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ABSTRACT

Hydroelectric reservoirs emit carbon dioxide (CO,) and methane (CH,4) to the atmosphere, yet there is still much un-
certainty concerning the magnitude and drivers of these greenhouse gas (GHG) emissions. This uncertainty is partic-
ularly large over the initial years after flooding and in complex, cascade reservoir systems where studies are rare.
We assessed the spatial and temporal patterns of CO, and CH,4 concentrations in the newly created La Romaine com-
plex, which is composed of three consecutive reservoirs (RO1, RO2, RO3) along the La Romaine River. Dissolved CO,
and CH,4 concentrations were intensively measured over three seasons for four years. Results show elevated CH, and
especially CO, concentrations in surface waters of all three reservoirs upon flooding, with strong seasonality and high
spatial heterogeneity within reservoirs. There was a strong seasonal decoupling of surface water CO, and CH, concen-
trations. Contrary to expectations, surface water CO, and CH,4 concentrations were relatively stable over the initial
years of flooding, with exception of the decrease in CO, concentrations in the shallower RO1 reservoir. Further, indi-
vidual reservoir characteristics, notably reservoir morphometry and pre-flood land cover, together with climatic fac-
tors were the main drivers of CO, and CH, concentrations, and the reservoir position in the cascade played a minor
role. Models differed for CO, and CHy, and also between reservoirs highlighting the need to capture these specificities
in reservoir functioning. We establish a modeling framework to effectively fill the spatial and temporal gaps that inev-
itably exist in the sampling coverage of large and heterogeneous reservoirs, which combined with appropriately
modeled gas transfer velocities, will serve as a platform to derive robust estimates of diffusive fluxes. This modeling
framework can be transposed to other reservoirs, and will contribute to more accurate and representative estimates
of diffusive carbon emissions from hydroelectric reservoirs.
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1. Introduction

Hydroelectric reservoirs emit significant amounts of the two major
greenhouse gases (GHG), carbon dioxide (CO,) and methane (CH,) to the
atmosphere (Abril et al., 2005; Barros et al., 2011; Deemer et al., 2016;
Fearnside, 2006; Kemenes et al., 2007; Rosa et al., 2006; Rudd et al.,
1993). Over the past decade there has been an increasing awareness that
these emissions associated with the creation of reservoirs for the generation
of hydroelectricity and other uses need to be quantified and accounted for
(Deemer et al., 2016). More recently, there have been calls to explicitly in-
clude reservoir emissions in carbon (C) inventories (IPCC, 2021), and to
consider GHG emissions in the design and management of hydroelectric
reservoirs (Almeida et al., 2019b). These developments highlight the
need to improve the current estimates of reservoir GHG emissions, and
the models used to predict future emissions (Prairie et al., 2018;
Prairie et al., 2021). These emissions occur through three main path-
ways: (i) diffusive flux across the water-air interface (Roland et al.,
2010; Teodoru et al., 2011), (ii) ebullition flux (bubbles) (Abe et al.,
2005; Delsontro et al., 2010), and (iii) water degassing during turbine
passage and in the downstream river (Guerin et al., 2006; Kemenes
et al., 2007). The relative importance of the three pathways varies
with reservoir size, morphometry, and geographic location (Harrison
et al., 2021; Prairie et al., 2018), and each pathway has its own set of
drivers and needs to be quantified, understood and modeled separately
in order to improve the overall carbon footprint of reservoirs (Deemer
and Holgerson, 2021).

One of the challenges when evaluating the overall carbon footprint of a
reservoir is precisely to obtain accurate estimates of diffusive emissions, as
these emissions are often highly variable in both space and time and they
can vary by orders of magnitude even within a single reservoir. For exam-
ple, diffusive emission of CH, varied spatially from 0.012 to 258 mg C
m~2 dayf1 in a tropical reservoir (Paranaiba et al., 2018), and a similar
range was also observed in a boreal reservoir where CO, emissions ranged
from 1760 up to 14,200 mg C m~ 2 day ~* (Teodoru et al., 2011). A recent
global scale review (Deemer et al., 2016) showed that CH, fluxes (diffusive
and ebullitive) across all types of reservoirs can vary up to 5 orders of mag-
nitude. Multiple factors are involved in controlling both CO, and CH,4 con-
centrations and the resulting diffusive fluxes in reservoirs. Some of the
variability in C emissions may be explained by the effect of extrinsic factors,
such as regional climate, and the catchment characteristics (Mendonca
et al., 2012). For example, temperature affects most processes involved in
the production and consumption of CO, and CH, in aquatic systems. Both
aerobic respiration and methanogenesis are temperature dependent
(Chowdhury and Dick, 2013; Flanagan and Syed, 2011), but to a different
extent (Sand-Jensen et al., 2007; Yvon-Durocher et al., 2014). Therefore,
variations in temperature can lead to seasonal and inter-annual variability
with higher C concentrations and emissions generally recorded in warmer
months (Lima, 2005). Moreover, it has been shown that C concentrations
and emissions are generally usually higher in reservoirs located in tropical
areas (Barros et al., 2011), although this latitudinal effect was not observed
in other studies (see e.g., Deemer et al., 2016). Variations in temperature
can also be observed seasonally, although few studies show seasonal reser-
voir C concentration or emission data (Deemer et al., 2016; but see
(Johnson et al., 2021). For example, in subtropical reservoirs diffusive
CO, fluxes were higher in colder seasons (Wang et al., 2015; Wang et al.,
2011) compared to warm seasons. Similarly, in a boreal reservoir, diffusive
CO, emissions were higher in spring due to the winter CO, buildup under
the ice cover, whereas diffusive CH4 emissions were higher during summer
due to higher water temperature (Bastien et al., 2011). Therefore, not tak-
ing seasonality into consideration may either under or overestimate
annual-scale fluxes. Moreover, intrinsic factors play a key role in controlling
the spatial heterogeneity in gas concentrations in the water column. Reser-
voir morphometry, for example, determines, among other things, the extent
of contact between pelagic, littoral, and benthic areas, which strongly influ-
ence gas dynamics. Shallow littoral areas and riverine inflow areas tend to
have higher CO, and CH,4 concentrations, and therefore higher emissions
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than the main reservoir channel (Paranaiba et al., 2018). In addition, a por-
tion of the spatial variability of gas emissions can actually be explained by
the composition of the pre-flood landscape in the different sectors of the
reservoir, and this influence can last several years after flooding (Teodoru
etal.,, 2011).

