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Abstract: In the modern era, due to urbanization, industrialization, and anthropogenic activities in
the catchment, greenhouse gas (GHG; CO2, CH4, and N2O) emissions from freshwater ecosystems
received scientific attention because of global warming and future climate impacts. A developing
country such as India contributes a huge share (4% of global) of GHGs from its freshwater ecosystems
(e.g., rivers, lakes, reservoirs) to the atmosphere. This is the first comprehensive review dealing with
the GHG emissions from Indian freshwater bodies. Literature reveals that the majority of GHG from
India is emitted from its inland water, with 19% of CH4 flux and 56% of CO2 flux. A large part of
India’s gross domestic product (GDP) is manipulated by its rivers. As a matter of fact, 117.8 Tg
CO2 year−1 of CO2 is released from its major riverine waters. The potential of GHG emissions from
hydropower reservoirs varies between 11–52.9% (mainly CH4 and CO2) because of spatio-temporal
variability in the GHG emissions. A significant contribution was also reported from urban lakes,
wetlands, and other inland waters. Being a subtropical country, India is one of the global GHG
hotspots, having the highest ratio (GHG: GDP) of 1301.79. However, a large portion of India’s
freshwater has not been considered yet, and there is a need to account for precise regional carbon
budgets. Therefore, in this review, GHG emissions from India’s freshwater bodies, drivers behind
GHG emissions (e.g., pH, mean depth, dissolved oxygen, and nutrients), and long-term climatic
risks are thoroughly reviewed. Besides research gaps, future directions and mitigation measures
are being suggested to provide useful insight into the carbon dynamics (sink/source) and control of
GHG emissions.

Keywords: greenhouse gases; freshwater ecosystems; rivers; reservoirs; lakes

1. Introduction

India is the 3rd highest emitter of greenhouse gases (GHGs) among the top ten emit-
ting countries with the highest gross domestic production (GDP) worldwide [1]. Being
a developing country, India is still in unprecedented progress toward the growth of its
economy, urbanization, and industrialization. The increasing GHGs emission has simulta-
neously amplified the consequences of global climate change. One of the most deliberate
impacts of the increased concentration of GHGs (particularly CO2) is the increase in mean
global temperature. During the 20th century, the Earth’s average temperature increased
by 0.6 ± 0.12 ◦C and is expected to increase by 1.5–5.8 ◦C by the end of the twenty-first
century [2]. Perhaps, weather extremities such as cyclones, hurricanes, floods, and drought
are more frequent. The sixth report of the IPCC has indicated that anthropogenic impacts
are one of the major influences behind the acceleration of climate change and extreme
events leading to sea level rise and snowcap melting [3]. Similar is the case of India, where
IPCC [4] predicted that in the future, India would experience more weather extremities,
such as heat waves, floods, cyclones, drought, etc. Studies have found that carbon dioxide
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(CO2) is additive, and every ton of it is warming the planet. The IEA [5] reported that CO2
emissions would increase by 1.4%, approximately 30 million tonnes (MT), in India to meet
the rising electricity demand in 2021, which was three times greater than in 2019. Adoption
of aggressive strategies to lower the present value (~413 ppm) of CO2 in the atmosphere [6]
and mitigate climate change is not enough to restrict the planet from getting warm till
2050 [3,4].

India’s GDP increased by 357%, while its contribution to GHG emissions climbed
by 180% (between 1990 and 2019) [7,8]. The major sectors for GHG emissions in India
are energy manufacturers, agriculture, industrial process, waste, land use changes, and
forestry, among others. A large share of anthropogenic emissions in India is contributed by
the major GHGs, especially carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O).
Nevertheless, a sector is unidentified as a potential contributor to GHGs in India’s tally.

With 16% of the world’s population, India has 4% of the global freshwater resources [9].
The Asian Development Research Institute (ADRI) has revealed that only 12 major rivers
in India cover about 253 million hectares (mha) of the catchment area, whereas the Ganga-
Brahmaputra-Meghna systems cover 43% of the mentioned areas [10,11]. Other than rivers,
other inland water resources comprise lakes, ponds, reservoirs, beels, oxbow lakes, derelict
water, and brackish water, covering about 7 mha of catchment areas [11]. West Bengal,
Orissa, Andhra Pradesh, Gujarat, and Karnataka have 50% of these inland waters dis-
tributed unevenly among them [12]. A significant portion of India experiences tropical
climates which are highly suitable for agriculture. As a result, ~91% of total freshwater
withdrawal is utilized for agricultural practices, followed by industries (4%) and munic-
ipalities (3%) [13]. Therefore, most water supplies to these sectors are accomplished by
surface waters. Consequently, these freshwater ecosystems and their associates release a
fair amount of GHGs into the atmosphere. The freshwater ecosystems receive both the
organic (e.g., dissolved organic carbon and particulate organic carbon) and inorganic (e.g.,
dissolved inorganic carbon) forms of carbon and convert one species to another. Some
species will be released into the atmosphere, some will be buried in the sediment, and
a few will be transferred downstream [14]. The species affect the function of freshwater
ecosystems and contribute to subsequent GHGs emissions by providing food sources to
the heterotrophic microbes. The major contributors of GHGs such as CO2 and CH4 but
N2O are found to be very low instead high nitrogen loading from inland water such as
natural lakes, artificial reservoirs, hydropower reservoirs, and wetlands [15–18]. Natural
lakes and reservoirs can offset a significant amount of GHGs sequestered by terrestrial
ecosystems [19,20]. On the other hand, India being a developing country, the increasing
number of dams and hydropower industries is enough to gradually offset a valuable frac-
tion of carbon sequestered in fossil fuels [16,21]. Knowing the potential of GHGs is very
important for anticipating how much and how fast the climate will change in the present
and the future. Therefore, there is an urgent need to quantify the emission from different
sources and improve understanding of these gases from freshwater bodies to develop
mitigation strategies to reduce the adverse impacts of future climate change. Previously
studies have only concentrated on North America and Europe. Hence, there is a need to
picture the GHG emissions in developing countries such as India and China to correctly
quantify the carbon budget [20,22]. Due to limited information resources, the freshwater
ecosystems of India involving the inland waters, rivers, wetlands and hydropower sectors,
etc., remain unexplored. In this comprehensive review, we try to outline the extensive
work on quantification of GHG emissions from the freshwater ecosystems of the Indian
subcontinent. The work has been summarized in different sections that include green-
house gas emissions from freshwater systems, factors affecting GHGs emissions, the role of
eutrophication in GHG emissions, analytical techniques to measure GHG emission from
freshwater ecosystems (methods of estimation), dynamics of GHG emissions from India’s
freshwater ecosystems, impact on climate change and global warming, uncertainty and
limitations of GHGs measurements, and strategies and policy considerations for reducing
GHGs emissions, etc.
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2. Greenhouse Gas Emissions from Freshwater Ecosystems

