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The contribution of artificial reservoirs to greenhouse gas (GHG) emissions has been
emphasized in previous studies. In the present study, we collected and updated data on
GHG emission rates from reservoirs at the global scale, and applied a new classification
method based on the hydrobelt concept. Our results showed that CH4 and CO2 emissions
were significantly different in the hydrobelt groups (p < 0.01), while no significant difference
was found for N2O emissions, possibly due to their limited measurements. We found that
annual GHG emissions (calculated as C or N) from global reservoirs amounted to 12.9 Tg
CH4-C, 50.8 Tg CO2-C, and 0.04 Tg N2O-N. Furthermore, GHG emissions (calculated as
CO2 equivalents) were also estimated for the 1950–2017 period based on the cumulative
number and surface area of global reservoirs in the different hydrobelts. The highest
increase rate in both the number of reservoirs and their surface area, which occurred from
1950 to the 1980s, led to an increase in GHG emissions from reservoirs. Since then, the
increase rate of reservoir construction, and hence GHG emissions, has slowed down.
Moreover, we also examined the potential impact of reservoir eutrophication on GHG
emissions and found that GHG emissions from reservoirs could increase by 40% under
conditions in which total phosphorus would double. In addition, we showed that the
characteristics of reservoirs (e.g., geographical location) and their catchments (e.g.,
surrounding terrestrial net primary production, and precipitation) may influence GHG
emissions. Overall, a major finding of our study was to provide an estimate of the
impact of large reservoirs during the 1950–2017 period, in terms of GHG emissions.
This should help anticipate future GHG emissions from reservoirs considering all reservoirs
being planned worldwide. Besides using the classification per hydrobelt and thus
reconnecting reservoirs to their watersheds, our study further emphasized the efforts
to be made regarding the measurement of GHG emissions in some hydrobelts and in
considering the growing number of reservoirs.
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INTRODUCTION

Reservoirs are important components of inland water ecosystems (together with lakes) and are
recognized as significant sources of greenhouse gases (GHG) globally (Demarty and Bastien, 2011;
Beaulieu et al., 2015, 2018; Li et al., 2018). Artificial reservoirs impounded after river damming are
distinct from natural lakes in multiple aspects (e.g., riverine nutrient inputs, flooding of terrestrial
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organic carbon, depth/water-level fluctuations, thermal
stratification, power generation, etc.) and may affect GHG
emissions (Ford and Johnson, 1986; Deemer et al., 2016;
Zamani et al., 2020). It was suggested that the flooded organic
matter and vegetation could potentially contribute to large
emissions of methane (CH4) and carbon dioxide (CO2) to
the atmosphere, especially during the first year and even
10 years after flooding (Rudd et al., 1993; Kelly et al., 1997;
Delmas et al., 2005; Tremblay, 2005). Moreover, it was
reported that carbon emissions from a tropical
hydropower plant (in Brazil) could reach four times the
carbon emissions from a comparable fossil fuel station
during the first 10 years (Fearnside, 1995, 2006). On the
other hand, studies have pointed out that carbon
emissions from reservoirs may be overestimated (Rosa
et al., 2004, 2006). Regarding nitrous oxide (N2O), we can
expect important emissions in reservoirs enriched with
nitrogen (N), especially in the form of nitrate (N-NO3),
which is known to be denitrified in stagnant systems
(Beaulieu et al., 2015; Yan et al., 2021). Previous research
also showed that there can be substantial GHG emissions
downstream of tropical hydroelectric reservoirs (Abril et al.,
2005; Kosten et al., 2010). Even without these downstream
emissions, however, it is undeniable that the impact of
reservoirs on global GHG emissions is significant (Giles,
2006).

To date, there are a number of studies available that have
estimated the contribution of reservoirs to GHG emissions.
The first global estimation of GHG emissions from reservoirs
was proposed by St. Louis et al. (2000), who reported that
reservoirs have a potentially large impact on global GHG
emissions, with a value of 55 Tg CH4-C and 270 Tg CO2-C
per year. Several studies followed, aiming to quantify the
GHG emissions from reservoirs, and provided global and
regional estimations. Among them, three global estimations
indicated that GHG emissions from worldwide reservoirs
ranged from 13.4 to 55 Tg CH4-C per year, 36.8 to 270 Tg
CO2-C per year, and 0.03 to 0.07 Tg N2O-N per year,
respectively (St. Louis et al., 2000; Bastviken et al., 2011;
Deemer et al., 2016; Maavara et al., 2019). In addition, GHG
emissions from global hydroelectric reservoirs (comprising
approximately 20% of all reservoirs) were also estimated,
with values ranging from 3 to 7.3 Tg CH4-C per year and 48
to 76 Tg CO2-C per year (Barros et al., 2011; Hertwich,
2013).

