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Abstract

Dams impact a significant portion of the world’s rivers, and rivers downstream of the reservoirs created by
large dams often emit significant amounts of methane (CHy). River CH4 emissions downstream of run-of-the-
river (ROR) dams are less well known. We investigated spatial and seasonal CH, dynamics along a stretch of
the Aare River (Switzerland) downstream from a bubbling ROR reservoir. We found that the CH,4 horizontally
accumulated in this vertically non-stratifying ROR reservoir was consistently transported to the downstream
river, but half was lost near a confluence with a tributary. We estimated CH, diffusion using gas exchange
coefficient (k) models that incorporate specific river characteristics and found CH, emissions were threefold
higher upstream of the confluence than downstream. We discuss the use of CO,-derived k models in estimat-
ing k for CH4, and investigated it directly using a drifting chamber experiment. While chamber emissions
only partly agreed with the k models, the models were robust enough to use in a CH4 mass balance along
the river that indicated an overall CHy loss from the study area. The loss predominantly occurred at the con-
fluence and >92% of it could not be accounted for by modelled or measured CH4 emissions. Ultimately, a
ROR reservoir that does not form an anoxic, CHy-rich hypolimnion enhanced downstream river CH4 emis-
sions, but to a lesser extent than other systems (~9% of total reservoir-associated emissions). Regardless,
small ROR dams and river features such as confluences should be considered when measuring, estimating or
upscaling river CH4 emissions.

The general importance of inland waters in carbon cycling,
particularly their role as a significant source of the greenhouse
gases methane (CHy) and carbon dioxide (CO,), is now widely
accepted by the scientific community (Cole et al. 2007; Battin
et al. 2009; Tranvik et al. 2009; Raymond et al. 2013). Air-
water exchange of the carbonic greenhouse gases in rivers is
highly relevant for global biogeochemical budgets and for con-
straining the carbon cycle (Aufdenkampe et al. 2011), especial-
ly because a large fraction of terrestrial carbon entering the
freshwater continuum via rivers is processed, stored or emitted
along route instead of discharged to the oceans (Cole et al.
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2007). Carbon processing can, of course, occur in any freshwa-
ter body (lakes, rivers, or streams), but recent evidence sug-
gests that there are differences between the greenhouse
dynamics of lakes and fluvial systems (Raymond et al. 2013).
Based on the limited studies available that compare aquatic
systems in the same landscape, rivers tend to have significant-
ly higher dissolved concentrations and emission rates of CO,
(Teodoru et al. 2009; Raymond et al. 2013; Crawford et al.
2014) and CH4 (Campeau et al. 2014; Selvam et al. 2014; Stan-
ley et al. 2016) than lakes.

While studying rivers and their contribution to the global
carbon budget, however, it is important to remember that
two thirds of the world’s largest rivers (and presumably plen-
ty of small and moderately-sized ones) are fragmented by
dams (Nilsson et al. 2005). With that damming comes signif-
icant disruptions in the natural carbon flow and processing
along the river courses, including flooding of adjacent soils
and vegetation (St Louis et al. 2000; Guérin et al. 2008), and
massive sediment and carbon retention behind dams
(Vorosmarty et al. 2003; Syvitski et al. 2005; Tranvik et al.
2009). One way the new sedimentation regimes behind
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dams impact the biogeochemistry of these freshwaters is by
promoting high rates of methanogenesis in carbon-rich,
anoxic sediments and areas of flooded vegetation. Ultimate-
ly, many of these reservoirs emit significant amounts of CH,
to the atmosphere (St Louis et al. 2000; Tremblay et al. 2005;
Barros et al. 2011; Bastviken et al. 2011; Wehrli 2011).

Reservoirs emit CH,4 from their surfaces via diffusion and
ebullition as well as from the turbulent outflow at or after
the turbines in hydroelectric reservoirs (Abril et al. 2005;
Tremblay et al. 2005; Guérin et al. 2006). In addition,
enhanced CH,4 emissions from the rivers downstream of res-
ervoirs have also been attributed to the presence of upstream
reservoirs in a few studies (Guérin et al. 2006; Guérin and
Abril 2006; Kemenes et al. 2007). The upstream reservoirs in
these studies are characterized by relatively large flooded sur-
faces that produced a water body that stratified, formed an
anoxic hypolimnion, and consequently accumulated CHj,
that was later transported downstream following dam pas-
sage (Guérin et al. 2006; Kemenes et al. 2007; Guérin and
Abril 2007). This scenario, however, may not apply to
smaller run-of-the-river (ROR) reservoirs as they typically
flood less surrounding land, if at all, and are shallow flow-
through systems that may not provide ideal conditions for
vertical stratification and anoxia. This remains speculation,
however, as not much is yet known about diffusive CH,
emissions downstream of ROR reservoirs.

Measuring diffusive gas emissions from fluvial systems is
unfortunately not as straightforward as doing so on lakes
and non-flowing water bodies. The most common technique
for measuring diffusive emissions on lakes involves an
anchored floating chamber (e.g., Vachon et al. 2010;
Schubert et al. 2012). While some fluvial studies have used
anchored chambers (e.g., Crawford et al. 2013), it is not the
best choice for flowing waters as enhanced turbulence near
the edges of the chamber will artificially inflate surface gas
exchange (Lorke et al. 2015). Therefore, the sampling tech-
nique was modified in some studies to allow the chamber to
drift with water flow, often still tied to the boat, in order to
reduce complications from enhanced turbulence (Guérin
et al. 2006; Kemenes et al. 2007; Eugster et al. 2011; Teodoru
et al. 2015). Alternatively, a gas tracer such as propane, for
example, can also be used to measure gas emission from flu-
vial systems (Hope et al. 2001).

Gas emission can also be estimated if the gas gradient
across the air-water interface and the gas transfer velocity, k
(also called the piston velocity) are known (MacIntyre et al.
1995). While measuring the gradient is simple, knowing the
true k is not, as it depends highly on the turbulence on both
sides of the gradient. A standard model used to estimate k
for lakes uses wind speed (e.g., Crusius and Wanninkhof
2003), yet other parameters such as lake size, fetch, or sur-
face waves have also been used as they too impact turbu-
lence and, hence, gas emissions (MacIntyre et al. 1995;
Vachon et al. 2010; Vachon and Prairie 2013). Such
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parameterizations of k in fluvial systems are not as prevalent.
Those that exist suggest that relatively easy-to-measure varia-
bles can be used to predict k, such as river width (Alin et al.
2011), depth, velocity, discharge, and slope (Raymond et al.
2012). However, these parameterizations, which were esti-
mated for CO, emissions, have not been readily validated by
other studies, especially CH4 emission studies.

