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Abstract 
Inland waters are hotspots for carbon (C) and nitrogen (N) cycling and acts as active 

conduits of CH4, CO2, and N2O to the atmosphere, with estimated emission rates of 

95.18 Tg yr–1, 2.1 Pg C yr–1, and 10.6 – 19.8 G mol N yr–1, respectively. However, 

inland waters have been included in the IPCC Assessment Reports only recently with 

large uncertainties in the estimates of fluxes and stocks of C and N in lakes and rivers.  

The production and consumption of greenhouse gases in aquatic systems are 

intrinsically regulated by several complex biogeochemical processes (like 

photosynthesis, mineralisation, nitrification, denitrification, methanogenesis, and 

methane oxidation) mediated by microorganisms. The rates and direction of 

biogeochemical processes is further governed by environmental factors like water 

temperature, pH, salinity, dissolved oxygen levels, flow velocity, and others. Climate 

gradient, land cover, land use, and the level of anthropogenic developments also have 

an impact on the in stream/lake process dynamics. With a changing climate and shifts 

in the hydrological regime of aquatic systems, it becomes challenging to understand the 

dynamics of C and N cycle, which further leads to increasing uncertainties in the global 

budgets. This thesis addresses crucial research questions regarding the biogeochemistry 

of C and N in inland waters (lakes and rivers) of India undergoing natural and 

anthropogenic changes.  

Lakes across the globe are broadly classified as freshwater and saline, the latter 

contributing significantly to the global lake volume (85 × 103 km3 to the total of 190 × 

103 km3) and yet being highly unexplored in terms of biogeochemical processes. It has 

been observed that freshwater bodies are also getting saltier which has an adverse effect 

on their ecosystem functioning. The warming climate with added human perturbations 

of excess water consumption is causing inland lakes to shrink and loose surface area. 

These changes in lake morphometry and water quality are predicted to have a 

significant impact on lake ecosystem dynamics and biogeochemistry. This thesis 

attempts to address two important research questions regarding lake biogeochemistry: 

(i) the effect of lake volume reduction and (ii) the effect of salinization on the C and N 

biogeochemistry of both freshwater and saline lakes. To explore the effect of 

salinization on C and N biogeochemistry of freshwater lakes, seasonal sampling was 

conducted in a natural lake, that experienced volume reduction and salinity changes. It 

was observed that evaporative water loss could reach as high as 47 % of the lake volume 
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during a year. The reduction in lake volume in the freshwater lake was accompanied by 

increase in ionic concentrations and an increase in lake biomass. It is evident that 

salinization causes a shift from heterotrophy to autotrophy. The dynamics of dissolved 

greenhouse gases (CH4, CO2, and N2O) was explored and it was observed that CH4 

production was highly dependent on the availability of substrate, whereas CO2 

concentrations dipped when primary productivity was high. N2O was surprisingly 

lowest during periods of high lake biomass indicating a negative effect of productivity 

on N2O production (competition for DIN/complete denitrification). In saline lake 

systems, it was observed that desiccation is accompanied by drastic increase in ionic 

concentration and electrical conductivity. Lake desiccation was further accompanied 

by increase in lake biomass and inorganic C concentrations. Stable isotopic 

composition of dissolved inorganic carbon (DIC), particulate organic carbon (POC), 

and particulate nitrogen (PN) revealed a coupling between primary productivity and 

inorganic C dynamics in saline lakes. In both saline and freshwater lakes, even at high 

nutrient conditions, the potential presence of dinitrogen (N2) fixers was indicated by 

decreasing d15NPN with increasing salinity and lake biomass. By exploring the 

biogeochemistry of salt pans and brine reservoir, it was observed that even in 

hypersaline environments, human modulations can establish distinct lake environments 

with different rates and directions of C and N cycling.  

Rivers and streams act as both active and passive pipes for the transport and 

transformation of C and N along the land ocean continuum. The riverine export of C 

and N to the coastal region has implications in regulating the coastal biogeochemistry 

and constraining the global elemental budgets. Asian rivers accounts for ∼35% of the 

global freshwater discharge and ∼70% of total suspended matter (TSM) flux to the 

oceans.  This thesis attempted to understand the sources and seasonality of total 

suspended matter and associated POC and PN in three large Asian rivers – Ganges, 

Mekong and Yellow. Using stable isotopic composition of C and N, it was deciphered 

that during high flow condition, allochthonous inputs dominated the organic matter 

pool and during low flow conditions, autochthonous inputs derived from enhanced 

primary productivity was dominant. During low flow conditions, low isotopic 

composition of PN indicated the possibility of N2 fixation. The study also estimated the 

export fluxes of POC and PN to the coastal region. It was observed that fluxes and 
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yields of TSM and associated C and N decreased manifold over decades in the three 

river systems.  

Riverine systems across the globe are facing the consequences of urbanization 

and engineering modifications of river channels by the construction of weirs, dams, 

riverfronts, and canals etc. This thesis also attempted to understand the effect of changes 

in flow regime and urbanisation on the riverine C and N biogeochemistry. It was 

observed that DIC, particulate matter (PM) and dissolved CH4, CO2, and N2O increased 

manifold in the polluted reaches of river systems. Furthermore, increased residence 

time of water due to restricted flow enhanced primary production and was accompanied 

by elevated concentrations of dissolved CH4, CO2, and N2O. 

High altitude rivers and lakes are at the forefront of experiencing the effects of 

climate change and associated warming and changes in hydrological patterns. The 

thesis explored the transport and transformation of C and N in a high altitude river – 

lake continuum, focusing on the seasonality (i.e. as the system shifted from high flow 

ice melt season to low flow and productive periods). It was observed that DIC was high 

and particulate organic matter (POM) was low in pristine lower order streams with high 

flow velocity and primarily fed by melting snow. Furthermore, biomass increased as 

the river entered city limits as well as the lake system, which enhanced CH4 production. 

CO2 concentrations fell as the river – lake continuity shifted from net heterotrophy to 

autotrophy. 

The last component of the thesis addressed the cycling of particulate black 

carbon (PBC) in aquatic systems. BC being assumed as refractory, has important 

implications in global climate by sequestering C in longer timescales. However, recent 

studies (although limited in number) have challenged the non-reactive nature of BC. 

The present study explored the sources, transport and transformation of PBC in the 

atmosphere – river – ocean continuum. The dynamics of PBC within the river 

continuum was highly complex with overlapping signatures of variable sources and 

possible transformations. However, significant increase in isotopic composition of PBC 

in the marine environment as compared to riverine and atmospheric BC pool indicated 

towards potential aging in the marine system. 
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Carbon (C) and nitrogen (N) are essential elements that form the basis of all life forms 

on the Earth. The pathways of movement and cycling of these elements in the 

environment is termed as biogeochemical cycles. The cycling of different elements is 

interlinked by complex transformations mediated by microorganisms. The movement 

of these elements from one pool to another is controlled by several environmental 

factors and the bioavailability of these elements ultimately supports life. Although 

abundant in the Earth’s atmosphere as N2 gas (78 %), N largely acts as limiting nutrient 

for biological productivity due to limited availability of reactive N species (Dugdale 

and Wilkerson, 1992; Doering et al., 1995). Similarly, carbon dioxide (CO2) in the 

atmosphere is vital for photosynthesis, which is the key source of energy for various 

food webs. C and N in the environment exist in various pools and each has its 

significance and environmental footprint. For instance, methane (CH4), CO2, and 

nitrous oxide (N2O) act as major greenhouse gases (GHGs) that are responsible for the 

warming of the atmosphere (Ciais et al., 2014). The residence time of these gases in the 

atmosphere is governed by the balance between sources and sinks across various 

reservoirs (terrestrial and aquatic). The inter – governmental panel on climate change 

(IPCC) has been synthesizing the reports from various working groups to constrain the 

budgets of GHGs (Solomon, 2007; Stocker, 2014; Masson – Delmotte et al., 2021). It 

is observed that the atmospheric CO2 concentration has increased from ~ 278 part per 

million (ppm) in 1750 to 414.7 ± 0.1 ppm in 2021 (Gulev et al., 2021; Dlugokencky 

and Tans, 2022; Friedlingstein et al., 2022). Similarly, the atmospheric CH4 

concentrations reached 1857 parts per billion (ppb) in 2018, which is 2.6 times the 

estimated equilibrium value in 1750 (Ciais et al., 2014; Saunois et al., 2020). The 

atmospheric N2O concentrations has increased from 275 ppb during preindustrial era to 

329 ppb in 2015 (Forster et al., 2007; Davidson, 2009; Xu et al., 2017). The major 

sources of GHGs to the atmosphere are both natural [such as inland waters (rivers and 

lakes), wetlands, oceans, and soils] and anthropogenic like deforestation (and other land 

use changes), fossil fuel combustion, expansion of agricultural land and subsequent use 

of N fertilizers, and biomass burning (Galloway et al., 2004; Reay et al., 2012; Canadell 

et al., 2021).  

 Although it is well known that human activities are the primary cause for the 

drastic increase in atmospheric GHGs, including CO2, CH4, and N2O, since the pre-

industrial period (Ciais et al., 2014), natural systems are found to be much more 
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complex in terms of their role in mitigating or enhancing the climate crisis. Terrestrial 

systems along with the global ocean act as net sink of atmospheric CO2 (~ 5.3 PgC yr –

1 and ~1.9 PgC yr –1, respectively) (Masson – Delmotte et al., 2021). However, a major 

fraction (~ 2.5 PgC yr –1) of the C sequestered by the land gets mobilised and ends up 

in the inland waters. Inland waters process most of this C resulting in an emission flux 

of 1.5 PgC yr –1 and the remaining portion gets exported to the ocean (0.8 PgC yr –1) or 

gets buried for longer timescales (0.2 PgC yr –1) (Masson – Delmotte et al., 2021). The 

C burial potential of inland waters are disproportionately higher than the global oceans 

(C burial rate = 0.2 PgC yr –1) considering the larger reservoir size of the later. Even 

after decades of research, there is still paucity of data for the stocks of different pools 

of C in the inland waters (otherwise relatively well constrained for terrestrial and 

oceanic systems). In case of N, the knowledge gap is even larger with no mention of 

burial rates and evasion fluxes from lakes in the IPCC Sixth Assessment Report 

(Masson – Delmotte et al., 2021). Recent studies have estimated the global N2O 

emissions from inland waters to be ~ 10.6 – 19.8 G mol N yr–1, with man-made 

reservoirs having the highest contribution (Maavara et al., 2018).  

 Inland waters comprise of diverse aquatic systems including both lotic (rivers 

and canals) and lentic (lakes and reservoirs) waterbodies. The total storage volume of 

global lakes is estimated to be ~ 181 × 103 km3 of which 85 × 103 km3 are saline in 

nature (Williams, 2002; Messager et al., 2016). This reservoir capacity of global lakes 

is reducing at an alarming rate due to climate change and human perturbations (Yao et 

al., 2023). Similarly, the spatial extent and annual discharge of rivers and canals are 

highly dynamic and depends on recharge and level of human interventions. The huge 

spectrum of inland water bodies in terms of storage, catchment influence, physical and 

biogeochemical characteristics, and level of human induced changes makes it difficult 

and at the same time crucial to understand the nature of C and N biogeochemistry in 

these waterbodies. Below a brief description of aquatic C and N cycles is discussed, 

including an emerging domain of black carbon (BC) research in aquatic sciences. 

1.1 Aquatic carbon cycle 

Aquatic systems are hotspots for transformation of C among its various pools, which 

broadly include dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), 

dissolved black carbon (DBC), particulate organic carbon (POC), particulate inorganic 
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carbon (PIC) and particulate black carbon (PBC). The sources of C in aquatic systems 

could be from outside the system [allochthonous (POC, DIC, DOC and soil organic 

carbon (SOC))] or produced in situ (autochthonous) (Fig 1.1). Once the C enters the 

aquatic system, it undergoes transformation depending on its residence time within the 

aquatic body and favourable environmental conditions. The rates of transformation are 

dependent on the microbial community composition, organic matter (OM) – mineral 

association, redox state, ambient oxygen levels and other factors (Richey et al., 2002; 

Keil and Mayer, 2014; Dittmar, 2015; Ward et al., 2017). However, the residence time 

of OM is less in inland water (2.5 ± 4.7 years) as compared to that in soils, oceans, and 

sediments (centennial to millennial; Catalan et al., 2016).  

 

Fig. 1.1 Simplified schematic of the aquatic carbon cycle. 

 During photosynthesis, phytoplankton takes up C from DIC pool and produces 

organic molecules. Alternatively, surface blooms can directly sequester atmospheric 

CO2 (Gu & Alexander, 1993; Zohary et al., 1994; Kiyashko et al., 1998). The primary 

productivity in aquatic systems is controlled by dissolved inorganic nitrogen [DIN: 

nitrate (NO3–), nitrite (NO2–) and ammonium (NH4+)] availability, light availability, 

water temperature, salinity, etc. Once C is fixed as particulate organic matter (POM), it 

stays in the system and eventually dies and starts to settle, during which mineralisation 

takes place and organic carbon (OC) is converted back to inorganic C by the release of 

CO2 (Fig 1.1). The released CO2 drives the carbonate chemistry and is coupled with the 

pH of the system. The remaining OM settles down to the sediments to either get further 
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mineralised or converted to CH4 via the process of methanogenesis, or gets buried for 

longer timescales (Mendonca et al., 2017). The estimated rates of organic C burial in 

global lakes and reservoirs is ~ 0.15 Pg C yr–1 (Mendonca et al., 2017). The CH4 

produced in the sediments under sub – oxic/anoxic conditions gets removed from the 

water column by diffusion across the water – air interface and/or ebullition (as bubbles), 

the latter being an event process (Bastviken et al., 2004). The open water emission rates 

are affected by lake area, DOC, water depth, and the fraction of anoxic lake volume 

(Bastviken et al., 2004). The CH4 in the water column during its transport and storage, 

can get oxidised to CO2 and contribute to the inorganic C pool (Langenegger et al., 

2022). Studies have observed coupling of CH4 oxidation to oxic photosynthesis in 

anoxic waters (Milucka et al., 2015). The emission of CO2 and CH4 from the aquatic 

system is a significant loss mechanism of aquatic C.   

 Apart from the pools of C discussed above, BC which is a residue of incomplete 

combustion of OM is ubiquitous in nature. BC comprises of a whole spectrum from 

labile char to refractory soot (Goldberg, 1985; Coppola et al., 2022). The major sources 

of BC in the environment are wildfires, forest fires, biomass burning and fossil fuel 

combustion. After production, BC stays in the atmosphere for a shorter duration 

(Residence time of ~ 14 days) and most of it is sequestered in soils around the fire site 

(Coppola et al., 2022). Once mobilised, BC enters aquatic systems via surface runoff, 

rivers, and streams. Atmospheric deposition is also a major source of aquatic BC. 

Aquatic BC exists in two major pools (particulate and dissolved) which are defined 

according to measurement protocols (cut off size varies from 0.2 – 0.7 µm). Aquatic 

BC undergoes transformation via photodegradation and leaching, and sometimes photo 

flocculation to form bigger particles (Wagner et al., 2015, 2019; Coppola et al., 2022). 

A major portion of the aquatic BC pool eventually gets sequestered in the sediments to 

be stored for timescales ranging from centuries to millennia (Coppola et al., 2022).  

1.2 Aquatic nitrogen cycle 

The aquatic N cycle encompasses two vital aspects (i) input/output of reactive N and 

(ii) processes transforming the reactive N into its various forms (Fig 1.2). Nitrogen in 

aquatic system has multiple sources, mainly by direct atmospheric fixation by the 

diazotrophs which are a specialised group of prokaryotes, and allochthonous input via 

surface runoff and atmospheric deposition. Inorganic N is assimilated by primary 
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producers during photosynthesis to form OM (Leigh & Dodsworth, 2007; Fellbaum et 

al., 2012; Xu et al., 2012; Gilbert et al., 2016). Assimilation of NH4+ is usually preferred 

over NO3– at low DIN concentrations due to less energy requirements by phytoplankton 

(Wang & Macko, 2011; Schlesinger & Bernhardt, 2013; Gilbert et al., 2016; Xu et al., 

2019). Similar to that in the C cycle, the OM later decompose to release NH4+ and/or 

get settled to the lake/river bottom. The process of mineralisation involves physical 

disintegration of particulate matter, solubilisation, and formation of dissolved organic 

nitrogen (DON) which then undergoes deamination to release NH4+ (Zhang et al., 

2020). The released NH4+ gets oxidised to NO3– by chemoautotrophic microbes and at 

low dissolved oxygen (DO) levels, N2O is produced during the process of nitrification 

(Stein, 2019). Recent studies have identified a group of proteobacteria which are 

involved in complete oxidation of NH4+ to NO3– by the processes of Comammox 

(Daims et al., 2015; Van Kessel et al., 2015). The reverse mechanism for the conversion 

of NO3– to NH4+ is termed as dissimilatory nitrate reduction to ammonium (DNRA) 

and is mediated by chemoautotrophs (Kamp et al., 2015; Kuypers et al., 2018). These 

microbes compete with denitrifiers for NO3– and OM (King and Nedwell, 1985). The 

major loss process of fixed N from aquatic system is denitrification, which converts 

NO3– to N2 as the final product and N2O as an intermediate product. Overall, anoxic 

conditions favour the process of denitrification (Zhang et al., 2020).  

 

Fig. 1.2 Simplified schematic of the aquatic nitrogen cycle. 



                                                                                               Chapter 1 Introduction                                             

 27 

1.3 Application of stable isotopes in C and N biogeochemistry 

To understand the nature of C and N cycling in aquatic systems, researchers have 

employed a wide variety of methods including basic analytical chemistry to quantify 

the pools of C and N, estimating the diversity and abundance of microbial communities, 

and applying physical models to estimate gas diffusivity. Stable isotopes of C and N, a 

primary tool employed in this thesis, have proven to be crucial to understand the 

biogeochemical processes in aquatic system. The isotopic composition of an element is 

denoted by the ‘δ’ notation expressed in per mil (‰),  

δ = 	%
𝑅!"#$%&
𝑅!'"()"*)

− 1)	× 1000 

where R is the ratio of heavier to lighter isotope (Fry, 2006). 

In the environment, the flow of elements from one pool to another experiences 

an associated fractionation in their stable isotopic composition. The average δ13C of 

atmospheric CO2 is ~ – 8 ‰, which is getting even more depleted in 13C due to large 

inputs of lighter C (12C) from fossil fuel combustion. C3 and C4 plants take up 

atmospheric CO2 during photosynthesis and there is an associated fractionation of ~ 20 

‰ and ~ 5 ‰, respectively. Therefore, C3 and C4 plants across the globe has a range of 

isotopic composition of ~ – 32 to – 22 ‰ and – 14 to – 9 ‰, respectively (Ehleringer 

et al., 1978, 1983). Similarly, aquatic algae taking up DIC has δ13C in the range of – 19 

‰ to – 24 ‰. The C isotopic signatures of freshwater macrophytes and plankton range 

between –28 to –18 and –42 to –24 ‰, respectively (Kendall et al., 2001). The isotopic 

signatures of soil/sediment organic matter (SOM) reflect that of the dominant 

vegetation over the region (Bouttan, 1996).  

 The N isotopic signatures of SOM in most soils vary between +2 to +5 ‰, with 

cultivated soils showing lower values (Broadbent et al., 1980). δ15N of atmospheric N 

is ~ 0 ‰, and during N2 fixation by diazotrophs there is negligible fractionation 

resulting in ~ 0 ‰ isotopic composition of POM. During assimilation of DIN, the POM 

incorporates the isotopic signatures of NH4+ and NO3–. These values are widely used as 

end member values to calculate the fraction contribution to SOM from different C 

sources (autochthonous vs allochthonous) (Meybeck, 1982; Pocklington and Tan, 

1987; Louchouarn et al., 1997; 1999; Hopkinson et al., 1998). Apart from indicating 

the source of OM, the δ13CPOM and δ15NPOM reflect the seasonal dynamics of in-situ 
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biogeochemical processes like nutrient uptake and decomposition/respiration For 

example, when there is a seasonal increase in δ13CPOM and C/N ratios of POM, it could 

be an indicative of high growth period (Lehmann et al., 2004; Gu et al., 2011). For other 

pools of C, such as DIC, high δ13C indicates high C uptake or enhanced CO2 degassing, 

whereas low δ13C indicates high OM degradation supplying isotopically depleted CO2. 

Through stable isotopic analysis, it is also possible to infer the prevalence of 

autochthonous POM and its dependency on bicarbonate (HCO3–) as a C source resulting 

in higher δ13C. In case of N, low δ15N of POM indicates either the dominance of N2 

fixers or the influence of synthetic fertilizers, whereas high δ15N of POM can be an 

indicative of human waste influence (Gu et al., 2009; Kopprio et al., 2014). The δ13C 

of CO2 and CH4 indicates the various in lake/stream processes governing their 

production and consumption. The average δ13CCO2 and δ13CCH4  of dissolved CO2 and 

CH4 is ~ – 18 ‰ and ~ – 60 ‰, respectively (Begum et al., 2021). The depleted 

signatures are due to preferential release of lighter C from OM during degradation and 

methanogenesis. During CH4 oxidation, the CO2 pool gets isotopically depleted and the 

CH4 pool gets enriched. Therefore, the use of stable isotopes in greenhouse gas studies 

becomes important to decipher the pathways of transformation. 

1.4 Carbon and nitrogen biogeochemistry in inland waters of 
India: Current understanding 

Given its vast geographical expanse and diversity, the inland waters of India have not 

been explored in detail, particularly with regards to cycling of C and N. Limited existing 

studies have largely focused on CH4, CO2, and N2O dynamics in polluted waterbodies. 

Begum et al. (2021) explored the CH4, CO2, and N2O dynamics in the Ganges, Mekong 

and Yellow river. They observed that polluted streams in the Ganges and Mekong had 

high levels of CO2 and CH4. During low flow period, CO2, CH4, and N2O were 1.6, 2, 

and 7 times higher than that in monsoon, respectively. Dissolved organic matter (DOM) 

and optical properties showed significant positive correlation with GHGs, implying 

effect of pollution on GHGs production. Similarly, Pickard et al. (2021) observed high 

emission of GHGs from two urban lakes, Jakkur and Bellandur in Bangalore, India. 

They observed that Bellandur Lake which was severely impacted by pollution had 

GHGs emission of 1,48,350 ± 21,790 ton yr–1 CO2 equivalent. Another study observed 

the effects of pharmaceuticals and human induced water quality degradation on the 

supersaturation of CO2 and CH4 in the Cauvery River in southern India (Premke et al., 
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2020). A recent work in the Kaveri River basin by Patel et al. (2023) observed that built 

up was the most crucial factor driving CH4 emissions in an otherwise agriculture 

dominated watershed. The CH4 fluxes were higher in urban river sites (294.15 ± 371.52 

mmol m2 d–1) as compared to agricultural and forested sites (3.45 ± 9.72 mmol m2 d–1 

and 1.26 ± 0.73 mmol m2 d–1, respectively). The most extensive work so far on 

estimating the GHGs emissions from inland waters of India was carried out by Selvam 

et al. (2014) in 45 waterbodies (lakes, rivers, reservoirs, wells and canals) in southern 

India. They measured both diffusive and ebullitive fluxes of CH4 and CO2. The 

estimated flux of CH4 ranged from 0.01 – 52.1 mmol m–2 d–1 and CO2 ranged from –

28.2 – 262.4 mmol m–2 d–1.   

 Other than CH4 and CO2, studies have also focused on the other pools of C. 

Reddy et al. (2019; 2021) quantified the export fluxes of DIC and POC from 70 

mountainous rivers draining the western Ghats of India. They observed significant 

control of lithology, climate and sediment yields on the DIC export. POC was mostly 

derived from litter/riparian and autochthonous production. Chakrapani and Veizer 

(2005) and Das et al. (2005) studied the dynamics of DIC in Ganges and rivers draining 

the Deccan traps, respectively, using stable isotopic measurements. Furthermore, they 

explored the sources of DIC and weathering patterns in these rivers. Overall, there is 

scattered literature exploring the cycling of C and N in the inland waters of India with 

almost none exploring the coupling of various C and N pools. Moreover, these research 

works are very few in numbers compared to the diversity in types of aquatic systems 

found in India, ranging from freshwater to saline lakes, and monsoonal rivers to glacier 

fed rivers in the high altitude Himalayas. Furthermore, with rapid urbanisation there is 

an increasing number of urban water bodies (lakes and modified river channels) which 

needs to be studied to understand the nature of C and N cycling in these modified 

aquatic systems. Although the Indian subcontinent witnesses high emissions from 

industries and fossil fuel combustion, which are huge contributor to the atmospheric 

BC, little is known about their fate in the environment; specifically, when these BC 

particles end up in the aquatic systems. Only one study exists so far, exploring the 

movement of DBCs in the aquatic environments in southern India (Karthik et al., 2023).  

1.5 Objectives of the thesis 

In light of the above, the present thesis attempted to develop and improve the 
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understanding of C and N biogeochemistry in aquatic systems of India with specific 

focus on less explored systems (saline lakes and high altitude rivers) and emerging 

research questions related to inland waters (i.e., freshwater salinization, engineered 

modifications of river systems, and PBC cycling). As the various components of the 

aquatic C and N cycle are interrelated, they warrant interdisciplinary thinking and 

holistic approach to decipher the biogeochemical pathways of transformation. 