Current estimations have focused mainly on the magnitude of
GHG emissions from global reservoirs at present, which were
calculated from the average GHG emission rates with respect to
their surface area (e.g., Barros et al., 2011; Deemer et al., 2016).
However, the contribution of global reservoirs to GHG emissions
should be varied with time due to the global surges of reservoir
construction since the 1950s (Lehner et al., 2011), the topic is a
highly instructive but still underexplored. In this study, we
analyzed the GHG emissions of dammed reservoirs going back
in time, and aimed to provide implications for future GHG
emissions from reservoirs under the context of the continuous
dam constructions in the next decades (Zarfl et al., 2015). In

addition, we applied a more appropriate classification method for
global reservoirs based on hydrobelt concept proposed by
Meybeck et al. (2013), which considering the fundamental
heterogeneity of hydroclimates and natural boundaries of
river basins, including reservoirs. Compared to other
latitude-based classification methods (e.g., Barros et al.,
2011), hydrobelt divisions are more conceptually adapted,
and our methodology as a whole is expected to provide a new
frame for analyzing the spatial patterns of GHG emissions
from global reservoirs.

METHODS

Data Collection From the Literature
We collected data on GHG emissions from the literature (Barros
et al., 2011; Hertwich, 2013; Deemer et al., 2016), and the latest
measurements of the GHG emissions from reservoirs were also
added based on published papers (e.g., Almeida et al., 2016;
Bevelhimer et al., 2016; Jiang et al., 2017; Li et al., 2018), in
particular those from North and South America and Asia.
The reservoirs in our dataset are mostly distributed in North
and South America, Europe, and Asia, but they are limited in
Africa (Figure 1); the records of GHG emissions are from
1988 to 2018. Data on GHG emissions and the reservoir-
related parameters (e.g., water quality, reservoir morphology,
location, precipitation in the catchment, and usage) were
gathered from these studies. Among the 289 records in the
gathered dataset presented in (Supplementary Table S1, for
234 reservoirs, some of them were investigated at several
stations), 170, 257, and 60 observations were collected for the
CH4, CO2, and N2O fluxes, respectively.

Classification of Global Reservoirs
The present classification method contains eight hydrobelts
(excluding Greenland): boreal belt (BOR), north and south
mid-latitude belts (NML and SML), north and south
subtropical belts (NST and SST), north and south dry belts
(NDR and SDR), and equatorial belt (EQT). As shown in
Figure 1, this hydrobelt classification method also infers global
climatic zones. This climatic zone approach was explored in
parallel using climatic zones simply referenced from their
latitudes (tropical: 0°–20°; subtropical: 20°–30°; temperate:
30°–50° and boreal: > 50°). Compared to the classification of
different climatic zones, the hydrobelt concept contains much
more information, as it considers the fundamental heterogeneity
of hydroclimates and natural boundaries of river basins (Meybeck
et al., 2013). The classifications of hydrobelts and climatic groups
were determined using a geographic information system (GIS;
ArcGis 10.5), and the Kruskal–Wallis nonparametric test was
used to identify the differences in GHG fluxes between the
different groups mentioned above using R language, version 3.5.1.

According to the amounts of GHG emissions reported in the
gathered dataset, we finally compared the differences in CH4 and
CO2 fluxes in five hydrobelt groups (BOR, NML, NDR_NST,
EQT, and SST_SDR_SML), while three hydrobelt groups were
used for N2O fluxes (BOR, NML, and Others).
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Estimating Present and Long-Term
Evolution of Greenhouse Gas Emissions at
the Global Scale
In order to generalize the GHG emissions documented from
the literature, we used the Global Reservoir and Dam
Database (GRanD, v. 1.3, http://globaldamwatch.org/grand/),
which selected 7,320 reservoirs and their respective surface
area (3.6 × 105 km2) (with a storage capacity of >0.1 km3).