Hence, seasonality and differences in reservoir morphometry and in the
pre-flood landscape often result in a large degree of both spatial and tempo-
ral variability in CO, and CH,4 concentrations in both surface and deep res-
ervoir waters, and consequently in fluxes. This variability is exacerbated in
reservoirs that have a large surface, have flooded watersheds with hetero-
geneous land cover and physiognomy, that have complex morphometries
due to local topography, and that experience wide seasonal climatic shifts.
In addition, the drivers of the production of CO, and CH, are not necessar-
ily the same, and they are often only weakly coupled in time and space
(Denfeld et al., 2020), such that each gas needs to be assessed separately.
Thus, it is clear that in order to robustly determine the reservoir C emis-
sions, it is essential to account for the heterogeneity in both gases
(Paranaiba et al., 2018; Prairie et al., 2021). In this regard, previous studies
have applied a range of sampling and reservoir upscaling approaches in
order to address the issue of ambient gas heterogeneity, and Table S1 sum-
marizes some examples. It is clear that sampling intensity, both spatial and
temporal, varies greatly among studies, ranging from having a few discrete
sampling points to a continuous sampling scheme at a fixed point, some
considering seasonality while others do not (Table S1). This heterogeneity
in approaches reflects in part the logistic challenges often encountered in
the study of reservoirs, which are generally large and complex, often re-
mote and with difficult access, all of which generally result in a limited spa-
tial resolution and in compromises in terms of temporal coverage.
Developing approaches that both maximize the spatial and temporal sam-
pling coverage within the unavoidable logistical constraints, and which op-
timize the subsequent use of data is a key to reducing the overall
uncertainty in current local and global estimates of reservoir C emissions
(Deemer et al., 2016).

Here we present a large-scale study of dissolved gas concentrations
(CO, and CH,) within three reservoirs of the newly created La Romaine hy-
droelectric complex, the largest ongoing hydroelectric project in North
America by installed capacity (Alicescu, 2021), composed of 4 consecutive
reservoirs along La Romaine River in North Eastern Québec (Canada). The
reservoirs are in a cascade configuration and in close proximity, they share
the same water source (i.e., the La Romaine river) as well as the same basic
climate features, regional chemistry, and hydrology, but they differ funda-
mentally in terms of morphometry and in the type of pre-flood landscape.
This offered the rather unique opportunity of assessing how reservoir
and pre-flood configuration influence the spatial heterogeneity and
the seasonal and interannual patterns in CO, and CH,4 concentrations
in each reservoir. In addition, we explored how the cascade configura-
tion itself potentially influenced these patterns. We present the results
of a 4-year study where we assessed both the spatial and temporal vari-
ability of CO, and CH, concentrations in the surface and deep waters of
the three existing reservoirs over the initial years after flooding. On the
basis of these observations we developed empirical models that link sur-
face water gas concentrations to climate and remotely available vari-
ables, which provide both insight on the drivers and controls of gas
concentrations in these reservoirs, and also tools to derive a spatially ex-
plicit cartography of gas concentrations that accounts for seasonality as
well as for reservoir age. The latter is necessary in order to reduce the
uncertainty involved in deriving fluxes from individual point measure-
ments in highly heterogeneous reservoirs. Our overall objective was to
model CO, and CH, concentrations in this newly created hydroelectric
complex, which combined with appropriately modeled gas transfer ve-
locities, will eventually yield more accurate and representative esti-
mates of diffusive GHG emissions for these reservoirs and contribute
to the development of robust overall C footprints for the entire complex.
The modeling also increases our overall understanding of the drivers of
both spatial distribution and of the temporal dynamics of these gases in
these major boreal reservoirs.



F. Rust et al.

2. Methods
2.1. Study site

The study was conducted in the La Romaine hydroelectric reservoir
complex (Fig. 1 and Fig. S1). It is located in the La Romaine river (Strahler
stream order 8) situated on the North shore of the Gulf of St Lawrence in the
boreal Céte-Nord region in Québec, Canada. The reservoirs lie over the
physiographic unit of the Laurentian Plateau (https://atlas.gc.ca/phys),
this region is characterized by rocky hills, these steep stretches feature a se-
ries of waterfalls and rapids. There is negligible human land use within the
watershed, which is characterized by approximately 82% natural forest,
10% wetlands, and 8% aquatic environments. This region is mostly covered
by coniferous forest (45%), dominated by black spruce-moss, and secondar-
ily by mixed stands (13.6%), broadleaf forest (3.6%), shrub (1.5%) and
peatland (0.4%) (Hydro-Québec, 2008).

The La Romaine river, which is the major water source for all three stud-
ied reservoirs, drains a total area of almost 15,330 km? and travels nearly
500 km from the outlet of a chain of major headwater lakes to the Saint
Lawrence River (Fig. 1). The characteristics of the river water vary little
along its length; it is slightly humic, and moderately acid, iron-rich, and
nutrient-poor and carries little suspended matter (Hydro-Québec, 2008).
The ice cover starts forming in early December and starts to break in late-
April, in the period from June and September the mean water temperature
isaround 14 °C. The regional mean annual air temperature is — 2 °C and the
annual mean precipitation is 940 mm (Hydro-Québec, 2008).

The current complex consists of four hydroelectric power plants that
were commissioned between 2014 and 2021: La Romaine I (RO1;
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December 2015), La Romaine II (RO2; December 2014) and La Romaine
III (RO3; May 2017). A fourth reservoir (RO4) was commissioned between
2020 and 2021, but is not included in this study. The total installed capacity
is 1550 MW with an annual output of 8.0 TWh (www.hydroquebec.com/
romaine/). The main characteristics of the three reservoirs studied here
are summarized in Table 1 and Table S3.

2.2. Sampling design

In total, we performed 11 field campaigns between 2015 and 2018. For
all sampling campaigns combined, samples were taken in 150 unique sites
across all three reservoirs which were sampled several times over the stud-
ied period, for a total of 734 individual observations (305 in RO1, 378 in
RO2, and 51 in RO3). To capture the seasonal variability of these systems,
field campaigns were conducted over 20 days three times per year during
the ice free period (May to November), in the months of June (spring), Au-
gust (summer) and October (autumn), except in 2015, when only two cam-
paigns were carried out (June and in August). Furthermore, in order to
capture the spatial variability within the reservoirs and to retain the bal-
ance between shallow and deep regions, 45% of all investigated sites
were located at the littoral (< 10 m deep), and 55% in the pelagic zone.
Moreover, bottom water samples were taken using a Van Dorn bottle
(Alpha™, WildCO, USA) in every campaign at the dam region in all reser-
voirs. In RO1 the deep samples were taken at 28 m depth and in both
RO2 and RO3 at 60 m. The partial pressure of CH4 and CO, (pCH, and
pCOy) in these deep samples was determined as explained below for surface
water samples. Sampling of RO1 and the lower portion of RO2 was carried
out by boat, whereas the upper portion of RO2, RO3 and the upper La

La Romaine 3

Fig. 1. Map of the geographical location of the sampling area, the La Romaine catchment, the main river and the location of three investigated reservoirs including their

shape.
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Table 1
Background information of the three sampled reservoirs with the year of installation
in parentheses.