Therefore, the thesis focussed on the dynamics of POC, PN, DIC, dissolved CH4, CO2, 

and N2O, and PBC in both lotic and lentic systems. Specifically, the thesis aimed to 

investigate the following:  

• the role of reduction in lake volume and lake salinization on the 

biogeochemistry of freshwater lakes. 

• the effect of lake desiccation on C and N biogeochemistry of saline lakes.  

• the dynamics of total suspended matter and associated organic C and N in large 

river systems. 

• the effect of engineering modifications of river channels on the in-stream C and 

N biogeochemistry and evasion of GHGs. 

• the shift in C and N biogeochemistry along a river – lake continuum in high 

altitude climate setting. 

• transport and transformation of PBC in the atmosphere – river – ocean 

continuum. 

1.6 Outline of the thesis 

Chapter 1 

This chapter establishes the background of the study and the basic concepts related to 

the biogeochemical cycling of C and N in aquatic systems. The significance of inland 

waters in regulating the C and N budgets along with the current global and regional 

(India) understanding related to biogeochemistry of aquatic systems have also been 

discussed in brief.  The emerging concept of cycling of PBC in the environment is also 

introduced along with the basics of stable isotopes, which has been employed as a tool 

in this thesis. The broad and specific objectives along with the outline of the thesis are 

also discussed in this chapter. Apart from the brief overview given in this chapter about 

the background to the research questions addressed in this thesis, individual chapters 

further elaborate the rationale for specific objectives as fulfilled in those chapters. 
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Chapter 2 

This chapter briefly introduces the study areas selected to fulfil the objectives of the 

thesis and the details of the various sampling campaigns (details of the sampling sites 

for each study area are discussed in the individual chapters). The sample collection 

protocols and preservation techniques are discussed in brief. This chapter also discusses 

the various analytical techniques and methods used for the measurements of 

concentrations and isotopic compositions of different C and N pools.  

Chapter 3 

This chapter deals with the C and N biogeochemistry in lakes. The chapter is divided 

into two sections: the first section explores the effect of lake volume reduction and 

salinization on the biogeochemistry of a freshwater lake, and the second section further 

investigates the effect of desiccation on the biogeochemistry of a saline lake 

transitioning to a hypersaline lake.  

Chapter 4 

This chapter explores the C and N biogeochemistry in riverine systems. The chapter is 

divided into three sections. The first section explores the dynamics of suspended matter 

and associated organic C and N in large rivers with a major focus on the Ganges along 

with the Mekong and Yellow for comparison. The second section deals with the effect 

of engineered modifications of river systems on the in – stream biogeochemistry along 

with the dynamics of CH4, CO2, and N2O. The last section explores the flow and 

transformation of C and N along with the dynamics of CH4, CO2 and N2O in a high 

altitude river – lake continuum; specifically, tracking the shift in biogeochemical 

processes at the interface of a river – lake. 

Chapter 5 

This chapter explores the transport and transformation of PBC along the river 

continuum. Additionally, the fate of PBC in the marine environment in investigated 

using stable C isotopic signatures. 

Chapter 6 

This chapter summarizes the results obtained from the present study and discusses the 

scope for future research.
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The fulfilment of the objectives outlined earlier required robust sampling and 

methodological strategy, which included sampling in inland waters of diverse 

characteristics. Depending on the objectives to be achieved in a particular system, the 

samples were collected to analyse different pools of C and N along with some 

environmental parameters. A brief overview of the sampling regions (campaigns) along 

with methodologies adopted in the thesis are described below.  

2.1 Sampling campaigns 

Samples for this thesis were collected from lakes (saline and freshwater) and rivers 

(modified and high altitude rivers). Sambhar Lake from the Indian state of Rajasthan 

was sampled to study hypersaline lake, whereas Nalsarovar located in the western 

Indian state of Gujarat was sampled for freshwater lake undergoing seasonal lake 

volume and salinity fluctuations (Fig. 2.1). Sabarmati River located in Gujarat was 

sampled to study a riverine system, which has undergone significant engineering 

modifications and Jhelum River located in the northernmost part of India (Kashmir 

Himalaya) was sampled to understand high altitude systems (Fig. 2.1). Samples 

collected from the Ganges, Yellow, and Mekong as a part of a collaborative project 

under Asia Pacific Network for Global Change was analyzed to decipher the suspended 

organic matter dynamics in the Ganges in comparison with Yellow and Mekong. Lastly, 

particulate matter samples collected from different oceanographic cruises in the Indian 

Ocean were analyzed to observe the fate of PBC in aquatic continuum (Fig. 2.1).  

 As the objectives of the thesis required sampling from diverse systems for 

different physical and biogeochemical parameters, chapter and theme-wise field 

campaigns conducted and parameters measured during this study are shown in Table 

2.1. For continuity and clarity, details of the sampling locations in each sampled system 

are discussed in respective chapters.   
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Fig. 2.1 Map showing study areas. Shaded areas represent river basins and squares (red) 
are lakes sampled for the present study. Light grey denote the stations in the northern 
Indian Ocean and estuarine region from where already collected samples were analyzed 
for particulate black carbon.   
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Table 2.1 Aquatic systems, sampling period, and measured parameters associated with individual thesis chapter (and sections). 

Thesis Chapter Aquatic Systems Date of sampling Parameters Measured 

3.1 Lake – Nalsarovar September 2020, February & August 
2021 

pH, T, EC, DO, major ions, NH4+ , δ18O, DIC, δ13CDIC, 
POC, d13CPOC, PN, d15NPN, SOM, d13CSOM, d15NSOM, 

CH4, δ13CCH4, CO2, δ13CCO2, and N2O 

3.2 Lake – Sambhar  Lake January 2019 and September 2019 pH, T, EC, major ions, NO3- and NH4+ , δ18O, DIC, 
δ13CDIC, POC, d13CPOC, PN and d15NPN 

4.1 Rivers – Ganges, Mekong and 
Yellow August 2016 – July 2019 TSM, POC, d13CPOC, PN, and d15NPN 

4.2 
Rivers – Sabarmati and Mahi 

Reservoirs – Indrasi and Vatrak 
Canal – Narmada Canal 

September 2020 and February 2021 pH, T, EC, DO, NO3- and NH4+ , δ18O, DIC, δ13CDIC, 
POC, d13CPOC, PN, d15NPN, CH4, CO2, and N2O 

4.3 River – Jhelum 
Lake – Wular March 2021 and November 2021 pH, T, EC, DIC, δ13CDIC, POC, d13CPOC, PN, d15NPN, 

CH4, CO2, and N2O 

5.1 

Rivers – Sabarmati and Mahi 
Canal – Narmada Canal 

Rivers – Banas, Berach, Ambika 
and Girna 

September 2020 and February 2021 
 

November 2021 and August 2022 
 

POC, d13CPOC, PBC, d13CPBC 

5.2 

Estuary – Mahanadi 
Ocean – Arabian Sea 

Creeks – Andaman and Nicobar 
Islands 

Ocean – Bay of Bengal, 
Andaman Sea, 

Southern Arabian Sea 

October 2019 
December 2019 
Nov – Dec 2020 

 
September – October 2021 

 
 

POC, d13CPOC, PBC, d13CPBC 
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2.2 Sampling 

Surface water samples were collected directly into sampling bottles in rivers/lakes and 

by Niskin bottles on oceanic cruises. Samples for major ions and stable isotopic 

(oxygen) measurement of water were collected in HDPE bottles and stored at room 

temperature. For DIC and dissolved gases, water samples were collected in serum glass 

bottles, closed air tight using butyl rubber septa and aluminium caps and poisoned with 

saturated HgCl2. For DIN, water samples were collected in HDPE bottles and kept 

frozen (– 20 °C) until analysis. Particulate matter was collected by filtering water onto 

pre combusted (400 °C for 4 hours) GF/F filters (Whatman 0.7 µm). Filters were dried 

in an oven at 60 °C to remove moisture and stored in petrislides until analysis. Surficial 

sediments and catchment soils were collected using a grab sampler and stored in HDPE 

zip lock bags at – 20 °C. The details of number of samples collected and specific 

modifications in methodology (if any) are discussed in each chapter.  

2.3 Field measurements and laboratory analysis 
2.3.1 Field parameters 
Surface water temperature, pH, electrical conductivity (EC) and DO were measured in 

situ using handheld probes. DO in some of the field campaigns was measured using the 

Winkler Titration method following Grasshoff et al. (1983). Total suspended matter 

was estimated by calculating the difference in weight of the oven dried GF/F filters 

before and after sample filtration for particulate matter (Begum et al., 2021). 

2.3.2 Major ions 
Na+, K+, Ca2+, Mg2+, Cl-, and SO42- in water samples were measured using ion 

chromatography (Thermo Scientific, Germany; Fig 2.2a) following Mandal et al. 

(2021). Briefly, methane sulfonic acid (MSA) and a mixture of NaHCO3 and NaCO3 

were used as eluents for cations and anions, respectively. CG16 and CS16 columns 

were used to separate cations, and AG23 and AS23 columns were used to separate 

anions. The ions were detected using a suppressed electrical conductivity detector 

(Thermo Scientific, Germany). The measurements of cations and anions were 

performed simultaneously. Standard solutions were prepared in laboratory for the 

calibration of cations and anions (using analytical grade NaNO2, (NH4)2SO4, KNO3, 

CaCl2.2H2O and Mg metal for cations and multi elemental standard II (Merck) for 

anions, respectively).   
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Fig. 2.2 Picture of the (a) ion chromatography, (b) autoanalyzer, (c) gas bench –IRMS 
(MAT 253), (d) coulometer, (e) elemental analyzer, (f) IRMS (Delta V Plus), (g) gas 
chromatography, and (h) cavity ring down spectroscopy (Picarro) at the Physical 
Research Laboratory (PRL), India. These instruments are regularly used, including for 
this thesis, to generate data at PRL.  
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2.3.3 Dissolved inorganic nitrogen 
NO3- and NH4+ in water samples were measured using San++ continuous flow 

autoanalyzer (Skalar; Fig 2.2b) following Grasshoff et al. (1983). The autoanalyzer unit 

consists of an autosampler, peristaltic pumps, chemistry module and detectors. The 

analytical precision for both NH4+ and NO3- was ± 0.01 mg L-1.  

2.3.4 Stable isotopes of oxygen in water 
The δ18O of water was measured using IRMS (Delta V Plus, Thermo Scientific, 

Germany; Fig 2.2c) connected to the GasBench II following the standard gas 

equilibration method (Epstein & Mayeda, 1953). Briefly, water samples were kept in 

airtight exetainer vials, flushed with a mixture of He and CO2 standard gas, and left for 

equilibration for 16 hours before analysis. The precision for repeat measurements of 

laboratory standards (NARM – Narmada water; δ18O = – 4.1‰) was better than ± 

0.1‰. Long term precision of < 0.1‰ is achieved in the measurements of δ18O of water 

at the Physical Research Laboratory, which is in agreement with the inter – laboratory 

calibration conducted by the International Atomic Energy Agency, Vienna.  

2.3.5 Dissolved inorganic carbon 
In the initial samples (Chapter 3.1), following standard method (Johnson et al., 1987). 

DIC concentrations were measured using a coulometer (UIC’s model 5012; Fig 2.2d) 

with analytical precision ± 2%. Later, the DIC concentrations were also measured in 

GasBench II – IRMS using standard calibration curves (concentration – peak area) for 

known value of standard solutions prepared using Na2CO3. The C isotopic composition 

of DIC (δ13CDIC) was measured using an isotope ratio mass spectrometer (Delta V plus; 

Thermo Scientific, Germany) connected to a GasBench II (Thermo Scientific, 

Germany) following Bhavya et al. (2018). The precision for repeat measurements of 

standard with known isotopic composition (Na2CO3; δ13C = –11.4‰) was better than 

0.1‰. 

2.3.6 Particulate organic matter and sediment organic matter 
Filters for POC concentration and its stable isotopic composition (d13CPOC) were 

fumigated in HCl vapours to remove any inorganic C and analysed using an elemental 

analyzer connected to IRMS (Flash 2000 and Delta V Plus, Thermo Scientific, 

Germany; Fig 2.2e and f). Filters for PN concentrations and isotopic composition 

(d15NPN) was not treated with HCl vapours. Sediments were treated with 1N HCl for 24 
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hours at 60 °C to remove inorganic carbon. The sediments were then rinsed thrice with 

deionized water followed by centrifugation. Sediments for N analysis were not treated 

with acid. IAEA standards of cellulose (IAEA-CH-3; d13C = – 24.72 ‰; C content = 

44.4 %) and ammonium sulphate (IAEA-N-2; d15N = 20.3 ‰; N content = 21.2 %) 

were used as laboratory standards for C and N contents and isotopic analysis. The 

analytical precision for C and N isotopic composition for repeat measurement of 

standards were better than 0.1 and 0.3‰, respectively. The precision for C and N 

contents were better than 10%. 

2.3.7 Dissolved gases 
Dissolved CH4, CO2, and N2O were measured in water samples following the 

headspace equilibration method and using gas chromatography (McAuliffe, 1971; 

Elkins, 1980). Water samples were taken from airtight serum glass bottles using an 

airtight syringe (60 mL BD Plastipak) by creating a positive pressure within the sample 

bottles using helium gas (99.999 % purity). The amount of water sample taken (10 – 40 

mL) would depend on the expected concentration of the gases. The sample in the 

syringe was equilibrated with a helium headspace by vigorously shaking for 5 minutes 

at laboratory temperature (Elkins, 1980). After equilibration, a 10 mL subsample of the 

helium headspace was taken and injected into the gas chromatography for analysis. For 

stable isotopic measurements of dissolved CH4 and CO2, the same exercise was 

repeated using zero air (devoid of CH4 and CO2) as the gas used for equilibration.  

2.3.7.1 Gas Chromatography 

The gas chromatography technique is widely used for the separation of gases and 

analysis in small sample volumes. The gas chromatography used in this study (7890B, 

Agilent Technologies, USA; Fig 2.2g) is equipped with five packed columns and a 

methanizer – flame ionisation detector (FID) for the measurement of CH4 and CO2 and 

an electron capture detector (ECD) for the measurement of N2O. In the Gas 

Chromatography, He was used as the carrier gas, N2 as the makeup gas, and zero air 

and H2 as fuel. Prior to sample analysis, the instrument was calibrated using four 

standard gas mixtures with varying concentrations of CH4 (5000, 4993, 2003, and 506.8 

ppb), CO2 (995.2, 600, 411, and 98.3 ppm), and N2O (1000, 495.7, 339.2, and 50.3 ppb) 

procured from Agilent Technologies, USA and DEUSTE Gas Solutions GmbH, 

Germany. The analytical precision for repeat measurements of standards were less than 

3 %. 
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The dissolved concentrations in the actual samples were calculated following Wilson 

et al. (2018) as follows: 
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where, x = mole fraction (ppb) of gas measured in the headspace; Vwp = sample volume 

used for equilibration; Vhs = volume of helium used for equilibration; R = Gas constant 

(0.08205746 L atm K–1 mol–1); P = atmospheric pressure; T = equilibration temperature 

(K) in the laboratory; β = Bunsen solubility coefficient of the gases, which is a function 

of sample temperature (T) and salinity (S); A1, A2, A3, A4, B1, B2, B3, and B4 are 

constants for different gases. β was calculated following Weiss and Price (1980) for 

N2O; Wiesenburg and Guinasso (1979) for CH4; and Weiss (1974) for CO2. The flux 

for each gas across the water – air interface was calculated using the following equation:  

Flux = k (Cm – Ce)    (iii) 

k = 0.251U465 	1
:;
<<6
2
–)*   (iv) 

Sc = A + BT +	CT5 + DT8 + ET9  (v)                                                     

where, Cm and Ce the measured and equilibrium concentration of gas; k = gas transfer 

velocity calculated following Wanninkhof (2014); U10 = wind speed acquired from 

MERRA – 2 reanalysis data (National Aeronautics and Space Administration 

(NASA)/Goddard Space Flight Center, http://gmao.gsfc.nasa.gov/reanalysis/MERRA-

2, last accessed on 01/30/2023); Sc = Schmidt number calculated following 

Wanninkhof (2014). 

2.3.7.2 Cavity Ring Down Spectroscopy 

The equilibrated sample using zero air was analyzed by Cavity Ring Down 

Spectroscopy (G2201-I, Picarro, USA; Fig 2.2h) for C stable isotopic composition of 

CH4 and CO2. Prior to analysis, a one-point calibration was performed using a standard 

gas procured from National Oceanic and Atmospheric Division, Global Monitoring 

Division, USA (δ13CCH4 = – 47.48 ‰ and δ13CCO2 = − 8.788 ‰). The precision for 
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isotopic measurements from repeat measurements of standard gas was better than 1‰ 

and 0.3‰ for δ13CCH4 and δ13CCO2, respectively.  

2.3.8 Particulate black carbon 
Filters containing PM were fumigated with concentrated HCl for 48 hours to remove 

the inorganic C fraction and then dried at 40 ºC. Subsamples for PBC analysis were 

treated following the CTO-375 method (Gustafsson et al. 2001) as this method is widely 

used for PBC quantification in aquatic systems (Mitra et al. 2002; Flores-Cervantes et 

al. 2009; Yang and Guo, 2014; Xu et al. 2016; Fang et al. 2016). Briefly, acid fumigated 

filters were heated at 375 ºC for 24 hours in active airflow to remove the organic C 

fraction. The filters were then analyzed for C content (PBC) and its isotopic 

composition (d13CPBC) using an Elemental Analyzer (Flash 2000) interfaced with an 

IRMS (Delta V Plus, Thermo Scientific, Germany). Similar to POC, IAEA standard of 

cellulose (IAEA-CH-3; d13C = – 24.72 ‰; C content = 44.4 %) was used as laboratory 

standard for and isotopic analysis. The analytical precision for C contents and its 

isotopic composition were better than 10 % and 0.1 ‰, respectively. 

2.4 Statistical analysis 

Shapiro-Wilk test was applied to check the normality in the distribution of the data 

using SigmaPlot 14.0 (Systat, USA). To analyse significant difference in measured 

parameters across seasons and sample classes, a two-way analysis of variance 

(ANOVA) on ranks followed by pairwise multiple comparison (Holm-Sidak method) 

was performed. Alternatively, a one-way ANOVA on ranks using the Kruskal-Wallis’s 

method followed by pairwise multiple comparison (Dunn’s method) was performed to 

check significant differences between two datasets. Spearman rank correlation and 

Pearson’s correlation among parameters were performed in R. Isotope mixing model 

was used to identify the source of POC and PN and CH4 and CO2. Briefly, the isotopic 

signature of the source was obtained from the slope of the regression between the C 

concentration of the pool of interest and the product of d13C and C concentrations 

(Miller and Tans, 2003). This method is based on the principle of conservation of mass 

and mixing of C sources with distinct isotopic signatures. This method was further 

extended for the source identification of N in TSM. Mixing models have been widely 

used in related studies around riverine DIC and GHGs (Campeau et al., 2017; O’Dwyer 

et al., 2020; Begum et al., 2021). 
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Lakes have emerged as hotspots for C and N cycling and active conduits of CH4, CO2 

and N2O to the atmosphere (Bastviken et al., 2008). Catchment characteristics (viz. land 

use and vegetation cover) along with environmental parameters (viz. precipitation, 

temperature, and wind speed) affect the fluxes of C and N across the land/atmosphere-

aquatic interface and concurrently govern the cycling of these elements within the 

aquatic system. Most of the research on aquatic C and N biogeochemistry have been 

focused on large freshwater lakes because of a high species richness and diversity in 

larger systems. However, recent research has observed that smaller lakes potentially 

harbor more species (richness and diversity) as compared to a larger lake of equivalent 

size (Richardson et al., 2022). Furthermore, the environmental controls on in-lake 

processes acts variably in shallow and deep-water lakes.  

In this chapter C and N biogeochemistry in lentic systems which comprise of a 

shallow freshwater and a saline lake has been explored. Given the global crisis of 

freshwater salinisation (Kaushal et al., 2021) due to human activities as well as climate 

change, the first section of the chapter investigates the effect of salinisation on 

freshwater lake biogeochemistry. The second section focuses on the biogeochemistry 

of a lake that transitions from a saline to hypersaline lake. Saline lakes, by convention, 

are epi-continental or inland water bodies having salinity > 3g L-1 (Williams, 2002). 

They are an integral part of the biosphere and are widely distributed across the globe in 

regions where evaporation exceeds precipitation. Generally, saline lakes are assumed 

to be smaller in number and sparsely distributed across the globe. However, contrary to 

this general assumption about their size and distribution, saline lakes contribute 

significantly to the global lake volume, i.e., 85 × 103 km3 to the total of 190 × 103 km3 

of global lakes (Williams, 2002). From the perennial Caspian Sea, Mono Lake, and the 

Dead Sea to the episodically recharged lakes, like Lake Eyre and Pyramid Lake, the 

saline lakes possess aesthetic, cultural, economic, ecological and scientific value. 

However, saline lakes remain an understudied component within the domain of lake 

research and warrants investigations especially in regard to elemental cycling.  
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3.1 Lakes in transition: Effect of volume reduction and 
salinization on freshwater lakes 

Recent decades have witnessed increased effect of climate change and human 

perturbations on lake ecosystems (Schindler, 2009; Williamson et al., 2009; Jeppesen 

et al., 2014). Lake desiccation and salinization are two major threats to freshwater lakes 

and have the potential to severely alter the community structure, diversity and 

productivity of the system (Evans and Frick, 2001; Chapra et al., 2009; Corsi et al., 

2010; Findlay and Kelly, 2011; Van and Swan, 2014; Herbert et al., 2015). Seasonal 

fluctuation in lake water level determines the abundance of the dominant plant types 

(submerged macrophytes, phytoplankton, or free-floating plants) (Scheffer, 1998; 

Scheffer and Carpenter, 2003; Scheffer and van Nes, 2007). The changing lake 

ecological status can alter the rates and directionality of various processes in the aquatic 

C and N cycle (Carpenter and Lodge, 1986; de Tezanos Pinto and O’Farrel, 2014; Hilt 

et al., 2017; Janssen et al., 2021). Specifically, freshwater salinization can seriously 

threaten ecosystem functioning, biodiversity and various ecosystem services (Herbert 

et al., 2015; Rounsevell et al., 2018; Zhao et al., 2021). Salinity is a key environmental 

factor in shaping the structure of freshwater ecosystems across the globe (Reid et al., 

2019). Moreover, salinity controls species adaptation and speciation especially in 

aquatic organisms who use osmotic regulation to survive (Iglesias, 2020; Kaushal et 

al., 2021; Silver and Donini, 2021).  The causes of freshwater salinization could be both 

natural (desiccation and weathering) and anthropogenic (use of road salts and water 

diversion) (Kaushal et al., 2005; Dugan et al., 2017; Corsi et al., 2020). The freshwater 

salinization syndrome encompasses the interrelationships between salinization and 

various biogeochemical processes in aquatic systems (Kaushal et al., 2021). 

This chapter explores the seasonality in C and N biogeochemistry in a shallow 

lake and attempts to decipher the effect of environmental parameters on the same. To 

study the effect of lake volume change and salinization on the C and N pools, 

Nalsarovar Lake (situated in Gujarat, India) was chosen, which is a unique system as it 

transitions from a freshwater to saline system during a hydrological year. Furthermore, 

the lake water depth is the highest during post-monsoon season (September – 

November) and reduces during the following months to be the shallowest (< 1 m) 

during summer (March – May). Therefore, Nalsarovar Lake provides us with a natural 

laboratory to track the effect of lake volume reduction and salinization on various lake 
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processes. The specific objectives of the study were to: (i) track the coupling between 

salinity and lake volume and ultimately with the concentration of C and N pools, (ii) 

decipher the in-lake processes dominant at different salinity/ water level conditions, 

and (iii) observe the effect of salinization on the dissolved CH4, CO2, and N2O 

dynamics. 

3.1.2 Study area 
Nalsarovar is a freshwater lake situated in the Thar Desert Biogeographic Province of 

the western India (Fig 3.1). Covering a maximum surface area of ~ 120 km2, the lake 

depth varies seasonally depending on the amount of recharge through precipitation and 

surface runoff during the monsoon, and by the subsequent seasonal water loss due to 

evaporation. The catchment of Nalsarovar is bounded by basaltic trap rocks, Juro-

Cretaceous sandstone and igneous and metamorphic rocks in the west, northwest and 

extreme northeast, respectively (Prasad et al., 1997). 

 

Fig. 3.1 Map of Nalsarovar showing sampling locations (white circles).  

3.1.3 Sampling 
To address the above objectives, sampling was conducted in the Nalsarovar Lake at 10 

sites during three field campaigns (Fig 3.2). The first field was conducted during 

October 2020 when the lake was completely recharged and had the maximum water. 

This was followed by two other campaigns in February 2021 and August 2021, when 
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the lake level was steadily reducing. This sampling strategy was planned to track the 

shift in biogeochemical parameters across different hydrological regime. The protocol 

for lake water sampling for different parameters is discussed in chapter 2. Additionally, 

lake bottom sediment was collected during August 2021 (n = 9) using a grab sampler 

along with macrophytes (n = 7) and surface algae (n = 5) at random sites to constrain 

the end members of organic matter.  

 

Fig. 3.2 Seasonal variability in lake water depth (shaded) and precipitation (bar charts). 
Sampling campaigns are denoted by dark red squares. 