The regulated natural lakes Victoria, Baikal, and Ontario,
totaling 0.12 × 106 km2, in the original GRanD database
census were excluded from our estimate of GHG emissions
from reservoirs. The average areal GHG fluxes were derived
from the reclassified hydrobelt groups based on the results of
the Kruskal–Wallis nonparametric test (see above) and were then
multiplied by the corresponding reservoir surface area in each
hydrobelt group. Finally, the total GHG emissions from global

FIGURE 1 | Distribution of reservoirs analyzed for GHG emissions and related parameters. The hydrobelt classification was referenced from Meybeck et al. (2013).

FIGURE 2 |Relationship between total CH4 flux (diffusive and ebullitive) and diffusive flux. This relationship was derived on the basis of the dataset of DelSontro et al.
(2018), i.e., 96 records, and that of Deemer et al. (2016), i.e., 50 records.
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reservoirs were obtained by summing up the GHG emissions in
different hydrobelt groups. In addition, the evolution of GHG
emissions in the different hydrobelts [expressed as CO2

Equivalent (Eq) taking a 100-years global warming potential of
25 and 298 for CH4 and N2O, respectively] was traced back to
1950 from the dates of dam construction documented in the
GRanD database (v. 1.3).

The ebullition of CH4 is considered an important component of
CH4 emissions from lakes and reservoirs; however, this pathway is
not usually measured. There were 50 records of CH4 diffusion and
associated ebullition in the dataset of Deemer et al. (2016). In order
to derive more records of total CH4 emission, we also used the
dataset of DelSontro et al. (2018), i.e., 96 pairs of data from lakes
and reservoirs, and established a relationship between the total
CH4 emission and diffusive CH4 emission for global lakes and
reservoirs (Figure 2, p < 0.01, n � 146). Thereby, we were able to
complete the missing CH4 ebullition emissions in our dataset
(Supplementary Table S1) using this relationship, leading to
total CH4 emissions for 33, 68, 31, and 38 records (vs 9, 28, 11,
and 27 records in Deemer et al., 2016)) in boreal, temperate,
subtropical, and tropical zones, respectively. Therefore, our
collected dataset contained more total CH4 emissions than
previous studies (∼2.3 times more than in Deemer et al. (2016)).

To evaluate the long-term evolution of GHG emissions from
global reservoirs since 1950, we computed the cumulative
number and surface area of reservoirs in the eight
aforementioned hydrobelts. The average GHG fluxes were
multiplied by the total reservoir surface area in each hydrobelt
group, resulting in total GHG emissions per hydrobelt.

In addition, previous studies have described the impact of
eutrophication on GHG emissions from inland waters (e.g.,

DelSontro et al., 2018; Beaulieu et al., 2019). Herein, we also
considered the potential impact of reservoir eutrophication on
GHG emissions based on the regression equations from
DelSontro et al. (2018) (see Supplementary Table S2). On the
basis of these equations, we assumed different total phosphorus
(TP) concentrations in the reservoirs linking GHG emissions and
TP, i.e., the current concentrations with multiplication factors
×0.5, ×0.75, ×0.10, ×1.5, ×2.0, referenced in Beaulieu et al. (2019).
Next, the newly calculated areal GHG emissions were multiplied
by the total surface area corresponding to each hydrobelt, and the
annual total GHG emissions from global reservoirs were derived
from the sum of GHG emissions in each hydrobelt
(Supplementary Table S2).

RESULTS

Greenhouse Gas Fluxes From Reservoirs in
Different Hydrobelt Groups
The patterns of GHG fluxes in different hydrobelt groups and
climatic zones are shown in Figure 3. Average CH4 fluxes were
high in the EQT and SST_SDR_SML hydrobelt groups
(Figure 3A), with values (mean ± SE) of 380.3 ± 145.4 mg
CH4-C m−2 d−1 and 165.8 ± 48.6 mg CH4-C m−2 d−1,
respectively. The mean CO2 fluxes also showed similar
patterns, with the highest value (1,257.9 ± 221.1 mg CO2-C
m−2 d−1) in the EQT hydrobelt (Figure 3B). Lower average
N2O fluxes were found in the BOR and NML hydrobelts, with
values of 0.05 ± 0.01 mg N2O-N m−2 d−1 and 0.16 ± 0.05 mg
N2O-Nm−2 d−1, respectively (Figure 3C). In terms of the patterns
of GHG fluxes in different climatic zones, the highest GHG fluxes