The importance of estimating or measuring CH, emissions
from rivers downstream of hydropower reservoirs should not
be understated as those emissions could be attributed to the
upstream reservoir, and potentially further reduce the clean
energy status of hydropower (Giles 2006). A notable example
is Petit Saut reservoir in French Guyana, where downstream
emissions constitute > 60% of total CH, flux associated with
the reservoir, although the majority of those emissions were
due to a weir placed downstream of the dam (Abril et al.
20035). Diffusive only CH4 emissions from rivers downstream
of the few South American reservoirs where emissions have
been monitored were only equivalent to between 5 and 33%
of the total CH, emissions from the reservoir surface (Guérin
et al. 2006) and an equally low emission contribution was
recently found downstream of a subtropical reservoir in Laos
(Deshmukh et al. 2016). Despite consistently higher areal dif-
fusive fluxes reported for those downstream rivers relative to
their upstream reservoirs, the large surface areas of the reser-
voirs make the downstream diffusive emissions one of the less-
er important CH, emission pathways. Considering ROR
reservoirs flood much less land compared to these large South
American reservoirs, it is possible that downstream river CHy
flux is an important emission pathway attributable to a ROR
reservoir, although this has yet to be studied.

To this effect, over three campaigns in three seasons, we
investigated the CH,4 dynamics, specifically emissions, along a
portion of the Aare River (Switzerland) downstream from a
ROR reservoir known for high CH,4 ebullition and a horizontal
accumulation of dissolved CH, towards the dam basin (Del-
Sontro et al. 2010; Eugster et al. 2011). We used the most
recent parameterizations for k to estimate CH4 gas exchange
and conducted a comparative drifting chamber experiment
immediately downstream of the dam. Diffusive CH,4 emission
estimates, as well as dissolved CH,4 transfer along the river,
were incorporated into a mass balance to examine CH,
dynamics relative to particular sections of the river, including
other those containing additional ROR dams and a tributary
inflow. Finally, we assessed the contribution of downstream
river emissions to the upstream ROR reservoir.

Methods

Study site

The Aare River (stream order 6) originates from the Swiss
Alps and passes two perialpine lakes and the capital city of
Bern before reaching Lake Wohlen, which is a ROR reservoir
located on the Swiss plateau (46.966210°N, 7.285693°E) that
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was constructed in 1920 (more details in DelSontro et al.
2010). The Wohlen dam created a reservoir surface of
approximately 2.6 km? with an average discharge of 122 m?
s~! (range, 40-400 m?® s7!). After Lake Wohlen, the Aare
River runs through a 20 km long reach segmented by one
tributary, the Saane River, and two other ROR dams (Nieder-
ried and Aarberg) before entering natural Lake Biel via a
heavily channelized section (Fig. 1). The river continues out
of Lake Biel to the northeast through several more ROR
dams and toward the German border where it enters the
Rhine River. Our study area was the 20 km stretch between
Lake Wohlen and Lake Biel, including measurements within
Lake Wohlen before the Wohlen dam.

Sampling was conducted in February (winter) and May
(spring) of 2012 and in June (summer) of 2013 to cover the
most likely time for seasonal variability due to snow melt
and filling of the river. Our sampling locations began in
Lake Wohlen just before the dam (site 1, Fig. 1). The turbine
intakes are located at 10 m water depth and release only 5 m
lower to the downstream Aare River. Sampling locations con-
tinued downstream along the Aare River until just before the
entrance of the Saane River (sites 2-6), the only tributary in
the 20 km reach. The Saane River has a mean annual dis-
charge of ~55 m® s™! and was also sampled (site 7). Sam-
pling continued downstream until the Niederried dam (sites
8-11) but only for the summer campaign when we increased
the resolution. There is a small wetland associated with the
Niederried dam but separated from the channelized main
river as it is shallow and not flowing. The river is heavily
channelized between sites 9 and 11.

Downstream of Niederried, the river flows towards the Aar-
berg dam and becomes increasingly channelized with rip-rap
(sites 12-13). The Aarberg dam created no flooded reservoir
surface. After Aarberg dam, the river splits into two parts: the
original arm with a minor runoff flows northwards, whereas
the Hagneck channel diverts the main water masses of the
Aare to Lake Biel in order to mitigate peak discharge during
extreme flood events. Just before site 14 there is a small canal
inflow, the Unterwasserkanal, which carries 20 m® s~ ! of water
that is diverted from the Niederried reservoir through an
underground tunnel, and only operates when the Aare River
discharge is greater than 190 m® s™' (i.e., only during the
spring and summer campaigns in our study). Sites 14-15 were
located in the most heavily channelized part of the entire river
stretch where water flows through the Hagneck channel. An
additional ROR dam forms the Hagneck reservoir, which is
located before the Aare enters Lake Biel but our sampling
stopped short of this dam. Our study section of the Aare River
ranges in depth from 3 m to 5 m (Appendix 1).

Environmental variables

Several physical variables were obtained in order to calcu-
late the CH, flux and transfer. Daily discharge averages were
provided by the Federal Office for the Environment (http://
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www.bafu.admin.ch) at the stations of Bern Schonau and
Hagneck (both on the Aare River), and Laupen (on the Saane
River). Sites 2-6 were assigned the discharge from the Bern
Schonau station, which is just a few kilometers upstream of
Wohlen dam. The Saane discharge (from the Laupen station)
was added to the discharge from sites 2-6 and applied to
sites 8-11. The Hagneck station is at the outflow of the Aare
River into Lake Biel and thus defined the discharge for the
remaining sites 12-15. If the Unterwasserkanal was flowing
then 20 m® s~! was subtracted from discharge for sites 12
and 13.

River velocity was measured using a sound velocity probe
(Hoentzsch NT-403) and depth was taken with a handheld
sonar (UWIiTEC). Wind speeds were obtained through the
Federal Office of Meteorology from the most nearby stations
(http://www.meteoswiss.admin.ch). Slope was taken from
the Federal Office of Topography’s online topographic maps
(http://www.swisstopo.admin.ch/). A conductivity-
temperature-depth (CTD; Sea and Sun Technology, Germa-
ny) probe was used for in situ temperature measurements.

Dissolved CH4 sampling and analysis

Sample water was collected in duplicate serum bottles
(117 mL) bubble free and poisoned with CuCl to prevent
CH,4 oxidation. Samples were stored in a cold room until
analysis. The headspace method was used to estimate dis-
solved CHy4 concentration by injecting a 30 mL N, headspace
into the samples and equilibrating them for half an hour in
a water bath following ten minutes of exposure to a sonic
bath. The gas concentration in the headspace was measured
via a gas chromatograph equipped with a flame ionization
detector (Mc Allufile 1979). Henry’s constant was used to cal-
culate the dissolved CH,4 concentrations in the water at sam-
pling temperatures. Variability of duplicates was <5% and
the average of duplicates was used for analyses.