GHGs released into the atmosphere drive global climate change at a very fast rate.
India is the third largest CO2 emitter in the world (Table 1), with a 5.2% increase in the
emission rate [23]. In 2018, India contributed ~7% of the world’s total GHG emissions [1].
The country’s freshwater systems are considered important sites for active carbon process-
ing and transporting. The natural lakes, reservoirs, and other surface waters are globally
significant emitters of some important GHGs such as CH4, N2O, and CO2. An accurate
estimation of fluxes of the GHGs is necessary to understand the global carbon budget [24].
GHG emissions from the world’s top 10 countries with the highest GDPs [1,23,25] are
depicted in Table 1.

Table 1. Country-wise total greenhouse emissions and gross domestic production.

Country
Total GHG

Emissions (Kt of
CO2 Equivalent)

Gross Domestic
Production

(GDP) (Billions of $)

Ratios
(GHG: GDP)

China 12,355,240 15,222.16 811.66
United States of America 6,023,620 20,807.27 289.50

India 3,374,990 2592.58 1301.79
Japan 1,186,770 4910.58 241.68

Germany 806,090 3780.55 213.22
Canada 724,930 1600.26 453.01

South Korea 718,880 1586.79 453.04
United Kingdom 452,080 2638.30 171.35

France 423,350 2551.45 165.93
Italy 399,600 1848.22 216.21

In general, aerobic and anaerobic organic matter degradation contribute to CO2 and
CH4, respectively, in freshwater ecosystems, and N2O is produced via microbial mecha-
nisms of nitrification and denitrification [18,26]. The major pathways [18,27] include (i) the
diffusion–emission method at the air-water surface. (ii) Emissions from shallow zones
of reservoirs, lakes, and rivers via bubbling, although hydropower reservoirs have two
additional pathways of GHG emissions such as downstream emissions (50–100 m) and
degassing emissions at the downstream turbines and spillways. Besides, GHG scans are
released into the atmosphere through plant-mediated transport [28]. GHGs produced in
the sediments release directly to the atmosphere via the stems of the emergent or transpi-
ration stream of plants [29]. All the pathways greatly influence the GHGs emission from
freshwater.

2.1. Factors Affecting GHGs Emission

These pathways of GHGs emissions are manipulated by a couple of composite factors
that can either accelerate (+) GHG emissions or reduce (−) emissions. Such factors affecting
the GHG emissions in freshwater ecosystems include (a) secondary parameters: water
parameters (dissolved oxygen (DO), the presence of organic matters (OM) determining
the availability of carbon stock, mean depth, age of reservoirs, thermal stratification,
nutrients (C, N, P) and its ratios, carbon-nitrogen ratio (C/N), carbon phosphorous ratio
(C/P), nitrogen phosphorous ratio (N/P), total nitrogen, total phosphorous, mean depth,
etc.) [27,30,31]. (b) Primary parameters: climatic conditions (water temperature, runoff,
precipitation, wind speed) [15,18,20]. Factors such as DO, nutrient content, pH, wind speed,
mean depth, water temperature, and thermal stratification are highly correlated with GHG
emissions. As a result, they help in higher photosynthetic rates and less accumulation of
water sediments. These little changes in water parameters do not encourage the activities
such as the diffusion-emission rates of CH4 and emission of CO2 by less accumulation of
benthic sediments in rivers, lakes, and reservoirs [18,32].
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Researchers of different works of life reported that pH has no significant relation with
CH4 emissions but has a positive correlation with N2O emissions. The pH in freshwater
bodies ranges from 6–8 [33], and methanogens are sensitive to pH and able to produce CH4
in a range of 6–8. Therefore, pH does not significantly affect the production mechanism [34].
The dissolved CO2 levels (pCO2) have increased along with the atmospheric CO2. Carbonic
acid is produced from the CO2 released from respiration and lowers the pH in water bodies.
It was reported that pCO2 has a negative correlation with pH along with alkalinity, total
dissolved solids, and DO [35]. The pH range and their relation to GHGs emissions are
presented in Table 2. The relation between pH and N2O emission is a little bit complex.
The highest N2O flux via the denitrification process is observed in a pH range of 7–8 [36].
Khoiyangbam and Chingangbam [36] observed a significant seasonal variation in pH range
and N2O emission from the freshwater wetland of KeibulLamjao National Park, Manipur.
The microbial activities are suppressed at higher pH and resulting in lower N2O emission
by inhibiting the nitrification and denitrification process.

Table 2. Some important factors and their relationship with GHGs from water bodies.