3.1.4 Results 
3.1.4.1 Physio-chemical parameters of the lake 

Nalsarovar experienced high seasonal variability in temperature, pH, and conductivity 

(Fig. 3.3). The highest water temperature (mean ± stdev: 30.3 ± 1.2 °C) was observed 

during October, which decreased during February (24.2 ± 1.4 °C) to further increase by 

August (27.4 ± 0.2 °C) (Fig. 3.3a). pH ranged from 10.04 ± 0.21, 8.67 ± 0.60 and 8.38 

± 0.42 during October, February and August, respectively (Fig. 3.3b). Lake 

conductivity increased manifold from 2.5 ± 0.3 during October to 5.9 ± 0.3 during 

February and reached as high as 10.0 ± 0.8 mS/cm during August (Fig. 3.3c). The lake 

was predominantly oxic across seasons with the lowest oxygen level (~ 5.09 mg/L) 

during October. The d18O of lake water increased from – 1.0 ± 0.4 during October to 

3.5 ± 0.2 during February and ultimately to 4.8 ± 0.2 during August (Fig 3.3d). Major 

cations (Na+, K+, Mg2+ and Ca2+) increased steadily from October (Na+: 433.0 ± 58.8 

mgL–1, K+: 1.0 ± 0.2 mgL–1, Mg2+: 22.7 ± 3.9 mgL–1, Ca2+: 33.1 ± 6.9 mgL–1) to 
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February (Na+: 961.5 ± 85.7 mgL–1, K+: 3.0 ± 0.6 mgL–1, Mg2+: 62.3 ± 4.5 mgL–1, Ca2+: 

90.8 ± 10.3 mgL–1) and further till August (Na+: 1809.5 ± 175.6 mgL–1, K+: 12.2 ± 1.9 

mgL–1, Mg2+: 120.3 ± 18.8 mgL–1, Ca2+: 122.5 ± 31.8 mgL–1) (Fig. 3.4). Similar 

increasing trend was observed for anions (October: Cl– = 549 ± 94.9 mgL–1 and SO42– 

= 259.7 ± 34.5 mgL–1; February: Cl– = 1468.0 ± 99.5 mgL–1 and SO42– = 574.2 ± 22.1 

mgL–1; August: Cl– = 2956.0 ± 287.5 mgL–1 and SO42–= 971.0 ± 221.8 mgL–1) (Fig. 

3.4) The NH4+ in the lake did not show significant change from October (2.89 ± 1.22 

µM) to February (2.30 ± 1.26 µM), but significantly increased during August (10.15 ± 

7.88 µM). 

 

Fig. 3.3 Box-Whisker plots showing seasonal variation in (a) Temperature, (b) pH, (c) 
Conductivity and (d) d18O of lake water. Solid black line indicates the mean values. 
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Fig. 3.4 Seasonal variations in major cations and anions in the lake. 

3.1.4.2 Concentrations and isotopic compositions of DIC, POC, and PN 

October witnessed a low and wide range of DIC concentrations (mean ± SD ~ 1.45 ± 

1.06 mM) across the lake (Fig 3.5a). The DIC concentration increased steadily to 2.00 

± 0.91 mM during February and 3.07 ± 0.93 mM during August (Fig 3.5a). Such distinct 

seasonality was not reflected on the d13CDIC, with similar compositions during October 

(d13CDIC: – 12.8 ± 1.0) and February (d13CDIC: – 12.8 ± 1.2 ‰; Fig 3.5b). The isotopic 

composition was significantly higher during August (d13CDIC: – 11.3 ± 0.8 ‰). Similar 

to the DIC, POC increased drastically from October (32.08 ± 5.89 µM) to February 

(62.13 ± 24.81 µM) and August (167.17 ± 131.94 µM), respectively (Fig 3.5c). 

However, the d13CPOC had similar signatures during October (d13CPOC: – 23.8 ± 0.6 ‰) 

and February (d13CPOC: – 23.5 ± 2.9 ‰), but decreased significantly during August 

(d13CPOC: – 25.7 ± 2.1 ‰) (Fig 3.5d). PN concentrations ranged from 2.43 to 4.19 µM 

during the October. The average concentration increased to 5.22 ± 2.28 µM during 

February and 37.38 ± 41.93 µM during August (Fig 3.5e). The d15NPN steadily 

decreased from October (d15NPN: 4.6 ± 1.0 ‰) to February (2.5 ± 0.9 ‰) and August 

(1.3 ± 0.8 ‰; Fig 3.5f). 
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Fig. 3.5 Seasonal variation in (a) dissolved inorganic carbon (DIC), (b) d13CDIC, (c) 
particulate organic carbon (POC), (d) d13CPOC, (e) particulate nitrogen (PN), and (f) 
d15NPN. Solid red lines indicate the mean values. 

 

 

 



                                                                                                Chapter 3 Lake Biogeochemistry 

 51 

3.1.4.3 C and N contents in sediments, emergent macrophytes, and surface algae 

The % OC in sediments varied from 0.56 to 2.87 with its isotopic composition 

(d13CSOM) in the range of – 21.5 ± 1.4 ‰. The N content and d15NSOM were in the range 

of 0.17 ± 0.10 % and 4.3 ± 1.0 ‰, respectively. The emergent macrophytes showed 

high C and N contents at 46.89 ± 1.86 and 2.33 ± 0.65 % respectively. The d13C of 

macrophytes ranged from –26.4 to –17.4 ‰ and its d15N varied from 0.9 to 8.4 ‰. 

Surface algal blooms showed 26.96 ± 3.39 and 1.50 ± 0.28 % OC and % N, respectively. 

The algae had highly enriched C (d13C: –19.1 ± 1.2 ‰) and depleted N (d15N: 0.3 ± 1.1 

‰) isotopic signatures (Fig 3.6). 

 

Fig. 3.6 Carbon and nitrogen isotopic composition of different organic matter pools in 
the lake. The symbols and lines indicate mean ± stdev. The black square shows the 
source isotopic signature of organic matter deduced through graphical mixing model.  



                                                                                                Chapter 3 Lake Biogeochemistry 

 52 

3.1.4.4 Dissolved greenhouse gases in the lake  

CH4 concentrations varied between 0.16 to 0.56 µM during October to increase during 

February (0.64 ± 0.38 µM) with an extremely high concentration of ~ 6.73 µM near a 

vegetated site (Fig. 3.7a). The lake CH4 concentration further increased during August 

(7.88 ± 5.47 µM) with the vegetated site showing high CH4 (~ 6.68 µM) again. The 

d13CCH4 showed an increase during February (– 46.8 ± 3.7 ‰) compared to October (–

53.0 ± 4.4 ‰) and August (–55.4 ± 6.2 ‰) (Fig 3.7b). The dissolved CO2 concentrations 

in the lake witnessed a decline during February (0.16 ± 0.09 mM) compared to October 

(0.17 ± 0.05 mM) and August (0.32 ± 0.10 mM) (Fig. 3.7c). The d13CCO2 during October 

(–10.6 ± 1.7 ‰) was close to that of atmospheric CO2 (~ – 8 ‰). During February, the 

d13CCO2 decreased to –17.7 ± 1.2 ‰ and later increased to –15.6 ± 0.7 ‰ during August 

(Fig. 3.7d). Dissolved N2O showed an exact opposite seasonality to that of the dissolved 

CO2 with N2O concentrations increasing from October (9.26 ± 0.89 nM) to February 

(11.85 ± 1.24 nM) and then falling drastically to 3.44 ± 2.11 nM during August (Fig 

3.7e). 

3.1.5 Discussion 
3.1.5.1 Evaporation and salinization of lake water 

The increasing d18O of lake water from October to February and further to August 

reflects the temporal change in evaporative regime of the lake. Increase in d18O is 

attributed to the loss of lake water via evaporation leading to lighter isotopes 

preferentially getting removed during phase change from water to vapor (Fry, 2006). 

Rayleigh fractionation model was applied to estimate the change in lake volume due to 

loss via evaporation (d18OFebruary = (d18OOctober + 1000) × fev (α – 1)), where 0.9908 was 

taken as fractionation factor (α) at 25°C (Gat and Gonfiantini, 1981). The assumption 

behind using this model was that the lake gets recharged only by monsoonal 

precipitation and not by groundwater or surface water during the dry periods. Lakes 

situated in semi-arid climate usually feeds the groundwater during the dry period, 

thereby validating our assumption. Around ~ 39 % loss of lake water due to evaporation 

from October to February and ~ 47 % by August was estimated. This intense 

evaporation resulted in increased ionic concentration in the lake water (Fig. 3.4). 

Manifold increase in conductivity from October to February and further to August (Fig. 

3.3c) is a direct result of decreasing lake volume due to evaporative loss.  
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Fig. 3.7 Seasonal variation in concentrations and isotopic compositions of dissolved 
gases: (a) CH4, (b) d13CCH4, (c) CO2, (d) d13CCO2, and (e) N2O. Solid red lines indicate 
the mean values. 

3.2.5.2 Seasonality in dissolved inorganic carbon cycling 

Dissolved inorganic carbon showed drastic increase in concentration as the lake volume 

decreased (Fig 3.4a). Carbon uptake during photosynthesis, carbonate 

precipitation/dissolution, OM degradation, and CO2 degassing are the primary 

processes that govern the concentration and isotopic composition of lake DIC pool 
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(Alling et al., 2012; Sarkar et al., 2023a). Low DIC observed during October is 

attributed to dilution due to precipitation and surface runoff. The negative relationship 

between DIC and d13CDIC (p < 0.05, Fig 3.8a) during October indicates inputs from two 

sources (decomposition of OM and/or atmospheric CO2). Subsequently, DIC increased 

during February without any significant change in d13CDIC. Weak relationship between 

the concentration and isotopic composition of DIC during February (Fig 3.8b) limits us 

from inferring dominant processes controlling the increase in concentration. However, 

shrinking of lake volume without drastic shift in in lake processes seems to be the 

possible causal factor for increasing DIC with similar isotopic composition.  

The positive relationship between DIC and d13CDIC during August could be 

attributed to calcium carbonate precipitation (Aling et al., 2012). However, that process 

is dominant at low salinities which was not the case during August. Therefore, the 

plausible explanation again lies in the fact that there is an increase in lake DIC due to 

reducing lake volume and the increase in d13CDIC could be due to enhanced DIC uptake 

during primary production. Also, the evasion of CO2 (Fig 3.7c) from the lake might 

have led to an increase in the isotopic composition of the residual DIC pool.  The loss 

of lighter DIC fraction coupled with an increase in overall concentration due to 

reduction in lake volume might be responsible for the strong positive relationship 

observed between DIC and d13CDIC at high salinity (Fig 3.8c). 

 

Fig. 3.8 Relationship between DIC and d13CDIC in (a) October, (b) February, and (c) 
August. 

3.1.5.3 Lake biomass  

Particulate organic matter is an indicator of lake biomass and its in-situ production is 

governed by the availability of nutrients and favorable environmental conditions (water 
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temperature, turbulence, and light availability). Nalsarovar witnessed sharp increase in 

POC and PN concentrations from October to August (Fig 3.5 c & e). This is 

accompanied by reduction in lake volume and increase in ionic concentrations. An 

increase in C/N ratio of POM from October to February was also observed, which 

declined in August (Fig 3.9). Post February, as the POM concentration increased, 

simultaneous decline in d15NPN and d13CPOC was also observed. This increase in 

concentration of POM with decline in isotopic compositions of C and N points towards 

cumulative effect of reduction in lake volume leading to accumulation of organic matter 

and change in species and nutrient source.  

 

Fig. 3.9 Seasonal variation in the C/N ratio of particulate organic matter. Solid black 
lines indicate the mean values. 

 The lowering of d15NPN from October to August indicates a shift in N source for 

in-lake production in the lake from DIN to atmospheric N2. As the lake volume 

decreases, degassing of NH3 from the system is expected, causing increase in the 

isotopic composition of the remaining DIN pool (Isaji et al., 2019c). If the in-lake 

production was sustained through this isotopically enriched DIN pool as a N source 

during low lake volume condition (August), higher than observed isotopic composition 

of POM was expected. However, the observed d15NPN was ~ 1.5 ‰. This could also 

result from the supply of detrital organic matter from the catchment due to relatively 

low d15N of detrital organic matter (Kumar et al., 2004). But there was no supply of 

such organic matter during August due to absence of precipitation that time. Therefore, 

it is speculated that the lake is possibly favorable for N2 fixation, which is reflected in 

low d15NPN. N2 fixation is a process by which diazotrophs fix atmospheric N2 with 

negligible isotopic fractionation and therefore the OM tends to show isotopic signatures 



                                                                                                Chapter 3 Lake Biogeochemistry 

 56 

close to ~ 0 ‰. This conjecture needs to be validated through quantification of N2 

fixation rate measurements in the Nalsarovar. High d15NPN during October, on the other 

hand, indicated uptake of DIN with relatively higher isotopic signatures and/or inputs 

from the terrestrial sources. The extremely high POM concentrations during August as 

compared to February further indicated the signature of surface blooms, which were 

visible during field sampling.  

3.2.5.4 Source of sedimentary organic matter 

Organic matter in lake sediments is primarily derived from sinking particulate which 

might have been produced in situ or received through surface runoff. The d13CSOM 

provides a fair idea about the dominant source of OM along with the transformations 

taking place in the water column. Applying graphical mixing model (Miller and Tans, 

2003), the source isotopic signature of SOM was estimated to be around –23.3 ± 1.2 ‰ 

for C and 2.9 ± 0.6 ‰ for N (Fig 3.6). These values indicate that lake particulate matter 

is the primary source of C and N to the sediments with little contribution from emergent 

macrophytes. Furthermore, the increase in isotopic composition of both C and N in 

sediments as compared to the source signatures indicates remineralization of OM in the 

water column and post sedimentation. 

3.1.5.5 CH4, CO2, and N2O dynamics in the lake 

CH4 concentrations in the lake increased steadily as the lake volume reduced and the 

lake biomass increased. This increase in CH4 might be primarily governed by the 

increase in the supply of OM which acts as a substrate for CH4 production as evident 

from the strong positive correlation between CH4 and POC (Fig. 3.10). The d13CCH4 

increased from October to February and later decreased during August. The d13CCH4 

was strongly correlated to C/N ratio and d13CPOC, particularly during February, which 

was a productive period as reflected by the high C/N ratio of POM (Fig 3.10). The 

increase in isotopic composition of CH4 from October to February may be attributed to 

slight increase in the isotopic composition of the substrate (i.e., lake particulate matter). 

As such, the median increase in d13CPOC was ~ 1 ‰, whereas the median increase in 

d13CCH4 was ~ 6.3 ‰. CO2 concentrations in the lake reduced slightly during February 

which might be attributed to uptake during primary production. However, the CO2 

dynamics in the lake was complex and seemed to be controlled by several processes 

leading to mixed isotopic signatures. For instance, uptake during primary productivity 
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would result in a decrease in concentration and increase in d13CCO2. Similarly, 

decomposition of OM would increase the CO2 concentrations with depleted d13CCO2. 

During February, a slight decrease in CO2 along with a significant reduction in d13CCO2 

was observed. The fall in d13CCO2 accompanied by concurrent increase in d13CCH4 

indicates possible oxidation of CH4 to CO2 during this period. Conversely, high d13CCO2 

(–10.6 ± 1.7 ‰) during October indicates CO2 in equilibration with the atmosphere and 

the depletion during later months suggests a coupling between primary production and 

respiration.  

 

Fig. 3.10 PCA of measured parameters in Nalsarovar during different seasons. 

The use of graphical mixing model (Miller and Tans, 2003) in this study helped to 

calculate the source isotopic signatures of CH4 and CO2 (Fig 3.11; Table 3.1). The 

d13CCO2-SOURCE during October was ~ – 7.7 ± 1.7 ‰ which later decreased to – 19.4 ± 

0.7 ‰ during February and increased to – 14.9 ± 0.7 ‰ during August (Table 3.1). This 

supports the earlier argument on the shift of the lake from a well-mixed system in 

equilibration with the atmosphere during October to enhanced respiration and/or CH4 

oxidation during February. The d13CCH4-SOURCE followed a similar trend as CO2 with 

enriched source during October ~ – 47.6 ± 2.8 ‰ and depleted during February (– 53.0 
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± 0.5 ‰) and August (– 51.9 ± 1.0 ‰). Increase in N2O from October to February and 

sharp decrease during August was observed. During February, the low water 

temperature might have decreased the activity of N2O reductase in denitrification, 

favoring N2O accumulation in lake (Veraart et al., 2011; Kortelainen et al., 2020). 

Furthermore, the sharp decline during August might be because of high POM in surface 

waters, indicative of algal blooms (with low d15N signatures), which upon settling 

might have caused anoxia in the sediments, reducing the efficiency of the coupled 

nitrification- denitrification process (Zhu et al., 2020; Liang et al., 2022; Song et al., 

2022). The N2O concentrations in lake showed a balance between production and 

consumption of N2O, through the coupled nitrification and denitrification processes 

(Wenk et al., 2016; Quick et al., 2019). However, quantification of these processes 

might reveal a better picture. Studies have found a significant inverse relationship 

between N2O concentrations and surface DO (and Chlorophyll a level) (Webb et al., 

2019). It has also been argued that even at high DIN concentration (as the case with 

Nalsarovar during August), there can be undersaturation of N2O in the lake due to 

competition among denitrifiers and primary producers for DIN. N2O systematics (and 

undersaturation) has not been explored in detail in aquatic systems compared to CO2 

and CH4, especially for shallow lakes where the absence of stratification induced 

denitrification complicates the possible N2O consumption pathways.   

 

Fig. 3.11 Miller Tans plots for (a) CO2 and (b) CH4. Symbols with red outline indicate 
source isotopic signatures. The detailed statistics are provided in Table 3.1.  
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Table 3.1 Summary of the least-square linear regression model equations in the Miller-
Tans plots for CO2 and CH4 presented in Fig 3.11 with the parameters of the linear 
equation along with standard error in brackets for the slope, R2, and number of 
observations (n). An approximation of the δ13C source values can be found in the slope 
of the Miller-Tans equation. 

Month Equation R2 n 

Miller – Tans Plot: d13CCO2 – CO2 

October d13CCO2 × CO2 = –7.74 (±1.66) × CO2 –0.47 (±0.30) 0.73 10 

February d13CCO2 × CO2 = –19.39 (±0.69) × CO2 +0.23 (±0.12) 0.99 10 

August d13CCO2 × CO2 = –14.90 (±0.70) × CO2 –0.18 (±0.22) 0.99 8 

Miller – Tans Plot: d13CCH4 – CH4 

October d13CCH4 × CH4 = –47.62 (±2.78) × CH4 –1.43 (±0.92) 0.97 10 

February d13CCH4 × CH4 = –53.02 (±0.47) × CH4 +3.82 (±1.05) 0.99 10 

August d13CCH4 × CH4 = –51.92 (±1.05) × CH4 –3.71 (±2.60) 0.99 8 

 

3.1.6 Conclusion 

The present study explores the effect of lake volume reduction and increasing salinity 

on the C and N biogeochemistry of shallow lakes. Evidently, reduction in lake volume 

was the primary cause of increasing ionic concentration which affected the lake 

productivity and other microbially mediated processes. At higher salinity, increase in 

lake biomass indicated a shift from heterotrophy to autotrophy. Furthermore, even at 

high nutrient condition, evidence for the presence of N2 fixers were observed through 

decreasing d15NPN with increasing salinity and lake biomass. Dissolved CH4, CO2, and 

N2O were controlled by complex interactions of several environmental parameters. CH4 

showed a clear dependence on availability of substrate, whereas CO2 concentrations 

dipped during winter when biomass and C/N were relatively high, potentially showing 

role of uptake by biota. N2O was surprisingly lowest during period of high lake biomass 

indicating a negative effect of productivity on N2O production (competition for 

DIN/complete denitrification).  
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3.2 Biogeochemistry of a saline lake 

The biogeochemistry of saline lakes differs from freshwater ecosystems largely in 

terms of their high productivity (Hammer, 1981; Melack, 1981; Blomqvist et al., 2004; 

Shadrin et al., 2015) and associated high rates of OM burial and calcium carbonate 

precipitation (Last, 1993; Jellision et al., 1996; Mirzoyeva et al., 2015). Bedrock 

geology and weathering in the catchment usually drive the acidic or alkaline nature of 

such lakes (Deocampo & Renaut, 2016). In general, nutrients and major ions tend to 

accumulate within the basin in the terminal or desiccation stage, giving rise to high 

salinity and productivity (Jones & Deocampo, 2003). Unlike HCO3-/CO32- in freshwater 

lakes, Na+ and Cl- are the dominant ions in saline lakes (Eugster & Hardie, 1978). The 

biota present in saline lakes is uniquely adapted to high salinity, and some even survive 

desiccation (Williams, 2002). The halophilic (salt-tolerant) organisms have the ability 

to optimise their metabolism by migrating across layers of oxidised and reduced 

environments by using diurnal fluctuations in pH and Eh (Shadrin et al., 2015). Saline 

lakes also harbour species like archaebacteria (Oren, 1999), ancient stromatolites 

(Walter et al., 1980), and micro-niches to support a wide range of co-existing organisms 

(Oren, 1999). These also serve as breeding grounds and foraging sites for a large 

population of colonial and migratory water birds (Conway et al., 2005; Timms, 2007; 

Sangha, 2008; Andrei et al., 2009).  

Saline lakes play a vital role in global C dynamics through efficient nutrient cycling 

and productivity to actively regulate the atmospheric concentrations of CO2 and CH4 

(Horsefield et al., 1994; Blomqvist et al., 2004; Duarte et al., 2008; Camacho et al., 

2017). Carbonate systems with chemically enhanced CO2 exchange rates are much 

more prevalent in saline lakes (Duarte et al., 2008). Efficient nutrient recycling inside 

the microbial mats of saline salt pans has also been reported (Isaji et al., 2019a). In view 

of changing climate with large shifts in precipitation pattern and rise in mean 

temperatures, lakes in arid and semi-arid regions of the world are shrinking and 

desiccating (Williams, 1996; Jellison et al., 2008; Messager et al., 2016; Gross, 2017). 

These desiccating inland waters have recently gained much attention in terms of being 

a source of CH4 and CO2 to the atmosphere (Marce et al., 2019; Keller et al., 2020; 

Paranaíba et al., 2022). Humans have appeared as a major threat to these ecosystems 

by causing surface runoff diversions for agricultural purposes, salinization, and mining 

(Nissenbaum, 1993; Williams, 1993;1996; Zheng, 2001; Wurtsbaugh et al., 2017). 
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Although limnologists have extensively explored the elemental biogeochemistry in 

lakes across the globe, methodological investigations using stable isotopes are scarce 

in the field of saline lakes research and completely lacks from the regions like the Indian 

subcontinent.  

In this study, using elemental and stable isotope approaches, the effect of changing 

salinity and lake volume on concentrations of C and N pools and the associated 

biogeochemical processes of a saline lake transitioning into a hyper saline have been 

explored. During the study, it was hypothesised that: (i) lake desiccation would elevate 

the ionic concentrations, specifically DIC and DIN pools; (ii) POM concentrations in 

lake would increase with lake turning into hypersaline; and (iii) human alterations of 

the natural environment of saline lakes by engineered modifications (building brine 

reservoirs and salt pans) would increase/decrease the residence time of water in each 

system. These interventions would create distinct lake environments showing unique 

biogeochemical signatures. 

3.2.1 Study area 

The sampling for the present work was conducted during winter (January) and monsoon 

(September) seasons of 2019 at the Sambhar Salt Lake (henceforth Sambhar) located 

in the state of Rajasthan in north-west India (Fig 3.12). Sambhar, formed as a result of 

neo-tectonism and aeolian segmentation of paleo-channels and streams, is a terminal 

lake in an endorheic river basin (Amal, 1990; Deshmukh & Rai, 1991; Roy, 1999). The 

lithology of the region consists of a Precambrian basement (schists, phyllites, and 

quartzites) overlain by quaternary deposits of clay and silt (Aggarwal, 1951). There are 

only two active channels, namely Roopangarh and Mendha, which drains into the lake 

for few wet days during the monsoon (Yadav et al., 2007). The catchment area of the 

lake is ~7560 km2, and the lake surface area varies seasonally between latitudes 

26°52’ - 27°02’ N and longitude 74°53’ - 75°13’ E. The width of the lake varies 

between 3.2 – 11.2 km, with a maximum length of  ~ 22.5 km and surface area of ~ 225 

km2 (Sinha & Raymahashay, 2004). The lake remains dry for most part of the year to 

reach a maximum reported depth of ~ 3 meters during post-monsoon (Sinha & 

Raymahashay, 2004). The lake falls in the rain shadow region of the Aravalli range and 

receives a mean annual precipitation of 100 – 500 mm (Sinha & Raymahashay, 2004). 

In the recent decades, Sambhar has been subjected to huge anthropogenic stress due to 

the construction of a brine reservoir, construction of new rail route near the eastern 
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wing of the basin, and establishment of numerous salt pans spread across the perimeter 

of the lake.  