Within Lake Wohlen (site 1; Fig. 1), samples were taken
in the water column at a 5 m depth resolution (0, 5, 10, and
15 m). Only surface samples were taken at the remaining
sites along the river. Weather and technical difficulties pre-
vented sampling at a few sites during the 2012 samplings,
and recognition of some interesting patterns prompted a
higher resolution survey in summer 2013.

kcna and gas exchange calculations

Gas exchange can be measured via floating chambers
(e.g., Guérin et al. 2007) or estimated as the product of the
gas exchange velocity (k in m d™') and the supersaturation
of the surface of the water body relative to atmospheric
equilibration, [Cy—Ceq], (e.g., Crusius and Wanninkhof
2003):

F=kx (Cy—Ceq) 1)

where C,, is the gas concentration in the water and Ceq is
the gas concentration of surface water in equilibrium with
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Fig. 1. Map of the Aare River watershed in Switzerland (inset) and a more detailed map of the study sites along the river. Sampling sites are
indicated by a numbered star, and dams are named and shown by a black bar. [Color figure can be viewed at wileyonlinelibrary.com]

the atmosphere, here calculated according to Wiesenburg
and Guinasso (1979) using an atmospheric CH4 concentra-
tion of 1803 ppb (Ciais et al. 2013). Lake Wohlen diffusive
flux was calculated using a wind-dependent k model for
low wind speeds (Crusius and Wanninkhof 2003). In rivers,
we used k models that were empirically derived from two
different river studies for CO, emissions: one based on
floating chamber measurements in various streams and riv-
ers of the Amazon and Mekong river systems (Alin et al.
2011), and the other based on a metadata analysis of > 560
gas tracer experiments conducted on North American
streams and rivers (Raymond et al. 2012). We used the Alin
et al. (2011) model for rivers less than 100 m wide (which
is true for our study section of the Aare River) and all of
the Raymond et al. (2012) models (Table 1) to calculate gas
exchange as various functions of depth, velocity, slope and
discharge, which were all measured during sampling (depth
and velocity) or obtained from a database (slope and
discharge).

All of the models described above were developed for
CO, normalized to a Schmidt number (Sc) of 600, which
represents the viscosity-diffusivity ratio of CO, at 20°C.
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Table 1. kgoo models from the literature used for gas
exchange estimates.

No ksoo model equations

R1 "V*S-‘ 0.89+0.020 * I—D-‘ 0.54+0.030 * [5037i604]

R2 (5937606 [1-2.54=0.223Fr2 ] [Vx5] 08720017 , [p] 03820027
R3 [1 162+1 92]*50.77‘;0.028 % V0.85t0.045

R4 [V%5]07620027 4 (951 5+144]

RS (V5] + [2841+107]+[2.02+0.209]

R6 [929i141 ]*V50.7St0.027 % QO.011t0.016

R7 [4725i445]*[V*S]O'Béio'om * "Q-‘ —0.14x0.012 * |—D~|O.66i0.029

Aa 4.46+7.11 Ujo When Width is > 100 m

Ab 13.82+0.35 V When Width is < 100 m

Vis velocity (m s™"); D is depth (m); S is slope; Q is discharge (m> s™'");
Uyo is wind speed at 10 m height (m s™'). Equations R1-R7 from Ray-
mond et al. (2012) and Equations Aa and Ab from Alin et al. (2011).

Thus, gas exchange results from the models are referred
to as “keoo.” The k for CH, (hereafter referred to as
“kcna”) was calculated from the kgoo from CO, models
using the following relationship (Maclntyre et al. 1995):


http://wileyonlinelibrary.com
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keoo _ ( 600 ) @)

kcusa  \Sccha

where Sccpg is the Sc for CHy calculated according to the
equation and coefficients given in Wanninkhof (2014), while
the exponent, n, is a constant depending on the roughness
of the water surface (Jahne et al. 1987). For the low wind
speeds of Lake Wohlen (Appendix 2), we set n = —2/3 follow-
ing Jahne et al. (1987). For river sites, we followed the proce-
dure of Borges et al. (2004) and set n= —1/>, which better
reflects enhanced turbulence in rivers due to water velocity
and shallow depths.

Drifting chamber survey

During the summer campaign a drifting chamber survey
was conducted to directly measure diffusive CH4 fluxes
between the Wohlen and Niederried ROR dams, including
across the Saane River inflow. Chambers consisted of buckets
covered with aluminum foil and surrounded by a foam skirt
for floatation with less than 5 c¢cm of the bucket below the
water surface. A silicon tube with a stopcock was fitted to
the top of the chambers for sampling. Two chambers (for
duplicate samples) were attached to the side of the boat and
measurements were made between sites while drifting down-
stream; thus CH, fluxes were measured from site 2-4, 4-6,
6-9, and 9-11.

Samples were taken at the start and end of deployment,
which was approximately 12-17 min long depending on the
distance between locations. Ten milliliters of gas was first
removed from the chamber to clean the tube of any
unmixed gas. Then, 30 mL of gas was collected and injected
into a 60 mL vial prefilled with an oversaturated NaCl solu-
tion to prevent gas exchange between the injected gas and
the liquid phase. Samples were stored upside down in the
cool room until analyzed using a GC-FID. An air sample was
taken at the start of each deployment to account for the
starting gas concentration in the chamber. Fluxes were calcu-
lated according to the following:

_ dCH,
F= dt

*xV/S 3)
where d%‘th was the change of CH, in the chamber per unit
of time (nmol L' h™!) found via the difference between the
atmospheric CHy4 concentration and accumulated CH, at the
end of the deployment, v (L) is the volume of the chamber,
and s (m?) is the chamber surface area at water level. Using
the CH4 flux measurement from the chamber and the CHy
concentration in the water column, we solved for the cham-
ber kcpg via Eq. 1.

Mass balance approach

We used a mass balance approach to investigate CH,
mass transfer along the Aare River study area and to identify
how particular features such as dams or tributaries would
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affect the CH4 dynamics along the river. Mass transfer (units,
g CH, d™ Y at any one location is the product of the CH,
concentration (g m~3) and the discharge rate (m® d™Y). The
mass flux of the one tributary was incorporated into the
mass balance calculations downstream of site 6. We calculat-
ed mass transfer in five sections of the river: (1) sites 1-2
containing Wohlen dam, (2) sites 2-6, (3) between sites 6
and 8 that contain the Saane River inflow, whose addition
was taken into account, (4) sites 8-13 containing the ROR
dams, Niederried and Aarberg, and (5) sites 13-15. The basic
mass balance for a section of river without tributaries follows
the approach of de Angelis and Scranton (1993):

Min +Madd —Maits —Moxi =Mout 4)

where the amount of CH, leaving the section (Moy; last site
of section) is equal to the amount of dissolved CH,4 entering
the section via the main inflow (first site of section) and any
major tributaries (M;,) plus CHy released from additional
sources during its course (i.e., sediment production or advec-
tion from adjacent soils; M,qq) minus the amount of CH,
lost via diffusion to the atmosphere (Mgif) and consumed
via oxidation in the water column (M,,;). We measured M;,
and M, directly. My;¢ was estimated using the diffusive flux
calculated from dissolved CH4 concentrations and the kggo
models, and the area of the river section in which the mass
balance applied. The river section areas were calculated using
topographic maps in GIS.