Factors Range Relation with
CH4

Relation with CO2
Relation

with N2O References
Citations

(WOS and/or
SCOPUS)

pH

6.95 and 8.34 Non-significant Non-significant - [34] 20

6.90–9.10 Significantly
negative

Significantly
negative

Significantly
negative [35] 8

6.54 to 7.92 - - Significant
positive [36] 1

DO
2.23–16.69 mg L−1 Significantly

negative
Significantly

negative
Significantly

positive [35] 8

2.80–8.65 mg L−1 - - Non-significant [36] 1

Total nitrogen
1.81–57.70 mg L−1 - Significantly

positive
Significantly

positive [35] 8

0.24–2.01 mg L−1 - - Significantly
positive [36] 1

Total
phosphorous

0.00–2.52 mg L−1 Significantly
positive

Significantly
positive

Significantly
positive [35] 8

2.17–7.10 mg L−1 - - Significantly
positive [36] 1

Nitrate
8–16 mg L−1 Non-significant Significantly

positive
Significantly

positive [37] 124

0.05–1.72 mg L−1 - - Significantly
positive [36] 1

Sulfate 13.2 to 25 mg L−1 Significantly
negative - Significantly

positive [38] 5

Age of the
reservoirs Less than 10 years Significantly

positive
Significantly

positive Not reported [30,39] 21, 19

Mean depth 5–23 m (shallow) Significantly
positive

Significantly
negative (for
shallow) but
significantly
negative (for
higher depth)

Not reported [30,33,39] 21, 19, 4

In a study by Hao et al. [35], it was found that pCO2 is positively correlated with
total nitrogen and total phosphorous, and CH4 emission has a significant correlation with
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total phosphorous (R = 0.365, p < 0.01). The presence of phosphate ions in water cause
eutrophication, which increases the liable organic matter and influence the CH4 emission
by methanogenic bacteria. On the other hand, nitrate reduces the CH4 emission from
the water as its acts as an electron acceptor and inhibits the methanogenesis processes.
The production of N2O in water bodies is mainly influenced by the presence of inorganic
components. Nitrate acts as a substrate for the denitrification process and positively affects
the N2O emission in waterbodies, and the presence of sulfide slows down the denitrification
process by inhibiting the conversion of N2O to N2 [33,38].

Noticeably, GHG emissions from hydropower reservoirs are controlled by DO, pH,
age of reservoirs, water retention time, and inherent climatic conditions [40]. The emission
of GHGs from hydropower reservoirs is a complex phenomenon and cannot be quantified
easily. Therefore, estimating the carbon C budgets from these kinds of ecosystems is
not easy. Therefore, the key to quantifying the GHGs emission from these freshwater
ecosystems is to understand the spatio-temporal distribution of freshwater ecosystems,
inherent conditions, water quality, and climatic conditions cumulatively for accurate and
précised estimation.

2.2. Role of Eutrophication in GHG Emissions

Water bodies such as lakes and ponds get progressively enriched by nutrients, such
as nitrogen (N) and phosphorus (P). This process refers to the phenomenon of eutroph-
ication in freshwater. Freshwater eutrophication has both direct and indirect effects on
GHG emissions (Figure 1) [41]. The direct effect depends upon abiotic factors or water
quality parameters such as DO, OM, and nutrient loading [42–45]. The indirect effects
of eutrophication on GHG emissions are manipulated by the growth of harmful algal
blooms and shifting dominant primary producers [41]. Generally, water sediments at the
bottom accumulate due to a low level of DO in eutrophic water. Therefore, under anaerobic
conditions, CH4 is formed as a product of biomethanation (Figure 1) [45,46]. The formation
of CH4 is followed by emission via ebullition pathways [26]. Similarly, CO2 is formed due
to carbon mineralization from OM and oxygen (O2) consumption by methanogens [20].
Nevertheless, eutrophic waters sink N2O until there is an external nutrient loading or
mixing of agricultural runoff containing N fertilizers [47]. Nutrient loading of agricultural
runoff and organic matter accumulation widens the N/P ratio, which reduces the DO
concentration and facilitates N2O production and emission through denitrification [41,47].
Thus, the nutrient imbalance between N and P in freshwater accelerates the production
and emission of N2O. A study in China showed that the main influencing factors behind
pN2O from the Xilin river basin were its DO (R = 0.429, p < 0.01) and total phosphorous
(R = 0.437, p < 0.01) [35]. Recently, Khoiyangbam and Chingangbam [36] observed a sig-
nificant seasonal variation of DO, but no significant correlations were observed between
N2O emission and DO. The indirect effects of eutrophication on GHG emissions are highly
dependent on the shifting of dominant primary producers and the blooming of harmful
algae [48,49]. Dominant primary producers in oligotrophic waters, such as submerged
plants, are often replaced by macrophytes or algae [50]. The shift of primary producers
enhances the production and emission of CH4, which is one of the most important GHGs
responsible for global warming. Eventually, emissions of CH4 are executed by macrophytes
in three steps [41] (i) They are enhanced by macrophytes; this first process involves re-
ducing biomethanation and is executed by methanotrophic bacteria delivering oxygen
to sediments. (ii) The oxidation of CH4 on the surface of macrophytes is performed by
methanotrophic bacteria. (iii) There is the transportation of CH4 into the atmosphere by
the emergent plants through diffusion.

The presence of harmful algal blooms in freshwater turns out to be detrimental to other
aquatic life. Consequently, other aquatic life depending on oxygen gets suffocated and
perishes slowly. Algal blooms are generally responsible for accumulating algal biomass,
which works as an enzyme to increase CH4 and N2O emissions [51,52]. Despite the
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apparent increase in CH4 and N2O emissions, little evidence supports the manipulation of
the world’s C budget due to algal blooms in eutrophic waters.
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3. Methodology for the Current Review and Estimation of Freshwater GHGs

This study is based on the release of significant GHGs emitted by India’s vast fresh-
water ecosystems, as prevalent in different research articles and surveys. Information
is gathered from trustworthy articles, government, non-government organizations, and
websites of international organizations. The study assembles and presents information
and data that represents proper accountability of GHG emissions from the freshwater
ecosystem of India.

The estimation of GHG emissions from freshwater ecosystems is in its initial stage.
Present studies are more of a statistical analysis of the prevalent data available in govern-
mental reports, international websites, or other scientific literature. However, some of the
works done in India involve headspace sampling followed by gas-chromatographic (GC)
analysis and evaluation of GHG in flux chambers [30,53,54]. Apart from these, some of the
known and trusted analytical methods are listed below (Table 3).

Table 3. Analytical methods/equations for measuring GHG emissions from waterbodies.