 
Fig. 3.12 (a) Study area and sampling locations (Sambhar salt lake, Rajasthan, India), 
(b) lake during winter, (c) lake during monsoon, (d) brine reservoir during winter, (e) 
brine reservoir during monsoon, (f) salt flats, and (g) salt pans. n represents the number 
of sampling locations during winter (W) and monsoon (M).  
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3.2.2 Sampling 

Four distinct aquatic environments representing different physiochemical conditions 

across seasons were sampled within the study area. These environments include (a) lake 

region, (b) brine reservoir, separated from the natural lake by an embankment, (c) salt 

pans, spread across the perimeter of the basin, and (d) groundwater, where samples 

were collected from the tube wells (reaching deeper aquifers) and dug wells (open wells 

recharged by shallow groundwater) situated in clustered settlements around the lake 

(Fig 3.12). Due to logistic reasons, accessibility, and significant reduction in lake 

surface area, number of samples collected during winter and monsoon were not same. 

Even within season, particularly during winter, samples for some parameters were lost 

either during transportation or analysis. The protocols for water sampling are briefly 

discussed in chapter 2. In addition to collection of water samples, samples from the top 

15 cm of the exposed lake sediments were collected using a corer (after removing the 

salt crusts/litter) at sixteen locations in different parts of the basin during winter (Fig 

3.12).  

3.2.3 Results 
3.2.3.1 Isotopic compositions of water 

The general δ18O signatures of the samples were low during monsoon compared to the 

winter season (Fig 3.13). Except for the groundwater [δ18O (mean ± stdev): - 4.2 ± 0.9 

‰ to - 3.3 ± 2.2 ‰], δ18O value of the samples collected from different aquatic 

environments in the Sambhar region showed seasonal variation from monsoon to 

winter. Lake surface water showed the highest enrichment (~ 20.4 ‰) during winter, 

followed by brine reservoir (~ 12.6 ‰). The salt pans witnessed nearly 5.7 ‰ increase 

from monsoon to winter. 

3.2.3.2 Hydrographic parameters, major ions, and nutrients  

The lake and the brine reservoir witnessed a seasonal shift from a relatively low pH 

system (lake ~ 8.0; brine ~ 8.3) during monsoon to a highly alkaline environment (lake 

~ 8.8; brine ~ 9.2) during winter. In contrast, the mean pH of the salt pans and 

groundwater was high during monsoon (pH 8.6 & 8.1) and decreased in winter (pH 8.1 

& 7.6).  Conductivity increased manifold in the lake (28 times) and the brine reservoir 

(11 times) from monsoon (lake: 13.58 ± 1.32 mS cm-1; brine: 45.08 ± 1.26 mS cm-1) 

to winter (lake: 373.52 ± 120.09 mS cm-1; brine: 480.26 ± 82.25 mS cm-1). 
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Conductivity was primarily regulated by Na+ and Cl- dominant ions in the basin with 

low but detectable K+ and Mg2+ during monsoon. SO42- concentrations increased 

significantly during late winter in all the sampling classes. 

 

Fig. 3.13 Relationship between δ18O and conductivity. Empty and filled symbols 
represent winter (W) and monsoon (M) samples, respectively. The δ18O values are 
denoted in permil notation (‰) and conductivity is millisiemens per cm. 

In general, NH4+ was the dominant inorganic form of N over NO3- in the region. 

The NH4+ in lake experienced maximum reduction during monsoon to 4.1 ± 2.9 μmol 

N L-1 in contrast to the minor change in concentrations for brine reservoir to 270.0 ± 

44.1 μmol N L-1. NH4+ in the groundwater and salt pans around the lake showed a wide 

range without much seasonality. Low NO3- concentrations were observed for lake and 

brine samples during both the seasons (Fig 3.14). Salt pans showed a wide range in 

NO3- concentrations during both winter (51.3 ± 69.1 μmol N L-1) and monsoon (8.4 ± 

10.7 μmol N L-1) seasons (Fig 3.14). NO3- concentrations were the highest in 

groundwater, showing relatively lower values during monsoon (78.2 ± 49.7 μmol N L-

1) compared to the winter (131 ± 90 μmol N L-1). Lake NH4+ / NO3- was very high (~ 

20) in winter and decreased drastically (~ 1.7) during monsoon. However, the ratio did 

not change much for the brine reservoir (~ 37.8 to ~ 36.7).   
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Table 3.1 Basic sediment properties. SWC and SOM are sediment water content and sediment organic matter, respectively. δ 13CSOM and δ15NTN 
are the stable carbon and nitrogen isotopic compositions of sediment organic matter and total nitrogen, respectively. 

Sample ID pH Conductivity (µS/cm) 
SWC 

(gH2O/g dry sediment) 
%C δ13CSOM %N δ15NTN C/N NH4-N (µmol/L) NO3-N (µmol/L) 

S1 10.26 23.21 0.260 0.43 - 19.2 0.04 7.0 8.68 18.46 0.47 

S2 10.24 14.78 0.151 0.24 - 21.1 0.03 5.2 6.78 26.46 0.06 

S3 8.31 0.15 0.003 0.09 - 20.8 0.01 8.8 6.01 NA 16.26 

S4 10.29 12.10 0.108 0.18 - 20.7 0.03 8.3 5.71 13.88 0.06 

S5 9.14 23.56 0.197 0.28 - 20.2 0.02 8.0 10.50 NA 2.75 

S6 10.15 12.54 0.165 0.32 - 20.2 0.04 7.3 6.47 13.56 0.40 

S7 10.20 12.54 0.073 0.48 - 20.1 0.05 9.0 7.68 5.62 NA 

S8 9.90 13.96 0.271 0.53 - 20.2 0.06 8.7 7.91 NA NA 

S9 9.88 17.88 0.289 0.54 - 19.7 0.06 7.6 7.24 2.10 NA 

S10 9.48 10.62 0.212 0.46 - 19.7 0.06 8.9 6.46 1.81 2.59 

S11 10.26 6.89 0.181 0.37 - 20.1 0.04 7.2 8.46 1.07 NA 

S12 10.40 9.41 0.281 0.05 - 23.8 0.01 17.0 5.87 NA NA 

S13 8.32 0.18 0.009 0.20 - 20.0 0.02 9.6 7.26 NA NA 

S14 10.48 2.20 0.281 0.32 - 20.4 0.03 10.6 9.59 0.63 0.63 

S15 10.20 13.00 0.127 1.76 - 23.3 0.14 8.6 10.69 NA NA 

S16 9.19 14.56 0.207 1.58 - 22.0 0.21 6.5 6.43 2.08 0.65 
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Fig. 3.14 Relationship between NO3– and NH4+ during winter (W) and monsoon (M). 
Empty and filled symbols represent winter (W) and monsoon (M) samples, 
respectively. 

3.2.3.3 Dissolved inorganic carbon 

The DIC concentration in lake and brine reservoir increased manifold from monsoon 

to winter followed by an increase in δ13CDIC (Fig 3.15). In brine reservoir, DIC increased 

from 15.6 ± 1.5 to 234.1 ± 12.0 mM, accompanied by an increase in δ13CDIC by around 

1.6 ± 1.5 ‰. The lake witnessed a similar increase in DIC from 3.6 ± 0.6 to 68.5 ± 4.7 

mM. The change in δ13CDIC was higher in lake (~ 5.0 ‰) as compared to that in brine 

reservoir (~ 1.6 ‰). Groundwater did not show much seasonality in DIC concentrations 

or its isotopic signature and had wide distribution (9.8 ± 4.4 mM and - 9.7 ± 3.1 ‰ in 

monsoon; 14.6 ± 9.3 and - 8.0 ± 2.4 ‰ in winter). However, the groundwater was most 

depleted in δ13CDIC compared to other reservoirs (Fig 3.15). Salt pans, similar to 

groundwater, had negligible seasonal variations in their isotopic composition. An 

outlier was observed in salt pan during monsoon, having δ13CDIC value of 2.8 ‰. 

However, during monsoon, the DIC concentrations in salt pans (53.3 ± 22.5 mM) 

remained higher than in the lake and brine reservoir. 
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Fig. 3.15 Relationship between dissolved inorganic carbon (DIC) and δ13CDIC during 
winter (W) and monsoon (M). Empty and filled symbols represent winter (W) and 
monsoon (M) samples, respectively. 

3.2.3.4 Particulate organic matter contents and its isotopic compositions  

POM (POC and PON) concentrations were the highest for brine samples followed by 

salt pans and lake water during both seasons (Fig 3.16). The range of POC and PON 

concentrations in brine was high and narrow during the winter season (POC: 57.8 to 

164.2 mM, PON: 4.3 to 14.9 mM), which further widened during monsoon (POC: 3.0 

to 171.9 mM, PON: 0.3 to 46.1 mM) with values mostly skewed towards the lower end 

(Fig 3.16). The POC concentrations in salt pan increased, whereas PON concentration 

decreased in the monsoon compared to the winter season. The lake water showed very 

low POC (0.3 to 0.6 mM) during the monsoon, which increased up to 22.9 mM in the 

winter season (Fig 3.16). Similar to POC, the PON concentration of the lake was also 

higher in winter compared to the monsoon season. The C:N ratio of the samples was 

less than 20 and was higher during winter than the monsoon season for all the aquatic 

environments (Fig 3.16). 

The δ13CPOM showed clear seasonal shifts in the lake and brine reservoir (Fig 

3.17). For lake, δ13CPOM (‰) increased from - 28.9 ± 1.8 in monsoon to - 23.6 ± 0.7 in 

winter. It was opposite for brine reservoir where δ13CPOM (‰) decreased from monsoon 
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(- 20.6 ± 1.5) to winter (- 24.8 ± 0.2). The salt pans showed a wide range of δ13CPOM 

signatures without significant seasonal variations (- 22.9 ± 3.7 in monsoon and - 21.2 

± 2.2 in winter). δ15NPOM showed peculiar variations within and across seasons with 

high heterogeneity. In both the seasons, δ15NPOM of lake and brine reservoir were low 

(< 8) as compared to the higher δ15NPOM in salt pans (> 14 ‰). However, a few pans 

showed low δ15NPOM (< 6 ‰) values during monsoon as well. A decrease in the mean 

δ15NPOM from monsoon to winter for both lake (4.6 ± 1.9 → 2.3 ± 1.0) and brine 

reservoir (4.0 ± 2.8 → 0.6 ± 0.7) was also observed. 

 

Fig. 3.16 Seasonal variation in the (a) particulate organic carbon (POC), (b) particulate 
organic nitrogen (PON) and (c) C/N ratios in different sample classes. Winter and 
monsoon seasons are represented by light grey and dark grey shades respectively. 

3.2.3.5 Basic properties of sediments  

The pH of the sediments was alkaline throughout and ranged from 8.3 to 10.7 (Table 

3.2). Conductivity and soil water content showed large variation within the lake 

sediments, particularly due to very low values at S3 and S13, which were the farthest 

sites from the periphery of the lake (Table 3.2). The SOC and TN of the sediments were 

low (Table 3.2) and similar to that observed in semi-arid soils (Sharma and Kumar, 

2022). Among all the samples, sediments collected from near the lake and the brine 

reservoir (S15 & S16) showed the highest TOC and TN contents (Table 3.2). Despite 

this, there was no significant variation in δ13CTOC and δ15NTN of the samples collected 

from different sectors (Table 3.2). The C:N ratio in sediments remained nearly constant 

and did not show much variation in the lake (Table 3.3). NH4+ concentrations were high 
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at the periphery of the central region (S1, S2) and on the western side (S4 and S6) of 

the lake. NO3- was low at most locations and showed highest value at S3 (Table 3.2).  

3.2.4 Discussion 

3.2.4.1 Hydrological characteristics of the lake 

δ18O of water samples collected from different classes showed significant seasonal 

variations (Fig 3.13). The δ18O of samples were low during monsoon because of inputs 

from isotopically depleted rainwater (Yadav, 1997). The water oxygen became more 

highly enriched during winter because of intense evaporation. Estimate of the 

evaporative loss in each aquatic environment using the Rayleigh fractionation equation 

was performed (δ18OWinter = (δ18OMonsoon + 1000) × fEv (α – 1) – 1000). Lake was assumed 

as a terminal setting where the only input of water is from rain, and the loss happens 

via evaporation and seepage. From the Na+/Cl- ratios of the lake water and its pH, it can 

be concluded that the major source of water is precipitation and surface runoff, not 

groundwater, which is consistent with an earlier study (Yadav, 2007). This assumption 

was supported by field observations of surrounding dug wells which remained 

recharged even during winter when the lake started to desiccate. Therefore, it appears 

that groundwater input to the lake was negligible. For the fractionation factor (α) at 

25ºC, a value of 0.9908 was used (Gat and Gonfiantini, 1981). Using the Rayleigh 

equations, it was calculated that the lake lost ~ 89 % while brine lost ~ 74 % of its 

surface water from monsoon to winter. The difference in evaporative loss between the 

lake and reservoir can be attributed to the larger surface area/volume of the lake. This 

estimation was not possible for salt pans because they were spread all across the 

perimeter, utilising groundwater at different frequencies and mixing them with different 

grades of brine, thereby making it difficult to constrain the source of water. It seems 

that the δ18O of salt pans are modified by the fraction of each source and the residence 

time of the water in the pans, thereby resulting in older pans showing highly enriched 

δ18O signatures.  

3.2.4.2 Lake nutrient dynamics and ion chemistry  

NH4+ and NO3- concentrations in the different sectors of sambhar lake (Fig 3.14) 

showed drastic seasonal variations with low NH4+ concentrations during the monsoon 

seasons, probably due to dilution effect, later reaching very high concentration by 

winter. This increase in nutrient concentration could be attributed to the shrinking lake 
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size during the dry period. The increase in the concentration of NH4+ agreed with our 

hypothesis of increasing ion concentration with lake desiccation that occurs in winter. 

However, the NO3- concentrations did not increase at the same magnitude as NH4+, 

indicating other controls over the NO3- dynamics. Sambhar lake witnesses large flocks 

of migratory birds during the winter season, which might cause subsequent 

guanotrophication as a result of overcrowding of birds (mostly flamingos) in a reduced 

lake surface area (Batanero et al., 2017). Their guano might be a dominant source of 

NH4+ to the lake during this period (Manny et al., 1994; Post et al., 1998; Kitchell et al., 

1999; Hahn et al., 2007,2008; Huang & Isobe, 2012; Dessborn et al., 2016). The role 

of water birds in regulating the nutrient dynamics of such arid lakes during breeding 

and wintering periods by importing nutrients from foraging areas and also many a time 

causing bioturbation of sediments, releasing nutrients to the surface waters is well 

documented (Glassom & Branch, 1997; Bodelier et al., 2006; Rodríguez‐Pérez & 

Green, 2006). High NH4+ concentrations were observed in the brine reservoir even 

during monsoon, probably due to the presence of large volumes of pre-existing slurry, 

which reduced the dilution effect of monsoon precipitation. During winter, the very 

high NH4+ concentration in the brine could have been supported by efficient recycling 

of OM supported by high surface organic biomass. Furthermore, presence of thick 

microbial mats on the surface of the brine reservoir (as observed during sampling) 

might have prevented the escape of NH3 from the brine during the low gas solubility 

phase in increased salinity conditions (Isaji et al., 2019b). This was not the case in lake 

water, where the shallow depth and the absence of surface microbial mats would have 

easily supported gaseous exchange. Interestingly, the NO3-/ NH4+ ratios decreased in 

all the sampling classes from monsoon to winter, suggesting significant inhibition of 

nitrification in high salinity and pH conditions (Isaji et al., 2019b) as hypothesized 

initially.  

3.2.4.3 Dissolved inorganic carbon cycling in the lake 

Sambhar Lake witnessed high seasonal variation in the DIC concentration and δ13CDIC 

(Fig 3.15). During monsoon, heavy rainfall and runoff resulted in a large change in the 

lake volume with low DIC concentration. The relatively lower pH of surface waters 

during monsoon reflected the increased role of dissolved CO2 in the DIC pool, which 

was also seen in decreased δ13CDIC (Bade et al., 2004). Surface runoff after a long 

summer from the watershed dominated by plants has been reported to have low δ13CDIC 
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(Gu et al., 2006). Towards winter, in agreement with the hypothesis, the DIC 

concentration increased manifold, primarily due to shrinking lake volume (Fig. 3.15). 

Also, the shallow water depth during this period was easily affected by local wind 

motions resulting in suspension of loose sediments, which might also contribute to an 

increased DIC (Song et al., 2013). The increase in DIC concentration in both the lake 

and the brine reservoir during winter was accompanied by increase in δ13CDIC. This 

isotopic enrichment was higher in the lake water as compared to the brine reservoir, 

and therefore could be attributed to higher rates of CO2 evasion from the lake water 

during this period leading to increased δ13CDIC in the remaining pool. This explanation 

is further supported by the higher evasion rates of gases in low solubility conditions at 

higher salinities. Preliminary data of dissolved CO2 (not included in this study) 

indicates the lake acting as a source of CO2 to the atmosphere during the winter.   

3.2.4.4 Lake biomass and productivity  

In Sambhar Lake, productivity increased from monsoon to winter which can be 

observed indirectly from the elevated OM concentration (both POC and PON; Fig 3.16) 

and relatively higher C:N ratio during winter (Fig 3.16). Although we envisaged an 

effect of lake desiccation on the POM dynamics, the observed increase in POM 

concentrations from monsoon to winter were very high. Simultaneous increase in 

δ13CPOM (Fig 3.17) of the lake during winter also appeared to be a result of increased 

productivity and uptake of enriched DIC as discussed earlier (Hollander & McKenzie, 

1991; Zohary et al., 1994; Gu et al., 2006, 2011). It is known that in HCO3- dominated 

system, when the growth rate is high, planktons consuming HCO3- as a C source show 

elevated δ13CPOM (Mook et al., 1974). The presence of cyanobacterial blooms during 

winter might have also contributed to the high δ13CPOC due to the direct uptake of 

atmospheric CO2 at the water surface-atmosphere interface by the surface blooms (Gu 

& Alexander, 1993; Zohary et al., 1994; Kiyashko et al., 1998). This behaviour of the 

surface blooms along with the diffusive CO2 fluxes could ultimately decide the net CO2 

budget of the lake.  

 In contrast, at a few sites in the brine reservoir, the C:N was higher during 

monsoon, possibly due to allochthonous source of particulate matter from the banks of 

the reservoir dominated by terrestrial plants (Sterner & Elser, 2002; Naftz et al., 2008b), 

which were absent near the lake. The brine reservoir experienced lowering in δ13CPOC 

during winter compared to monsoon with opposite trend in δ13CDIC. From the C:N ratio, 
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it is evident that the higher δ13CPOM in the brine during monsoon reflected the isotopic 

signature of the allochthonous inputs of POM (Grey et al., 2001). The salt pans were 

spread all across the periphery of the lake with mixed environmental settings. 

Furthermore, the use of groundwater controlled the isotopic composition of DIC and 

therefore of POM in the salt pans.  

 

Fig. 3.17 Relationship between C and N isotopic composition of POM (δ13CPOM and 
δ15NPOM) during winter (W) and monsoon (M). Empty and filled symbols represent 
winter (W) and monsoon (M) samples, respectively. 

The δ15NPOM of the lake varied from ~ 0 to 7.9 ‰. During late winter, when productivity 

was high, the low δ15NPOM might be associated with N2 fixation as N2 fixers use N2 (0 

‰) as their sole N source and show negligible fractionation during fixation (Hoering 

and Ford, 1960; Delwiche and Steyn, 1970; Estep and Vigg, 1985; Gu and Alexander, 

1996). Although activity of N2 fixers is known to be less in lakes with high DIN and 

therefore δ15NPOM is usually high, Sambhar appears to indicate a different story. 

However, quantification of N2 fixation rates would be needed to confirm the same. It 

has been reported that δ15NPOM increases from oligotrophic to eutrophic lakes and 

decreases in hypereutrophic lakes (Gu et al., 2006). This decrease in δ15NPOM is usually 

attributed to the presence of N2 fixing cyanobacteria (Gu and Alexander, 1993; Havens 

et al., 1998; Chapman & Schelske, 1997; Vuorio et al., 2006; Gondwe et al., 2008). 
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Also, with high cyanobacterial blooms, the decomposition of biomass releases 

isotopically light DIN (Gu et al., 2006). Uptake of this DIN as a N source might also 

contribute to low δ15NPOM observed in the Sambhar. During monsoon, the surface 

runoff from the watershed might have brought isotopically enriched DIN resulting in 

higher δ15NPOM. Nitrification and denitrification in the soils of the watershed affected 

by the use of nitrogenous fertilizers lead to an enrichment in their isotopic signature 

(Paerl and Fogel, 1994). Nitrification during low salinity and pH conditions of the 

monsoon can result in isotopically enriched NH4+ and, therefore, high δ15NPOM 

(Syvaranta et al., 2006). Also, in relatively low DIN condition during monsoon, less 

isotope fractionation while uptake of nutrients might have also contributed to the 

observed higher δ15NPOM (Jones et al., 2004). In the salt pans, high rates of evaporation 

cause dissociation of NH4+ to NH3(g), which degasses out, leaving an isotopically 

enriched NH4+ pool (Isaji et al., 2019c). Uptake of this NH4+ might be a causal factor 

for extremely high δ15NPOM in the salt pan.  

 Overall, significant differences in seasonal patterns in C and N cycling in the 

three studied environments (Lake, brine reservoir, and salt pans) were observed, which 

further supported our hypothesis of considerable effect of human interventions on lake 

biogeochemistry.  

3.2.4.5 Organic matter contents in sediments 

Isotopic analysis of SOM provides an idea about the sources of OM and its 

transformation in the water column and post sedimentation (Meyers, 2003). Sambhar 

desiccates seasonally, leaving behind large expanse of salt flats. Attempt was made to 

understand the post deposition dynamics and fate of the SOM resulting from the high 

productivity of surface waters. The δ13CSOM and C/N ratios (Table 3.2) suggested 

largely autochthonous source of OM with negligible terrestrial inputs (Meyers, 1994). 

Low organic C content (< 2 mg kg-1) in sediments of the lake pointed towards the 

possibility of high degradation of OM. Low organic C burial efficiency has been 

observed in lakes with dominant autochthonous sources of OM (Sobek et al., 2011) as 

these OM are highly prone to mineralisation. The degradation of these autochthonous 

OM, unlike allochthonous inputs, is unaffected by oxygen availability (Kristensen et 

al., 1995; Hulthe et al., 1998; Bastviken et al., 2004b; Sobek et al., 2009). Therefore, it 

appears that Sambhar Lake witnesses high rates of productivity followed by 

degradation. The δ13CSOM during winter showed ~ 3 ‰ and 9 ‰ increase with respect 
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to δ13CPOM of late winter and monsoon, respectively. This increase in C isotopic 

composition from surface to sedimentary OM also indicated high rates of OM 

degradation. The difference of ~ 2.5 ‰ to ~ 4.5 ‰ between δ15NTN and δ15NPOM also 

suggested high mineralization of POM to NH4+ within the water column and post 

deposition resulting in isotopic enrichment of residual OM (Robinson, 2001). To 

support the findings of this study, knowledge of the rates of biogeochemical processes 

active in the lake on seasonal scale would be ideal.  

3.2.5 Conclusion  
This study focussed on cycling of C and N in hypersaline lake, brine reservoir, and salt 

pans to understand the temporal flow and associated biogeochemical processes of these 

elements in sub-tropical extreme environments. The studied settings were distinct from 

each other with respect to physical and chemical characteristics and the extent of 

anthropogenic influence. The lake experienced desiccation from monsoon to winter, 

leading to change in water chemistry. The brine, which harboured extensive microbial 

mats, retained water during the studied period. The OM in the lake was of 

autochthonous origin, whereas the same in brine was influenced by the allochthonous 

supply from the nearby vegetation. The shift in lake morphometry across seasons was 

accompanied by drastic change in elemental biogeochemistry of the system. Significant 

build-up in NH4+ concentration in lake water from monsoon to winter, posed huge 

potential to produce toxic blooms, which could act as a substrate for methanogenesis, 

suggesting potential role of saline lakes as a source of atmospheric CH4. Observed low 

δ15NPOM suggested N2 fixation in the lake and brine, which was contrary to the general 

understanding of lack of N2 fixers in nutrient rich environment and needs quantification 

to prove as such. DIC in the lake and brine showed significant increase in concentration 

from monsoon to winter, followed by an isotopic enrichment, indicating the potential 

role of lake desiccation in modulating C cycling of hypersaline environment. 

 



    

 

 
 
 
 
 

Chapter 4 
 

River Biogeochemistry 
4. River biogeochemistry 
  



                                                                                               Chapter 4 River Biogeochemistry 

 76 

Rivers act as active conduits for the transport of C and N from the terrestrial to the 

marine system. Research on riverine biogeochemical cycling of C and N is gaining 

momentum with the inclusion of inland waters in the IPCC budgets and the 

identification of flowing waters as hotspots for greenhouse gas emissions (Masson – 

Delmotte et al., 2021). The processes involved in the riverine C and N cycling varies 

across space and time due to shifts in environmental variables (temperature and 

precipitation) and changes in catchment characteristics (lithology, land use, and land 

cover). These factors govern the allochthonous loading of nutrients along with 

particulate and dissolved forms of C and N to the streams. It is estimated that inland 

waters receive ~1.7 Pg C yr –1 from catchment soils, which then undergoes processing 

and burial to release ~ 0.7 Pg C yr –1 back to the atmosphere as CH4 and CO2 and 

sequester ~ 0.2 Pg C yr –1 in the sediments. The rivers and streams are assumed to 

transport the remaining ~0.8 Pg C yr –1 and 0.046 Pg N yr –1 to the oceans in the form 

of particulate and dissolved forms (Hope et al., 1994; MacKenzie et al., 2002; McKee, 

2003; Suchet et al., 2003; Cole et al., 2007; Ciais et al., 2014; Biddanda, 2017). This 

flux of C, if not constrained, could disturb the climate budgets and offset our climate 

predictions to a large extent. N is closely connected to C in the global biogeochemical 

cycle and often acts as a limiting nutrient, thereby making its flow vital along the land 

ocean continuum. With increasing human perturbations to the biosphere and a changing 

climate, the movement and fluxes of C and N along the river continuum has been largely 

altered over the past decades. Therefore, it is prudent to explore different kinds of 

flowing water systems vis-à-vis biogeochemical cycling.  