The two unknowns of the mass balance were M,yqq and
M,xi, which were isolated on one side of the equation and
called AM (= M,qq — Moyy;) so that:

AM = Moyt —Min+Mais Q)

We did not measure CH, oxidation or additional CH4 sour-
ces (i.e., internal CH4 production or riparian inputs); there-
fore, a positive AM suggested that there was a net input of
CH, (from sediments or other sources) in that river section,
while a negative result indicated an overall CH4 loss with
oxidation exceeding inputs from sediments or soils into the
section.

Results

Environmental variables

Slopes along the river sections were mostly shallow (on
average < 0.0005) as elevation changed on average by ~1 m
over several hundred meters of river distance, except for
across dams. All constant site details are provided in Appen-
dix 1 and campaign specific details are documented in
Appendix 2. Water temperature along the river during the
campaigns ranged from 4°C to 14°C and wind speeds aver-
aged 1.4ms ', 21 ms !, and 0.8 m s~ ! during the winter,
spring and summer campaigns, respectively. Water velocity
ranged from 0.1 m s~ ! to 1.9 m s~ ! and daily discharge

§192



DelSontro et al.

varied between 38 m® s”! during the winter campaign and
331 m?® s~ ! during the summer campaign.

Spatiotemporal variability of dissolved CH,4

Dissolved CH,4 concentrations in Lake Wohlen ranged
from 0.48 yM to 0.77 uM during the spring and summer
campaigns (Fig. 2a). Lake Wohlen was not sampled during
winter as it was still covered in ice. The water column of
Lake Wohlen was well-mixed during each campaign with no
more than a 0.09 uM difference between the surface and
15 m depth. During the spring campaign, we sampled three
different locations of the dam basin and all the sites were
quite similar; therefore, only one location was sampled dur-
ing the summer 2013 campaign.

In all three campaigns, the dissolved CH,4 variability along
the river followed the same trend (Fig. 2b, Appendix 2). Dis-
solved CH4 concentrations remained similar to Lake Wohlen
surface concentrations for ~4 km downstream (sites 2-6
with ~1.3 gM, 0.5 M, and 1.3 uM for winter, spring and
summer campaigns, respectively; Fig. 2b). In each campaign,
concentrations just after the Saane River (site 8; ~0.4 uM,
0.1 M, and 0.2 uM for winter, spring, and summer cam-
paigns, respectively) were roughly one third of the concen-
tration at site 6 upstream of the Saane, and concentrations
remained low for the remaining 16 km of river. The conflu-
ence of the Aare and Saane Rivers thus marked the most sub-
stantial change in dissolved CH4 along the study area with
higher CH4 concentrations upstream of the confluence (sea-
sonal mean =0.76 uM, SD = 0.4) than downstream (seasonal
mean = 0.28 M, SD=0.05; t=1.98, n.s.). The Saane River
was sampled during the spring and summer campaigns
when it was deep enough to navigate and had substantially
lower CH4 concentrations than the Aare (< 0.1uM in both
campaigns; site 7).

keoo models, kcpys and diffusive CHy flux

The keoo model results for Lake Wohlen varied from 0.9 m
d™' to 1.8 m d™' and were generally lower than the Aare
River results (range, 0.3-15.1 m d~'; average, 3.7 m d').
The Saane River, which is much shallower than the Aare Riv-
er and one stream order lower, had the highest kqoo values
(range, 3.4-61.4 m d~!; average, 22.3 m d !). The kcpa
results expectedly followed similar trends as that of the kgpo
results, but were approximately 23% lower following the
conversion using Eq. 2.

The kcps calculated for Lake Wohlen (site 1, Fig. 3) was
much lower (0.6-1.3 m d ') than that for all river sites, espe-
cially site 7 in the Saane River which was the highest of all
sites in spring and summer (Fig. 3, Appendix 3). The variabil-
ity in kcps values increased from the winter campaign
through the spring and summer campaigns as evidenced by
the changing Y-scale in Fig. 3, presumably because of model
parameters like river velocity increasing throughout the sea-
sonal campaigns (Table 1 and Appendix 2). During the win-
ter campaign, all piston velocities along the river (sites 2-6
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and 8-15) were below 4 m d !, but the spring and summer
campaigns exhibited maximum values in the range of 10-
12 m d~*. Models R1, R2, and R7, which were the only mod-
els to consider depth as a variable, resulted in the highest
values for spring and summer campaign data. Models R3, R4,
RS, and R6 produced similar results to each other. Model Ab
resulted in approximately the same value for all campaigns
as it contained only one linearly related variable in the mod-
el. Model Ab, therefore, produced some of the highest results
during the winter campaign, but became more similar to the
lower value results during the spring and summer cam-
paigns. Remarkably, the kcps values derived from the drift-
ing chamber fluxes during the summer campaign fell within
the variability of all models across most of the sites over
which the chambers drifted (Fig. 3c), except for sites 9-11
where chamber kcps was slightly higher. In the Saane River,
the kgoo model results varied more with individual model
values up to 28 m and 49 m d ™! for the spring and summer
campaigns, respectively.

Diffusive CH,4 fluxes from Lake Wohlen, Aare, and Saane
River surfaces were calculated using the average of the
respective k¢4 models and the measured dissolved CH,4 con-
centrations. In the Aare River, flux estimates followed dis-
solved concentration trends with higher rates upstream (sites
2-6) than downstream for all seasons (sites 8-15; Fig. 4,
Appendix 4). Lowest fluxes were observed during the winter
campaign with an average rate of 21 mg CH, m 2 d !
upstream of the Saane River and 7 mg CHy m % d~' down-
stream of that tributary. During the spring campaign,
upstream fluxes were similar to those during the winter cam-
paign, except for at site 6 where some high individual model
values (>60 mg CH, m~2 d”! from models R1 and R2)
resulted in an average flux of 34 mg CH, m 2 d~'. Down-
stream during the spring campaign, average fluxes
were < 15 mg CH, m~? d~'. Fluxes were highest during the
summer campaign with the upstream section averaging
39 mg CH, m ? d ! and some individual models producing
values over 80 mg CHy m 2 d~'. Downstream summer cam-
paign fluxes averaged 15 mg CH, m 2 d~'. Lake Wohlen dif-
fusive emissions were relatively low ranging from 6 to 10 mg
CH4 m 2 d™! over the seasons (Fig. 4, Appendix 4). Saane
River flux estimates fell between values for the upstream and
downstream Aare River sections, averaging 15 and 27 mg
CH; m 2 d"! in spring and summer, respectively.