La Romaine I La Romaine II La Romaine IIT

(RO1 - 2016) (RO2-2014) (RO3 - 2017)
Dam height (m) 38 109 95
Turbine water intake (m) 19.5 45.4 37.4
Mean water depth (m) 22 61 67
Installed power (MW) 270 640 395
Catchment area 14.95 km?> 13.91 km? 12.11 km?
Residence time (days) 6 158 97
Position in the cascade Most downstream Center Most upstream
Type Run-of-river Storage Storage
Area (km?) 12.6 85.8 38.6
“Water/Exposed land (%) 47.3 17.5 22.8
“Wetland (%) 1.0 0.1 0.0
“Bryoids (%) 3.9 1.0 0.0
2Shrub (%) 3.1 0.9 0.7
“Broadleaf (%) 6.7 3 0.4
Mixedwood (%) 20.8 16.5 2.7
AConiferous (%) 17.2 61 73.4

@ Percentage of flooded land cover.

Romaine river sections were sampled by hydroplane. In addition to the dis-
crete sampling, there was a floating autonomous measuring platform
installed in the main channel of RO2 that yielded continuous surface
water measurements of pCO, and pCH, for the ice free period, and there
were systems installed in each of the three power stations taking continuous
measurements of pCO, and pCH,4 of the water flowing through the turbine
intake (see details in Section 2.4).

2.3. Environmental and limnological parameters

At each sampling site, surface water temperature (°C), conductivity (uS
cm™Y), pH, and dissolved oxygen (O,) saturation (%) were determined
using a multiparameter probe (600XLV2-M, Yellow Springs Instruments,
OH, USA). We also measured air temperature and wind speed at 1 m
above the water surface with a handheld weather meter (Kestrel Meter
4000, PA, USA). In addition, surface water samples were collected using
polypropylene bottles (5 L) at each sampling site for chemical analyses,
which were processed the same day and stored refrigerated until analysis
(see details in supplementary methods).

2.4. CO, and CH, concentrations

2.4.1. Discrete sampling and calculations

Samples to determine the surface water pCH4 and pCO,, were taken at
each site using the headspace technique (Kling et al., 1991). We collected
water in 1 L plastic bottles (Thermo Scientific™, Nalgene™ Square, USA)
at 10 cm below the water surface, and removed 500 mL of water replacing
it with zero air (AI 0.0UM, Praxair, Inc., Canada) using a peristaltic pump
(Masterflex E/S Portable Sampler, USA) to create a headspace. Bottles
were shaken for minimum two minutes to equilibrate the water- and air
phases inside the bottle. The gas phase was then pumped back into an air-
tight aluminum foil bag and pCO, and pCH4 were measured in the same
day in the field laboratory with an ultraportable greenhouse gas analyzer
(UGGA, Los Gatos Research, Inc., USA). Both CO, and CH, concentrations
were calculated by multiplying the respective gas partial pressure sampled
at each site with the in situ temperature adjusted by Henry's law coefficient
(Weiss, 1970; Wiesenburg and Guinasso, 1979).

2.4.2. Continuous gas measurements at turbine intake and float dock
Hydro-Quebec installed automated systems (Bastien et al., 2009) to
measure continuously pCO, and pCH, at each reservoir generating station
and one in a floating dock at the main channel in RO2 (Latitude: 50°31’
31.2“ N, Longitude: 63°15’02.8”). pCO,, and pCH,4 were measured in the
water flowing through the turbines, which draw water from different
depths depending on the reservoir (Table 1), and in the surface water of
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RO2 by the floating dock using a combination of a portable CO, (LI-820
CO, Analyzer, LI-COR, USA) and CH, analyzer (Panterra, Neodym Technol-
ogies, Canada). Each of the automated systems was connected to a water
circulating system and a gas extraction module, the samples at the floating
dock were taken at 0.5 m water depth. pCO, and pCH,4 was measured every
three hours for the following periods: (1) RO1 from August 2016 to Decem-
ber 2018; (2) RO2 from February 2015 to December 2018; (3) RO3 from
December 2017 to December 2018; (4) floating dock at RO2 from June
23 to October 15 in 2015, and from June 21 to October 16 in 2018.

2.5. Statistical analyses

We used regression tree analysis to identify and describe temporal and
spatial patterns in CO, and CH,4 concentration among seasons as well as
within and among the reservoirs. We used the rpart() function of the pack-
age ‘rpart’ (Therneau et al., 2019) to run the regression tree analysis. Linear
regressions were performed to examine relationships between CO, and CHy
concentrations in the three studied reservoirs and also between the mea-
sured CO, and CH,4 concentrations from the surface, bottom and turbine
inlet. The reported R? values are adjusted for the number of data points.
The significance of the regression slope was tested by analysis of variance
(ANOVA) at a significance level (p) of 0.05. All modeling and statistical ex-
ercises were performed in R version 3.6.0 (R Core Team, 2018).

2.6. Modeling approach

2.6.1. Model development

We developed linear mixed effect models (LMM) to evaluate and predict
the effects of spatial and temporal variables (Table S2) on the response var-
iables CO, and CH,4 concentration in individual reservoirs using the Imer()
function of the package ‘lme4’ (Bates et al., 2015). To facilitate the develop-
ment of predictive models, especially in the case of this type of remote res-
ervoirs with difficult access, we chose to develop the LMM using only
remotely available variables (Table S2). We chose LMM because it has the
advantage of fitting auto correlated (spatially and temporally) data
(Bolker, 2015); site ID and field campaigns were considered as random ef-
fects.

Model selection was done using likelihood ratio chi-squared tests using
the anova() function. First we built models containing all variables (full
models) and compared these with reduced models in which we gradually
dropped variables. Thus, variables that had no effect on response variables
were removed. The selected model was then compared with a totally re-
duced model (without fixed effects) in order to validate whether it was sta-
tistically different. The final models were followed by a model validation,
checking the residuals for normal distribution and homogeneity of vari-
ances. CHy4 concentration was log-transformed to improve normality and
homoscedasticity of residuals.

2.6.2. Data preparation for modeling approach

For the spatial variables (Table S2), the sampled watershed was delin-
eated using the hydrology tool (ArcGIS). The underlying land cover type (co-
niferous, broadleaf, mixed wood, shrub, wetland, exposed land, and water)
was determined for each site for all the reservoirs using land cover maps
(30 m x 30 m) obtained from GeoGratis (http://geogratis.cgdi.gc.ca/).
Site depth was measured with a depth meter (Laylin Speedtech SM-5,
USA). The closest distance from shore for each site was calculated using
near tool (ArcGIS). All geospatial analyses were performed in ArcMap (ver-
sion 10.1, Esri, USA). For the temporal variables (Table S2), the age of the
reservoirs was calculated in decimal years from the flooding of each respec-
tive reservoir. Daily surface water temperature for the three reservoirs was
modeled using the measured surface water temperatures using a polyno-
mial regression based on a 42-day moving average of daily air temperature
and the day of the year (R* = 0.915, p < 0.0001, Fig. S2); this approach pro-
vided the best fit to our observed water temperatures. The daily air temper-
ature was obtained from a meteorological weather station located at 28 km
from RO1, 48 km from RO2, and 96 km from RO3 (Latitude: 50°16’55“ N,
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Longitude:63°36’41.0”, https://climate.weather.gc.ca/). Average daily air
temperature was calculated using hourly temperature measurements be-
tween the sunrise and sunset, since we sampled only during the day. We
used getSunlightTimes function of the package ‘suncalc’ to retrieve sunrise
and sunset times (Benoit and Achraf, 2019). We used modeled water tem-
peratures in our LMMs rather than the measured water temperatures
since the former are more integrative than our point temperature measure-
ments, and consistent with subsequent spatial and temporal predictions of
gases that we carry out in each of the reservoirs.