The first section of this chapter explores the transport and transformation of 

TSM and associated OC and N along the Ganges during high flow and low flow 

conditions. For comparison with other large Asian rivers, the Mekong and Yellow River 

were also included in this study. In recent decades, rivers across the globe are facing 

shift in their hydrological regime due to natural as well as human induced changes. The 

nature of biogeochemical processes in river channels experiencing these hydrological 

changes needs to be investigated in detail. The second section of this chapter explores 

the C and N biogeochemistry of an engineered river system situated in a tropical and 

subtropical climate setting. In the context of diversity of riverine systems across climate 

gradients and watershed characteristics, the last section of this chapter deals with the 

biogeochemistry of a high-altitude river – lake systems focusing on the seasonality 

(spring vs autumn) and process dynamics at the river – lake transition. 
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4.1 Total suspended matter dynamics in large rivers 

 Among the world’s rivers, those originating from the Tibetan Plateau carry ~ 

70 % of the global suspended sediments to the oceans (Milliman and Meade, 1983; Ran 

et al., 2013). Tropical monsoonal rivers such as the Ganges and Mekong, originating 

from the Himalayan highland, have high sediment yields as well (Lu et al., 2010). The 

suspended matter load in rivers represents an aggregation of minerals and OM, which 

acts as a substrate for several microbially mediated processes that often releases CO2, 

CH4, and N2O as by-products. Understanding the sources and fate of OM is therefore 

vital to constrain the loss processes of C and N from these systems. Furthermore, with 

increasing urbanisation and human induced changes in the flow regimes of world rivers, 

it is essential to revisit the export fluxes of  TSM and associated C and N from the 

rivers. In this study, principally, an attempt has been made to understand the dynamics 

of C and N in TSM of the Ganges, which has been compared with two other major 

Asian rivers (Mekong and Yellow). The specific aims of the study were to understand 

(i) seasonal and spatial variations in C and N in TSM along the river continuum across 

the altitudinal gradient, (ii) the effect of seasonality on their concentrations and isotopic 

compositions along with underlying processes, and (iii) the export fluxes of C and N 

from these rivers and potential long-term changes compared to previous studies. 

4.1.1 Study area 
The Ganges, Mekong, and Yellow River originate from the Himalayan mountains and 

the Tibetan plateau (Fig 4.1). The source of the Ganges is the Gangotri Glacier in the 

Garhwal Himalaya. With headwaters at the elevation of 3800 m (Gaumukh), the 

mainstem of the Ganges forms later at Devprayag with the confluence of the Alaknanda 

and Bhagirathi Rivers (Singh, 2007). Thereafter, the river descends down into the plains 

and traverses a journey of ~2700 Kilometer (km), with a catchment of 1,260,000 km2 

(Parua, 2010). Once the river enters the Gangetic plains, it passes through major cities 

like Kanpur, Prayagraj, Varanasi, and Patna. A major tributary of the Ganges (i.e., the 

Yamuna) passes through Delhi and joins the mainstem near Prayagraj. The river 

supports large human population along its banks, providing water for irrigation and 

drinking purposes. Two bifurcated distributaries of Ganges, Hooghly and Padma, flow 

through India and Bangladesh, respectively. The Padma River confluence with two 

major rivers in Bangladesh, i.e., Brahmaputra and Meghna, before discharging into the 



                                                                                               Chapter 4 River Biogeochemistry 

 78 

Bay of Bengal (Parua, 2010). 

 

Fig. 4.1 Map showing sampling locations on the Ganges, Mekong, and Yellow River 
Basins (shaded). 

 Rising at an altitude of 5000 – 6000 m at the source in the Tibetan Plateau, the 

Yellow River covers around 5464 km, draining a catchment of 753,000 km2 to finally 

discharge into the Bohai Sea near Shandong Province, China (Xu and Ma, 2009; Peng 

et al., 2010; Miao et al., 2011; Ran et al., 2013). The upper reaches of the Yellow River 

are predominantly an arid setting with complex geological structures, mainly 

comprising of old metamorphosed rocks, carbonates and modern fluvio-lacustrine 

sediments (Wang et al., 2012; Ran et al., 2013). In the middle reaches, the river drains 

the loess plateau, with abundant Quaternary loess deposits (Zhang et al., 1995; Chen et 

al., 2005; Wu et al., 2005). Finally, the lower reaches reflect a flat alluvial plain. The 

lower reaches have extensive man-made levees along its banks giving the perched 

riverbed an elevation of 3-4 m higher than the surrounding floodplains (BCRS, 2000; 

Peng et al., 2010).  

 The Mekong River originates at an elevation of 4968 m in the Tibetan Plateau 

and flows southwards through several countries (China, Myanmar, Thailand, Lao PDR, 

Cambodia, and Vietnam) to drain into the South China Sea. The channel length of the 

river is around 4800 km and the drainage basin area is 795,000 km2. The Ganges, 
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Mekong, and Yellow River support around 400, 70, and 107 million people in its basins 

(Parua, 2010; Gao and Wang, 2017; Park et al., 2018; MRC, 2019).  

4.1.2 Sampling 
The sampling for the present study was carried out as a part of a larger joint project 

between Republic of Korea, India, China, Cambodia, Bangladesh, USA, Vietnam and 

Singapore (funded through Asia-Pacific Network for Global Change Research) aimed 

at assessing the dynamics of GHGs in these anthropogenically modified Asian river 

systems (Begum et al., 2021). Sampling campaigns were carried out by the 

collaborators along the mainstem reaches of the Ganges, Mekong, and Yellow River 

along with few tributaries and wastewater drains between August 2016 and July 2019 

(Begum et al., 2021). The mainstems were divided in upper, middle and lower reaches. 

Wastewater samples were collected at outlets of natural streams or constructed drains 

used for discharging urban sewage (Supplement Table 1, Begum et al., 2021). Sampling 

was conducted during the wet (July – September; Ganges: n = 21, Mekong: n = 11 and 

Yellow: n = 7) and the dry (Jan – May; Ganges: n = 9, Mekong: n = 9 and Yellow: n = 

2) seasons to capture the high and low flow conditions (Fig 4.1). Briefly, water samples 

were collected at 10-20 cm below the surface using polycarbonate bottles or a portable 

water sampler (Masterflex E/S, Cole-Parmer, USA; Begum et al., 2021). TSM was 

quantified at the Ewha Womans University, Republic of Korea (Begum et al., 2021). C 

and N concentrations and isotopic compositions were measured at the Physical 

Research Laboratory, India.  

4.1.3 Results 
4.1.3.1 Total suspended matter  

Total suspended matter (TSM) concentration was high during the monsoon season in 

the mainstem of all the three river systems (Ganges: (mean ± stdev) 263.5 ± 232.9 mg 

L-1; Mekong: 136.3 ± 106.4 mgL-1; Yellow: 707.4 ± 944.2 mg L-1; Fig 4.2a, d & g). In 

the Ganges basin, high TSM was observed in the Yamuna (a major tributary of Ganges) 

near Dakpatthar Barrage (1940.6 mg L-1), Delhi (254.4 mg L-1) and at several sites in 

the Ganges mainstem along major cities (393 mg L-1 near Rishikesh; 341.3 mg L-1 near 

Kanpur; 416.9 mg L-1 near Patna; 828.2 mg L-1 at Hardinge Bridge near Kushtia, and 

416.6 mg L-1 at the confluence of Ganges and Brahmaputra near Mawa). TSM in the 

Mekong mainstem was the highest in the upstream reaches (128.5 ± 64.1 mg L-1), 
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followed by the middle reaches (82.4 ± 26.3 mg L-1) and tributaries (54.7 ± 2.7 mg L-

1) (Fig 4.2d). In the Yellow River, very high TSM were observed at two downstream 

sites near the outlet of loess plateau (1941.6 mg L-1) and upstream of Sanmenxia Dam, 

Hancheng (1909.2 ± 64.1 mg L-1) (Fig 4.2g). During the dry season, TSM was low in 

the Ganges (53.9 ± 34.9 mg L-1) and Mekong (20.7 ± 6.0 mg L-1), whereas high TSM 

load was observed at the sites along the middle reaches of the Yellow River (1656.4 

mg L-1) (Fig 4.2a, d & g). Wastewater TSM concentrations were around 116.2 ± 36.4 

mg L-1 in the Ganges and 111.7 ± 54.7 mg L-1 in the Mekong. 

 

Fig. 4.2 Variation of TSM, C/N, POC, d13CPOC, PN and d15NPN along the mainstem of 
Ganges (a, b, and c), Mekong (d, e, and f) and Yellow River (g, h, and i). Shaded area 
represents TSM, POC and PN in wet (blue) and dry (dark green) seasons respectively. 
Circles connected by solid lines represent C/N, d13CPOC and 15NPN in wet (black circles) 
and dry (white circles) seasons. In Yellow river, dry seasons data is represented by 
scatter plot (dark green square and white circle). 
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4.1.3.2 Particulate organic carbon 

During monsoon, POC (organic C of TSM) concentrations varied significantly along 

the mainstem of the Ganges (average ~ 2.58 ± 1.50 mg L-1) with low values near the 

headwaters (1.01 ± 0.27 mg L-1), which increased towards the middle (3.12 ± 1.07 mg 

L-1) and downstream reaches (3.09 ± 1.85 mg L-1) (Fig 4.2b). The highest POC 

concentration (~ 39.47 mg L-1) was observed in the wastewater draining into the 

Ganges. The Yamuna also followed a similar trend with increasing POC from the 

headwaters (0.52 mg L-1) to urban location near Delhi (8.39 mg L-1). In general, the 

mean POC in the Ganges mainstem declined from monsoon to dry season (Fig 4.2b); 

however, the station on the Yamuna near Delhi showed an increase in the POC (~ 16.89 

mg L-1). Compared to the Ganges, the average concentration of POC in the Mekong 

was relatively low during monsoon (1.57 ± 0.65 mg L-1), with 1.84 mg L-1 in the 

upstream reach, later falling to 0.62 mg L-1 and steadily increasing to 2.83 mg L-1 in the 

middle reach (Fig 4.2e). Downstream reaches of the Mekong River had POC ~ 1.55 ± 

0.26 mg L-1 with even lesser concentration (1.21 ± 0.17 mg L-1) at the lower reaches 

where two tributaries join. During the dry season, Mekong had very low POC 

(downstream: 0.69 ± 0.12 mg L-1, tributaries: 0.79 ± 0.24 mg L-1) (Fig 4.2e). Similar to 

that in the Ganges, the highest POC in the Mekong River basin was observed at the 

wastewater discharge site (~ 4.71 mg L-1 in monsoon and 21.28 ± 21.87 mg L-1 during 

the dry season). The Yellow River had a wide range of POC along its mainstem (4.15 

± 3.99 mg L-1) with lower concentration in the upstream reach (0.75 ± 0.03 mg L-1) to 

increase in the middle (5.85 ± 3.86 mg L-1) (Fig 4.2h).  

4.1.6.3 Particulate nitrogen 

During monsoon, PN (total N component of TSM) in the Ganges mainstem varied 

between 0.08 to 1.46 mg L-1 (mean: 0.60 ± 0.40) (Fig 4.2c). Similar to POC, the 

upstream reach had low PN (0.12 ± 0.06 mg L-1) as compared to the middle (0.76 ± 

0.40 mg L-1) and downstream reach (0.64 ± 0.36 mg L-1). The highest PN was observed 

in the wastewaters (2.75 ± 3.20 mg L-1) followed by that in the Yamuna (1.24 ± 0.86 

mg L-1). PN was low during the dry season (0.25 ± 0.13 mg L-1) except for the site in 

Yamuna near Delhi (~ 2.60 mg L-1) (Fig 4.2c). PN in the Mekong during monsoon had 

a low range (0.20 ± 0.11 mg L-1) with the upstream site having PN at 0.24 mg L-1. PN 

showed a wide range in the middle (0.21 ± 0.18 mg L-1) and downstream reaches (0.19 
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± 0.07 mg L-1) with low values for tributaries (0.13 ± 0.02 mg L-1) (Fig 4.2f). PN 

decreased during the dry season with average concentration ~ 0.06 ± 0.03 mg L-1 in the 

downstream reaches and ~ 0.09 ± 0.04 mg L-1 in the tributaries (Fig 4.2f). In the Yellow 

River, PN showed a wide range (0.84 ± 1.05 mg L-1) with low concentrations in the 

upstream region (0.08 ± 0.03 mg L-1) and higher concentrations with wider range (1.22 

± 1.12) mg L-1 in the middle reaches (Fig 4.2i). The PN was high in the Yellow River 

during the dry period with concentration ~ 1.51 mg L-1. In all the river basins, the 

highest PN concentrations were observed in the wastewaters (Ganges: 2.75 ± 3.20 mg 

L-1 in monsoon and 2.40 mg L-1 in dry period; Mekong: 1.00 mg L-1 in monsoon and 

2.01 ± 1.58 mg L-1 in dry period). 

 In the Ganges and the Mekong, C/N (POC/PN) ratio in TSM were lower during 

the wet period. In the Ganges, the C/N ratio near the headwaters were ~ 8.1 ± 1.7, and 

dropped near the middle (4.3 ± 0.6) and lower reaches (4.7 ± 1.2) (Fig 4.2a). In the 

Mekong the C/N ratio remained similar along the mainstem during the wet period (8.1 

± 1.5) (Fig 4.2d). Similar to the Ganges, the Yellow River witnessed a fall in C/N ratio 

during the wet period from the upper (9.7 ± 2.9) to the middle (6.5 ± 3.9) and lower 

(4.5) reaches (Fig 4.2g). During the dry period, C/N ratios were relatively higher in the 

Ganges mainstem (5.7 ± 0.9) and downstream reaches of the Mekong (11.7 ± 2.4) (Fig 

4.2a & d). 

4.1.6.4 Isotopic composition of total suspended matter 

d13CPOC didn’t show much variation along the whole continuum of the Ganges River 

(monsoon: –25.4 ± 2.2‰; dry: –28.7 ± 1.4‰) (Fig 4.2b). However, during monsoon, 

the d15NPN was high in the middle reaches (11.4 ± 2.4‰) as compared to the other 

sections (mainstem mean: 8.6 ± 4.0‰; upstream: 4.0 ± 4.6‰; downstream: 7.19 ± 

3.21‰; Fig 4.2c). The Yamuna had the lowest d15NPN with average value ~ 2.0 ± 1.4‰. 

In the Ganges, the average d15NPOC decreased during the dry season to 4.5 ± 2.6‰. The 

Mekong River showed similar range as the Ganges for d13CPOC (Monsoon: –26.3 ± 

2.7‰; Dry: –28.8 ± 1.7‰) and d15NPOC (Monsoon: 9.7 ± 2.0‰; Dry: 5.9 ± 1.7‰) (Fig 

4.2e & f). The d13CPOC was highest in the Yellow River (Monsoon: –23.3 ± 4.6‰; Dry: 

–25.0‰) (Fig 4.2h). d15NPOC was high in the Yellow River during monsoon (8.4 ± 

4.7‰) and surprisingly showed negative value during the dry period (- 1.5‰) (Fig 4.2i). 
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Overall, we also observed consistently higher d13CPOC during monsoon in the three 

rivers. The wastewater isotopic signatures for d13CPOC and d15NPN in the Ganges were 

–25.8 ± 0.4‰ and 3.5 ± 3.8‰, respectively. The same for the Mekong were –25.8 ± 

0.7‰ and 2.5 ± 1.6‰, respectively.   

4.1.4 Discussion 
4.1.4.1 Total suspended matter along the river continuum 

Overall, TSM varied over a broad range along the continuum of the studied rivers with 

relatively higher concentrations near major urban areas. In the Ganges, for example, 

high TSM were observed near major urban clusters like Rishikesh, Kanpur and Patna. 

This is generally attributed to different levels of anthropogenic activities, including 

agricultural practices, which play a significant role in mobilizing the surface soils and 

subsequent loading into the river (Asselman et al., 2003; Walling and Fang, 2003; 

Hunter and Walton, 2008). Furthermore, higher TSM near major cities could be a result 

of wastewater inputs. The Mekong River had lower TSM concentrations compared to 

the Ganges with decreasing concentrations from upstream to downstream. Along the 

continuum, abruptly low TSM was observed downstream of Jinghong Dam, Yunnan, 

which could be attributed to enhanced sedimentation upstream of the dam. During the 

dry periods, only the downstream sites were sampled and they showed low TSM 

concentrations, typical of clear waters. All sites in the Yellow River except for those 

within the loess plateau region during the wet periods, and Hohhot during the dry 

months, had TSM below 500 mg L–1. The high TSM load near the middle reaches of 

Yellow River was potentially due to the high soil erosion in the loess plateau region. 

Intensive rainfall in the middle reaches (the loess plateau) has been attributed as the 

causal factor for high discharge and TSM as compared to upstream and downstream 

sites (Ran et al., 2013). Earlier studies have also recognized the loess plateau to supply 

90% of the sediments in the Yellow River (Zhang et al., 1990; Milliman and Syvitski, 

1992; Chen et al., 2005; Yu et al., 2013; Wang et al., 2010, 2016, 2017).  

 The increase in TSM in the middle reaches of the Yellow River basin was 

accompanied by an abrupt increase in δ13CPOC and δ15NPN. A similar increase in δ15NPN 

was observed in the Ganges with decrease in altitude (Fig 4.3a).  



                                                                                               Chapter 4 River Biogeochemistry 

 84 

 

Fig. 4.3 Correlation plots between measured parameters in the three river systems. The 
coefficient of correlation was derived from Spearman rank correlation (Circles) and 
Pearson’s correlation (Squares). The coefficient of correlation (R) is shown in the figure 
(p < 0.05). 

This increase in isotopic signatures of TSM can either be a result of inputs of OM with 

enriched isotopic signatures or in-stream processes altering the isotopic composition of 

TSM. It was also observed that the altitude exercised a significant control on C/N ratios 

of TSM in the river basins (Fig 4.3a & e) which was quite obvious in the Ganges but 

not conclusive in the Mekong and Yellow, particularly due to lower sample size. During 
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the wet season, with decrease in altitude, the C/N ratios started to fall (r = 0.35, p < 

0.05; Pearson), reflecting the dominance of allochthonous OM inputs in the upstream 

reaches mainly consisting of plant litter having high C/N. In contrast, the C/N ratios 

were negatively correlated with altitude during the dry periods (r = – 0.85, p < 0.05; 

Spearman), which suggested OM inputs of high C/N ratios into the rivers as the river 

order increased.  

 Apart from the above-mentioned control of terrain on TSM across the three 

rivers, the Mekong River also displayed significant positive relationship between 

altitude and TSM loading (Fig 4.3c). With decreasing altitude, the TSM concentrations 

in the Mekong fell consistently accompanied by an increase in its organic C and N 

contents. This relationship between TSM and its organic contents to altitude provides 

an insight into the effect of damming and changes in flow regime of the river on its 

TSM dynamics. The upstream reaches of the Mekong showed the signatures of intense 

weathering and erosion with high TSM load and low organic content, whereas the lower 

reaches displayed decrease in TSM loading and increase in organic content, 

characteristic of productive waters. 

4.1.7.2 Sources of riverine carbon and nitrogen 

The TSM in rivers is a derivative of in situ primary producers, plant litter, and soil 

(Ittekkot, 1988; Hillebrand et al., 2018). Different environmental and hydrological 

factors (precipitation, runoff, catchment land cover, discharge, etc.) control the relative 

dominance of each source. For instance, rivers with high discharge generally have high 

turbidity due of excessive sediment loading, which prevents light penetration, thereby 

decreasing primary production. Such rivers have a dominant allochthonous sources of 

OM. On the other hand, low discharge rivers with relatively low TSM loads are 

favorable for in situ productivity (Leithold et al., 2006; Ran et al., 2013). 

 In the present study, isotope mixing model did not clearly distinguish among 

the prospective OM sources such as C3 plants, C4 plants, SOM, and in situ 

phytoplankton. However, the source of OM was significantly enriched in 13C during 

the wet seasons compared to the dry season (by 1.4 ‰ in the Ganges and 10.9 ‰ in 

Mekong) (Fig 4.4).  
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Fig. 4.4 Graphical mixing model for tracking the sources of OC and N in TSM. 
Significant regressions obtained for OC in the (a) Ganges, (b) Mekong, and (c) Yellow 
River. Source organic matter isotopic signatures are shown by the slope of the 
regression. The regressions for wet seasons are bounded by a rectangular box. For the 
Yellow River, due to low sample size in the dry seasons, we used the data from Qu et 
al., 2020 for seasonal comparison. This graphical mixing model failed to distinguish 
the source signature of N except for (e) Mekong during the wet season (source δ15NPN 
= 9.1 ‰). 

Except for Mekong during the wet seasons (source δ15NPN = 9.1 ‰), the mixing models 

did not clearly identify the N sources as a strong linear regression was not achieved 

(Fig 4.4). The lack of correlation could be attributed to point source N pollution along 

the river continuum, prevalent in urbanized river systems (Zhang et al., 2015). The 

relationship between TSM concentrations and its organic C and N contents provide 

insight into vegetation versus soil contributions. If organic C and N contents increase 

with TSM, it suggests contribution from in situ phytoplankton or terrestrial litter (C3 

and C4). Significant negative relationships between TSM and organic C and N contents 

in the Ganges and Mekong were observed (Fig 4.3a & c), whereas with only organic C 

during the wet season was observed in the Yellow River (Fig 4.3e). Such relationships 

indicated inputs from soil OM with low C and N contents to TSM (Meybeck and Raghu, 

1995; Ludwig et al.,1996). This observation was further supported by positive 

correlations between TSM and δ13CPOC in the Ganges and Mekong during the wet 
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period (Fig 4.3a & c), as SOM is generally associated with high δ13C. Similarly, a 

decrease in C/N ratio with increase in TSM in the Yellow River during the wet period 

indicated SOM as the dominant source of OM, which is consistent with high sediment 

load derived from the loess plateau. Previous studies have also reported the middle 

reaches of the Yellow River to be rich in highly decomposed loess deposits which have 

high δ13C signatures (Zhang et al., 1990, 1992; Chen et al., 2005). During the dry 

season, N contents showed significant negative relationship with δ15NPN (Fig 4.3b & d) 

indicating association of increase in productivity with enhanced N fixation by 

phytoplankton.  

4.1.7.3 Seasonality in total suspended matter as inferred from elemental 
biogeochemistry 

The Asian rivers are subjected to high seasonality in their hydrological regime, which 

in turn governs the in situ elemental biogeochemistry. The TSM is usually a function 

of the discharge and also reflects the level of anthropogenic disturbances within the 

watershed (Li et al., 2008; Chang et al., 2021). Higher TSM concentrations were 

observed during the wet season than in the dry period in all the three rivers (Fig 4.5a), 

which is in agreement with studies elsewhere (Dunne and Ongweny, 1976; Kitheka et 

al., 2005; Tamooh et al., 2012). The low C/N that accompanied the high TSM during 

the wet season indicated terrestrial inputs of SOM having low C/N (Fig 4.5b). The TSM 

and C/N ratio obey an inverse relationship in an environmental setting prone to aeolian 

and fluvial erosion (Weiguo, 2002; Boix-Fayos et al., 2015). Generally, the surficial 

soil of the catchment holding the remains of parent plant material with high C/N is 

likely to be removed first leaving behind SOM with relatively low C/N. With successive 

erosion events, the rivers draining such terrain would receive this OM resulting in 

higher TSM with low C/N (Weiguo, 2002).  Contrary to the general observations of 

low C/N during low flow conditions, representing fine algal materials and 

phytoplankton (C/N: 4.6 to 7.5, Bordowskiy 1965; Muller 1977; Meybeck 1982; 

Balakrishna and Probst, 2005; Ellis et al., 2012), we observed relatively higher C/N 

ratio during the dry season. This might be due to high growth period, wherein 

competition for nutrients likely resulted in higher C uptake relative to N by 

phytoplankton resulting in higher C/N of TSM. As such productivity increases during 

the low flow conditions under reduced turbidity which is favorable for algal growth 

(Beusen et al., 2005). Possible increase in productivity during the dry period is also 
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reflected on higher organic C and N contents in TSM (Fig 4.5c & d). In contrast, organic 

C in TSM decreased during the high flow condition (Fig 4.5c), reflecting the C content 

of SOM (Giresse and Maley, 1998; Coyne et al., 2004). Although decomposition of 

OM during high flow conditions might also result in lower OC in TSM and associated 

increase in δ13CPOC, the negative relationship observed between TSM and % OC and % 

N (Fig 4.3a, c, & e) indicates addition of TSM with low OM content. Similar negative 

relationship between OM and TSM have been reported in the Yellow River basin during 

high flow periods (Beusen et al., 2005; Ellis et al., 2012).  