FIGURE 3 | GHG fluxes from reservoirs for different hydrobelt groups (A,B,C) and climatic zones (D,E,F) for CH4, CO2, and N2O (from top to bottom). For the
hydrobelt classification, SST_SDR_SML is the combination of GHG fluxes in the SST (south subtropical), SDR (south dry), and SML belts (south mid-latitude); EQT
(equatorial belt); NDR_NST (north dry and north subtropical); NML (north mid-latitude) and BOR (boreal belt).
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were generally found in the tropical zone (Figures 2D–F). At the
global scale, average fluxes of CH4, CO2, and N2O were 125.7 ±
21.2 mg CH4-C m−2 d−1, 415.7 ± 36.0 mg CO2-C m−2 d−1, and
0.28 ± 0.11 mg N2O-N m−2 d−1, respectively.

According to the data collected in our study, all the reservoirs
were sources of CH4, with the diffusive flux ranging from 0.07 to
1,140.0 mgCH4-Cm−2 d−1 (from 31.8 to 3,027.3 mgCH4-Cm−2 d−1

for the total fluxes calculated). Whereas 86% of the reservoirs were a
source of CO2, with emission rates varying from 0.3 to 3,800.0 mg
CO2-C m−2 d−1, 14% of the reservoirs were sinks for CO2 (with the
flux ranging from−0.3 to−356.0 mgCO2-Cm−2 d−1). ForN2O, 91%
of the reservoirs were sources, with fluxes fluctuating from 0.0 to
5.77mg N2O-N m−2 d−1.

Global Estimates of Greenhouse Gas
Emissions From Reservoirs
The results of the nonparametric Kruskal–Wallis test showed
significant differences in CH4 and CO2 areal fluxes between the
BOR, EQT, and SST_SDR_SML hydrobelt groups (p < 0.01),
while no significant difference was found in the NML and
NDR_NST hydrobelts. Therefore, four hydrobelt groups (BOR,
EQT, SST_SDR_SML, and NML_NDR_NST) were reclassified
for the global estimation (Table 1). The results of a
Kruskal–Wallis test for N2O emissions did not show any
significant difference between hydrobelts owing to the limited
measurements in the present dataset, and N2O emissions were
thus considered as a whole (Table 1).

Globally, annual GHG emissions from reservoirs were
approximately 12.9 Tg CH4-C, 50.8 Tg CO2-C, and 0.04 Tg
N2O-N (Table 1). In terms of CO2 Eq, reservoirs in BOR,
NML, EQT, and SST contribute the majority of GHG
emissions (more than 80%). The highest annual GHG
emissions were found in the NML hydrobelt, at 171.9 Tg CO2

Eq per year, followed by the BOR (148.3 Tg CO2 Eq per year),
EQT (119.7 Tg CO2 Eq per year), and SST (91.6 Tg CO2 Eq per

year) hydrobelts. However, GHG emissions from reservoirs in the
SDR and SML hydrobelts were lower, at 9.7 and 15.9 Tg CO2 Eq
per year, respectively.

Statistical Analysis of Factors Influencing
Greenhouse Gas Fluxes From Reservoirs
Based on the data collected here, the relationships between
GHG fluxes and the characteristics of the reservoir
watersheds revealed that there was a significant linear
relationship between CH4 and CO2 fluxes and the
surrounding terrestrial net primary production (NPP) and
precipitation (Figure 4, p < 0.01), although the rather low
variation coefficient indicated that other factors can influence
GHG emissions. N2O fluxes had no significant relationship
with NPP. We also analyzed the impact of the reservoir age
and residence time on GHG emissions. Surprisingly, we
found no significant relationship between GHG emissions
and the age and residence time of reservoirs (p > 0.05), in
contrast to results from previous studies of hydroelectric
reservoirs.