Results from the drifting chamber survey during the sum-
mer campaign followed the same general pattern as the
modelled fluxes with emissions increasing towards the Saane
River inflow and decreasing downstream of the inflow, but
only two of the four chamber measurements fell within the
range of the model results (Fig. 4c). At the sites just after
Wohlen dam (sites 2-4), chamber fluxes were nearly identi-
cal to the average modelled flux (41 + 3 and 43 mg CHy m™?
d™! for chamber and modelled, respectively). The average
chamber flux from sites 4-6 before the Saane inflow
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Fig. 2. (a) Dissolved CH,4 concentrations (uM) in the water column of Lake Wohlen during the spring (May, diamonds) and summer (June, squares)
campaigns (winter not sampled due to ice). Spring profile was averaged from three sites (standard deviations shown), but only one site was measured
in summer. (b) CH4 concentrations in Aare River surface water from within Lake Wohlen (site 1) and downstream during three campaigns. Sample
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Fig. 4. Box plots showing CH, fluxes (mg CH,4 m~2d™") calculated with all ksgo models for (a) winter, (b) spring, and (c) summer campaigns. Boxes
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drifting chamber CH, flux results with the line covering the sites over which drifting occurred. Note the different Y-axis scale in this panel.

(68 +11 mg CH; m 2 d ') was >30% higher than the aver-
age model result (46 mg CH, m ™2 d '), but fell within the
modelled flux variability (Fig. 4c). Across the Saane River
inflow (sites 6-9), however, the average chamber result
(110 + 31 mg CH, m~2 d~ ') was four times the average mod-
elled fluxes from the corresponding sites. When compared to
only site 6, the chamber measurement across the Saane con-
fluence was slightly higher than the maximum model result
(model R2=98.1 mg CH; m ? d~!; Appendix 4). Similarly,
the chamber result from sites 9-11 below the Saane inflow
(314 mg CHy m 2 d') was double the average of the
modelled fluxes (Fig. 4c), but chamber measurements at
these sites were lower than all other chamber measurements,
a trend also observed in the k¢4 model results.

CH,4 mass balance

The mass balance results, AM for CH, (kg d™1), for the
five river sections are shown in Fig. 5. The bar represents AM
when diffusion was calculated using the average of all kg0
models for the piston velocity, while the error bars represent
AM when the maximum and minimum keoo was used to cal-
culate diffusion in the mass balance. As per Eq. 5, a positive

value indicates an additional source of CH4 rather than an
oxidative sink, and vice versa for a negative value.

In general, the spring (light grey bars) and summer (white
bars) campaigns were spatially similar in terms of CH, transfer,
beginning with little change occurring at Wohlen dam or
immediately downstream along sites 2-6 (Fig. 5). Both cam-
paigns experienced the most significant change, which was a
CH,4 loss, at the Saane tributary section, followed by a CHy
gain in the section containing two ROR dams. In the final sec-
tion, there was a CH4 gain during the spring campaign, but a
loss observed during the summer campaign. During the winter
campaign (dark grey bars), little change in CH,4 occurred in
the first few sections, including the Saane tributary section.
There was a small CH, gain in the section containing the two
ROR dams followed by the winter’s most significant change in
the last section. The error bars in Fig. 5 indicate that using the
various kgoo models would not impact the overall trends or
magnitudes of AM, except for some cases when AM was close
to zero such as across upstream sites 2-6 during the spring
campaign, or in the longer sections (i.e., the last two sections).

The three main terms of the mass balance (M, Myut, Maisr)
and the result (AM) for each section during each campaign
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Fig. 5. Mass balance result, AM = M,qq — Mo, for each section during three campaigns with diffusion calculated using average kgoo from all models.
Error bars show the minimum and maximum AM possible using individual models instead of average.

are compared in Table 2, along with the contribution of gas
exchange to CHy4 loss if a loss occurred. In the section con-
taining the confluence of the Aare and Saane Rivers, the big-
gest loss occurred during the spring and summer campaigns,
of which diffusion only accounted for about 1% of the total
observed loss, thus suggesting that an important additional
sink was needed to close the balance. Similarly, diffusion
accounted for only 4% of the CH,4 loss in the last section dur-
ing the winter campaign, where the largest CH, transfer
occurred. Surface diffusive contributions in other negative AM
sections ranged from 10% to 75% for all campaigns. Overall,
total mass transfer via surface diffusion along the study area
increased from the winter campaign through the spring and
summer campaigns (Table 2). Finally, there was a net loss of
CH, (i.e., negative AM) from the entire study area during
each campaign with 26-39% of the CH, loss due to gas eva-
sion and the remaining 61-74% a result of other CH,4 sinks.

Discussion

keoo model limitations for kcys and diffusive CH4 estimates
Accurately estimating kcpaq for rivers and streams is of
increasing importance as studies continue to show that

fluvial systems tend to have higher CH,4 concentrations than
lakes, and the more turbulent conditions that characterize
fluvial systems suggest that rivers and streams should be sig-
nificant CH4 emitters. However, parameterizing k for fluvial
systems in general is still in its infancy. For our CH, study,
we chose a variety of gas exchange models based on studies
of CO, emissions and found some important differences
between modelling diffusive CO, and CH4 emissions.

As discussed by Raymond et al. (2012), river conditions and
features that enhance turbulence, such as river velocity, slope
and depth, promote higher piston velocities. The kgoo models
that incorporated depth (R1, R2, and R7) and slope always pro-
duced the highest kcps in our study; therefore, the sites that
consistently had higher kcp4 values were in the upstream sec-
tion (sites 2-6) as they were ~2 m shallower and ~40% steeper
(but only ~50 cm elevation difference) than sites in the down-
stream section. Raymond et al. (2012), however, warns of the
use of their depth-dependent models for larger stream orders
as all of their models were derived from a low stream order
dataset with an average depth of only 0.28 m. As our study
section was in a river of stream order 6 and ranged from 3 m
to 5 m deep, perhaps the depth-dependent Raymond et al.
(2012) models were not the most accurate for our system.
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Table 2. Seasonal and sectional CH, mass balance results.

CH, dynamics below a run-of-the-river reservoir

Min* Moy Loss via modelled Other
Section (kgd™") (kgd™") Mais* (kg d™7) AME (kg d™1) diffusion (%) sinks (%)
Winter campaign 2012
Section 1-2 (Wohlen dam) nd nd 04 nd nd nd
Section 2-6 68.6 60.7 4.2 -3.7 53 47
Section 6-8 (Saane River) 60.7 59.7 0.8 -0.3 75 25
Section 8-13 (Niederried/Aarberg) 59.7 65.9 74 13.6 - -
Section 13-15 65.9 16.6 1.9 —-47.4 4 96
Total study area - - 14.6 -37.8 28 72
Spring campaign 2012
Section 1-2 (Wohlen dam) 125.0 120.7 0.4 -3.9 10 90
Section 2-6 120.7 113.8 5.0 -1.9 73 27
Section 6-8 (Saane River) 121.8 26.5 0.7 —-94.6 0.7 99.3
Section 8-13 (Niederried/Aarberg) 26.5 82.4 5.1 61.0 - -
Section 13-15 89.6 100.0 44 14.7 - -
Total study area - - 15.6 —-24.6 39 61
Summer campaign 2013
Section 1-2 (Wohlen dam) 214.8 208.4 0.9 -5.5 14 86
Section 2-6 208.4 218.2 8.4 18.3 - -
Section 6-8 (Saane River) 226.7 105.8 14 -119.5 1.2 98.8
Section 8-13 (Niederried/Aarberg) 105.8 136.6 10.7 41.6 - -
Section 13-15 144.7 121.6 6.5 -16.5 29 71
Total study area - - 28.2 -81.6 26 74

*Dissolved CH,4 into section.