Analytical Methods/Equations Reference Citations
(WOS and/or SCOPUS)

1. Floating Chambers-

Flux =
Slope × F1 × F2 × volume

sur f ace × F3

where,
Slope = slope from the graph of concentration versus time in ppm/mn
F1 = conversion factor from ppm to µg-m−3 (1798.45 for CO2 and 655.47 for CH4)
F2 = conversion factor from minutes to days (1440)
volume = volume of air trapped in the chamber (m3)
surface = surface of the floating chamber over the water (m2)
F3 = conversion factor from µg to mg (1000)
flux = mg•m−2•d−1

[55] 149
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Table 3. Cont.

Analytical Methods/Equations Reference Citations
(WOS and/or SCOPUS)

2. Thin boundary layer method:

Flux = k(Pgas − Kh − [gas]sat)

where,
[gas]sat = concentration of gas the water would have at equilibrium with the
overlying atmosphere.
Kh = Henry’s constant for the gas at a given temperature and salinity
Pgas = partial pressure of the gas in the surface water
Pgas × Kh = measured the concentration of dissolved gases at the water-air interface

[55,56] 149, 97

3. Static Chamber method

Flux =
dC
dt0

× VC
A

× 1440 min
d

where flux in g m−2 d−1,
dC
dt0

is the slope of the gas concentration curve (g m−3 min−1),
VC is the volume of the chamber (m3),
A is the cross-sectional area of the chamber m2.

[56] 97

Analytical Techniques to Measure GHG Emissions from Freshwater Ecosystems

The evolution of modern technologies has made the instruments for GHG measure-
ment from aquatic ecosystems much more advanced. Still, no method is perfect from all
perspectives. Generally, the measurement of GHG emissions from freshwater ecosystems
depends on three factors: water and temperature, the mode of transport of dissolved gases,
and wind speed. The existing literature has found some differences between the methods
(Table 3) in the form of advantages and disadvantages. During a study, Duchemin et al. [55]
found that the static chamber method has higher accuracy and potential in estimating
total CO2 and CH4 emission fluxes than the thin boundary layer method. Factors such as
wind speed manipulating the measurement of GHG emission fluxes can induce errors in
the result of the thin boundary layer (TBL) on calm wind days [55,56]. However, TBL is
quick, which supports sampling more sites each day [56]. Floating chambers, when cou-
pled with detectors such as non-dispersive infra-red (NDIR) or Fourier transform infrared
spectroscopy (FTIR), have the capability of real-time estimation of CO2, CH4, and N2O in a
quick succession of 10–15 min per site [56]. These combinations even indicate the problems
occurring while taking estimations due to the contamination of the chamber and tubing.
Nevertheless, these combinations are costly and take weeks to get repaired if they break
down. A fruitful and precise combination found till now is the floating chamber with ex
situ laboratory analysis. This combination is impactful for remote areas with no installation
of the laboratory. The combination of gas chromatography-mass spectroscopy (GC-MS)
with floating chambers as a setup of ex situ laboratory analysis is found to be precise in the
estimation of GHGs in cost-effective ways [56]. However, there are gaps in these methods,
and no instrument/methods are still perfect for estimating the exact GHG emission from
freshwater ecosystems to date.

4. Dynamics of GHG Emissions from India’s Freshwater Ecosystems

The most prevalent and significant GHGs released from India’s freshwater ecosystem
are CH4 and CO2. However, N2O is also released from lakes, ponds, streams, and rivers
only when there are human interventions such as nutrient addition and excessive usage of
N fertilizers. Unlike past studies, scientists have found different freshwater ecosystems in
India to be potential sources of CH4, CO2, N2O, and other GHG emissions.

Inland waters (IW) are subjected to the country’s sovereignty. They comprise canals,
bays, streams, lakes, rivers, reservoirs, and inlets situated near a nation’s shores. India has
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an extensive network of IW stretching 14,500 km [57]. Rivers cover about 5200 km of these
totals IW, and about 4000 km include canals. According to the Inland Waterways Authority
of India (IWAI) Act 1985, the IWs are also known as national waterways as they are essential
for transportation [58]. Among these diverse IW, the main recognizable systems [59] include
(i) the Ganga-Bhagiarathi-Hoogly river stretch (UP, Bihar, Jharkhand, West Bengal); (ii) the
Cauvery–Kollidam river (Tamil Nadu); (iii) the Kollam-Kozhikode stretch (Kerala); and
(iv) the Kakinada to Puducherry (Buckingham canal) (Andra Pradesh, Tamil Nadu, and
Puducherry). Several studies have experimented with these IW to estimate the emission
of GHGs and determine their effect on the total C budget. The majority of the assessment
has been performed in the southern part of India, comprising Tamil Nadu, Kerala and
Andra Pradesh, etc. [53,60]. The main GHGs measured are CH4 and CO2, along with water
parameters such as pH, electrical conductivity, DO, biochemical oxygen demand (BOD),
and water temperature [53]. Flux chambers generally execute the flux measurement of
GHGs to capture emissions via ebullition/bubbling and diffusion pathways [60]. Such
research was performed on 45 inland watercourses in southern India. This study was later
represented for the whole of India’s IW flux of CH4 and CO2 [53]. Panneer Selvam et al. [53]
revealed that about 19% of CH4 flux and 56% of CO2 flux is released from their selected
sites in the southern provinces of India (Table 4). Based on their observation, they estimated
that the whole of India’s IW has the potential to release 2.1 Tg CH4 year−1 and 22.0 Tg
CO2 year−1 [53]. Table 4 also portrays the accountability of the N2O and CH4 emissions
from a similar study executed on the Cauvery delta zone [61]. Although these studies
give a fair idea of GHG emissions from selected areas of India, they lack the conviction to
represent the whole country. Therefore, to estimate GHG emissions of the whole country,
there is still a need for long-term research on the other IW of India, covering the eastern
and northern parts.
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Table 4. Accountability of GHGs emissions and fluxes from Indian freshwater ecosystems.