Estimating Long-Term CO2 Eq Emissions
From Global Reservoirs
A prerequisite for the estimation of long-term GHG emissions
was to calculate the cumulative reservoir number and surface area
(Figure 5). Thus, GHG emissions (expressed as CO2 Eq) were
calculated for the period 1950–2017 for different hydrobelts.
Here, we used the averaged GHG fluxes in each hydrobelt
group in agreement with the above analysis (see Global
Estimates of Greenhouse Gas Emissions From Reservoirs
Section). In the GRanD database, there are 357 reservoirs with
unknown construction date, with a total surface area of
7,849 km2, representing 2.2% of the actual total surface area of
global reservoirs taken into account in our evaluation. Hence,

TABLE 1 | Global estimation of GHG emissions from freshwater ecosystems.

Ecosystem type Number of
documented

measurements

Global
surface
area

(× 106 km2)

C or N emissions
(Tg per year)

CO2 equivalents
(Tg CO2 Eq per year)

References

CH4 CO2 N2O CH4 CO2 N2O

Hydroelectric
reservoirs

85 0.34 3 48 — 100 176 — Barros et al. (2011)

Hydroelectric
reservoirs

154 0.33 7.3 76 — 243.3 278.7 — Hertwich, (2013)

All reservoirs 22 1.50 55 270 — 1833.3 990 — Louis et al. (2000)
All reservoirs 11 0.50 20 — — 666.7 — — Bastviken et al. (2011)
All reservoirs 264 0.31 13.4 36.8 0.03 446.7 134.9 14.0 Deemer et al. (2016)
All reservoirs — — — — 0.04–0.07 — — 18.7–32.8 Maavara et al. (2019)
All reservoirs 289 0.36 12.9 50.8 0.04 431.9 186.5 17.3 This study
Lakes — 3.7–4.5 53.7 292 — 1790 1,071 — Bastviken et al. (2011), Raymond

et al. (2013)
Rivers — 0.4–0.7 1.1 1800 — 37.7 6,600 — Bastviken et al. (2011), Raymond

et al. (2013)
Small ponds — 0.2–0.9 12 571 — 400 2094 — Holgerson and Raymond, (2016)

Note: The CO2 equivalents were calculated by multiplying the mass-based flux (in units of Tg CH4, CO2 or N2O per year) by the 100-years global warming potential of each gas, 25 for CH4

and 298 for N2O. The global surface area in this table is the total surface area that was referenced by related studies.
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these reservoirs were not included in the cumulative number,
surface area, and evolution of CO2 Eq emissions.

Regarding the cumulative number and the surface area of the
reservoirs, the highest increase rate occurred from 1950 to the
1980s, after which the increase rate slowed down (Figures 5A,B).

In terms of cumulative reservoir numbers in different hydrobelts,
the NML hydrobelt has the largest number of reservoirs,
representing nearly 62% of the current global count. For
cumulative surface area, the reservoirs located in the NML
made up the largest value followed by the BOR hydrobelt, and

FIGURE 4 | Linear regressions for the relationships between CH4 and CO2, and terrestrial net primary production (NPP) and precipitation in the reservoir
catchments.

FIGURE 5 | Long-term evolution of global reservoir surface area (A), numbers (B), estimated GHG emissions in different hydrobelts [(C), black dotted line
represents the total CO2 Eq], and GHG emissions calculated from global reservoirs under different TP concentrations (D).
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the total surface area of these two hydrobelts represents 66% of
the global reservoir area. When combining surface area with total
number, the reservoirs located in the BOR hydrobelts are large
(average area per reservoir is ca. 372 km2, much higher than that
in other hydrobelts averaging 38 km2 per reservoir). In terms of
the evolution of CO2 Eq in different hydrobelts, reservoirs located
in the BOR and NML hydrobelts contribute more to the total
amount of annual CO2 Eq (Figure 5C). Although the total surface
area in EQT and SST is relatively small, attention should be paid
to their relatively higher GHG emission rates, especially of CH4

and CO2 (Figure 5C).
The potential impact of reservoir eutrophication on GHG

emissions was also considered in the long-term evolution of GHG
emissions from global reservoirs. The GHG emissions calculated
from reservoirs could increase by 1.4-fold as the TP concentration
increases twofold (Figure 5D). However, it should be noted that
we assumed a constant GHG flux under each TP concentration
when evaluating the impact of eutrophication on GHG emissions,
despite the fact that the trophic state of reservoirs could change
during this long-term period. We tested the role of TP
concentration in order to provide a realistic envelope to the
current GHG emission values applied to the whole period.
Various trajectories in GHG emissions can be drawn in this
range, and we can assume that values during 1980–2000, a period
with significant eutrophication, might have been higher than the
present ones thanks to increasing national regulations in many
countries.