2.6.3. Model implementation

We used the empirical models described above to estimate the gas con-
centrations in areas and days that were not sampled. We generated a new
dataset containing new georeferenced data points with all the model's
fixed effects, over the ice-free period and across the entire surface of each
of the three reservoirs. First, we created a georeferenced point grid using
fishnet toolbox in ArcMap 10.1 (Fig. S3) covering all reservoir surfaces
with the maximum resolution possible (same as the data set with the lowest
resolution, i.e., land cover type, 30 m X 30 m), and as a result we generated
152,151 cells across the surface of all three reservoirs. For each of these
cells we assigned a daily water temperature, a day of year, a reservoir
age, a site underlying land cover type, a distance from the closest shore,
and a maximum site depth, which was obtained from bathymetric analysis
as the difference between before and after the flooding of the reservoirs,
using a digital elevation model (resolution of 23 m X 23 m, obtained
from GeoGratis). We then applied the corresponding reservoir empirical
model to generate a daily value of CO, and CH4 concentration for each
cell based on the cell's properties using the prediction() function of the
package ‘lme4’ (Bates et al., 2015).

3. Results
3.1. Temporal and spatial variability of measured CO, and CH, concentrations

The surface waters from all three reservoirs were consistently supersat-
urated in CO, and CHy relative to the atmospheric (Fig. 2). CO5 and CH,4
concentrations were only very weakly correlated to each other (R?* =
0.02, p = 0.0003), and varied over up to 3 orders of magnitude across all
three reservoirs and in time (Fig. 2). The CO, concentrations ranged from

- RO1 + RO2 - RO3
200 R?=0.02 .
© p=0.0003 o
150 Faoto -

Fig. 2. Relationship between CO, and CH,4 concentrations in the three studied
reservoirs. The dotted red lines indicate atmospheric CO, (18 pM) and CHy
(0.003 uM) concentrations.
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22 to 200 pM in RO1 (mean = SD: 80 * 29 pM), from 19 to 202 pM in
RO2 (75 = 38 uM), and from 39 to 95 pM in RO3 (58 = 13 pM). The
CH, concentration ranged from 0.004 to 5.2 uM in RO1 (0.5 = 0.7 pM),
from 0.007 to 2.1 uM in RO2 (0.1 #+ 0.2 pM), and from 0.014 to 0.7 pM
inRO3 (0.1 = 0.1 pM).

There was a clear seasonal variation in the CO, and CH, concentrations
in the sampled reservoirs (Fig. 3), significant differences in both CO, and
CH, concentrations were observed between seasons (p < 0.001, Fig. S4).
In general, CO, concentrations were on average highest in the spring
(mean *+ SD: 103 + 44 uM), with a clear decrease towards the summer
(60 + 24 pM). In contrast, CH, concentrations were always highest in the
summer (0.4 = 0.6 pM), with the lowest average concentrations observed
in the spring (0.2 * 0.2 puM). Moreover, the upstream river followed a sim-
ilar pattern of seasonal CO, and CH,4 concentration dynamics observed in
the reservoirs (Fig. 3, upper panels), wherein CO, concentrations were
slightly higher in the spring campaigns (40 = 10 pM) compared with sum-
mer (27 + 4 pM), and CHy4 concentrations were slightly higher in the sum-
mer campaigns (0.05 = 0.03 uM) compared with spring (0.02 = 0.01 pM).

A comparison of our point sampling of surface water CO, and CH, con-
centrations with the continuous sampling by the automated system de-
ployed in the RO2 reservoir that measured surface CO, and CHy
concentrations continuously, showed similar average values for the over-
lapping periods and over the seasons (Fig. S4). For example, the average
CO,, concentration over the summer measured in the platform was 54 +
10 pM whereas the average in our sampling sites was 47 + 9 pM (all
sites included). For CH,, the average concentration in the platform was
1.9 + 1.6 and in our sampling sites it was 2.2 + 1.0 pM.

CO,, concentrations in the deeper layers of RO2 and RO3 were on aver-
age significantly higher than in the surface layer, which was not the case for
the shallower RO1 (Fig. 4). In contrast, the CH, concentrations were similar
between surface and deeper layers in all three reservoirs (Fig. 4). Moreover,
there were generally no significant differences in both surface water CO,
and CH,4 concentrations among the years sampled (p > 0.05, Fig. 3), except
in RO1, where the average surface water CO, concentrations in 2018
(69 = 20 pM) were significant lower (p = 0.001) than the average CO,
concentrations in both 2016 (90 = 38 uM) and 2017 (114 = 26 uM). Inter-
estingly, the deeper waters followed a different temporal dynamic than the
surface waters in RO2, where the CO, concentrations measured at the tur-
bine intake, representing a water mass between 35 and 45 m in depth,
clearly decreased over the years (R% = 0.28, p = 0.008), as did the concen-
trations measured in comparably deep sites through discrete sampling
(R? = 0.48, p = 0.002; Fig. 4). The concentration of CO, also declined in
the deep layers of RO1 but paralleling the decline observed in surface
water concentrations (Fig. 4). CO, also declined in RO3, but there are
only 2 years of data, so the inter-annual trend was not clear established
for this reservoir.

The three reservoirs differed in their average surface water CO, and CH,
concentrations (Fig. S5). The average CO, concentrations over all sampling
campaigns in RO3 (55 + 13 pM) was significantly lower (p < 0.001) in
comparison with CO, concentrations of both RO1 (81 #+ 23 pM) and RO2
(75 = 38 pM). In contrast, average CH,4 concentrations in RO1 (0.5 *
0.7 pM) were significantly higher (p < 0.001) compared to RO2 (0.1 =
0.01 pM) and RO3 (0.2 + 0.1 uM). In addition, CO5 and CH,4 concentra-
tions varied spatially within each reservoir (see example in Fig. S6). The
largest within reservoir CO,, variability was observed during the spring sea-
son, ranging from 28 to 200 pM in RO1, 25 to 202 pM in RO2, and 51 to
95 uM in RO3 (Fig. 3). For CH,4 concentrations, the highest within reservoir
spatial variability was observed in the summer, with values ranging from
0.01 to 4.3 uM in RO1, from 0.008 to 0.9 uM in RO2, and from 0.01 to
0.7 pM in RO3 (Fig. 3). In general, the spatial variability in CO, and CH,4
concentrations within reservoirs was related to the sampling location and
to the pre-flood land cover underlying the sampling site, as evidence by
the regression tree analysis (Fig. S7). In this regard, considering all reservoir
data together, the regression tree analysis showed that sampling sites with
less than 4.7 m in depth had higher average CO, concentrations (89 pM;
n = 168) than deeper sites (74 pM; n = 570, p = 0.04; Fig. S7). A similar
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pattern was observed for sampling sites close to the shore (less than 69 m),
which had higher average concentrations (83 pM, n = 276) than sites
further offshore (74 pM, n = 462, p = 0.02; Fig. S7). Likewise, the
same analysis for CH4 concentrations also showed that shallower sites
(less than 2.7 m, p < 0.001; Fig. S7) and sites closer to the shore (less
than 30 m, p < 0.001; Fig. S7) had higher average CH,4 concentrations
(0.98 uM, n = 90, and 0.75 pM, n = 133, respectively) than deeper
sites and sites further offshore. The regression tree analysis also showed
that sites underlain by wetlands had significantly higher CO,