Region/
City

Category
of Water CH4 Flux CO2 Flux CH4

Emission
CO2

Emission
N2O

Emission References Citations (WOS
and/or SCOPUS)

Wetlands of Northern
India (Lucknow)

Gomti river __ __ 67.72 mg m−2 h−1 __ __ [62] 44

Hussainabad tank __ __ 1.53 mg m−2 h−1 __ __ [62] 121

Sundarban mangrove
ecosystem (West

Bengal)
Estuaries __ __ 1.97 and 134.6 µmol

m−2 d−1 __ __ [63] 134

Cauvery delta Zone Inland water __ __ 18.99–37.53 mg m−2

d−1 __ 0.41–0.80 mg m−2

d−1 [61] 99

Southern India 45 Inland water 0.009–52.1 mmol
m−2 day−1

28.2–262.4 mmol
m−2 day−1 __ __ __ [53] 107

Majority of India

Tropical rivers __ __ 0.9 mmol m−2 d−1

(avg.)
843.33 mmol m−2

d−1 (avg.)
__ [19,53] 1278; 107

Riverine water
(56,000 km2) __ 53–494 mmol m−2

day−1 __ 117.8 Tg year−1

(avg.)
__ [19,60] 1278; 22

Delhi-Utttar Pradesh
Border, National

Capital Region (NCR)
Okhla (reservoir) __ __ 171.96 mgm−2d−1 __ __ [64] 20

Uttaranchal

Tehri dam
(reservoir) __ __ __ 0.30 ± 0.15 Gg CO2

km−2year−1 __ [65] 3

Tehri dam
(reservoir) __ __ 23.11 mg m−2 d−1 425.93 mg m−2 d−1 __ [66] 44

Koteshwar
(reservoir) __ __ 28.57 mg m−2 d−1 923.6 mg m−2 d−1 __ [66] 44

Bengaluru (network of
>200 reservoirs)

Bellandur Lake __ __ 3413 ± 578 ton
year−1

5711 ± 844 ton year
Wetlands of

Northern India
(Lucknow)

__ [54] 4

Jakkur Lake __ __ 0.33 ± 0.06 ton
year−1 24 ± 10 ton year−1 __ [54] 4

Freshwater wetland
(Manipur)

Wetland of
KeibulLamjao
National Park

__ __ __ __ 0.10 ± 0.04 µgm−2

day−1 [36] 1
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4.1. GHGs Emission from Urban Lakes

The major factors controlling the release of GHGs from the aquatic systems are the
number of OM and oxygen content [67]. As mentioned previously, the presence of a large
amount of OM and low oxygen content in freshwater encourages the methanogens and
macrophytes to release CH4 and CO2 (Figure 1) via bio-methanation [44]. India’s rapid
and unplanned urbanization in the name of development has magnified the release of
GHGs from urban lakes (UL). With the increasing population, there has been a rise in the
frequency of wastewater discharge in UL and other water bodies [68]. As a consequence,
UL has become highly plausible with poor water quality. These conditions are perfect
for biomethanation, and as a result, GHG emission rates have become high in the UL of
India. A study was performed in the “city of lakes”, i.e., Bengaluru has a network of >200
reservoirs [54]. The main lakes that were assessed were the Jakkur and Bellandur lakes.
It was found that CH4 and CO2 emissions from Bellandur Lake were about three folds
higher than the emission from Jakkur Lake (Table 4) [54]. However, more wastewater is
discharged in these lakes than in any other city. Still, observing a lower value at Jakkur
Lake compared to Bellandur Lake was an indication of the sustainable management of
water resources through secondary treatment [54,60]. Simultaneously, this study lacks
estimation of the N2O release as we know that wastewater contains excess N as a nutrient
from domestic, industrial, and agricultural sources [46]. Therefore, there are possibilities of
N2O release from these lakes and other lakes of India where wastewater is getting mixed.
This study does not represent the whole country due to the lack of data from other states.
Still, it gives an idea about the current situation of lakes polluted due to urbanization and
industrialization.

4.2. GHGs Emission from Major Rivers

India is an agriculture-centric country where the river basins serve as a critical hy-
drological unit. The total catchment area of India’s major and medium rivers covers
over 20,000 sq. km [69]. These river basins are also important in controlling the climatic
conditions of India. They are integral to the inland waters: the Ganga-Bramhaputra-
Hoogly river systems and the Cauvery-Kollidam river system. Based on the source, the
river basins of India are categorized into two major river systems: (i) the Himalayan
river systems (Indus-Ganga-Yamuna-Brahmaputra) and (ii) the Peninsular river systems
(Mahanadi-Godavari-Krishna-Cauvery) [70]. The quantification of GHG release from In-
dia’s freshwater ecosystems is still in its earlier stages, where many scientists do not find the
river systems to be highly impactful for the global C budget. Nevertheless, as the country
is developing, the rivers of India are getting highly polluted. The water flow of rivers
is becoming stagnant and sluggish due to excessive discharge of industrial, agricultural,
and municipal wastes. A study of 22 basins (on a monthly and quarterly basis) in India
revealed that parameters such as BOD, coliforms, and heavy metals were high in content,
whereas O2 content was lower than recommended [71]. The most significant parameters
of river water manipulating GHG emissions are BOD and DO. All the rivers constituting
22 basins of India showed a relatively higher BOD > 3.0 mg L−1 [72,73]. The values were
observed in 37 stations of Uttar Pradesh, Rajasthan, Delhi, Madhya Pradesh, Tamil Nadu,
Bihar, Jharkhand, West Bengal, and many more. The Central Pollution Control Board
(CPCB) [72] has recommended that the DO of Indian rivers should be at least 5.0 mg/L,
but the scenario is the opposite when it comes to reality. The least DO record was about
0.1 mg/L in the Yamuna downstream, whereas the highest was 4 mg/L in the Tuni, Gini,
and Brahmaputra rivers, which was still below the recommendation [74,75]. With such
conditions, these rivers are expected to be vulnerable to eutrophication. The occurrence
of eutrophication in rivers would release a higher percentage of CH4 than CO2 due to
anaerobic conditions (a condition that helps in methanogenesis). However, it has been
found that having such a low DO level in the Yamuna river, the reservoir (Okhla) present on
its floodplain emits about 171.96 mg m−2 d−1 CH4 [64]. Nevertheless, studies showed that
the tropical rivers of India emitted a higher amount of CO2 as compared to CH4 emissions
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in a day (Table 4) [19,53]. Such higher emission of CO2 than CH4 indicates that tropical
rivers are less prone to eutrophication due to the prevalence of high water temperature
and current, promoting aerobic decomposition of carbon minerals. Similar estimations
were done for other riverine waters (56,000 km2), where most Indian rivers had a high flux
of CO2 (Table 4) with an average emission rate of 117.8 Tg CO2 year−1 [19,60]. The data
provided by the current studies still lack the qualification to represent total GHG emissions
from Indian rivers. A large number of catchment areas are still unexplored and are believed
to have an impact on India’s net contribution to GHG emissions from rivers.