DISCUSSION

In this study, we summarized the estimates of GHG emissions
from global reservoirs (Table 1). We used a new functional
classification by hydrobelts elaborated for world river basins
(Meybeck et al., 2013). Besides taking into account the
watershed as an impluvium for water collection, this
classification also considers the hydroclimate zones. To date,
there have been two estimates from global hydroelectric
reservoirs, and three from all types of reservoirs. However, the
estimates differ from each other. For hydroelectric reservoirs,
estimates by Hertwich (2013) (522 Tg CO2 Eq) were twice as high
as those by Barros et al. (2011) (276 Tg CO2 Eq). For all
reservoirs, the results estimated by St. Louis et al. (2000) were
the highest; the amount of CH4-C and CO2-C emissions (55 Tg
CH4-C and 270 Tg CO2-C) was three and eight times higher,
respectively, than that estimated by others [Bastviken et al. (2011)
for CH4 only and Deemer et al. (2016) for the three gases]. Here,
we estimated the annual GHG emissions from global reservoirs as
635.4 Tg CO2 Eq based on a new classification method, and our
estimations are close to those of Deemer et al. (2016). Although
there are some differences between each estimation, it can be
acknowledged that GHG emissions from global reservoirs should
not be neglected, especially because the number of reservoirs
could increase further for water resource management (Zarfl
et al., 2015) and hydropower production (Muller, 2019).
However, we propose that GHG emissions from reservoirs
need future research efforts due to their large spatiotemporal

variations, i.e., conducting more field measurements of GHG
emissions from reservoirs worldwide (e.g., diffusive/ebullitive
fluxes from surface water, as well as downstream degassing
covering seasonal scale) and in the long term so as to establish
the impact of the trophic state of reservoirs on GHG emissions
(DelSontro et al., 2018; Beaulieu et al., 2019). For such a
worldwide effort, installing continuous measurement systems
for monitoring of GHG emissions would be appreciated
(Gerardo-Nieto et al., 2019).

Uncertainties and Challenges in Estimating
Total Greenhouse Gas Emissions From
Reservoirs
Indeed, there is still uncertainty regarding the estimation of GHG
emissions at the global scale due to the numerous interacting
factors. First, the total surface area of global reservoirs varies from
0.26 × 106 to 1.5 × 106 km2 (St. Louis et al., 2000; Downing et al.,
2006). Based on the Global Reservoir and Dam Database
(GRanD, v. 1.1), Lehner et al. (2011) estimated that reservoirs
with more than 0.1 km3 storage capacity cover 0.3 × 106 km2

(excluding regulated natural lakes, see Estimating Present and
Long-Term Evolution of Greenhouse Gas Emissions at the Global
Scale Section), which was considered a reliable area of global
reservoirs (Li and Lu, 2012), and was also used by Bastviken et al.
(2011) and Deemer et al. (2016). In the present study, 0.36 ×
106 km2 of reservoir surface area was used based on the updated
database (GranD, v. 1.3), which adds new dams and reservoirs
that were built between 2000 and 2016. In other words, reservoirs
currently under construction (and planned) also affect GHG
emissions (Zarfl et al., 2015). Not surprisingly, the different
total areas used by various studies are therefore one of the
important reasons for the variations in the GHG estimation
results, i.e., St. Louis et al. (2000) estimated the highest GHG
emissions from global reservoirs with a surface area of 1.5 ×
106 km2. Also, the more GHG measurements in reservoirs are
collected, the more robust global estimations will be obtained.
While we 1) expanded the dataset provided by Deemer et al.
(2016) by ∼10%, 2) completed the gap in ebullitive CH4 emissions
(by elaborating a new relationship from the DelSonto et al. (2018)
and Deemer et al. (2016) datasets), and 3) used a classification
that is conceptually fully adapted to reservoirs (hydrobelts;
Meybeck et al., 2013), we obtained comparable GHG
estimations (Table 1).