B3 Surface #8 Bottom B Turbine intake

concentrations than all other sites in RO1 (109 pM, n = 15, p =
0.004; Fig. S8; others, 80 pM, n = 293), whereas sites underlain by
broadleaf forest, mixed wood and shrubs had significantly higher
(p < 0.001, Fig. S8) CO, concentrations (106 uM, n = 62) than all
other sites in RO2 (71 pM, n = 317); RO3 did not show any dependency
on pre-flood land cover. CH,4 concentrations showed significant depen-
dency on pre-flood land cover only in RO1, and sites previously under-
lain by wetlands had significantly higher CH,4 concentrations that all
other sites (1.7 pM, n = 12, p = 0.004; Fig. S8).
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3.2. Effects of spatial and temporal variables on CO, and CH, concentrations

Considering the very weak relationship that was observed between the
measured CO, and CH,4 concentrations (Fig. 2), it was necessary to build
separate models for the two gases. For both CO, and CH,4 the models that
combined all three reservoirs resulted in generally weaker model perfor-
mance (R? = 0.52 for CO, and R? = 0.70 for CHy, Table 2) compared to in-
dividual reservoir models (CO5: R? 0.59, 0.77, 0.66 for RO1, RO2, RO3,
respectively; CH4: R? 0.83, 0.64, 0.67 for RO1, RO2, RO3, respectively,
Table 2), and we therefore decided to pursue the latter for all subsequent
analyses.

The models for CO,, differed somewhat between reservoirs, for example
site depth was selected in RO1 but not in RO2. Overall, day of the year,
water temperature and site depth had a negative effect on CO, concentra-
tion (Table 2). In RO2 the interaction between day of the year and water
temperature was more significant than both variables separately (p =
0.01). Reservoir age had a negative effect only in RO1, although this effect
was borderline not significant (p = 0.06). Land cover type was selected in
RO1 and RO2, albeit for different drivers: in RO1 sites underlain by wet-
lands had higher CO, concentrations, whereas broadleaf forest, mixed
wood and shrub pre-flood land covers had a positive effect on CO, concen-
trations in RO2. The selected models for CH, were more similar between
reservoirs compared to the ones selected for CO,. We found a positive effect
of water temperature and a negative effect of site depth on the CH, concen-
tration in all reservoirs, and additionally in RO1, the pre-flood land cover
(p < 0.001) was additionally selected (Table 2). The latter occurred due
to presence of wetlands that had a positive effect on CH, concentrations.

3.3. Temporal and spatial variability of modeled CO» and CH4 concentrations

We used the LMM in Table 2 to reconstruct daily CO, and CH, concen-
trations in each of the 30 x 30 m grid cells for the ice-free period, and thus
generated an area-wide cartography of gas concentrations for each of the
three reservoirs. The modeled CO, and CH,4 concentrations varied spatially
within each reservoir, and followed a similar spatial pattern as the

Table 2

Results of linear mixed models, testing effects of the spatial and temporal variables
on CO, and CH, concentrations in each of the three reservoirs. Site ID and sampling
campaings were included as a random effect on the intercept. Significance of fixed
effects was assessed with likelihood ratio tests with degrees of freedom = 1. The
slope direction (sign) of the effect is indicated with — or +.

Reservoir Response Fixed effect x> p aR2
variable

All CO, — Water temperature 26.5 <0.01

+ Land cover type 20.4 0.04

— Reservoir 16 04 0.52
RO1 CO, — Day of the year 46 0.03

— Reservoir age 3.4 0.05

— Site depth 6.1 0.01

+ Land cover type 10.2  0.03 0.59
RO2 CO, — Day of the year

— Water temperature

+ Day of the year x Water temperature 6.4  0.01

+ Land cover type 10.7  0.09 0.77
RO3 CO, — Water temperature 5.4 0.01

— Site depth 2.3 0.12 0.66
All log;o CHy;  + Water temperature 42 0.04

— Site depth 4.2 0.03

+ Land cover type 31.6 <0.01

— Reservoir 36.6 <0.01 0.70
RO1 log10 CHs  + Water temperature 12.4 <0.01

— Site depth 9.5 <0.01

+ Land cover type 19.7 <0.01 0.83
RO2 log;o CHy;  + Water temperature 6.7 <0.01

— Site depth 10.6 <0.01 0.64
RO3 log;o CHys  + Water temperature 4.4 0.03

— Site depth 7.3 <0.01 0.67

2 Conditional R? considers the variance of both the fixed and random effects.
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measured concentrations (Fig. S9). Overall, grid cells located over wet-
lands, broadleaf forest, mixed wood and shrub, and in shallow areas, had
higher levels of both gases than the main channel of the reservoir
(Fig. S9). The integrated reservoir CO, and CH, concentrations, which re-
sult from averaging the modeled concentration for all the grid cells within
each reservoir, followed a clear seasonal pattern. High spring CO, values
decrease towards the summer, with a subsequent CO, build up between
summer and autumn in RO2 and RO3, whereas modeled CH, concentra-
tions always peaked in the summer in all the three reservoirs, in agreement
with our observations (Fig. 5). The magnitude of the modeled CO, and CH,4
differed between reservoirs, which is also in agreement with our observa-
tions (Fig. 5). On average modeled CO, was lower in RO3 (58 = 9 uM) rel-
ative to RO2 (77 = 13 pM) and RO1 (71 = 18 uM), whereas modeled CH,4
was on average significantly higher (p = 0.001) in RO1 compared to in
RO2 (0.09 = 0.01 pM) and RO3 (0.11 *+ 0.14 pM).

4. Discussion

Despite the growing awareness of hydroelectric reservoirs as GHG
sources to the atmosphere at the global scale (Deemer et al., 2016) and
the crucial role of adequate spatial and temporal assessments of CO, and
CH, concentrations and emissions from reservoirs to determine accurate
carbon budgets, few studies account and integrate the spatial and temporal
variability of gas concentrations in these systems (Morales-Pineda et al.,
2014; Paranaiba et al., 2018; Roland et al., 2010). We observed a large var-
iability in surface water CO, and CH,4 concentrations within and among the
three studied reservoirs and over seasons, but in contrast to other studies
(Abril et al., 2005; Deshmukh et al., 2018), there was not a consistent pat-
tern of decline in surface water gas concentrations over the initial years
after flooding. Our modeling exercise of these concentrations reveals that
the spatial variability may be attributed to the different pre-flooded land
cover types and reservoir morphometry, and further that the drivers of
CO, and CH,4 dynamics in the three reservoirs differ somewhat. In this re-
gard, the modeling of spatial and temporal CO, and CH,4 concentration pro-
vides fundamental insight into the factors underlying C dynamics in these
boreal cascade reservoirs. The fact that these models are exclusively
based on remotely available variables is particularly useful because they
provide effective tools for extrapolation and upscaling of these gas concen-
trations for the purpose of improving reservoir C footprint estimates.

