolve, trap, and oxidize CH,. Ebullition
might, however, have been underestimated because of
its high spatial and temporal heterogeneity (Wik et al.
2016). Impounded water in this study emitted most of
CH, fluxes; thus, the contribution of CH, to total eco-
system C fluxes decreased along reservoir drawdown
as impounded water was replaced by exposed sediment.

Exposed sediments emit areal CO, fluxes to the
atmosphere at higher rates than emissions from the
water surface during the flooded periods (Catalan
et al. 2014, Gémez-Gener et al. 2016, Obrador et al.
2018). Areal CO, fluxes from exposed sediments are
higher because of their increased CO, diffusivity, higher
microbial respiration due to higher oxic conditions, and
lower CO, uptake by primary producers compared with
inundated environments (Howard and Howard 1993,
GOmez-Gener et al. 2015, Marcé et al. 2019). In this
study, exposed sediment emitted most of the CO,
fluxes within the reservoir. During the drawdown
phase, these CO, emissions declined between days
-168 and -35, likely reflecting seasonal variations in
temperature and humidity. The sampling days were in
October (day —126) and January (day —35), the coldest
and wettest period in the study area. Lower temperature
and higher humidity might have limited oxygen diffu-
sivity, and thus microbial respiration and CO, produc-
tion in exposed sediment, during reservoir drawdown
on days —126 and -35.

After reservoir drawdown, total C fluxes at the scale
of the reservoir increased and peaked on day 127, fol-
lowing the trend in ecosystem CO, fluxes. Microbial
respiration, and thus CO, production, are higher in
exposed sediments with higher content and quality of
organic matter (Almeida et al. 2019, von Schiller et al.
2019, Keller et al. 2020). The areal CO, fluxes from
exposed sediment decreased with time in this study,
probably due to the reduction in quantity and quality
of sediment organic C. Unfortunately, we did not assess
temporal changes in the content and chemical composi-
tion of sediment organic C to support this. While the
underlying mechanisms for this temporal pattern
remain unclear at this stage, they provide evidence for
areal emissions to be higher after than before DD.

As we assumed, areal CO, fluxes were lower in
impounded water than areal CO, fluxes from exposed
sediment and lotic water. However, we did not expect
areal CO, fluxes from exposed sediment to be equal to
areal CO, fluxes from lotic water. Lotic water, because
of its high turbulence, should emit higher areal CO,
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fluxes than exposed sediment (Raymond et al. 2013,
Borges et al. 2015, Gomez-Gener et al. 2015). The low
pCO, and gas transfer velocity measured in this study
might have limited emissions of CO, from the lotic
water. We reported an average pCO, in lotic water of
791 patm, nearly 4 times lower than the average pCO,
=3100 patm reported from 6798 streams on a global
scale (Raymond et al. 2013). In addition, the average
gas transfer velocity (kgoy) of 26md™ in the lotic
water of this study is lower than the mean of kg values
=450 m d™' reported in a review on gas exchanges in
streams (Ulseth et al. 2019).

Carbon dioxide and CH, contributed on average 99%
and 1% of total ecosystem C fluxes, respectively.
Expressed in CO,-eq, the contribution of CH, rose to
6% of total ecosystem C fluxes because of the higher
global warming potential of CH,; compared to CO,
(IPCC 2013). Ecosystem CH, fluxes are responsible
for ~60%-79% of CO,-eq from surface waters of
lakes, ponds, and reservoirs (Deemer et al. 2016, Del-
Sontro et al. 2016, van Bergen et al. 2019), whereas
exposed sediments are poor emitters of CH, because
of their increased aerobic conditions (Obrador et al.
2018, Marcé et al. 2019, Arce et al. 2021, Paranaiba
et al. 2021). Impounded water emitted 98% of CH,
fluxes while the remaining 2% was contributed by the
combined exposed sediment and lotic water. Although
exposed sediment occupied a large surface area, its con-
tribution to ecosystem CH, fluxes was low because of its
low areal CH, fluxes. The contribution of lotic water to
ecosystem CH, fluxes was low because it occupied a
negligible surface area.

Conclusion: implication of dam
decommissioning for the carbon footprint of
the reservoir and future perspectives

The average ecosystem flux in CO,-eq after reservoir
drawdown was 8 g CO,-eq m > d”', slightly higher
than the flux reported on a global scale in surface waters
of reservoirs between 4.25 g CO,-eq m > d ™" (St. Louis
et al. 2000) and 6.64 g CO,-eq m~2 d! (Deemer et al.
2016). The flux reported in this study is also higher
than the flux from hydroelectric reservoirs worldwide;
2.55-7.64 g CO,-eq m? d' (Deemer et al. 2016).
Hydropower was considered a green source of energy,
but GHG emissions from reservoirs contribute to the
global C budgets (Deemer et al. 2016, St. Louis et al.
2000, Barros et al. 2011) even before considering their
C emissions during and after DD. The high CO,
fluxes from exposed sediment reported in this study
indicate the importance of the drawdown phase of DD
as a hot moment for CO, and CH, emissions from a
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reservoir. Thus, the exclusion of GHGs related to the
end-of-life of dams may result in an underestimation
of the C footprint of reservoirs.

The decrease in CO, fluxes in exposed sediment may be
a seasonally specific feature that warrants further investi-
gation beyond the short-term duration of this study. Fur-
thermore, exposed sediments are amenable environments
for vegetation growth, which may overturn the effects of
DD on the C emissions of a reservoir by fixing atmospheric
CO,. However, we lack empirical evidence to clarify the
role of plant regrowth in the C dynamics in reservoirs fol-
lowing DD. Thus, we emphasize a need to know the driv-
ers of CO, fluxes from exposed sediments and mid- and
long-term effects of DD on C emissions in reservoirs,
including the role of plant recolonization, and to include
DD in the C footprint of reservoirs. To conclude, this
study sets a baseline for promising future studies to
improve our understanding of how the C dynamics of res-
ervoirs are affected by dam decommissioning.
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