CH4 pathways also act as a major source of variation when
estimating total GHG emissions from reservoirs, especially for
ebullitive CH4 flux, which has been described as being rather
stochastic with high spatial and temporal heterogeneity
(Delsontro et al., 2011, 2015; Deemer et al., 2016). Therefore,
ebullitive CH4 flux was reported to be highly unpredictable and
would greatly limit accurate estimations of CH4 emissions from
reservoirs (Prairie et al., 2018), while CH4 ebullition was found to
vary more temporally than spatially (Linkhorst et al., 2020). We
have also emphasized the scarcity of data on N2O emissions (1/3
and ¼ of CH4 and CO2 records, respectively). Moreover, much
more research is required to assess the potential importance of
downstream GHG emissions, which may constitute an important

Frontiers in Environmental Science | www.frontiersin.org July 2021 | Volume 9 | Article 7054777

Yan et al. Long-Term Evolution of GHG From Reservoirs

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


pathway of GHG release to the atmosphere. Such a mechanism,
however, remains poorly studied (Abril et al., 2005).

Influencing Factors of Greenhouse Gas
Emissions From Reservoirs
Existing studies suggest that the influencing factors of GHG
emissions from reservoirs are multifaceted. CH4 and CO2

fluxes from hydroelectric reservoirs declined with age (Barros
et al., 2011). We also attempted to analyze the correlations
between GHG flux and reservoir age on the basis of our
dataset. Unfortunately, no significant correlation was found
between GHG flux and reservoir age (p > 0.05), partly because
the reservoirs in our dataset are used not only for hydroelectric
energy but also for flooding control, water supply, as well as
irrigation (Supplementary Table S1). It has been reported that
reservoir age affects GHG fluxes, probably due to flooded
vegetation and/or organic matter accumulation after
impoundment, which provides a large amount of substrate for
GHG production, especially in hydroelectric reservoirs (Abril
et al., 2005; Bastien, 2011; Teodoru et al., 2012; Maeck et al.,
2013). Labile organic carbon (e.g., leaves and litter from the edge
and internal primary production) should be mineralized at a
higher rate than recalcitrant organic carbon (e.g., trees and soil
carbon after impoundment) (Kelly et al., 1997). Furthermore, it
was also suggested that CH4 formation can be predicted from
sediment age in tropical reservoirs (Isidorova et al., 2019).

Residence time is also a factor that has a significant effect on
physical and biological processes (Hutchinson and Loffler, 1956;
Straškraba et al., 1993; Loffier, 2004). Previous studies indicated
that reservoir residence time not only affects CH4 flux (Delmas
et al., 2001; Abril et al., 2005), but also kinetically limits the extent
of denitrification and nitrification in water bodies, and thus N2O
flux (Seitzinger et al., 2006; Maavara et al., 2019). However, based
on our compilation data, GHG emissions did not appear to be
influenced by residence time (p > 0.05). A possible explanation is
that the biological processes participating in the gas production in
reservoirs can be controlled by multiple factors, among those, the
effect of residence time may be offset. In other words, we should
be cautious when estimating GHG emissions from global
reservoirs using residence time only.

In addition to the aforementioned intrinsic characteristics of
reservoirs, we found a positive relationship between their
catchment characteristics and GHG flux (Figure 4, terrestrial
NPP and precipitation vs CH4 and CO2 emissions). Indeed,
precipitation can flush terrestrial carbon and other elements
such as nutrients into reservoir waters and affect CO2 and
CH4 emissions (Rantakari and Kortelainen, 2005). Maberly
et al. (2013) also indicated that catchment productivity plays
an important role in controlling CO2 emissions from lakes. These
two relationships reinforce the strong link found between inland
water bodies, their catchments, and GHG emissions (Cole et al.,
2007). Moreover, we also aimed to explore the impact of the
trophic state of reservoirs (different TP concentrations) on GHG
emissions (Figure 2, and Supplementary Table S2), and our
results indicate that eutrophication can potentially enhance GHG
emissions from reservoirs (Beaulieu et al., 2019). The relationship

between GHG emissions and trophic state has been widely
investigated in different aquatic ecosystems; however,
different conclusions have been drawn (Gu et al., 2011;
Trolle et al., 2012; Knoll et al., 2013; Pacheco et al., 2014;
Almeida et al., 2016). Overall, GHGs are produced by related
biogeochemical processes, which could be impacted by the
characteristics of reservoirs (e.g., temperature, depth,
thermal stratification, and trophic status) and their
catchments (land use, terrestrial net primary production,
and human activities), and therefore complicate the
identification of influencing factors at a large scale.