4.1. Temporal and spatial variability in surface water CO, and CH,4 concentra-
tions

4.1.1. Seasonal variability of measured CO, and CH, concentrations

The surface waters of the three reservoirs were consistently supersatu-
rated in both CO, and CH,4 during the sampled period and hence were a
constant source of CO, and CH, to the atmosphere (Fig. 2), and the range
in CO, concentrations was in line with previous reports from boreal reser-
voirs (Demarty et al., 2009; Teodoru et al., 2011). We observed clear sea-
sonal patterns in the surface CO, concentrations across the studied
reservoirs, with highest CO, concentrations consistently occurring in spring
and likely reflecting CO, accumulation under the ice cover during the win-
ter months (Bastien et al., 2011). CO, degassing following ice thaw gradu-
ally decreased CO, concentrations in surface waters, which reached the
lowest values during the summer. In autumn, CO, concentrations increased
again in the deeper RO2 and RO3 reservoirs (maximum depths 120 m and
90 m, respectively) likely due to water column turnover and mixing with
CO,-rich hypolimnetic waters (Fig. 3). In contrast, the shallower RO1 reser-
voir (maximum depth 30 m) developed a much shallower and less stable
hypolimnion, and therefore there was no autumn increase in surface CO,
concentrations but rather a linear decrease in CO, concentrations from
spring to autumn. These contrasting CO, seasonal patterns among reser-
voirs suggest that CO, dynamics are tightly related to reservoir morphom-
etry, and that these seasonal patterns can differ markedly among
reservoirs located close to each other and subjected to the same climate
(Fig. 1).
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concentration in a day. Shaded polygons around the dots indicate 95% confidence interval for the mean. The squares and error bars represents the measured CO, and

CH,4 concentration (median and inter quartile range) of each sampled campaign.

CH,4 concentrations were in general within the range reported for other
boreal reservoirs (Demarty et al., 2009; Huttunen et al., 2002). Compared
to CO,, the CH, concentrations showed a more uniform temporal pattern
among the reservoirs, with highest values consistently observed in the sum-
mer campaigns in all the three reservoirs, likely reflecting the strong depen-
dency of CH,4 production on temperature (Yvon-Durocher et al., 2014). In
contrast to CO,, we did not detect high CH, concentrations in the spring
after the ice melt, or after autumn overturn, and the continuous monitoring
of CH,4 concentrations at the turbines (Fig. S10) did not reveal any signifi-
cant CH4 accumulation in deeper layers during winter. The absence of
under ice CH4 accumulation may reflect both low CH,4 production rates dur-
ing winter due to low temperatures and perhaps CH, oxidation under the
ice (Bastien et al., 2011).

Despite the importance of seasonality, very few studies have explored
the temporal variability of both CO, and CH, concentrations and emissions
inreservoirs, particularly in northern landscapes (but see e.g., Bastien et al.,
2011, Demarty et al., 2011). In this regard, Wik et al. (2016) suggested that
CH, emission estimates for northern lakes may be highly biased by short
sampling periods, and reported uncertainties of around one order of magni-
tude associated to temporal overestimations or underestimations in CHy4
emissions. Our results also highlight the importance of seasonal sampling
to obtain more accurate estimates of gas concentrations. For example, the
average reservoir CO, concentrations would be overestimated by 75% if
the sampling campaigns were carried out only during spring, whereas the
CH,4 concentrations would be 4.5 times larger if the sampling campaigns
were carried out only during the summer. Thus, omitting seasons in the
sampling design leads to a bias of the annual reservoir carbon budget de-
pending on the GHG measured. Further, the seasonal decoupling of surface

water CO, and CH,4 concentrations is paramount to be considered in the
sampling design of any future studies.

Recent studies have reported the importance of CO, and CH, emissions
from drawdown areas in reservoirs where the water level varies signifi-
cantly between seasons (Almeida et al., 2019a; Deshmukh et al., 2018;
Keller et al., 2021; Kosten et al., 2018). However, in the three reservoirs
studied here, the water level did not change substantially across the sam-
pled seasons. For instance, the water level fluctuated by only 0.7 m in
RO1 between 2016 and 2018 (details not shown), and therefore this aspect
may not be as critical in these boreal reservoirs as it is in other regions.

4.1.2. Inter-annual trend of measured CO, and CH, concentrations

Previous studies have shown a clear negative relationship between CO,
concentrations and reservoir age over the initial years after flooding (Abril
et al., 2005; Teodoru et al., 2012a). For example, Teodoru et al. (2012a)
showed a clear decrease in surface pCO» of over 50% over the first
4 years after flooding in a boreal reservoir, and a similar decline was also
reported in a tropical (Abril et al., 2005) and in a subtropical reservoir
(Deshmukh et al., 2018), and the most current models of reservoir CO,
emissions involve declining functions with reservoir age (Barros et al.,
2011; Prairie et al., 2021). This relationship, however, was not consistently
found in the reservoirs studied here. RO1, the shallowest reservoir, was the
only one which showed a significant decline in surface CO, over the first
3 years, with surface CO, concentrations in 2016 and 2017 being signifi-
cantly higher than those found in 2018 (Fig. 3). In the other two deeper res-
ervoirs, the surface CO, concentrations remained relatively stable over the
first 4 years (RO2) and 2 years (RO3) post flooding. Interestingly, CO, con-
centrations within the deep layers in those two reservoirs showed a
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different temporal pattern than in their respective surface layers. The deep
samples and the automated measuring systems at the generating stations,
which in both reservoirs draw water from layers between 35 and 45 m,
showed a declining trend in CO, concentrations over the years (Fig. 4),
which is in line with the decreasing inter-annual trend observed in other
reservoirs (Abril et al., 2005; Deshmukh et al., 2018; Prairie et al., 2021;
Teodoru et al., 2012b). The decoupling of surface and bottom layers is
likely linked to reservoir morphometry and the depth of the water column.
Reservoirs for which a declining trend in the surface CO, concentrations
over the initial years after flooding has been reported are generally shallow.
For example, the average depth of Nam Theun 2 reservoir (Deshmukh et al.,
2018) is 8 m, while the average depth of Petite Saut reservoir (Abril et al.,
2005) and Eastmain-1 reservoir (Teodoru et al., 2012a) is 11 m, and the
RO1 reservoir (this study) is 22 m. On the other hand, the average depth
of RO2 and RO3 reservoirs is 61 m and 68 m, respectively. In shallow res-
ervoirs there is a closer contact with the flooded soils and a stronger cou-
pling of surface gas dynamics with the ongoing degradation of the detrital
terrestrial organic matter, with the resulting inter-annual trends of the sur-
face CO, concentration. In deeper reservoirs, other surface sources and pro-
cesses, such as lateral inputs from groundwater and tributaries, and pelagic
metabolism may influence CO, concentrations, and may contribute to the
stabilization of the surface concentrations on an inter-annual scale.