 Generally, C/N ratios, when used solely, do not convincingly distinguish the 

sources and relative contributions (autochthonous versus allochthonous) of OM to 

riverine systems (C/N for phytoplankton: 4.6 to 7.5, aquatic plants: 4 to 12, degraded 

SOM: low C/N; Bordowskiy, 1965; Meybeck, 1983; Naiman 1983; Muller, 1977) as 

these systems have large catchments and several biogeochemical processes 

simultaneously regulate the elemental ratios (Meyers, 1997; Milliman et al., 1984). 

However, in conjunction with stable isotopes, they can be a robust tool to study aquatic 

elemental biogeochemistry. In this study, relatively lower δ13CPOC (Fig 4.5e) in all the 

river basins during the dry season was observed, which possibly indicated increased in 

situ primary production, which has a general range between –40 to –22 ‰ (Kendall et 

al., 2001). As described earlier, low flow conditions with clear and less turbid water are 

favourable for primary productivity and algal growth. Phytoplankton in such an 

environmental setting, i.e., well oxygenated and non-eutrophic, can have isotopically 

depleted organic C signatures (Leng et al., 2006). Yu et al (2019) employed dual 

isotopic (δ13C and ∆14C) source apportionment and observed similar signatures of 

enhanced primary production in the Yellow River due to less turbidity and suitable 

water temperature during spring and summer. Furthermore, higher δ13CPOC during the 

wet season showed signatures of terrestrial inputs, with higher C4 contribution, in the 

Yellow River. Unlike earlier observations of a lack of seasonality in the isotopic 

composition of POM in the Mekong River (Ellis et al., 2012), our results showed 

significant increase in the C and N isotopic signatures during the wet seasons. Similar 

to C, relatively higher δ15NPN during the wet season is indicative of SOM and the low 

δ15NPN during the dry season is indicative of in situ production with the low (~ 0 ‰) 

signatures representing N2 fixation during high growth phase (Fig 4.5f).  
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Fig. 4.5 Seasonal variation in (a) TSM, (b) C/N ratios, (c) % OC, (d) % N, (e) δ13CPOC 
and (f) δ15NPN. Red lines show mean values. Significant difference (p < 0.001) between 
the median TSM values were observed across seasons and river basins. The whole 
range of TSM were significantly different (p < 0.05) among Mekong (Dry) and Mekong 
(Wet). Similarly, median C/N were significantly different among different sample 
classes (p < 0.001). During each season, the whole range of C/N values were higher for 
the Mekong as compared to the Ganges (p < 0.05). Median values were significantly 
different in (c) with p < 0.005 and (d) p < 0.05. Median δ13CPOC and δ15NPN were 
significantly different among each class (p < 0.005). The letters L, M and U represents 
sites from the lower, middle and upper reaches respectively. 
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4.1.7.4 Yield and export fluxes of particulate organic carbon and nitrogen 

The fluxes and yields of OM were calculated based on the following equations: 

              FTSM = Q × TSM     (1) 

              FPOC (or PN) = FTSM × [% OC (or % N) TSM]            (2) 

  FPOC (or PN) = Q × (POC or PN)    (3) 

              YPOC or PN = FPOC or PN / A                          (4) 

here, TSM is the median TSM concentration at the lower sampling sites (i.e., outlet), Q 

is the annual discharge, FTSM is the annual flux of TSM, FPOC is the annual flux of 

organic C, FPN is the annual flux of N, A is the catchment surface area and YPOC is the 

annual yield of POC from the catchment. The discharge data were taken from the 

existing literature (Table 4.1) and the values used for flux calculation are shown in 

Table 4.2. 

Table 4.1 Length, basin area, and annual discharge of the Ganges, Mekong, and the 
Yellow River systems. 

River 
Length 

(km) 

Basin area 

(×103 km2) 

Discharge 

(km3 yr–1) 
References 

Ganges 2700 1260 1270* 
Parua (2010); 

Milliman & Farnsworth (2011) 

Mekong 4800 880 550 
MRC (2019) 

Milliman & Farnsworth (2011) 

Yellow 5500 753 15 Milliman & Farnsworth (2011) 

 

Assuming a catchment area of 980 × 103 km2, annual sediment load and yield for the 

Ganges have been reported to be ~ 1060 × 109 kg y–1 and 1340 × 103 kg km–2 y–1, 

respectively (Milliman and Farnsworth, 2011). Similarly, for the Yellow and the 

Mekong Rivers, the sediment load has been estimated at 1100 × 109 kg y–1 and 150 × 

109 kg y–1, whereas their yields are 1500 × 103 kg km–2 y–1 and 190 × 103 kg km–2 y–1, 

respectively (Milliman and Farnsworth, 2011). Estimates of C and N fluxes from the 

Ganges River system is scarce and only one study reported organic C flux to be 6 × 109 

kg y–1 (Aucour et al., 2006). For the Ganges, our calculation estimated the annual TSM 

export flux at 202 × 109 kg y–1, which indicated significant decrease in the suspended 

load and its C content (at present FPOC = 2.4 × 109 kg y–1) over the years. TSM flux from 
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the Yellow River has been known to reduce drastically over the decades. Milliman and 

Farnsworth (2011) reported ~ 10 times reduction of TSM export from the Yellow River 

in recent decades, from 1100 Mt y–1 (Qian and Dai, 1980) to < 100 Mt y–1 (Wang et al., 

2006), attributing the major cause of this decline to be excessive water consumption 

and droughts. For the Yellow River, the early export flux of organic C was estimated 

to be 6.1 × 109 kg y–1 in 1987 (Zhang et al., 1992).  Later, a reduction by a factor of 15 

by the year 2009 was observed (Wang et al., 2012). The estimates calculated based on 

the wet season data from the present study showed further reduction by a factor of 10 

since Wang et al. (2012). Paucity of dry season observation from the Yellow River 

during the present study restricted us from providing a well constrained annual flux 

estimate.  This high reduction in POC flux in the Yellow River within a decade is not 

surprising, considering the steady fall in river discharge and associated sediment load 

over the last 60 years (Wang et al., 2015). Apart from the construction of dams and 

landscape engineering, large scale vegetation restoration projects and associated 

reduction in soil erosion rates have been identified as the causal factors for the decline 

in sediment load in the Yellow River (Wang et al., 2015). In the last decade, a large fall 

in the export fluxes were observed in the Mekong River basin as well. Ellis et al. (2012) 

reported an annual flux of 76.3 × 109 kg y–1 and 1.67 × 109 kg y–1 for TSM and organic 

C, respectively, during the year 2006. Our results indicated ~ 6 times decrease in 

organic C flux for the Mekong River.  

 Transport of N in rivers are generally assumed to be dominantly in the form of 

dissolved inorganic ions. However, Ittekkot and Zhang (1989) highlighted the global 

significance of the movement of particulate N within river corridors. They estimated a 

net global riverine flux of ~ 33 × 109 kg N y–1 in the form of PN among which ~ 80% 

was supposedly delivered by large river systems like the Ganges, Mekong, and Yellow 

River. Following the work by Ittekkot and Zhang (1989), studies on PN fluxes and 

yields are still limited from the Asian rivers systems. Our flux calculations showed the 

Ganges with the highest PN flux followed by the Mekong and the Yellow Rivers (Table 

4.2). Similar to organic C, significant reduction in PN flux was also observed for three 

studied river basins (Table 4. 2).  
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Table 4.2 Concentrations, annual fluxes and yields of suspended particulate carbon and nitrogen in some Asian rivers. TSM, POC and PN values 
shown from the present study represents median concentrations of selected downstream locations [Ganges (Dry): G9 and G12; Ganges (Wet): G8, 
G9, G10 and G11; Mekong (Dry and Wet): M8 and M9; and Yellow (Wet): Y6]. 

River 
TSM 

(mg L–1) 

POC 

(mg L–1) 

PN 

(mg L–1) 

FPOC 

(×108 kg y–1) 

YPOC 

(×102 kg km–2 y–1) 

FPN 

(×106 kg y–1) 

YPN 

(kg km–2 y–1) 
References 

Ganges (Dry) 44 0.528 0.007 
24 19 34 27 This study 

Ganges (Wet) 274.3 3.292 0.046 

Mekong (Dry) 17.5 0.209 0.003 
2.8 3.5 3.9 4.9 This study 

Mekong (Wet) 67.5 0.810 0.011 

Yellow (Dry) 

(At Tongguan) 
1656.4 19.900 0.278 

0.44 0.59 0.62 0.83 This study 

Yellow (Wet) 161.2 1.934 0.027 

Yellow 

Lijin 
3589 13.279 2.512 4.1 5.45* 69 91.63* Ran et al., 2013 

Yellow 

Lijin 
2522 11.679 5.411 3.89 5.17* 134 177.96* Wang et al., 2012 

Mekong 80.8 2.010 0.188 16.7 18.98* 150 170.46* Ellis et al., 2012 

Rivers draining the 
Western Ghats (India) 83 2.860 NA 7.9 70.3 NA NA Reddy et al., 2021 

(*recalculated from the fluxes from the respective studies and the basin area from Table 4.1)
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4.1.8 Conclusion 
The present study attempted to compare the flow of C and N in its particulate form 

(POC and PN) between dry and wet periods among three large Asian river systems. 

Given the global implication in constraining their fluxes and isotopic signatures, this 

study deciphered the effect of seasonality on the POC and PN fluxes and the associated 

biogeochemical processes that might have a significant control over their process 

dynamics. In the three studied river systems, altitude seemed to have a strong control 

over the C/N ratios and C isotopic signatures of TSM. Furthermore, in the Yellow River 

basin, the loess plateau was the major driver of suspended matter dynamics. Application 

of a mixing model revealed an enriched C isotopic signature of the source OM in the 

Ganges and Mekong during the wet seasons which was attributed to allochthonous 

inputs (SOM and C4 vegetation). Using the same model for N source identification, the 

d15NPN (Source) for the Mekong River was also constrained. Primary production 

dominated in all the three river systems during the dry seasons with evidences of N2 

fixation as well. The high C/N ratios that accompanied the high growth phase during 

this study disagreed with the general understanding of low C/N during low flow 

conditions, indicating that competition for nutrients can shoot up the C/N ratios of POM 

beyond the known range of values. The fluxes and yields of C and N estimated in this 

study showed drastic reduction over the decades in these river basins and also provided 

a modest number that could be used in models for global budgeting.  
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4.2 Biogeochemistry of an engineered river system 

Riverine systems across the globe have experienced large scale modifications in their 

channel leading to shifts in the flow regime. The current status of free flowing rivers is 

disheartening with only ~ 37 % of rivers longer than 1000 km retaining their free 

flowing status for the entire length and only 23 % of the all the rivers are draining into 

the global oceans uninterrupted (Grill et al., 2019). The characteristics of a free flowing 

river is its ability to facilitate the movement of water along with organisms, sediments, 

OM, nutrients, and energy. The natural flow of river channels has been altered by 

human interventions through multiple ways by directly placing structures like dams and 

levees along longitudinal and/or lateral flow paths or indirectly altering the 

hydrological, thermal, and sediment regimes (Nilsson and Berggren, 2000; Olden, 

2016). Engineered modifications of river channels have been linked to detrimental 

effects on terrestrial and freshwater species (Nilsson and Berggren, 2000; Vorosmarty 

et al., 2010; Benchimol and Peres, 2015; Lees et al., 2016).  

Urban rivers experience severe anthropogenic stress as they receive huge 

quantities of treated and untreated sewage. The wastewater has elevated concentrations 

of DIC, DOM, and suspended particulate matter, which plays a crucial role in shaping 

the downstream C and N biogeochemistry. High biological oxygen demand of 

wastewater rapidly creates an anoxic environment in the water column, affecting the 

niches for microbes and therefore changing the magnitude and direction of microbially 

mediated processes like methanogenesis, nitrification, and denitrification (Begum et al., 

2021). Begum et al. (2021) explored the greenhouse gas dynamics in three large Asian 

rivers and identified localised impacts of pollution in the production of GHGs. 

Similarly, Yang et al. (2018) observed increased DIC concentration in river reach 

impacted by wastewater discharge and noted the input of isotopically lighter DIC 

through sewage. This study explores the effect of engineered modification on riverine 

C and N biogeochemistry. The hypotheses of the study were: (i) the reduction of flow 

velocity (i.e. water stagnancy) would enhance primary productivity resulting in high 

biomass and subsequent increase in concentration of dissolved GHGs and (ii) 

wastewater input would contribute to GHGs concentrations via direct input as well as 

its enhanced production due to anoxic environment and substrate availability. 
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Fig. 4.6 Study area and sampling locations in different sample classes (shown in the 
legend). The blue line represents the portion of the lined canal (Narmada Canal) flowing 
through the Sabarmati and Mahi River basins. 

4.2.1 Study area 
The Sabarmati River has its headwaters in the Aravalli hills and flows ~ 371 kms 

draining a catchment of 21,674 km2 to ultimately drain into the Arabian Sea (Central 

Water Commission, 2009). Two megacities namely Gandhinagar and Ahmedabad 

(population > 6 million) are established along the banks of the river and the latter is 

responsible for the discharge of large amounts of wastewater and industrial effluents 

into the river (Mohanty et al., 2021). The Mahi River rises near the Mahi Kanta hills 

(Vindhyachal range) in the western part of Madhya Pradesh. It is bound by the Aravalli 

hills and the Vindhayas, in the north and south respectively. The Mahi rivers traverses 

a length of 583 km before draining into the Arabian Sea. Compared to the Sabarmati, 

the Mahi benefits from lesser anthropogenic stress on the river health. The overall 

climate of the region is largely semi – arid. 
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4.2.2 Sampling 
To address the above hypotheses, sampling was conducted in the Sabarmati and Mahi 

river (Fig. 4.6). Samples were collected during two field campaigns covering a high 

flow (HF; October, 2020) and low flow (LF; February, 2021) periods along the 

mainstem and selected tributaries (Fig 4.6). The Sabarmati Basin was divided into 

different classes based on the level of engineered modifications, such as (a) Sabarmati 

upstream (Relatively pristine; n = 7 (HF) and 5 (LF)), (b) Riverfront (Stagnant flow; n 

= 5 (HF and LF)), (c) Sabarmati downstream (Highly polluted; n = 6 (HF) and 5 (LF)), 

and (d) Tributaries (n = 11 (HF) and 7 (LF)) (Fig. 4.6 and Fig. 4.7). For comparison, 

Mahi River (free flowing river and in the same hydroclimate setting; n = 9 (HF) and 8 

(LF)) was selected as control due to lower anthropogenic stress. Samples were also 

collected from the Narmada Canal (lined; n = 10 (HF and LF)) which feeds the 

riverfront (Fig 4.7). Additionally, two reservoirs were sampled (Vatrak (n = 1 (HF and 

LF)) and Indrasi (n = 1 (HF))) in the Sabarmati basin.  

 
Fig. 4.7 Field photographs of various sample classes defined for the present study. 

Upstream Tributaries

Riverfront

Downstream

Narmada Canal

Mahi
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4.2.3 Results 
4.2.3.1 Environmental parameters  

The water quality parameters showed seasonality as well as spatial variability across 

different sample classes. pH was relatively higher during the high flow periods 

compared to low flow in the Sabarmati upstream (HF (mean ± stdev) = 8.72 ± 0.32; LF 

= 8.37 ± 0.52), Sabarmati downstream (HF = 7.82 ± 0.17; LF = 7.77 ± 0.35), Sabarmati 

tributaries (HF = 8.36 ± 0.50; LF = 8.37 ± 0.19), Mahi (HF = 8.62 ± 0.18; LF = 8.50 ± 

0.19), and Narmada Canal (HF = 8.44 ± 0.15; LF = 8.32 ± 0.11). In the Riverfront, pH 

increased during the low flow (HF = 7.98 ± 0.19; LF = 8.89 ± 0.33) (Fig 4.8a).  

 

Fig. 4.8 (a) pH and (b) temperature in different sample classes. Blue and Grey represent 
high flow and low flow periods, respectively.  

Water temperature was higher during the high flow compared to low flow in Sabarmati 

upstream (HF = 30.0 ± 1.3 °C; LF = 23.2 ± 1.2 °C), Sabarmati downstream (HF = 31.8 
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± 1.9 °C; LF = 27.6 ± 2.0 °C), Sabarmati tributaries (HF = 30.6 ± 2.2 °C; LF = 25.4 ± 

2.7 °C), Mahi (HF = 32.4 ± 0.8 °C; LF = 24.9 ± 1.9 °C), and Narmada Canal (HF = 

28.9 ± 1.3 °C; LF = 24.3 ± 1.1 °C). However, no significant change in water temperature 

in the riverfront was observed (HF = 28.8 ± 0.6 °C; LF = 28.6 ± 0.7 °C) (Fig 4.8b). EC 

has similar range in all sample classes (0.23 – 0.85 mS cm–1) except for Sabarmati 

downstream (HF = 1.69 ± 0.68 mS cm–1; LF = 2.13 ± 0.57 mS cm–1) and Sabarmati 

tributaries (HF = 0.82 ± 0.57 mS cm–1; LF = 1.76 ± 2.74 mS cm–1) (Fig 4.9a).  

 

Fig. 4.9 (a) Conductivity and (b) dissolved oxygen in different sample classes. Blue 
and Grey represent high flow and low flow periods, respectively. 

DO was higher during high flow in Sabarmati upstream (HF = 9.45 ± 3.37 mg L–1; LF 

= 5.47 ± 2.34 mg L–1), Sabarmati tributaries (HF = 8.02 ± 4.86 mg L–1; LF = 5.44 ± 

1.94 mg L–1), Mahi (HF = 9.23 ± 2.41 mg L–1; LF = 5.65 ± 1.03 mg L–1), and Narmada 

Canal (HF = 8.14 ± 0.71 mg L–1; LF = 6.14 ± 1.46 mg L–1). In the riverfront, DO 
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increased during the low flow period (HF = 6.61 ± 1.52 mg L–1; LF = 9.18 ± 3.57 mg 

L–1). DO was below detection limit (BDL) in the Sabarmati downstream during high 

flow (all sites) and extremely low during low flow (3 sites = BDL; 2 sites = 2.84 ± 2.83 

mg L–1) (Fig 4.9b). On the basin scale, NO3–  was generally higher than NH4+ : 

Sabarmati upstream [HF (NO3– = 24.98 ± 20.28 µM; NH4+ = 5.63 ± 2.89 µM) and LF 

(NO3– = 1.21 ± 1.04 µM; NH4+ = 1.85 ± 0.59 µM)], riverfront [HF (NO3– = 33.29 ± 

7.21 µM; NH4+ = 28.81 ± 7.39 µM) and LF (NO3– = 23.54 ± 4.79 µM; NH4+ = 15.81 ± 

6.66 µM)], Sabarmati tributaries [HF (NO3– = 94.56 ± 46.78 µM; NH4+ = 23.67 ± 44.35 

µM) and LF (NO3– = 17.80 ± 21.58 µM; NH4+ = 29.31 ± 62.90 µM)], and Mahi [HF 

(NO3– = 40.01 ± 18.33 µM; NH4+ = 8.07 ± 13.33 µM) and LF (NO3– = 18.83 ± 19.30 

µM; NH4+ = 4.41 ± 1.60 µM)].  

 

Fig. 4.10 (a) Nitrate and (b) ammonium in different sample classes. Blue and Grey 
represent high flow and low flow periods, respectively. 
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Interestingly, Sabarmati downstream showed very high DIN concentrations with higher 

NH4+ than NO3– [HF (NO3– = BDL; NH4+ = 282.80 ± 17.94 µM) and LF (NO3– = 5.55 

± 3.76 µM; NH4+ = 289.55 ± 28.25 µM)] (Fig 4.10). 

4.2.3.2 Stable oxygen isotopic composition of river water 

d18O showed steady increase from high flow to low flow in Sabarmati upstream (HF = 

–3.4 ± 0.3 ‰; LF = –2.1 ± 0.7 ‰), riverfront (HF = –5.3 ± 0.3 ‰; LF = –5.1 ± 0.1 ‰), 

Sabarmati downstream (HF = –4.6 ± 0.3 ‰; LF = –3.4 ± 0.3 ‰), Sabarmati tributaries 

(HF = –3.3 ± 1.5 ‰; LF = –1.2 ± 3.2 ‰), Mahi (HF = –3.5 ± 1.7 ‰; LF = –2.4 ± 1.2 

‰), Narmada Canal (HF = –5.7 ± 0.6 ‰; LF = –5.1 ± 0.4 ‰), and reservoirs (HF = –

3.5 ± 0.5 ‰; LF = –0.6 ‰). 

4.2.3.3 Dissolved inorganic carbon 

Dissolved inorganic carbon increased along the continuum of Sabarmati during both 

high and low flow periods (Fig 4.11a). There was no significant change in concentration 

across flow regime in Sabarmati upstream (HF = 3.03 ± 1.04 mM; LF = 2.29 ± 0.69 

mM), riverfront (HF = 3.62 ± 1.99 mM; LF = 2.40 ± 0.39 mM), Sabarmati downstream 

(HF = 10.36 ± 5.35 mM; LF = 9.11 ± 4.41 mM), Sabarmati tributaries (HF = 4.24 ± 

1.74 mM; LF = 4.87 ± 3.02 mM), Mahi (HF = 3.40 ± 1.56 mM; LF = 3.39 ± 0.69 mM), 

Narmada Canal (HF = 2.46 ± 1.39 mM; LF = 2.13 ± 0.61 mM), and reservoirs (HF = 

1.86 ± 0.46 mM; LF = 1.18 mM). Stable isotopic composition of DIC showed variation 

with higher mean values during high flow period in Sabarmati upstream (HF = –5.6 ± 

1.6 ‰; LF = –6.8 ± 1.7 ‰) and reservoirs (HF = –3.1 ± 0.8 ‰; LF = –7.4 ‰) (Fig 

4.11b). The δ13CDIC increased during low flow in riverfront (HF = –8.3 ± 0.6 ‰; LF = 

–7.0 ± 1.0 ‰), Sabarmati downstream (HF = –11.3 ± 0.5 ‰; LF = –10.2 ± 1.0 ‰), 

Sabarmati tributaries (HF = –8.3 ± 1.3 ‰; LF = –7.7 ± 1.0 ‰), Mahi (HF = –7.5 ± 1.1 

‰; LF = –7.3 ± 0.9 ‰), and Narmada Canal (HF = –9.9 ± 0.4 ‰; LF = –9.4 ± 0.2 ‰) 

(Fig. 4.11b). 

4.2.3.4 Particulate organic matter  

Average particulate organic carbon concentrations were below 500 µM for all sample 

classes during both high and low flow periods except for Sabarmati downstream (HF = 

808 ± 355 µM; LF = 1674 ± 1085 µM) (Fig 4.12a). Low average POC was observed in 

the Narmada Canal during both periods (HF = 56.63 ± 7.99 µM; LF = 77.80 ± 21.61 

µM) and Sabarmati upstream during low flow (55.35 ± 36.61 µM) (Fig 4.12a). 
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Fig. 4.11 Dissolved inorganic carbon (DIC) (a) concentrations and (b) isotopic 
compositions in different sample classes. Blue and Grey represent high flow and low 
flow periods, respectively. 

Similar to POC, average PN concentrations were below 120 µM except for Sabarmati 

downstream (HF = 138 ± 61 µM; LF = 218 ± 133 µM) (Fig 4.13a). The lowest PN 

concentrations were observed in Sabarmati upstream (HF = 16.74 ± 11.02 µM; LF = 

6.76 ± 4.84 µM) and Narmada Canal (HF = 8.38 ± 2.12 µM; LF = 10.62 ± 3.33 µM) 

(Fig 4.13a). Stable isotopic composition of POC increased during low flow period in 

Sabarmati upstream (HF = –29.2 ± 2.1 ‰; LF = –25.2 ± 2.9 ‰), Sabarmati tributaries 

(HF = –28.1 ± 2.7 ‰; LF = –27.0 ± 2.1 ‰), Mahi (HF = –32.0 ± 2.6 ‰; LF = –26.7 ± 

3.3 ‰), Narmada Canal (HF = –31.9 ± 1.2 ‰; LF = –28.6 ± 2.5 ‰), and reservoirs (HF 

= –29.6 ± 0.3 ‰; LF = –23.3 ‰) (Fig 4.12b). 
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Fig. 4.12 Particulate organic carbon (POC) (a) concentrations and (b) isotopic 
composition in different sample classes. Blue and grey colour represent high flow and 
low flow periods, respectively. 

 The riverfront (HF = –30.1 ± 0.8 ‰; LF = –29.9 ± 1.9 ‰) and Sabarmati 

downstream (HF = –24.5 ± 0.9 ‰; LF = –25.4 ± 0.5 ‰) did not show temporal change 

in d13CPOC (Fig 4.12b). The d15NPN showed clear increase from high to low flow periods 

in the riverfront (HF = 0.2 ± 0.9 ‰; LF = 4.7 ± 2.5 ‰), Mahi (HF = 5.0 ± 2.2 ‰; LF = 

9.2 ± 1.9 ‰), Narmada Canal (HF = 4.2 ± 1.0 ‰; LF = 8.1 ± 1.5 ‰), and reservoirs 

(HF = 1.5 ± 3.5 ‰; LF = 9.4 ‰) (Fig 4.13b). Not much temporal change was observed 

in Sabarmati upstream (HF = 7.8 ± 2.4 ‰; LF = 7.1 ± 3.0 ‰), Sabarmati downstream 

(HF = 0.9 ± 3.3 ‰; LF = 0.6 ± 1.8 ‰), and Sabarmati tributaries (HF = 6.6 ± 12.1 ‰; 

LF = 3.4 ± 4.5 ‰) (Fig 4.13b). 
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Fig. 4.13 Particulate nitrogen (PN) (a) concentrations and (b) isotopic compositions in 
different sample classes. Blue and grey colour represents high flow and low flow 
periods respectively. 