Dissolved CH, out of section.

*CH, mass transfer via surface diffusion.
$Net CH, mass balance; nd = no data.

However, the modelled ka4 values in our study do appear
reasonable compared to values from empirical studies investi-
gating piston velocities and diffusive CH, emissions (Table 3).
As well, the chamber-derived kcp4 values, which are indepen-
dent and empirically-derived estimates of kcy4 that can be used
to partially validate k models, fell within the variability of the
modelled kcpq values, agreeing best with models that included
a depth term. Although in our case, the modeled kcps values
were based on CO, emissions studies, while the chamber-
derived kcp4 values were calculated from CH4 emissions. Other
river and lake studies that have derived the piston velocity
directly from chambers measuring both CH4 and CO, found
that kcpa is usually significantly higher than kcop, and attribute
this to the low solubility of CH,4 and its ability to form micro-
scopic bubbles that contribute to total CH, emissions collected
in a chamber (Beaulieu et al. 2012; Prairie and del Giorgio
2013; Campeau et al. 2014; McGinnis et al. 2015). While we
did not simultaneously measure CO,, we did find that the our
chamber k¢4 values were most similar to the highest modelled
kcna values, which were from the depth-dependent models
that Raymond et al. (2012) cautioned against using to predict
CO, emissions from larger rivers. In other words, the k¢4 cal-
culated from the chamber measurements were on the high end

of what would be expected for kcop. But since all of our
chamber-derived kcpa results did fall within the variability of
the modelled k¢4 values (Fig. 3), perhaps the CO,-derived Kgoo
models are robust enough for estimating kcpa, at least those
models that include depth and produce the highest results.
Despite the fact that the kcps values calculated from the
chambers overlapped with the highest modelled k values,
only half of the chamber-captured CH,4 emissions fell within
the variability of CH4 emissions estimated with the models
(Fig. 4¢). In particular, the chamber that crossed the conflu-
ence was substantially higher than modelled emissions, sug-
gesting that the CO,-derived keop models could not account
for the true CH, flux in that location. One explanation for
this is that the CO,-derived k models are indeed not sufficient
for CH4 emission studies as the microbubble pathway, which
potentially occurred at the confluence, does not exist for CO,
and would not be captured by CO,-derived gas exchange
models. This will be discussed in more detail later, however.

Spatial variability of Aare River CH; dynamics
downstream of Lake Wohlen

Because of the limitations of the gas exchange models
and the obvious variability between them, we did not
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Table 3. Minimum (min), average (avg) and maximum (max) piston velocity (kcps) and areal diffusive CH,4 estimates from other

river and stream systems.

CH, diffusion (mg

kera (m d7) m~2d™")

Min Avg Max Min Avg Max Reference
Rivers
Yukon River (9)*, AK, U.S.A. 0.60 - 6.91 1 - 28 Striegl et al. (2012)
Ohio River (8), OH, U.S.A. 0.24 - 16.80 - - - Beaulieu et al. (2012)
Saar River, Germany - - - 3 - 6 Maeck et al. (2013)
Hudson River, NY, U.S.A. - - - 2 - 15 de Angelis and Scranton (1993)
Zambezi River, Zambia 0.05 0.65 1.51 - 48 154 Teodoru et al. (2015)
Amazonian Rivers, Brazil - - - 0.2 15 298 Sawakuchi et al. (2014)
Saane River (5), Switzerland 2.6 17.4 48.6 15 - 27 This study
Streams
Boreal 1st-6th order, QC, CA 0.07 0.86 4.33 0.3 98 2576 Campeau et al. (2014)
Yukon 1st-4th order, AK, U.S.A. 9.46 - 10.81 - 10 111 Crawford et al. (2013)
Yukon tributaries, AK, U.S.A. - 7.6 - 13 - 101 Striegl et al. (2012)
Streams, WI & MI, U.S.A. - - - - 136 298 Crawford et al. (2014)
Pacific northwest, U.S.A. - - - 0 - 317 Lilley et al. (1996)
Peatland 1st-3rd order, UK - 41 - 2 - 1440 Billett and Harvey (2013)
Peatland 1st order, UK - - - 0 - 460 Hope et al. (2001)
Temperate Tst order, TN, U.S.A. - - - 0.4 - 13 Jones and Mulholland (1998)
Downstream of reservoirs
Sinnamary River, Petit Saut Reservoir, French Guiana 1.92 - 4.80 720 - 1344 Guérin et al. (2007, 2007)
Jamari River, Samuel Reservoir, Brazil - - - - 192 - Guérin et al. (2006)
Uatuma River, Balbina Reservoir, Brazil - - - 1824 - Guérin et al. (2006)
Uatuma River, Balbina Reservoir, Brazil - - - 8 2253 4600 Kemenes et al. (2007)
Aare River (6), Wohlen Reservoir, Switzerland 0.2 3.0 12.3 2 19 48 This study

*Indicates stream order.

choose a single model to estimate diffusive CH4 emissions
in the mass balance. Instead, we used the average of all
the models and presented the mass balance variability
based on individual models in Fig. 5 (as seen by the error
bars). Overall, the mass balance results and the conclu-
sions based on them were not greatly impacted by the
kcna and diffusive flux variability. For example, even
when the kcpqa model fluxes varied by a factor of four in
the upstream section of the river (Fig. 3), AM varied only
by a factor of two, and overall trends remained consis-
tent. Gas exchange variability had the greatest effect on
mass balance results when emission rates were highest,
such as during the summer campaign, but the impact was
not great and again overall trends remained the same.
Ultimately, using the average of the modelled kcp4 values
was a robust procedure for the mass balance, and even
when accounting for the flux variability resulting from
the models, the sectional mass balance remained a useful
tool for evaluating CH4 dynamics along the river.

The mass balance resulted in three major conclusions
regarding the spatial variability of CH4 along this section of

the Aare River downstream of a run-of-river reservoir: (1)
Lake Wohlen dam releases the majority of its CH4 to the
downstream reservoir with almost negligible degassing at the
turbines; (2) the Saane River confluence was, unexpectedly,
the local feature that most significantly impacted the CH,
dynamics along the river by causing a large decrease in dis-
solved CHy; and (3) the two smaller ROR dams downstream
did not cause any noticeable decrease in dissolved CHy,
transfer.

The CH4 dynamics of the upstream portion of our study
area appears to have been dictated by the presence of the
Wohlen reservoir as the concentrations at the sites up to
~4 km downstream of the dam are similar to the CH, con-
centrations in the reservoir (Fig. 2). According to the spring
and summer mass balances, CHy4 mass loss was almost negli-
gible across Wohlen dam, likely because the dam intakes are
located near the bottom of the reservoir resulting in only a
5 m decrease in elevation to the downstream river. The sig-
nificantly higher CH4 concentrations below the dam and
upstream of the Saane River inflow (Fig. 2b) translated into
an average emission in the upstream section (between sites 2
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and 6) that was almost threefold higher than the average
emission downstream of the tributary inflow in all three
campaigns (Fig. 4).