The contrasting inter-annual patterns of CO, dynamics in surface and
bottom waters in these three reservoirs have major implications in terms
of the distribution of C emissions in these systems, and how the contribu-
tion of the various pathways of emission to the total C footprint will evolve
in time. Our results suggest that in the two deeper reservoirs, the surface
diffusive emissions have remained relatively constant at least for the initial
4 years post flooding, whereas the downstream emissions at the turbine
outlet have likely been declining over this period. In contrast, in the shallow
RO1, both surface diffusive and downstream emissions may have been de-
clining over the initial post-flood years.

Regarding the inter-annual variability of CH, concentrations, previous
studies have shown an initial increase in the first years after flooding,
followed by a decline (Abril et al., 2005; Venkiteswaran et al., 2013). The
CH,4 concentrations in the water column of a tropical reservoir peaked
one year after reservoir flooding and declined in subsequent years (Abril
et al., 2005), whereas CH4 concentrations increased through the first
3years and declined slightly in the fourth and fifth year in small boreal res-
ervoirs (Venkiteswaran et al., 2013). However, current reservoir GHG
models do consider a stabilization of CH, concentrations after an initial in-
crease in the first years (Prairie et al., 2021). In the studied reservoirs, we
found slightly lower concentration values in the first year after the reser-
voirs were flooded and relatively stable concentrations over the following
years (Fig. 3). This time lag in CH, concentration in the reservoirs may be
linked to the slow development of anoxic bottom layers in these cold,
deep boreal reservoirs, and the exogenous availability of alternative elec-
tron acceptors and labile OM, since the biogenic CH, is produced during
the final step of anaerobic organic matter degradation when all other inor-
ganic oxidants such as sulfate or ferric iron were already depleted (Conrad,
2009; Thauer et al., 2008). Overall, the longer term evolution of surface
water CO, and CH, concentrations in these deep boreal reservoirs is diffi-
cult to predict a priori and will be a topic of future monitoring and research.

4.1.3. Variability of measured surface CO and CH, concentrations among and
within reservoirs

Although reservoirs are often built in a cascade configuration along
river corridors, only few studies have assessed the spatial variability
among reservoirs within a reservoir cascade configuration (Liu et al.,
2020; Okuku et al., 2019; Shi et al., 2017; Wang et al., 2021). In a reservoir
cascade in China (Mekong River), the upstream reservoirs (Gongguoqgiao
and Miaowei reservoirs) were found to be a hotspot of both CO, and CH,4
concentrations and diffusive emissions compared to downstream reservoirs
(Shi et al., 2017; Liu et al., 2020), a pattern that which was linked to the
higher sediment trapping that provided fresh organic carbon and enhanced
mineralization. Previous studies also suggested a link between organic-rich
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sediment deposition and CH,4 production in reservoirs (Beaulieu et al.,
2016; Maeck et al., 2013). Although we have not measured sedimentation
in our study, La Romaine is a sediment-poor river, and we did not observe
this link between the gas concentrations and potential sediment trapping in
upstream reservoirs, and we did not find an effect of reservoir position.
Rather, we attribute the average differences between reservoirs to differ-
ences in the pre-flood land cover and reservoir morphometry, factors
which also determine the spatial heterogeneity of gases within each reser-
voir.

In this regard, several studies have highlighted the high degree of spa-
tial variability of CO, and CH,4 concentrations that often occurs within res-
ervoirs (Liu et al., 2020; Paranaiba et al., 2018; Soued and Prairie, 2020;
Teodoru et al., 2011). For example, shallow and riverine inflow areas are
likely to have higher concentrations of CO, and CH, than the reservoir
main channel close to the dam (Paranaiba et al., 2018). Our results based
on regression tree analysis showed that reservoir CO, and CH, concentra-
tions were related to the location of the sampling sites (Figs. S6, S7, and
S$8). Sampling sites located over (i) specific pre-flooded land covers, and
(ii) in shallow areas had higher concentrations of both gases than the
main channel of the reservoirs. In particular, surface waters in sites overly-
ing flooded wetland, shrub, mixed wood, and broadleaf forests had higher
gas concentrations than surface waters in sites overlying flooded coniferous
forest, potentially due to differences in organic matter content and compo-
sition of each flooded landscape type. It has been previously shown that
pre-flooded land type influenced post-flood surface water CO5 dynamics
in a boreal reservoir (Teodoru et al., 2011) and this influence persisted
for several years after flooding. Moreover, we observed higher levels of
gas concentrations in shallower sites, thus water column depth can also
be linked to the spatial heterogeneity in gas concentrations. As in our
study, site depth has been linked to the spatial variation in pCO, in a trop-
ical reservoir, where pCO, was higher in the shallow compared to deeper
sites (Roland et al., 2010). Site depth could be a proxy to areas with in-
creased contact to sediment metabolism, and also higher sedimentation
rates, which could lead to higher CO, and CH,4 concentrations due to sedi-
ment organic matter degradation (Loken et al., 2019; Sobek et al., 2012). It
is possible that the heterogeneity in gas concentrations reflects to some ex-
tent differences in gas exchange with the atmosphere, since sites close to
the shore may be more sheltered than open sites and therefore have
lower average gas exchange coefficients (Paranaiba et al., 2018), which
would lead to higher average gas concentrations once other factors are ac-
counted for. As we describe in the Section 4.2, we did not explicitly include
gas exchange as a predictor variable in our modeling of gas concentrations.

4.1.4. Modeling CO, and CH, concentrations with remotely available variables

Our results suggest that although the three study reservoirs are subject
to a similar climate, and in close proximity to each other, there are differ-
ences in C gas dynamics and in the underlying drivers. The mixed effect
models allowed us to identify the main temporal and spatial variables driv-
ing surface water CO, and CH,4 concentrations in the individual reservoirs.
Water temperature had a negative effect on CO, concentrations in RO2 and
RO3 despite the known positive dependence of microbial activity and het-
erotrophic respiration on water temperature (Sand-Jensen et al., 2007;
Yvon-Durocher et al., 2014). CO, concentrations were higher in June
(spring) and October (autumn) when temperatures are much lower com-
pared to August (summer). This relationship, however, does not reflect me-
tabolism, but rather patterns in CO, accumulation within the system. Thus,
in June, CO, concentrations were likely driven by CO, accumulation under
ice and subsequent thawing rather than due to increased microbial meta-
bolic activity. In October, CO, concentrations were likely driven by CO,
input from the hypolimnion, since RO2 and RO3 were thermally stratified
during summer and mixed in autumn (Fig. 3). Similarly, the day of the
year in which the samples were taken also had negative effect CO, concen-
trations, but only in RO1 and RO2. As for water temperature, the day of the
year seems to be a proxy for the higher CO, input from ice cover and snow
thaw during June. Thus, our results show that the seasonal variability of
CO,, concentrations in boreal reservoirs seems to be tightly coupled to
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reservoir morphometry, patterns of water column stratification and the ice
regime within the reservoir and surrounding catchment, as has been re-
cently pointed out (Deemer and Holgerson, 2021; Wang et al., 2021). In
contrast, water temperature had a positive effect on CH, concentrations
in all three reservoirs, showing the expected relationship between CHy4 pro-
duction and temperature (Yvon-Durocher et al., 2014). Our findings under-
line the importance of water temperature in predicting the variability of
surface water CH,4 concentrations, seasonally within reservoirs as we
show here and in agreement with recent studies (McClure et al., 2020),
but also across reservoirs along latitudinal gradients (Barros et al., 2011).