Long-Term Greenhouse Gas Emissions
From Reservoirs
Based on the GRanD database in the long term and on our own
approach for estimating the GHG emissions by hydrobelts, we
have identified two periods of GHG emissions: from 1950 to the
1980s (period I), and from the 1980s to the present (period II).
Period I corresponds to post-WorldWar II. In these 3 decades the
world population doubled (2.5 vs Five billion people in 1950
and 1980, respectively, https://ourworldindata.org/world-
population-growth), requiring modernization (e.g.,
industries, agriculture) to meet society’s basic needs but
also the demand for more wellbeing (domestic goods,
household equipment). Although this period of continuous
growth was characterized by cheap fossil energy (Dyer and
Desjardins, 2009), most of the reservoirs were constructed for
water irrigation, drinking water production, health and
personal hygiene, and for producing energy to power this
modernization. All these factors determine the existing
distribution patterns of global reservoirs, including their
number as well as their surface area. For period II,
although the world population increased at the same rate
(7.5 billion in 2015), the construction of reservoirs slowed
down. However, the surface area of reservoirs globally will
still increase in the next 10–20 years, due to the 3,700
hydropower dams that were either planned or are under
construction, which may contribute to an additional
280–1,100 Tg CO2 and 10–40 Tg CH4 (Zarfl et al., 2015)
in GHGs.

Indeed, it is difficult to analyze the impacts of potential
changes in the reservoirs (e.g., direct inputs, water
management) and their watershed (e.g., land use, climate) on
GHG emissions. These changes were not considered in our
estimates of the long-term evolution of GHG emissions at the
global scale. However, this would not modify the general trend of
GHG emissions—i.e., a strong increase during period I, with
fluxes reaching a plateau in period II—but values could be over-
or underestimated. For example, previous results have indicated
that land use change associated with catchment productivity
affects CO2 emissions from lakes and reservoirs (Maberly
et al., 2013; Junger et al., 2019). As mentioned earlier,
eutrophication is a common feature of reservoirs (Gunkel,
2009), often increasing CH4 emissions (Beaulieu et al., 2019),
and eutrophication of reservoirs could be further amplified by
future climate change (Sinha et al., 2017). However, in many
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countries where sanitation has been (or is being) improved,
eutrophication can be alleviated (e.g., Lake Biwa, Japan; Hsieh
et al., 2011). Therefore, management agencies should implement
effective measures for better control of the trophic state of inland
water, not only to improve water quality, but also to reduce GHG
emissions (Li et al., 2021).

CONCLUSION

In this study, a novel classificationmethod based on the hydrobelt
concept was used to estimate GHG emissions from global
reservoirs. Based on the dataset gathered from reservoirs at
the global scale from the literature and from new data that we
have added, we estimated that annual GHG emissions were
approximately 12.9 Tg CH4-C, 50.8 Tg CO2-C, and 0.04 Tg
N2O-N. In terms of total carbon emissions (CH4-C and
N2O-N, calculated as CO2 eq), annual carbon emissions from
global reservoirs amount to 2.3% of total carbon emissions from
inland freshwaters. Areal fluxes of CH4 and CO2 showed
significant differences within hydrobelts, a spatial pattern that
should be taken into account when estimating the amount of
GHG emissions from global reservoirs. In addition, the
characteristics of reservoirs (e.g., geographical location) and
their catchments (e.g., surrounding terrestrial NPP, and
precipitation) may influence GHG emissions. Our results
showed that updating the number of GHG measurements and
the surface area of all impounded reservoirs, including small
reservoirs not documented in the database and all those being
planned, would help anticipate future GHG emissions from
reservoirs. Tracing back the GHG emissions of reservoirs,
albeit by simply linking the long-term change of the reservoir
surface areas with the present areal GHG emissions, provides
a trend of these global “new” emissions from reservoirs and
allows us to anticipate their future impact with further
impoundments.
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