4.3. GHGs Emission from Hydropower Reservoirs and Projects

The impoundment of hydropower has great potential to fulfill the energy demand
at local, regional, and national levels and reduce GHG emissions compared to fossil fu-
els. Since the 1990s, hydropower reservoirs have been found to release significant GHGs
emissions, thereby impacting future climate change [66,76]. Inundating vegetation with
water during impoundment of reservoirs can alter biogeochemical cycling and destruction
of natural carbon sink. Simultaneously, the degradation of OM in reservoirs by microbes
aggravates the generation of GHGs such as CO2 and CH4 (mainly in the water-sediment
interface). The CWC report [77] showed that India, based on tropical/subtropical climates,
consists of 4877 dams and 312 unconstructed dams, of which 79% of the hydropower is pro-
duced by the Himalayan region [78,79]. Provinces such as Uttar Pradesh, Bihar, Karnataka,
Uttarakhand, Sikkim, Jammu & Kashmir, Andhra Pradesh, and Gujrat, among others,
consist of major hydropower plants in India [79,80]. Kumar et al. [79] stated that GHG
studies in the context of under-constructed hydropower reservoirs had not been reported
yet, so there was an urgent need to estimate the potential of GHG emissions from these
reservoirs so that regional and/or global carbon budgeting could be assessed in a precise
way. There are very few studies conducted especially in the Uttaranchal state of India,
where the carbon stock and GHG were estimated in the constructed (Tehri and Koteshwar)
and under-constructed (Kotli Bhel-1) reservoir and its forest catchment [31,39,66]. The
state of Uttaranchal is a mixture of three climatic forests such as tropical (up to 1000 masl),
subtropical (1000–1800 masl), and temperate (1800–3600 masl) [81]. The results (Table 4)
showed that the gross emission of CH4 and CO2 was higher for the Koteshwar reservoir
as compared to Tehri [66]. Similar estimations were run for small hydropower projects
(capacity up to 15000Kw) around the whole country. The projects covered under the quan-
tification were mainly canal-based and dam-toe-based. The lowest emission (%) from
canal-based and dam-toe-based projects was 21.16 and 11.78%, respectively, whereas the
highest percentage recorded was 49.38 and 52.9% [82]. It is evident that, similar to any other
freshwater bodies; the hydropower reservoirs are N sinks since the release of CH4 narrows
the N/P ratio. As a result, there is little chance for N2O to escape. Simultaneously, it is also
reported that high production of CH4 can initiate denitrification, where the breakdown of
NH4 and NH3

− into N is an immediate phenomenon [83].

4.4. GHGs Emission from Wetlands

Wetlands are referred to as “Kidneys of Earth” due to their immense capability of
absorbing pollutants. These pollutants are often concentrated with nutrients such as
nitrogen, phosphorus, and carbon. The increasing anthropogenic activities have loaded
nutrient wastewater that gets discharged into wetlands via surface runoff. Consequently,
an increase in nutrient levels can lead wetlands towards eutrophication. The low O2
content and high accumulation of sediments in a wetland can exuberate GHG emissions at
a higher rate. Eventually, wetlands are natural sources that generally release GHGs in small
amounts, but the pollution and excessive nutrient loading can accelerate the natural release
to a greater extent. The presence of enough nutrients will also encourage the growth of
plants, which will further help in the production and flux of CH4 by providing substrate to
methanogens in the form of root exudates and litter.
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Wetlands releasing GHGs, mainly CH4, from the entirety of India are difficult to
quantify, although segments of studies are prevalent for our knowledge. [62] estimated
seasonal CH4 emission from 10 different wetlands (comprising lakes, rivers and ponds,
and jhil, among others) of Northern India (Lucknow), having an annual range of water
level of 0.3–6.0 m. Among the selected sites, the Gomti River was the highest emitter of
CH4, whereas the Hussainabad tank emitted the least amount of CH4 (Table 4). A similar
type of study was done in the coastal wetlands of India, which included major freshwa-
ter ecosystems, namely the Pichavaram mangrove, Adyar Estuary, Adyar River, Ennore
Creek Lagoon, Bay of Bengal, and Buckingham Canal. These freshwater ecosystems were
accustomed to mudflats with and without vegetation, beach, shoal, coral reef, mangroves,
marsh vegetation, flood-prone areas, paleo mudflats, salt-affected areas, and strand plains.
Assessing both natural and anthropogenic influence, the emission of CH4 ranged from
0.98 to 6.73 × 109 g year−1 and from 1.09 to 22.87 × 109 g year−1, respectively. Therefore,
a large area of Indian freshwater ecosystems in wetlands was assessed during the last
decades. Nevertheless, these studies are still inadequate to represent all the wetlands of
India. In addition, the quantification of CO2, N2O, and other gases is still missing. There-
fore, scientists need to explore India’s remaining areas following standard protocols to fill
the gap.