4.2.3.5 Dissolved CH4, CO2, and N2O 

Dissolved CH4 in the sampled classes lacked clear seasonality except for Narmada 

Canal with higher concentration during high flow (518 ± 211 nM) compared to low 

flow (93 ± 35 nM) (Fig 4.14a). Low CH4 concentrations was also observed in the 

Sabarmati upstream (HF = 277 ± 127 nM; LF = 311 ± 196 nM). Extremely high CH4 

was observed in the Sabarmati downstream during both periods (HF = 35.94 ± 15.24 

µM; LF = 71.92 ± 58.08 µM). Dissolved CO2, however, showed temporal variations 

with generally higher concentrations during the high flow period. Dissolved CO2 was 

higher in Sabarmati downstream (HF = 3857 ± 1568 µM; LF = 2885 ± 798 µM) 

compared to Sabarmati upstream (HF = 1411 ± 130 µM; LF = 1246 ± 432 µM), 

riverfront (HF = 1499 ± 95 µM; LF = 1081 ± 64 µM), Sabarmati tributaries (HF = 1731 
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± 1023 µM; LF = 1589 ± 991 µM), Mahi (HF = 1564 ± 167 µM; LF = 1127 ± 413 µM), 

Narmada Canal (HF = 1326 ± 40 µM; LF = 648 ± 100 µM), and reservoirs (HF = 1222 

± 134 µM; LF = 293 µM) (Fig 4.14b). Similar to CO2, higher N2O concentrations during 

high flow periods were observed.  

 
Fig. 4.14 Dissolved (a) CH4, (b) CO2, and (c)N2O in different sample classes. Blue and 
grey colours represent high flow and low flow periods, respectively. For Sabarmati 
downstream, CH4 concentrations are shown by separate Y axis in red colour. 

Higher N2O in Sabarmati tributaries (HF = 70.4 ± 65.1 nM; LF = 28.5 ± 25.6 nM) was 

observed compared to Sabarmati upstream (HF = 16.9 ± 3.3 nM; LF = 7.8 ± 1.8 nM), 

riverfront (47.2 ± 7.6 nM; LF = 34.0 ± 4.6 nM), Sabarmati downstream (HF = 44.5 ± 
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28.5 nM; LF = 41.9 ± 27.2 nM), Mahi (HF = 32.1 ± 9.6 nM; LF = 19.5 ± 11.5 nM), 

Narmada Canal (HF = 27.0 ± 6.9 nM; LF = 12.5 ± 2.6 nM), and reservoirs (HF = 24.7 

± 2.1 nM; LF = 6.5 nM) (Fig 4.14c). 

4.2.4 Discussion 

4.2.4.1 Temporal variation in dissolved inorganic carbon and particulate matter 

The Sabarmati and Mahi River basins receive heavy rainfall during the Indian Summer 

Monsoon (July - September) which is reflected in high discharge during the post 

monsoon season. During the sampling, it was observed that the river networks were 

connected only during high flow periods. During the low flow condition, the channel 

got fragmented and at several location isolated patches were observed. It is evident from 

the sharp increase in  d18O of surface waters from high to low flow period that 

evaporative water loss is dominant during the low flow. Therefore, it would be 

appropriate to consider these stagnant water bodies more like lentic systems and expect 

dominant biogeochemical processes to behave accordingly. Increase in EC during low 

flow period is also an indicator of the effect of evaporative water loss and subsequent 

accumulation of dissolved ions (Fig 4.9, 4.10 and 4.11a). The DIC concentration did 

not increase significantly across flow regime, however there was a shift in its isotopic 

composition (Fig 4.11a). The δ13CDIC was higher in in Sabarmati upstream during high 

flow condition and the same was with the reservoirs in the upstream catchments (Fig 

4.11b). Higher δ13CDIC during high flow periods indicate addition of DIC from the 

catchment via surface runoff. Weathering of carbonate terrains would elevate the 

isotopic composition of the riverine DIC and is usually observed in lower order streams 

with more catchment influence (Campeau et al., 2017) . The other reaches of Sabarmati 

and Mahi along with the Narmada Canal showed increase in δ13CDIC during low flow 

condition. This increase clearly indicates a shift towards a more productive system 

where uptake of DIC (preferentially the lighter C) by primary producers results in the 

increase in isotopic composition of the DIC pool. A strong –ve relationship was 

observed between DIC and δ13CDIC during both high flow (Fig 4.15a & 4.16a) and low 

flow (Fig 4.15b & 4.16b) periods. This relationship was derived to track the variability 

in DIC across both Sabarmati and Mahi River basins along with the Narmada Canal. 

Decrease in δ13CDIC with increasing DIC indicated addition of isotopically depleted 

DIC into the system which could be a result of degradation of OM and subsequent 
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release of CO2. The effect of CO2 is further observed in the significant (p < 0.05) –ve 

relationship between DIC and pH (Fig 4.16a & b).  

 
Fig. 4.15 Relationships between DIC and d13CDIC during (a) high flow and (b) low flow 
periods. 

The particulate matter concentration in the river channels increased during low 

flow periods except for Sabarmati Upstream where high POM was observed during 

high flow (Fig 4.12a & 4.13a). The increase in concentrations of POC and PN is 

attributed to increased primary productivity during low flow condition. Clear waters 

and less turbidity are favourable for primary production (Beusen et al., 2005). This is 

also reflected in higher C/N ratio observed in the Narmada Canal and Mahi during low 

flow conditions (Fig 4.17), but in other sample classes the C/N ratio remained 

statistically similar. The average d13CPOC showed variability with relative increase 

during low flow conditions in the Sabarmati upstream, tributaries, Narmada Canal, 

Mahi and reservoirs. This increase indicated uptake of isotopically enriched (13C) DIC 

during the low flow period. Significant +ve relationship (p < 0.05; Fig 4.16b) was 

observed between water temperature and POC concentrations during low flow, 

suggesting higher temperature favored productivity. Furthermore, POC and d13CPOC 

showed a +ve relationship during high flow period supporting the above argument of a 

coupling between the DIC and POC pools (Fig 4.16a and Fig 4.18a). PN showed similar 

trends in concentrations as POC with no significant temporal variation. A significant –

ve relationship (p < 0.05, Spearman) observed between PN and d15NPN during both high 

and low flow indicated potential N2 fixation or uptake of DIN of low d15N coming from 

catchment runoff (Fig. 4.16 and 4.19).  
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Fig. 4.16 Correlation plots (Spearman Rank and *Pearsons) among measured parameters with significance level p < 0.05 during (a) high flow and 
(b) low flow periods.
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Fig. 4.17 C/N ratio in particulate matter in different sample classes. Blue and grey 
colour represents high flow and low flow periods respectively. 

 
Fig. 4.18 Relationship between POC and d13CPOC during (a) high flow and (b) low flow 
periods. 
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Fig. 4.19 Relationship between PN and d15NPN during (a) high flow and (b) low flow 
periods. The PN concentration of Sabarmati Downstream is shown by a separate axis 
in red color. 

4.2.4.2 Temporal variation in the dissolved CH4, CO2, and N2O 

Temporal variation in dissolved GHGs are controlled by several factors including 

supply of OM to act as substrate for decomposition, supply of inorganic forms of N to 

participate in the nitrification and denitrification pathways, oxic-anoxic conditions, 

temperature, primary productivity and respiration (Bastviken et al., 2011; Begum et al., 

2021) . These components vary widely across river basins depending on catchment 

type, dominant land use (agriculture, plantations, etc.), and river flow velocity. In this 

study, except the Narmada Canal, no temporal variability in dissolved CH4 

concentrations (Fig 4.14a) were observed due to sufficient supply of OM during both 

high and low flow periods for methanogenesis. Reduction in CH4 concentrations in the 

Narmada Canal during low flow could be due to the cut off of allochthonous inputs of 

organic matter at the inlet from the Narmada River. CO2 and N2O showed temporal 

variability with relatively higher concentration during high flow period.  As the 

Sabarmati and Mahi river basins are agriculture dominated watersheds, they witness 

extensive use of fertilisers and manures. Surface runoff during monsoon washes and 

drains large quantities of N compounds to the river and this in turn facilitates the N2O 

production through nitrification and nitrifier denitrification, leading to higher N2O 

during high flow periods. This is further supported by the significant + ve correlation 

between DIN and N2O concentrations (p < 0.05, Fig 4.16). Similarly, CO2 is driven by 
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the coupling of primary production and respiration, the latter being the causal factor for 

CO2 supersaturation in aquatic systems (Cole et al., 2007). It is observed that the 

balance between the production and respiration is highly sensitive to environmental 

variables like nutrient availability, DO, DOC concentrations etc., and a system can 

rapidly switch from a heterotrophic source of CO2 to an autotrophic sink (Wang et al., 

2017). During the low flow periods, clear water and low flow conditions favours 

primary production resulting in consumption of CO2. On the contrary, during high flow 

periods, turbid waters limit primary production and CO2 consumption, and the 

allochthonous OM received through surface runoff acts as substrate for mineralisation 

and CO2 production. Furthermore, inputs of DIC via surface runoff also enhances the 

CO2 concentration in the system. Overall observed significant –ve relationship between 

dissolved CO2 and the δ13CDIC (p < 0.05; Fig 4.16) indicates that CO2 brings in lighter 

C isotopes to the DIC pool, indicative of mineralisation of OM. It is also observed that 

increase in water temperature enhances the production of CH4 and CO2 during low flow 

(p < 0.05, Fig 4.16a) and N2O during both high and low flow periods (p < 0.05, Fig 

4.16). This indicates enhanced microbial activity at higher temperatures.  

4.2.4.3 Effect of engineered modifications on river biogeochemistry: Lined Canal, 
stagnant Riverfront, and the polluted Sabarmati Downstream 

The spatial variation of the various pools of C and N from headwater to downstream 

reach of Sabarmati provides an idea of the effect of modifications of river channel on 

the C and N biogeochemistry in urban setting. The Narmada Canal, which is a lined 

canal shows the effect of lining and lack of direct catchment influence on 

biogeochemistry. The biomass of the riverfront was higher than that in the Narmada 

Canal during both high and low flow periods (Fig 4.12a & 4.13a). The water in the 

Riverfront is received from the Narmada Canal, and the higher biomass reflects higher 

productivity at stagnant conditions. Furthermore, the increased productivity is 

accompanied by a decrease in d15NPN (Fig 4.13b), which indicates enhanced N2 fixation 

with increasing productivity, particularly in the absence of any allochthonous inputs. 

Particulate matter concentrations were very high in the polluted downstream reach of 

the Sabarmati with high d13CPOC and low d15NPN (Fig 4.12 and 4.13). The elevated 

particulate matter in the downstream reach is caused by inflow of treated and untreated 

wastewater with high suspended load. In case of DIC, no significant change in 

concentrations was observed between the Narmada Canal and the riverfront. However, 
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the d13CDIC in the riverfront was higher during both high and low flow periods, 

indicating preferential uptake of lighter DIC during primary production. The Sabarmati 

downstream witnesses manifold increase in the DIC concentrations compared to 

Sabarmati upstream (Fig 4.11a). Wastewater inputs have been identified as a significant 

contributor to riverine DIC of low stable isotopic composition (Hu et al., 2018; Yang 

et al., 2018). Similar trends in DIC of Sabarmati downstream were observed, where 

d13CDIC was extremely low compared to the other sample classes. The low d13CDIC in 

the polluted downstream reach was attributed to high CO2 release from degradation of 

OM along with high CO2 inputs via wastewater discharge. It has been noted elsewhere 

that urban rivers receive GHG’s fluxes from treated and untreated sewage (Li et al., 

2020; Begum et al., 2021). Caniani et al. (2019) observed a CO2 concentration of ~ 30 

mM in the final effluent from wastewater treatment plants. Manifold higher CO2 in the 

Sabarmati downstream compared to the other reaches of the river was observed during 

this study as well (Fig 4.14b). The high EC of the Sabarmati downstream indicated its 

ability for rapid decomposition of OM for microbial production (Quick et al., 2019).  

 It has been observed that anthropogenic perturbations enhance the fluxes of 

GHG’s from global rivers (Garnier et al., 2013; Alshboul et al., 2016; Deemer et al., 

2016; He et al., 2017; Yoon et al., 2017; Jin et al., 2018; Li et al., 2020). However, the 

synergistic effect of impoundments and wastewater discharge on the riverine CH4, CO2, 

and N2O emissions needs to be explored in great depth. Research have found enhanced 

emission of GHGs in eutrophic and impounded river channels due to supply of OM, 

nutrients, and presence of diverse microbial communities (Wang et al., 2017; Begum 

et al., 2021). In this study, apart from CO2, CH4 and N2O also showed high spatial 

variability along the level of anthropogenic developments. For instance, CH4 and N2O 

significantly increased in the riverfront compared to the Narmada Canal (Fig 4.14a and 

c). This is attributed to the productive waters and the availability of OM as substrate for 

methanogenesis and higher OM in the sediments is expected to provide favorable low 

oxygen environment for denitrification. Construction of a dam or weir reduces the flow 

velocity of the water, traps sediments on its bed and develop a favorable anoxic 

environment for methanogenesis (Maeck et al., 2013; Stanley et al., 2016). 

Furthermore, Sabarmati downstream witnessed extremely high CH4 

concentrations which could be a result of several factors (input via wastewater 

discharge, methanogenesis in anoxic waters, sedimentary methanogenesis, and reduced 
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CH4 oxidation). Wastewater inputs have been known to have 0.9 – 1699.9 nM of N2O 

and 0.06 – 455.8 µM of CH4 (Begum et al., 2021). It has been documented that 

processes enhancing GHGs production prefer low DO environment (Cotovicz et al. 

2016; Quick et al. 2019). High inputs of biological oxygen demand and nutrients 

enhances the production of CO2 and other GHGs via mechanisms like photo and 

biodegradation of OM in the water column and metabolic processes at the anoxic 

bottom sediments (Yoon et al., 2017; Begum et al., 2021; Kim et al., 2019). 

Additionally, wastewater discharge is high in OM but depleted in DO. This enhances 

the production of CH4 via anaerobic respiration (Sobek et al. 2005; Humborge et al. 

2010; Alshboul et al., 2016; Li et al., 2020). The DO concentration below detection 

limit, as observed in the Sabarmati downstream, might have further prevented the 

oxidation of the CH4 in the water column, causing supersaturation (Li et al., 2020). 

Additionally, there is competition between NH4+ and CH4 oxidising bacteria for DO, 

resulting in co-accumulation of the two species in the sediments and water column (Han 

et al., 2018). The accumulation of CH4 and NH4+ in the Sabarmati downstream 

indicated towards this competition (Fig 4.16).  

4.2.4.4 Fluxes of CH4, CO2, and N2O  

CH4 fluxes showed temporal variation with the highest emissions from the polluted 

reaches of Sabarmati downstream (HF = 7659 ± 2990 µM m–2d–1; LF = 18424 ± 14847 

µM m–2d–1)  compared to Sabarmati upstream (HF = 56 ± 25 µM m–2d–1; LF = 68 ± 45 

µM m–2d–1), riverfront (HF = 238 ± 75 µM m–2d–1; LF = 268 ± 140 µM m–2d–1), 

Sabarmati tributaries (HF = 126 ± 104 µM m–2d–1; LF = 220 ± 233 µM m–2d–1), 

Narmada Canal (HF = 100 ± 39 µM m–2d–1; LF = 20 ± 8 µM m–2d–1), Mahi (HF = 131 

± 98 µM m–2d–1; LF = 75 ± 65 µM m–2d–1), and reservoirs (HF = 181 ± 203 µM m–2d–

1; LF = 191 µM m–2d–1) (Fig 4.20). Except for downstream, CO2 fluxes did not show 

significant temporal and spatial variation. As expected, the flux was the highest in the 

Sabarmati downstream (HF = 861 ± 366 mM m–2d–1; LF = 749 ± 237 mM m–2d–1) 

compared to Sabarmati upstream (HF = 295 ± 33 mM m–2d–1; LF = 275 ± 97 mM m–

2d–1), riverfront (HF = 284 ± 22 mM m–2d–1; LF = 301 ± 14 mM m–2d–1), Sabarmati 

tributaries (HF = 372 ± 240 mM m–2d–1; LF = 392 ± 269 mM m–2d–1), Narmada Canal 

(HF = 267 ± 17 mM m–2d–1; LF = 142 ± 24 mM m–2d–1), Mahi (HF = 353 ± 43 mM m–

2d–1; LF = 267 ± 110 mM m–2d–1), and reservoirs (HF = 260 ± 30 mM m–2d–1; LF = 64 

mM m–2d–1).  
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Fig. 4.20 Spatial variability of emission fluxes of CH4, CO2, and N2O during high flow 
(a, c, and d) and low flow (b, d, and f) periods. 
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The Sabarmati and Mahi river basins witnessed high temporal variability in the N2O 

emission fluxes. All the sampled classes acted as a net source during high flow periods 

but several sites behaved as a sink for N2O during the low flow periods (Fig 4.20 e and 

f). Unlike CH4 and CO2, N2O showed the highest fluxes along the Sabarmati tributaries 

during high flow (HF = 13.1 ± 12.6 µM m–2d–1; LF = 5.2 ± 6.9 µM m–2d–1) compared 

to Sabarmati upstream (HF = 2.1 ± 0.7 µM m–2d–1; LF = –0.1 ± 0.4 µM m–2d–1), 

riverfront (HF = 7.9 ± 1.5 µM m–2d–1; LF = 6.9 ± 1.2 µM m–2d–1), Sabarmati 

downstream (HF = 8.4 ± 6.9 µM m–2d–1; LF = 8.2 ± 7.8 µM m–2d–1), Narmada Canal 

(HF = 3.9 ± 1.3 µM m–2d–1; LF = 0.9 ± 0.6 µM m–2d–1), Mahi (HF = 5.7 ± 2.2 µM m–

2d–1; LF = 2.6 ± 2.6 µM m–2d–1), and reservoirs (HF = 3.7 ± 0.5 µM m–2d–1; LF = –0.4 

µM m–2d–1). The sites witnessing –ve fluxes of N2O were mainly from Sabarmati 

upstream and Sabarmati tributaries during low flow. It is documented that N2O 

production is mainly governed by nutrient supply and DO levels (Wang et al., 2015; He 

et al., 2017; Mwanake et al., 2019). Furthermore, Schade et al. (2016) observed 

enhanced competition for resources between denitrifiers and methanogens in the 

headwater streams as compared to nutrient rich urban rivers. 

4.2.5 Conclusion 
The present study explores the C and N biogeochemistry of an engineered river system 

(Sabarmati River) along with a parallel free flowing Mahi River. Along the river 

continuum, it was observed that anthropogenic developments significantly enhanced 

the C and N loading into the river channels. DIC, POM, and dissolved GHGs increased 

manifold in the polluted downstream reach of the Sabarmati. The study also explores 

the effect of channel modification resulting in increased residence time of water in 

certain river sections. There was significant change in C and N dynamics as the water 

from flowing Narmada Canal was pumped into the riverfront where it was stagnant. 

POM increased with stagnancy indicating enhanced primary productivity followed by 

elevated concentrations of GHGs. The study highlights the direct effects of riverfront 

construction and wastewater discharge on the various in-stream processes. Urban rivers 

warrant extensive research to avoid underestimation of GHGs fluxes in the global 

scenario. 
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4.3 Biogeochemistry of high altitude river – lake continuum 

The river – lake continuum as an integrated aquatic system has only recently been 

recognised and studied by aquatic scientists who were earlier divided as stream 

ecologists and limnologists (Jones, 2010). Rivers and lakes are hotspots for nutrient 

cycling, however the manner in which the C and N flows and are processed varies. 

Rivers are more like passive pipes at high flow and active pipes at low flow conditions, 

incorporated justly in the pulse-shunt concept (Raymond et al., 2016). Lakes, on the 

other hand, are active units for elemental processing and also act as sites for long term 

burial of C and N (Cole et al., 2007; Bastviken et al., 2011). In the river – lake 

continuum, lakes are known to be active sink for N and C (Harrison et al., 2009; Xu et 

al., 2018). Researchers have highlighted the need to study both lotic and lentic systems 

as an integrated aquatic component playing the role of conduit and reactor of terrestrial 

C and N. This must also incorporate the retention time within streams and lakes to 

quantify the biogeochemical filtering of elements (Cole et al., 2007; Tranvik et al., 

2009; Bouwman et al., 2013).  

 High altitude lakes and rivers are facing the direct effects of a changing climate 

with shifts in the hydrological regime and associated fluxes of C and N from the 

catchment. Recent studies from the streams and lakes in the Tibetan Plateau found 

supersaturation of CO2, CH4, and N2O which were strongly correlated to in lake/stream 

parameters like DOC, DIN, water temperature, and water depth (Qu et al., 2017; Yan 

et al., 2018). However, studies with high spatial and seasonal resolution are highly 

warranted from these regions at the forefront of global change. The present study 

explores the flow of C and N along the mainstem and tributaries of the Jhelum River 

and attempts to understand the shift in biogeochemical processes as the river drains into 

the Wular Lake. Specifically, the study focuses on the reasons for (i) spatial and 

seasonal variation in the concentrations of POC, PN, DIC and dissolved CH4, CO2 and 

N2O, and (ii) changes in the concentration of the above mentioned pools at the interface 

of the Jhelum River and the Wular Lake.  
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4.3.1 Study area and sampling 
The Jhelum River is a major tributary of the Indus River System and traverses through 

the Kashmir valley in the northern Indian territory of the Jammu and Kashmir. The river 

originates near Verinag in Anantnag and flows northwest all the way to Kichhama in 

Baramullah district. The river passes through the heart of the Srinagar City and meets 

the Wular Lake to emerge again. The basin area of the Jhelum is ~ 33,670 km2 and the 

length of the river in ~ 129 km (Mir & Jeelani, 2015). The altitude of the valley ranges 

from 1100 to > 5400 meters amsl (above mean sea level). The major tributaries of 

Jhelum are Sandrin, Bringi, Arapath, Lidder, Arapal, Sind, and Pohru joining the 

mainstem in the right bank and Rimbiara, Vishav, Doodganga, Sukhnag, Romshi and 

Ningal joining the mainstem in the left bank. The Jhelum basin is characterized by high 

structural hills in the upper basin along with numerous Karewas (small mounds), 

colluvial fans, and alluvium filled river valley (Mir et al. 2016).  

 

Fig. 4.21 Sampling locations in the Jhelum River basin in the Kashmir Valley. 

 The Wular Lake is the largest freshwater lake of Asia and is situated within the 

flow path of the Jhelum river (Fig 4.21 and 4.22). The lake is situated ~ 34 km northwest 

of the Srinagar city and at an altitude of 1530 m amsl (Sheikh et al., 2013). Rivers (Erin 

and Madhumati) draining the Pir Panjal Mountains in the north of the Wular, drains 

into the lake. The major seasons in the Kashmir valley is divided into spring (March – 
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May), summer (June – August), autumn (September – November) and winter 

(December – March) (Mehmood et al., 2017). Among these, January is the coldest and 

July is the warmest. March – May (spring) receives the maximum precipitation in the 

form of rainfall (Rather et al., 2016).  

 

Fig. 4.22 Sampling locations in the Jhelum River basin in the Kashmir Valley. 

Sampling for this study was conducted in the Jhelum River, its major and minor 

tributaries, and the Wular Lake (Fig 4.21 and 4.22) during March 2021 and November 

2021 to capture the post melt (spring) and post-summer (autumn) seasons. 

Unfortunately, there was some technical glitch in the field during autumn and the basic 

parameters (temperature, pH, EC) measured could not be retrieved. Therefore, for the 

calculation of GHGs concentrations during autumn, the reach average data for salinity 

from spring was used. This strategy was adopted as it has been noticed in the previous 
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studies that the electrical conductivity during autumn and spring remains within the 

range of 0.2 – 0.4 mS cm–1 (Rather et al., 2016). Additionally, sensitivity analysis of 

GHGs concentrations for a salinity range of 0.1 to 0.45 g/L (maximum and minimum 

in the region during autumn and spring) was performed and the observed variation was 

< 0.3 % for CO2 and N2O, and < 0.04 % for CH4.    

4.3.3 Results  
4.3.3.1 Basic environmental parameters 

During spring, the pH of the different sample classes varied between 8.33 ± 0.30, with 

Jhelum upstream, Lidder and Sind showing relatively higher mean pH (Fig 4.23a). The 

water temperature was lowest in Sind (5.3 ± 2.7 °C) compared to other major tributaries 

(9.5 ± 3.9 °C), the mainstem (11.7 ± 2.8 °C), and Wular Lake (13.4 ± 2.5 °C) (Fig 

4.23b). The electrical conductivity was in the range of 230 ± 92 µS cm-1 with relatively 

lower mean values in the Lidder and Vishav (Fig 4.23c).   