Spatially, site depth and pre-flooded land cover were the strongest pre-
dictor variables to model the spatial patterns in gas concentrations. For ex-
ample, depth and pre-flooded land cover had an effect on CO,
concentrations in RO1, which may reflect a combination of several pro-
cesses. On the one hand, higher concentrations were observed in the shal-
low channel (average depth of 3.5 m) that connects RO2 to RO1, where
RO1 receives CO,-rich hypolimnetic water from RO2, yet this CO, is basi-
cally all degassed before reaching the lacustrine zone of RO1. This repre-
sents a legacy effect of the upstream reservoir on RO1 gas dynamics, as
part of the complexity of the cascade configuration. On the other hand,
highest concentrations of CO, were typically found over shrub, and wet-
lands land covers, which were also relatively shallow areas (average
depth of 4.8 m). In contrast, site depth was not selected in RO2, and only
land cover had a significant effect on CO, in this reservoir. Highest CO,
values were found associated to the two specific land covers, mixedwood
forest and shrub, which are found further south of the reservoir, near the
dam. This area is particularly deep, thus the general negative effect of
water column depth on CO, was not observed in RO2. In contrast, site
depth had a negative relationship with CH, concentrations in all the three
reservoirs. Furthermore, in RO1, land cover had a strong influence in the
CH, concentrations. In particular, sites overlying mixed wood, shrub land
and wetland types had on average 2 to 6 times higher CH, concentrations
than other land covers, highlighting the importance of the pre-flood land
cover on the C dynamics of the reservoir (Fig. S11).

Previous studies have identified trophic status, as reflected in nutrient
or chlorophyll concentrations, as major predictors of GHG concentrations
and fluxes in reservoirs worldwide (Deemer and Holgerson, 2021;
DelSontro and Downing, 2018; Harrison et al., 2021). Overall, chlorophyll
and nutrients (TP and TN) were not significant drivers of CO, and CH, in
our three reservoirs (Fig. S12). There was a weak positive relationship be-
tween TP and pCO2 (R2 = 0.15, Fig. S12), which is in itself rather counter-
intuitive and perhaps reflects the fact that shallow reservoir sites tended to
have higher pCO2 and also more TP from sediment remobilization
(Fig. S12). Nutrients or chlorophyll have not emerged as major drivers
across boreal reservoirs in general, likely because these systems tend to
be consistently oligo- to mesotrophic, and never reach the threshold of en-
richment where CO, and especially CH, dynamics become dominantly
driven by eutrophication. Rather, reservoir morphometry, pre-flood land-
scape, and temperature / ice regime appear to be main drivers of CO, and
CH, dynamics in these boreal reservoirs.

4.2. Implications to modeling reservoir GHG emissions and estimating the reser-
voir C footprint

Hydroelectric reservoir diffusive GHG emissions are often highly vari-
able in both space and time, for example diffusive CH4 emissions can vary
globally up to 5 orders of magnitude (Deemer et al., 2016). Improving
CO,, and CH,4 emission estimates from reservoirs has been identified as
one of the top priorities in the coming decades, both in terms of their net
C footprint (Prairie et al., 2021) and in terms of their contribution to the
global C balance (DelSontro and Downing, 2018; Rosentreter et al.,
2021). Although CO, and CH,4 concentrations are not a direct measure of
emissions, they are the most important factor influencing the magnitude
and heterogeneity of these emissions (Morales-Pineda et al., 2014;
Paranaiba et al., 2018; Sobek et al., 2005), and therefore understating
and effectively modeling gas concentrations is key to deriving robust
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diffusive reservoir emissions. Here, we used temporal and remotely avail-
able spatial variables (Table S2) and developed spatial and temporal inte-
grated empirical models to predict CO, and CH,4 concentrations in these
three connected reservoirs. This modeling approach is key to filling in the
spatial and temporal gaps that inevitably exist in the sampling coverage
of large and heterogeneous reservoirs, especially those which, like La Ro-
maine complex, are remote and of difficult access. The models that we de-
veloped here allowed us to generate a spatially explicit cartography of CO,
and CH4 ona 30 m X 30 m grid for each of the three reservoirs, and to pro-
ject this cartography on a daily basis along the open water period and over
4 years. Beyond allowing us to explore the main drivers of gas dynamics in
these reservoirs, and to derive a robust perspective of daily average gas con-
centrations for each reservoir that effectively accounts for spatial heteroge-
neity, this modeling framework will serve as a platform to derive robust
estimates of diffusive fluxes for each of the reservoirs. In this regard, we
are currently working on modeling gas exchange (k) in these reservoirs as
a function of wind speed, reservoir location, and depth, using a database
of hundreds of chamber-based measurements carried out in these sites
(Bodmer et al. in prep). We can then overlay the resulting empirical models
of kcos and ke4 upon the same spatial grid as for the modeled concentra-
tions, run at hourly time scales using locally modeled wind, and combine
these modeled k estimates with the modeled gas concentrations. Conse-
quently, we derive a detailed cartography of diffusive CO, and CH,4 emis-
sions that accounts for both the drivers of gas concentrations and the
heterogeneity of physical forcing, and that further accounts for temporal
variability in both components. This detailed emission cartography, and
the resulting temporal patterns in GHG emissions, would be impossible to
reconstruct on the basis of propagating discrete measured seasonal mean
flux values, a challenge that is not unique to La Romaine, but that is faced
in most reservoir studies that have to make either spatial, temporal, or
most often spatial and temporal compromises (see Table S1 for examples).
This same georeferenced grid can subsequently be used to model other
components of the C footprint of the reservoirs that also have an explicit lo-
cation / morphometry dimension, such as ebullitive CH, fluxes, drawdown
effects, and plant-mediated fluxes, all at the same spatial resolution, and
within the same coherent framework. Beyond the effectiveness of this ap-
proach as a key element in determining a robust C footprint for La Romaine
reservoir complex, we propose this as a useful framework for reservoir stud-
ies in general, where access and limited resources constrain the spatial and
temporal sampling coverage in systems that are often large and highly het-
erogeneous.
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