5. Impact on Climate Change and Global Warming

The Earth’s climate system covers the atmosphere, lithosphere (land), hydrosphere
(marine and freshwater), and cryosphere (snow and ice) [84]. The dynamic nature of
weather components such as temperature, precipitation, air humidity, and wind speed
from a long time observation (over 100 years) describes a particular area’s climate. Apart
from these factors, the greenhouse effect is highly influential on the Earth’s climate system.
The variable gases such as water vapor, CO2, CH4, and N2O are some of the prime GHGs
that control the Earth’s average temperature (15 ◦C) [85]. The GHGs trap the longer waves
released back from the Earth’s surface after getting heated by the sun, thus keeping the
Earth’s atmosphere warm. The natural greenhouse effect is a crucial phenomenon that
helps all life forms to sustain themselves. With societal and industrial developments, the
demand for natural resources has gone up. As a result, such priorities have deteriorated
the surrounding environment, and human civilization has entered into a new geological
epoch called the “Anthropocene” [86]. Anthropogenic activities have interfered with
the natural Earth’s system processes by overexploiting natural resources and polluting
natural ecosystems.

A major global warming cum climate change issue that India faces is the scarcity
of water, despite having substantial water resources. About 42% of areas [87], including
Ladakh (J&K), Bundelkh and (U.P.), Purulia (W.B.), Marwar-Mewar (Rajasthan), and many
more [88] experience water stress. Simultaneously, increased primary productivity is
expected to increase in India’s inland waters due to the enhanced thermal regime [89]. When
coupled with anthropogenic pollutants and climate change, the chances of eutrophication
are anticipated due to decreased DO levels and enhanced nutrient levels [90]. With changes
in rainfall pattern and increasing temperature, phenomena such as wetland accretion,
aquatic weed proliferation, and loss of wetland connectivity to rivers are observed to
aggravate and promote suitable conditions for GHG emissions under climate change
scenarios [91,92]. Given the probability of increased biological oxygen demand (BOD),
the inland waters of India will develop conditions such as anaerobic and anoxic, where
GHGs will release, and the fish communities will experience the deleterious effects of
global warming and climate change indirectly [90]. Studies have revealed that climate
change has already begun to affect the hydrologic flow regime involving the timing of flows
of different magnitudes on a global stage [90,93,94]. The major issues of climate change
and global warming on India’s freshwater ecosystem focus on decreased DO, increased
BOD, decreased flow regimes, decreasing water levels, and changes in trophic level, among
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others. When working hand in hand, all these factors become viably responsible for
GHG emissions.

6. Uncertainty and Limitations of GHG Measurements

Almost all the associates of a freshwater ecosystem release GHG into the atmosphere.
The introduction of reservoirs and changing watershed patterns can act as both sink and
source [95]. Rivers, lakes, freshwater reservoirs, and wetlands are natural sources of
GHG [96]. Despite that, many scientists have different opinions. Although some believe
reservoirs are the main culprit behind GHG emissions, some do not count rivers as im-
pacting the global carbon budget [21,97,98]. In support of that, a recent study by Drake
et al. [99] reported that C emission from major riverine water worldwide was as low as
0.95 Pg year−1. Contradicting such statistics, [100] claimed that carbon emissions from
global riverine waters have a non-negligible carbon flux on the global carbon budget. The
lack of consensus in the scientific community has augmented several limitations that come
in the way of proper quantification of GHG emissions from Indian freshwater ecosystems.
They include [95] (i) the lack of data for comparison as standard protocols and techniques
were not followed during estimation. (ii) Divergence in results as there exists no agreed
procedure(s) to estimate net emissions from different water bodies. (iii) Data available
in the existing literature only covers young, newly built reservoirs that are sometimes
site-specific [53]. Conversion of terrestrial lands into dams and reservoirs also contributes
to GHG emissions as the freshwater ecosystems created help in the degradation of OM [79].
Increasing inundation of OM leads to the uncertainty of GHG emissions from reservoirs.
Lack of information regarding the spatio-temporal variability of OM degradation mech-
anism, the role of the carbon cycle, and the storage of nutrients in reservoirs and other
freshwater ecosystems are the main challenges in quantifying GHG emissions from fresh-
water ecosystems [79]. Apart from these, the increasing rate of pollution on a regional and
local scale of a tropical/subtropical country such as India has made it difficult to measure
the dynamics of GHG emissions from its freshwaters as it gets manipulated by the vari-
ability in nutrients and OM contents enhancing microbial activities. Several studies have
reported that the national observations lack CH4 ebullition. Consequently, there remains
uncertainty in GHG emissions as large quantities of areal fluxes are heterogeneous [18,20].
Degassing in hypomanic waters with high content of dissolved gases poses a challenge in
measuring the generation of CO2 and CH4 [20,79,101]. Therefore, they do not represent
the gross emission of the whole country. Therefore, to develop a robust methodology for
properly assessing GHG, we need to sharpen our understanding of the wider perspective
by following proper protocols.

7. Strategies and Policy Considerations for Reducing GHG Emissions

The first and foremost thing required to reduce GHG emissions from freshwater
ecosystems of India is to adopt sustainable development goal 6 (SDG 6) for water resource
management. With the incorporation of SDG 6 (clean water and sanitation), water gover-
nance should be the highest priority of the Indian government, policymakers, and common
people [102]. Each target of SDG 6 has its importance for reducing GHG emissions directly
or indirectly from the freshwater ecosystem. The targets [103] are; 6.1. Access to safe and
affordable drinking water for all; 6.2. Access to adequate and equitable sanitation and
hygiene for all ending open defecation; 6.3. Improve water quality by reducing water
pollution, increasing wastewater treatment, and recycling of water; 6.4. Improve water
use efficiencies and ensure freshwater supplies; 6.5. Implement integrated water resources
management; 6.6. Protect and restore water-related ecosystems. It is clear that achieving
targets 6.2., 6.3., 6.4., and 6.6. will directly help in reducing GHG emissions from fresh-
water ecosystems. These targets encourage wastewater treatments and reclamation of the
freshwater ecosystem and its biodiversity. As a result, Indian freshwater will again be high
in oxygen content with less BOD and organic matter with little encouragement towards
eutrophication.
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India is a developing country where poverty overshadows its economy, sometimes. A
country with high poverty is often challenged by a lack of sanitation, malnourishment, food
insecurity, life expectancy, and safe drinking water availability. Studies in different parts of
the world have found a positive correlation between life expectancy and the availability
of safe drinking water [104–108]. Similarly, indicators such as life expectancy, better life
quality, mortality rate, and nutrition level of India’s general population are expected to be
vulnerable under such conditions of unhygienic water use, consumption of water from
eutrophic water bodies, and unavailability of safe drinking water. A comparison study
between indicators of SDG 6 and SDG 3 (Good health and wellbeing) done by Biswas
et al. [109] showed that the increase in consumption of safe drinking water and decrease
in open defecation had reduced the mortality rate of India’s neonates and children under
the age group of 5 by 3% and 4%, respectively, over the last seventeen years. Parameters
regarding water quality, availability, and sanitation combine several indicators that have a
direct connection with GHG emissions, life expectancy, and other climatic-socioeconomic
aspects of India. Such parameters should be tracked regularly through the water sustain-
ability index [109]. The primary tracking of such indicators will further help in directing
our motives towards achieving goals such as SDG 6 and SDG 3. Therefore, adopting such
strategies under the obligation of government policies can work as a win-win strategy to
eradicate GHG emissions from India’s freshwater bodies and provide clean water to the
common people.