Considering the high kcps values and diffusive fluxes
between the Wohlen dam and the tributary, the question is
whether the dissolved CHy4 leaving the reservoir had time to
travel the ~4 km to the Saane River where much of the dis-
solved CH, was lost (discussed later), or whether there was
another source in that river stretch resupplying dissolved
CH,. A piston velocity (in units of depth per time) indicates
the time in which a layer of water takes to equilibrate with
the atmosphere. For example, the average kcps for the
upstream river section during the spring and summer cam-
paigns of 4.2 m d~! implies that 4.2 m of the water column
will equilibrate with the atmosphere in one day. Since the
average depth of the upstream river section is 3.2 m, which
is ~75% of the spring and summer kcys (ie., 4.2 m d™h,
then it should take ~18 h (i.e., 75% of 24 h) for this portion
of the river to completely degas. Based on the average dam
discharge during the spring and summer campaigns (159 m?3
s ') and the volume of water flowing through the section
(4 km length X 67 m width X 3.2 m depth), it only takes
~90 min for water to pass from the dam to the tributary.
Thus, the CH, leaving Wohlen dam has ample time to travel
those 4 km downstream before degassing, and no other
source is necessary to account for the constant CH, concen-
trations along that section. Ultimately, the flow through
conditions causing horizontal CH, accumulation within the
Wohlen ROR reservoir (DelSontro et al. 2010) sets up an ide-
al situation in which dissolved CHy is rapidly transported
downstream and enhances river CH, emissions, despite the
reservoir not stratifying and thus not forming an anoxic,
CHy-rich hypolimnion that is the source of increased CHy,
emissions downstream of other reservoir systems (Guérin
et al. 2006; Kemenes et al. 2007).

Dissolved CH4 and emission dynamics along the portion
of the Aare River between Lake Wohlen and Lake Biel
diverge with a significant concentration and emission
decrease at the Saane River confluence. The pronounced con-
centration difference observed there (between sites 6 and 8)
during the winter and spring campaigns could have been the
result of sampling unmixed waters (e.g., less CHy-enriched
Saane River water) at site 8; however, the higher sampling
resolution of the summer campaign shows that CH4 concen-
trations remained low below the confluence for at least
another 5 km downstream. This finding, in addition to the
fact that CH,4 concentrations further than 5 km downstream
during the winter and spring campaigns remained low, dem-
onstrate that the significant CH4 decrease at the confluence
of these two rivers was likely a true observation in each cam-
paign. The implications and causes of this unexpected yet
influential feature of the CH, spatial heterogeneity along the
Aare River is discussed in more detail later.

CH, dynamics below a run-of-the-river reservoir

While diffusive CHy emissions remained low following
the Saane River confluence, the CH, mass balance suggests
that the 9 km section immediately downstream of the con-
fluence, which includes two ROR dams, gained CHy4. The riv-
er flows another 3 km following the confluence before
encountering the first ROR reservoir, Niederried, which
includes a shallow back-bay adjacent to the river that is ideal
for methanogenesis and where ebullition has been observed
but not quantified. Another 5.5 km downstream is the Aar-
berg dam of which no flooded regions are associated. A
study in a dam-impacted German river that is similar to the
Aare River found that sedimentation in front of ROR dams
promotes methanogenesis, CH4 ebullition, and thus higher
dissolved CH, concentrations in front of those dams (Maeck
et al. 2013). We did not survey for ebullition nor was our
dissolved CH,4 sampling conducted directly in front of the
Niederried and Aarberg dams; therefore, we cannot conclude
that increased rates of methanogenesis occurred in front of
the dams, but this remains a viable explanation for the
observed CH, increase along that section. Regardless, our
results suggest that these two small ROR dams did not likely
cause significant degassing of the passing river water.

Importance of a confluence for river CH; dynamics

During our investigation of the spatial variability of CHy
dynamics in the Aare River, we found that the confluence
with the Saane River tributary had the most substantial
impact on CH,4 concentrations along our study area, particu-
larly during the spring and summer campaigns in which the
largest CH4 mass loss occurred across that confluence. The sig-
nificant concentration decrease across the Saane inflow dur-
ing the winter campaign (Fig. 2b), however, did not translate
into a large CH4 mass loss in that section during that cam-
paign (Fig. 5). The minor CH, loss observed then was mostly
a result of dilution by the Saane River as its discharge rate was
higher than that of the Wohlen dam on that winter day.
Since dilution by the Saane River was also considered in the
CH, mass transfer for the spring and summer campaigns, the
substantial CH4 loss observed at the confluence must have
been due to gas exchange and/or CH, oxidation. According
to the modelled diffusive fluxes, only ~1% of the CHy loss in
the confluence section was due to air-water diffusive emis-
sions (Table 2). This figure is raised to ~8% when the diffu-
sive fluxes measured during the summer drifting chamber
deployment across the confluence are used in the mass bal-
ance, implying that the other 92% of the CHj, lost across the
Saane confluence remains unaccounted for.

If gas exchange cannot explain the observed loss, then
perhaps the loss was due to CH4 oxidation. Unfortunately,
we did not measure CH, oxidation rates in the Aare River,
but we can calculate the rates necessary to oxidize the
amount of CHy, lost across the confluence that was unac-
counted for and compare that with literature values. Using
the summer campaign data, we divided the CH,4 lost that
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was unaccounted for (99% =120 kg d~ ') by the volume of
water in the section (1.4 x 108 L), which yielded an oxida-
tion rate (~53 umol L™! d™ ') that was two orders of magni-
tude higher than the rate found in the Hudson River (0.66
pumol L™ d~!)—a system with similarly low CH, concentra-
tions (0.9 uM) and experimentally-derived CH4 oxidation
rates (de Angelis and Scranton 1993). Our calculated oxida-
tion rate is comparable to estimates in other systems (Guérin
and Abril 2007), but only to those with much higher CH4
concentrations. CH, oxidation rates have been shown to be
dependent on CHy4 concentration, thus values from different
systems are usually compared on the basis of first-order rate
constants (in d~'), which is obtained by normalizing the
oxidation rate by system concentration (Guérin and Abril
2007). At concentrations equivalent to just before the con-
fluence during the summer campaign (0.6 M), the first-
order rate constant was 86 d !, which is at least an order of
magnitude higher than most of the published values, even
those in systems with high CH,4 concentrations (Guérin and
Abril 2007). We, therefore, conclude that such a fast oxida-
tion rate at this location is very unlikely in our system.
Considering there is no other biogeochemical process
known to consume CH,4 in freshwaters, we suggest that the
keoo models did not accurately account for all of the CH, gas
exchange that occurred at the Saane River inflow. Perhaps
CH,4 microbubbles (e.g., McGinnis et al. 2015) contributed to
the observed gas loss at the confluence, which would not be
constrained by the kgoo models for CO,. However, the CH,
fluxes from our drifting chamber experiment, which should
have measured microbubbles, also did not account for the
massive amount of CHy lost at the confluence during the
summer campaign. Perhaps a portion of the loss was due to
microbubbles, but we propose that the majority of the loss
was due to the additional turbulence that occurs at the
meeting of two rivers. A confluence of rivers of this stream
order can have enough force to modify the river bed (Rhoads
and Kenworthy 1995), thus the turbulence experienced there
may enhance gas emissions, similar to how rapids or water-
falls do (Hall et al. 2012; Teodoru et al. 2015) or the weir
that was placed downstream of Petit Saut reservoir (Abril
et al. 2005). This type of turbulence is likely also not con-
strained by the gas exchange models we used for our esti-
mates. In regards to the drifting chambers also not
constraining these emissions, we expect the emissions at a
confluence to be as heterogeneous as other features of river
confluences (Rhoads and Kenworthy 1995), thus our drifting
chambers may have missed some crucial emission hot spots
across the 60 m wide section of river. Regardless, the most
likely explanation for the CH, loss at the Aare-Saane river
confluence is a combination of oxidation and enhanced gas
emissions, with gas exchange most likely being the domi-
nant cause for the observed loss. Ultimately, river confluen-
ces appear to be interesting features that impact river CHy
dynamics and deserve more attention when investigating

CH, dynamics below a run-of-the-river reservoir

spatial heterogeneity of CH,4 emissions, especially as they are
not included in current river gas exchange models. Missing a
confluence altogether due to under sampling could lead to
significant underestimations of river CH4 emissions.

River CH4 emissions downstream of a ROR reservoir

Despite the variability in modelled diffusive estimates and
the fact that the koo models may not have accounted for
CH, gas exchange at the Saane River inflow, the CH,4 mass
balance along the river followed consistent patterns and the
ultimate conclusions remained the same. Overall, there was a
net CHy loss along the entire Aare River study area in each
campaign (Table 2), which was due to a combination of gas
exchange and oxidation. Although Aare River CH, concentra-
tions were lower relative to other reservoirs (Guérin et al.
2006; Kemenes et al. 2007), the contribution of modelled dif-
fusive emissions and other sinks such as oxidation (albeit, at
the confluence it was more missing gas exchange) to the total
CH, loss observed in the Aare River (26-39% diffusion, 61—
74% other sinks; Table 2) falls between contributions from
other notable studies. Kemenes et al. (2007) found down-
stream of Balbina reservoir (Brazil) that 15% of the inflowing
CH, was diffused and 85% was oxidized, while Guérin and
Abril (2007) found that 50% of the CH, flowing downstream
from Petit Saut reservoir (French Guiana) was emitted to the
atmosphere and 40% was oxidized. Our estimates, however,
do not include the contribution of possibly unaccounted for
gas exchange at the Saane inflow during spring and summer,
which would undoubtedly increase the contribution from gas
exchange to the CH, loss along the Aare River.

While the percentage of inflowing CH, that diffused from
the Aare River was similar to that from other downstream
reservoir systems, diffusion rates in the Aare River were up to
two orders of magnitude lower than emissions from rivers
downstream of some large South American reservoirs (Table
3). The Wohlen reservoir is significantly smaller than those
South American reservoirs and it does not form an anoxic,
CHy-rich hypolimnion, which was likely fueling the high
CH,4 concentrations and diffusion rates in the downstream
river systems of the South American reservoirs (Guérin et al.
2006; Kemenes et al. 2007). Overall, compared to tropical
rivers and other reservoir systems, diffusive CH, emission
rates from the Aare River are rather low. While the river CHy,
emissions in our study are also low compared to temperature
and northern streams, they are slightly higher than rivers of
equivalent size and stream order in similar regions, including
its own smaller tributary, the Saane River (Table 3).

Seasonal daily diffusive CH, emissions (in kg d ') from the
Aare River (see “Total study area” in Table 2) were an order of
magnitude higher than daily emissions upscaled to the
0.33 km” Wohlen dam basin (2.1, 3.2 and 2.3 kg d~' during
winter, spring and summer campaigns, respectively). In order
to compare emissions from the 1.4 km? Aare River study area
to total emissions from the entire 2.5 km? Wohlen reservoir,
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we must use the average daily emission rate (200 kg d™ ')
reported in previously published work on the reservoir in
which ebullitive CH4; emissions in the reservoir were also
quantified (DelSontro et al. 2010). We found that the Aare
River diffusive emissions (average of three seasonal cam-
paigns, 19 kg d ') are in fact an order of magnitude less than
emissions from the entire bubbling reservoir; therefore, when
Aare River emissions are attributed to the reservoir, they con-
tribute only 9% to total CH4 emissions from the reservoir.
Guérin et al. (2006), who also quantified ebullition in reser-
voirs, found some similar and some higher values for down-
stream diffusive emission contributions of various South
American reservoirs (9-33%, 23% and 5% for the Petit Saut,
Balbina, and Samuel reservoirs, respectively). Kemenes et al.
(2007) and Deshmukh et al. (2016) similarly found small con-
tributions of downstream diffusive river emissions relative to
the upstream reservoirs (7% and 10-33%, respectively).

Seeing as the Saane inflow would likely reset the CH,
dynamics of the Aare River regardless of the presence of
Wohlen dam, the CH, emissions from the Aare River below
the Saane confluence should perhaps not be attributed to
the Wohlen reservoir. Thus, diffusive CH, emissions from
only the ~4 km between the Wohlen dam and the Saane
inflow would constitute a mere 3% of the total emissions
attributed to the Wohlen reservoir, as opposed to 9%. If
additional gas exchange that was not taken into account in
the kgoo models occurred at the Aare-Saane confluence (as
opposed to CH,4 oxidation), then river emissions attributed
to the reservoir would be significantly higher. While we do
suggest that a portion of the upstream Aare River CH,4 emis-
sions are partly due to the presence of the Wohlen reservoir,
we also recognize the fact that rivers can naturally accumu-
late and emit CH,4 (Table 3). Thus, since we do not know
pre-dam CH,4 emissions from the Aare River, we cannot pro-
vide a definitive value for the impact the reservoir has had
on total CH,4 emissions from the entire area. Regardless, CH4
emissions downstream from ROR reservoirs can be
enhanced, albeit perhaps not as dramatically as in other
types of reservoir systems. However, since a large portion of
the world’s rivers are fragmented by small ROR dams, these
features should be taken into consideration when estimating
local, regional, and global CH,4 emissions from inland waters.
Moreover, natural heterogeneities in river courses like con-
fluences with other rivers may cause significant spatial vari-
ability in CH,4 concentrations and potentially emissions, and
thus such river features should also be accounted for when
evaluating CH, dynamics in rivers.
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