During the 1990s, the UNFCCC was established to restrict anthropogenic activities
to protect the Earth’s climate change while stabilizing the atmospheric concentrations of
GHGs [110]. During that period, the clean development mechanism (CDM) was built into
the Kyoto protocol promoting market-based mechanisms to reduce GHG emissions [111].
The main ideas behind the establishment of CDM [112] were (i) to include non-Annex
I countries in active work towards achieving the overall aims of the UNFCCC; (ii) to
assist developing countries in achieving sustainable development; and (iii) to help Annex
I countries to achieve their commitments. Since studies have found tropical reservoirs
involving freshwater, mainly the hydropower reservoirs, to be a significant source of GHG
emissions in the atmosphere, the CDM has implemented some restrictions to minimize
GHG emissions (Table 5). Thus, it is quite viable to interpret that implementation of SDG 6
and abiding by the limits of the CDM can help in the reduction of GHG gases from Indian
freshwater ecosystems (Figure 2).

Table 5. Restrictions on hydropower projects under the CDM [112].

Power Density of Hydroelectric Reservoir
(Installed Generation Capacity Divided by

Flooded Surface Area), W/m2)

Eligibility to Use Approved Methodologies
under CDM Rules

<4 Excluded from using currently approved
methodologies

4–10
Allowed to use approved methodologies, but
project emissions must be included at
90 gCO2-eq/kWh

>10 Allowed the use of approved methodologies
and project emissions can be neglected
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8. Conclusions and Future Recommendations

The present paper carried out GHG emissions from India’s freshwater ecosystems
based on available literature and data. Although the wetlands, lakes, rivers, and ponds are
eminent sinks of CO2, they also contribute to the global C budget. Pollution of water by
the introduction of municipal wastewater and surface runoff from agricultural fields are
the major pillars of GHG emissions from India’s freshwater bodies. Terrestrial landforms
getting transformed into dams and reservoirs for the production of more electricity are also
major contributors of GHG to the atmosphere from its freshwater. Contamination rates of
freshwater ecosystems have been high in recent times, as one of the main concerns of India
is poverty. Unsafe disposal of wastewater, unhygienic practices, and open defecation are a
few of the major reasons behind the freshwater ecosystems getting destroyed as well as
polluted. These factors are the key drivers behind the humongous release of atmospheric
GHGs, which is still unexplored. Emissions are also affected by the decreasing DO level,
increasing organic and nutrient (C/N, N/P, C/P ratio), age of reservoirs, and climatic
conditions that include wind speed and temperatures. Quantifying the amount of CO2,
CH4, and N2O from India’s freshwater bodies provides knowledge on climate change
trends and factors affecting freshwater GHGs production and emissions. This review
helps us understand the contributing factors and develop suitable mitigation options to
reduce the production of GHGs and future climate change. Based on the current review,
we found some research needs for better quantification of GHG emissions from India’s
freshwater ecosystems:

(1) Although the rivers of India are an integral part of India’s socio-economic and en-
vironmental management, they are natural emitters of different GHGs. Therefore,
seasonal GHG emission estimations from origin to estuaries are the first and foremost
requirements.

(2) The prevalent works of literature lack the estimation of N2O and other GHGs emis-
sions. As India is a developing country, nutrient loading and metal accumulations are
general phenomena during urbanization. Hence, the estimation of N2O will help in
precise GHG measurement and quantification

(3) Variability in seasonal and climatic functions will be a worthy inclusion for quantifying
GHG emissions from the Indian freshwater ecosystems.

(4) Monitoring GHG emissions before and after the impoundment of dams and reservoirs
and other terrestrial landforms will help to understand the net GHG estimations and
future support in strategic mitigation strategies.

(5) Estimation of degassing from hypolimnetic waters to identify its actual contribution
to GHG emissions is highly suggested, as this pathway contributes a huge share to
gross GHG emissions in the case of hydropower reservoirs.

(6) Sequestration of GHGs should be the highest priority while planning for mitigation
strategies.
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(7) There is a need to formulate sustainable indices for water resource management and
GHG emissions so that the trend can be set up to keep the water clean and limit the
excess release of GHG from the freshwater ecosystems of India.

The emission of GHGs from freshwater ecosystems is likely to influence the regional,
national and global carbon budgets. The issue of freshwater emissions requires covering all
the sources using a well-established climate policy representing the UNFCC for mitigation.
The formulation of a proper sustainable policy and implementation of SDG 6 can help
in the reduction of GHGs from Indian freshwater ecosystems. Policies such as reducing
emissions at the regional level from all sectors, including agriculture, forestry, afforestation
in the vicinity of the catchment area, supporting the developing countries, and intensifying
the international cooperation to improve and increase the techniques for measurement
of GHGs, need to be implemented. For implementation, a proper connection across the
science-policy interface with transparency and scientific integrity is required at all levels.
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