 Due to absence of basic water quality parameters for the autumn season, 

available literature was referred to establish a background. Rather et al. (2016) 

conducted seasonal sampling along the mainstem of the Jhelum River and tracked the 

seasonality in basic parameters like pH, temperature, conductivity, and DIN among 

several others. Water temperature was high in summer (mean ~ 18 °C) and low in winter 

(mean ~ 7 °C) with spring and autumn showing similar range (11 – 14 °C) (Rather et 

al., 2016). Similar to temperature, dissolved oxygen also showed similar range during 

spring and autumn (~ 7 – 10 mg L-1) (Rather et al., 2016). Nitrate was the dominant 

form of DIN with higher ammonical nitrogen during autumn as compared to spring and 

the reverse seasonality for nitrate nitrogen (Rather et al., 2016). 



                                                                                               Chapter 4 River Biogeochemistry 

 119 

 

Fig. 4.23 (a) pH, (b) temperature, and (c) conductivity in the different stretches of the 
Jhelum River system and the Wular Lake during spring. 
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4.3.3.2 Dissolved inorganic carbon 

Except for the Wular, in general, average DIC concentrations were relatively higher 

during spring compared to autumn (Fig 4.24a). The Jhelum upstream showed relatively 

higher DIC (spring = 2.13 ± 0.73 mM; autumn = 1.38 ± 0.58 mM) compared to the 

middle reaches (spring = 1.16 ± 0.20 mM; autumn = 0.59 ± 0.18 mM), reach within 

city limits (spring = 1.23 ± 0.08 mM; autumn = 1.00 ± 0.06 mM), post city (spring = 

1.39 ± 0.08 mM; autumn = 1.01 ± 0.08 mM), and the downstream site (spring = 1.95 

mM; autumn = 0.87 mM).  

 
Fig. 4.24 (a) Dissolved inorganic carbon concentrations (mM) and (b) stable isotopic 
composition of DIC in the different stretches of the Jhelum River system and Wular 
Lake. 
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Among the tributaries of the Jhelum, Lidder (spring = 0.53 ± 0.29 mM; autumn = 0.31 

± 0.32 mM) and Vishav (spring = 0.49 ± 0.22 mM; autumn = 0.25 ± 0.14 mM) showed 

lower DIC concentrations compared to Sind (spring = 1.05 ± 0.54 mM; autumn 0.56 ± 

0.33 mM) and other minor tributaries (spring = 1.35 ± 1.01 mM; autumn = 0.59 ± 0.31 

mM). The Wular lake behaved differently from the lentic systems with relatively lower 

DIC during spring (0.79 ± 0.20 mM) compared to autumn (0.98 ± 0.24 mM) (Fig 4.24a).  

The δ13CDIC showed distinct seasonality in all sample classes (except Sind) with 

higher values during spring compared to autumn (Fig 4.24b). Furthermore, Lidder 

(spring = –2.3 ± 1.0 ‰; autumn = –4.4 ± 2.4 ‰) and Sind (spring = –2.6 ± 1.8 ‰; 

autumn = –2.3 ± 1.1 ‰) showed higher δ13CDIC compared to Jhelum upstream (spring 

= –6.4 ± 2.0 ‰; autumn = –8.5 ± 1.8 ‰), Vishav (spring = –5.3 ± 0.4 ‰; autumn = –

8.2 ± 2.5 ‰), Rimbiara (spring = –7.7 ± 1.4 ‰; autumn = –8.0 ± 3.3 ‰), Jhelum middle 

reaches (spring = –7.9 ± 0.4 ‰; autumn = –10.4 ± 0.6 ‰), Jhelum within city limits 

(spring = –7.2 ± 0.8 ‰; autumn = –10.9 ± 0.1 ‰), Jhelum post city (spring = –6.5 ± 

0.2 ‰; autumn = –10.2 ± 0.6 ‰), Jhelum tributaries (spring = –6.3 ± 2.6 ‰; autumn = 

–7.5 ± 3.2 ‰), and Jhelum downstream (spring = –8.1 ‰; autumn = –8.9 ‰). Similar 

to the streams, the Wular Lake also showed significant decrease in δ13CDIC from spring 

(–6.3 ± 1.0 ‰) to autumn (–9.1 ± 1.7 ‰). 

4.3.3.3 Particulate organic carbon and its isotopic composition  

The POC pool showed spatial variability among the tributaries and mainstem of the 

Jhelum River with higher concentration in the latter (Fig 4.25a). During the spring, 

there were erratic rain events which reflected in very high POC in the Vishav (spring = 

397.44 ± 284.72 µM; autumn = 41.75 ± 24.43 µM) and Rimbiara (spring = 560.74 ± 

277.46 µM; autumn = 57.42 ± 19.27 µM) rivers, which was also visible in the high 

suspended load. The POC concentration was high in the Jhelum upstream (spring = 

99.57 ± 75.32 µM; autumn = 113.64 ± 132.80 µM), Jhelum middle reaches (spring = 

127.94 ± 89.07 µM; autumn = 168.24 ± 75.78 µM), Jhelum within city limits (spring = 

249.44 ± 93.38 µM; autumn = 80.64 ± 7.45 µM), Jhelum post city (spring = 196.63 ± 

22.11 µM; autumn = 90.04 ± 55.75 µM), and Jhelum downstream (spring = 236.89 µM; 

autumn = 49.74 µM). Lidder (spring = 27.83 ± 13.88 µM; autumn = 35.66 ± 42.60 µM) 

and Sind (spring = 35.77 ± 16.57 µM; autumn = 29.86 ± 14.05 µM) showed low 

concentration of POC during both spring and autumn compared to minor tributaries 

(spring = 79.07 ± 52.33 µM; autumn = 53.04 ± 22.45 µM). The Wular had relatively 
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higher average POC concentration during spring (133.68 ± 94.82 µM) as compared to 

autumn (104.60 ± 39.92 µM). 

 The δ13CPOC did not show significant seasonal or spatial variation across the 

Jhelum River and its tributaries (–24.6 ± 0.9 ‰; Fig 4.24b). However, δ13CPOC was 

relatively low in the Wular (spring = –26.1 ± 1.7 ‰; autumn = –25.7 ± 1.2 ‰) compared 

to rivers, which also affected the Jhelum downstream site (spring = –25.2 ‰; autumn 

= –26.3 ‰). 

 

Fig. 4.25 (a) Concentration (µM) and (b) isotopic composition of particulate organic 
carbon along the mainstem and tributaries of the Jhelum and the Wular Lake. 



                                                                                               Chapter 4 River Biogeochemistry 

 123 

4.3.3.4 Particulate nitrogen and its isotopic composition 

Similar to POC, PN showed higher concentrations in the Vishav (spring = 41.58 ± 27.80 

µM; autumn = 4.29 ± 2.42 µM), Rimbiara (spring = 49.56 ± 24.35 µM; autumn = 5.22 

± 2.58 µM), and the Jhelum within city limits (spring = 32.23 ± 20.63 µM; autumn = 

10.01 ± 0.93 µM) (Fig 4.26a). Sind (spring = 2.89 ± 1.32 µM; autumn = 2.60 ± 1.17 

µM) and Lidder (spring = 3.27 ± 1.77 µM; autumn = 3.71 ± 4.70 µM) showed the 

lowest PN concentrations. In the Wular Lake, PN was higher in spring (13.57 ± 8.05 

µM) compared to autumn (6.54 ± 2.04 µM).  

 

Fig. 4.26 (a) Concentration (µM) and (b) isotopic composition of particulate nitrogen 
along the mainstem and tributaries of Jhelum and the Wular Lake. 
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The δ15NPN did not show any consistent seasonality across different reaches of the 

Jhelum. The lowest values were observed in the Lidder during the spring (0.6 ± 2.4 ‰; 

Fig 4.26b). Overall the δ15NPN ranged between 2.5 ± 1.3 ‰ along the Jhelum mainstem 

and its various tributaries. In the Wular Lake, δ15NPN was lower in spring (4.7 ± 1.0 ‰) 

compared to autumn (6.6 ± 2.9 ‰). 

4.3.3.5 Dissolved CH4, CO2, and N2O 

CH4 concentrations varied spatially as well as seasonally along the Jhelum – Wular 

continuum, with lower concentrations during the spring (Fig 4.27a). Extremely low 

concentrations were observed in the Lidder (spring = 13.61 ± 2.44 nM; autumn = 12.79 

± 8.92 nM), Vishav (spring = 56.04 ± 37.22 nM; autumn = 169.47 ± 176.86 nM), 

Rimbiara (spring = 100.44 ± 118.64 nM; autumn = 234.35 ± 304.07 nM) and Sind 

(spring = 22.34 ± 20.13 nM; autumn = 37.58 ± 31.53 nM) with several locations having 

CH4 below the detection limit. CH4 concentrations were high in the Jhelum upstream 

(spring = 205.63 ± 286.01 nM; autumn = 492.09 ± 642.66 nM) and increased further in 

the middle reaches (spring = 431.82 ± 173.98 nM; autumn = 754.21 ± 291.03 nM) and 

Jhelum within city limits (spring = 492.64 ± 203.04 nM; autumn = 1357.57 ± 270.71 

nM). CH4 concentrations in the Jhelum decreased post city limits during autumn (spring 

= 551.11 ± 72.30 nM; autumn = 945.28 ± 213.13 nM) probably due to inflow of water 

from Sind. In the Wular Lake, average CH4 was relatively higher in the autumn (509.48 

± 207.86 nM) compared to spring (376.61 ± 150.59 nM) as compared to autumn. The 

Jhelum downstream (spring = 320.66 nM; autumn = 589.44 nM) had similar CH4 

concentrations as the Wular Lake. CO2 concentrations showed significant decrease 

from spring to autumn at all sampling locations (Fig 4.27b). In the Jhelum upstream, 

CO2 was high during spring (1106.32 ± 352.74 µM) compared to autumn (604.54 ± 

82.77 µM). The CO2 concentrations remained high in the mainstem of Jhelum in the 

middle reaches (spring = 1242.56 ± 112.22 µM; autumn = 439.60 ± 66.76 µM), even 

though CO2 in Lidder (spring = 440.07 ± 130.03 µM; autumn = 264.48 ± 206.55 µM), 

Vishav (spring = 631.03 ± 265.07 µM; autumn = 202.66 ± 133.21 µM) and Rimbiara 

(spring = 915.82 ± 368.14 µM; autumn = 494.04 ± 205.30 µM) were relatively lower. 

The CO2 concentrations at Jhelum within city limits (spring = 1147.11 ± 152.94 µM; 

autumn = 511.14 ± 29.62 µM) and post city (spring = 1282.87 ± 77.45 µM; autumn = 

473.30 ± 46.81 µM) were in the similar range. The Wular Lake witnessed large seasonal 
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variation in CO2 concentration (spring = 1335.01 ± 141.19 µM; autumn = 435.98 ± 

122.09 µM). 

 
Fig. 4.27 (a) CH4, (b) CO2, and (c) N2O concentrations along the mainstem and 
tributaries of Jhelum river and the Wular Lake. 
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The N2O did not show significant seasonal variation across the studied reaches (Fig 

4.27c). However, it was observed that there is a spatial variability in N2O concentrations 

with higher values along the mainstem of the Jhelum River compared to the tributaries. 

Two locations had very high N2O concentrations during autumn in Lidder (346.30 nM) 

and the Wular lake (1334.58 nM) respectively. Excluding these high values, N2O 

concentrations along the Jhelum mainstem was ~ 25.79 ± 8.55 nM, tributaries ~ 15.70 

± 4.14 nM, and Wular lake ~ 25.26 ± 7.22 nM. 

4.3.4 Discussion 
4.3.4.1 Dissolved inorganic carbon biogeochemistry in the Jhelum River 

Dissolved inorganic carbon in the Jhelum River showed distinct seasonal variation with 

higher DIC during spring as compared to autumn (Fig 4.24a). This increase in DIC 

during spring is attributed to influx of weathered C and contribution from soil CO2 

during the melt season. Higher DIC in the upstream reaches of the Jhelum mainstem 

along with some tributaries indicates enhanced carbonate weathering by lower order 

streams. Lidder and Sind, which are two major tributaries of the Jhelum and are fed by 

melting snow, show low DIC concentrations but high δ13CDIC. High δ13CDIC is a 

signature of carbonate weathering which might be prevalent in the Lidder and Sind 

catchments. The DIC concentrations in the middle reaches of Jhelum mainstem along 

with the stretch within city limits and post city show low δ13CDIC which is indicative of 

contribution from remineralisation of OM which is a possibility in higher order streams 

due to both increased productivity (and availability of OM as substrate) and 

allochthonous inputs of DIC through wastewater and storm water drains. DIC decreased 

from spring to autumn along the continuum of the Jhelum river. This decrease in DIC 

concentration along with subsequent reduction in δ13CDIC indicates initial uptake of DIC 

in the system during the productive summer followed by mineralisation during autumn. 

A significant –ve correlation between DIC and δ13CDIC (p < 0.05; Fig 4.28, 4.29, and 

4.30) was observed, which supports the above inference.  In the Wular Lake, an increase 

in DIC concentration from spring to autumn with a decrease in δ13CDIC indicated 

mineralisation of OM as the dominant source of DIC (Alling et al., 2012). Overall, the 

DIC dynamics in the Jhelum – Wular continuum was governed by allochthonous inputs 

of higher δ13CDIC during spring and the coupling of primary productivity and 

decomposition during autumn. 
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Fig. 4.28 Relationships between DIC and δ13CDIC in (a) spring and (b) autumn. 

4.3.4.2 Particulate matter dynamics along the river – lake continuum 

Low POC and PN in the Lidder and Sind is attributed to high water velocity and low 

water temperatures, which negatively affects primary productivity (Beusen et al., 

2005). Furthermore, both Lidder and Sind receive meltwater contribution which are 

low in OM. Few sites in the Vishav and Rimbiara showed very high POC and PN 

concentrations, which was due to stormflow during rain events in the spring as 

discussed earlier. Stormflow mobilises soil organic matter and flushes surface litter, 

contributing to the riverine POM. Increase in biomass was observed as the river entered 

the city limits, probably due to increasing primary productivity in the higher order 

rivers, as hypothesised in the river continuum concept (Vannote et al., 1980). Also, 

inputs of DIN in urban settings could enhance the productivity of the river system. No 

clear shift in δ13CPOC across seasons and sampling locations (except for the Wular lake) 

was seen. In the Wular Lake, the δ13CPOC was relatively lower than the rivers during 

both spring and autumn, indicating contribution from in situ production. In the autumn, 

high C/N ratio in the Wular Lake and a significant +ve relationship (p < 0.05) between 

POC and C/N ratio indicated enhanced primary productivity (Fig 4.30), whereas in 

spring a significant +ve relationship (p < 0.05) between POC and δ13CPOC (Fig 4.30 & 

4.32) suggested increased contribution of allochthonous OM. No significant correlation 

was observed between PN and δ15NPN (Fig 4.29, 4.30 & 4.33) indicating a very dynamic 

processing of PN and a complex N biogeochemistry. A –ve correlation between C/N 

ratio and δ15NPN (p < 0.05; Fig 4.29) along with low δ15NPN, particularly in tributaries 

implies potential N2 fixation, however, this needs to be verified through qualification 

of N2 fixation rates.  



                                                                                               Chapter 4 River Biogeochemistry 

 128 

 

 
Fig. 4.29 Correlation plots (Spearman; p < 0.05) between measured parameters along 
the Jhelum mainstem and tributaries during (a) spring and (b) autumn. 
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Fig. 4.30 Correlation plots (Spearman; p < 0.05) between measured parameters in the 
Wular lake during (a) spring and (b) autumn. 
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Fig. 4.31 C/N ratios of particulate matter in different sample classes. 

 
Fig. 4.32 Scatter plot showing relationship between particulate organic carbon and its 
isotopic composition during (a) spring and (b) autumn. 
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Fig. 4.33 Scatter plot showing relationship between particulate nitrogen and its isotopic 
composition during (a) spring and (b) autumn. 

4.3.4.3 Dissolved CH4, CO2, and N2O  

Dissolved CH4 dynamics in the Jhelum River was governed by the availability of OM 

as substrate for methanogenesis. Extremely low concentrations of CH4 in the Lidder 

and Sind, which were also low in POC and PN (Fig 4.25a, 4.26a, and 4.27a) supports 

the above statement. Increasing CH4 in the middle reaches of Jhelum and within city 

limits indicated the direct effect of anthropogenic inputs of wastewater and organic 

contaminants on the CH4 cycling. Along with CH4, CO2 also showed strong seasonality 

with higher concentration during spring and lower during autumn, indicating a shift 

from heterotrophy to autotrophy (Fig 4.27b). Relatively lower concentration of CO2 in 

the Sind and Lidder during spring indicates dominance of meltwater inputs, which are 

relatively lower in DIC as well, and therefore CO2. Interestingly, in the Wular, CH4 and 

CO2 were positively correlated with each other during autumn but negatively correlated 

to N2O (Fig 4.30b). It was earlier argued that primary productivity was enhanced during 

autumn which would lead to higher availability of OM for degradation as well as to act 

as substrate for methanogenesis leading to correlation of CH4 and CO2. It has been 

observed that higher OM in stratified lakes can inhibit the process of nitrifier 

denitrification leading to low N2O production (Webb et al., 2019), which could be the 

case with Wular as well. A significant positive relationship between CH4, CO2, and 

N2O in the Jhelum and its tributaries (Fig 4.29) imply that the environmental conditions 

and availability of OM and nutrients controlled the processes like mineralisation, 

methanogenesis, nitrification and denitrification as expected. In terms of fluxes of 

GHGs from the Jhelum – Wular continuum, all sample locations except few pristine 

sites appeared to be potential source of GHGs as ambient dissolved concentrations were 
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higher than the equilibrium concentrations (Fig 4.27). However, exact quantification 

using well constrained gas transfer velocity needs to be performed.  

4.3.5 Conclusion 
The present study attempted to understand the flow of C and N along the high altitude 

Jhelum River and its tributaries; specifically, tracking the transformations at the 

interface of the Jhelum River and the Wular lake. It was observed that DIC was high in 

the upstream reach of the Jhelum River and DIC with high isotopic composition was 

observed in the major tributaries (Lidder and Sind) indicating weathering of carbonate 

rocks during spring (i.e. the melt season). Biomass was least in these two rivers (Lidder 

and Sind) as they were dominantly fed by melting snow and the river was turbulent in 

these reaches. It was observed that as the Jhelum river entered city limits or the Wular 

Lake, in situ production appeared to be enhanced, which was reflected on the isotopic 

composition of POM (i.e. low δ13CPOC). The availability of biomass as substrate along 

with environmental factors controlled the greenhouse gas dynamics in the Jhelum – 

Wular continuum. Higher CH4 concentrations was observed in productive waters along 

with higher CO2, the latter decreasing during autumn due to transition of the system 

from heterotrophy to autotrophy.

 

  



    

 
 
 
 
 

Chapter 5 
 

Particulate black carbon cycling 
in aquatic systems 

5. Particulate black carbon in aquatic systems 
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Black carbon is derived from incomplete combustion of OM and forms a whole 

spectrum from labile char to highly recalcitrant soot with the increasing temperature of 

formation (Goldberg, 1985). In the environment, BC is produced mainly from biomass 

burning and fossil fuel combustion, the latter being an important contributor of soot 

which increases the residence time of the BC pool (Elmquist et al., 2006; Ascough et 

al., 2011; Bird et al., 2015). Globally, biomass burning and fossil fuel combustion 

contributes to 128 ± 84 and 5 – 13 Tg year–1 of PBC to the environment, respectively 

(Bond et al., 2013; Jones et al., 2020). A major chunk of the BC produced via biomass 

burning is deposited in close proximity and incorporated into the soil matrix which then 

acts as a potent sink for C. Alternatively, soil BC can get mobilised into aquatic systems 

via erosion and surface runoff (Forbes et al., 2006; Liang et al., 2008; Saiz et al., 2014). 

It is observed that majority of BC mobilised from fire affected soils are in the particulate 

form (Boot et al., 2014; Wagner et al., 2015) and 17 – 37 Tg year–1 of PBC is transported 

by the rivers to the ocean (Moody and Martin, 2001; Leori et al., 2014; Wagner et al., 

2015; Santin et al., 2016; Pyle et al., 2017; Coppola et al., 2018). Additionally, aerosol 

BC deposition (wet and dry) to the global ocean is estimated at 12 Tg year–1 66 (Jurado 

et al., 2008). PBC in rivers forms ~ 12 ± 5 % of the POC and adds a refractory 

component to the otherwise labile organic pool (Coppola et al., 2018; Huang et al., 

2021; Li et al., 2021; Meng et al., 2023).  

 The recalcitrant nature of BC enables it to sequester C in long timescales and 

therefore recognising it as a potential climate mitigator (Bird et al., 2015; Coppola and 

Druffel, 2016; Coppola et al., 2022). Research on BC in aquatic systems is limited 

across the globe with handful of studies focussing on its dissolved fraction (Wagner et 

al., 2015; Qi et al., 2020). The particulate fraction remains poorly explored, especially 

in the inland waters (Fig. 5.1a). With more studies exploring the degradation of BC in 

the environment (Bistarelli et al., 2021; Zimmerman et al.,2012), it becomes imperative 

to understand the cycling of BC in aquatic systems which are the active conduits of BC 

along the land-ocean continuum. Bowring et al. (2022) highlighted the challenges of 

constraining the impact of fire derived C offsets on the terrestrial C balance due to lack 

of understanding of the mineralisation of BC in aquatic systems and availability of 

robust numbers for mineralisation rates.  
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5.1 Transport and transformation of particulate black carbon 
in rivers 

In riverine systems, the transport and transformation of BC is controlled by the 

residence time which is indirectly governed by the flow regime of the river system. 

With rapid urbanisation and engineered modifications of river channels, there is a 

drastic shift in the various in-stream biogeochemical processes (Begum et al., 2021). 

The effect of modulations of river channels on the BC cycling is still unknow. To 

address the research gaps in the field of BC cycling in aquatic systems, this part of the 

thesis aims to understand the movement and transformations (if any) of PBC along the 

river continuum. The hypothesis conceived for this purpose are (i) PBC in rivers ages 

along the continuum and this transformation is embedded in its stable isotopic 

composition and (ii) engineered modification of river channels would affect the PBC 

biogeochemistry. Due to scarcity of well constrained flux estimates from across the 

globe, an attempt to generate the first estimates of PBC export flux to the Arabian Sea 

has also been made.  

5.1.1 Sampling 
To address the above objectives, sampling was conducted across the continuum of six 

river basins and a lined canal in the western India. As discussed in Chapter 2, particulate 

matter samples collected from Sabarmati, Mahi, and Narmada Canal during October 

2020 and February 2021 to capture the high flow and low flow conditions were also 

analyzed for PBC and its isotopic composition. These samples in the Sabarmati river 

fell in distinct classes based on the level of engineered modification (Pristine upstream, 

stagnant riverfront, polluted downstream, and tributaries; Fig 4.6 and 4.7). Additional 

sampling for particulate matter to investigate PBC in Banas, Berach, Ambika, and Girna 

rivers was also conducted during November 2021 and August 2022 (Post monsoon and 

monsoon seasons – both representing high flow) (Fig 5.1).  
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Fig. 5.1 (a) Existing studies on particulate black carbon in riverine particulate matter, 
(b) the present study area representing the river basins, (c – g) locations of samples 
analyzed for particulate black carbon in the six river basins. 
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5.1.2 Results and Discussion 
Below we discuss the patterns of transport and evidence of modulations of PBC along 

the river continuum. 

5.1.2.1 Distribution of particulate black carbon in the river basins 

PBC concentration ranged between 0.70 to 56.90 µM with the highest concentrations 

observed at the downstream sites of river basins (Fig 5.1c – g). Among the studied 

systems, the downstream reach of Sabarmati exhibited the highest median PBC 

concentrations (ANOVA, p < 0.001) during both low flow (31.57 ± 20.41 µM) and high 

flow periods (12.19 ± 1.23 µM; Fig 5.2a – d). Almost 86 % of the samples across the 

six river basins showed PBC concentrations below 10 µM which is low compared to 

PBC in rivers elsewhere [143 µM in Xijiang River (Liu and Han, 2021); 0.65 – 49.30 

in Yangtze River (Meng et al., 2023)].  

 

Fig. 5.2 Bulk particulate organic carbon (POC + PBC; Green boxes –left axis) and PBC 
(Black boxes – right axis) in Sabarmati, Mahi, and Narmada Canal during (a) Oct 2020 
(high flow) and (c) Feb 2021 (low flow); Ambika, Girna, Banas and Berach during (b) 
Nov 2021 (post-monsoon) and (d) Aug 2022 (monsoon). Both sampling periods in 
Ambika, Girna, Banas and Berach represented high flow condition. 
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High PBC concentration in the polluted downstream reach of Sabarmati and 

downstream locations along Mahi and Ambika aligns with similar observations made 

in the Yangtze River of increasing PBC with gross domestic product index (Meng et 

al., 2023). The % PBC (fraction of PBC in POC+PBC) was higher in Banas (13.4 ± 8.7 

% and 7.9 ± 6.6 %), Berach (8.9 ± 7.1 % and 3.1 ± 2.8 %), Ambika (11.8 ± 4.7 % and 

11.9 ± 4.7 %) and Girna (11.8 ± 3.8 % and 8.3 ± 4.8 %) during post monsoon and 

monsoon, respectively, compared to Sabarmati (5.1 ± 4.1 % and 5.4 ± 5.0 %) and Mahi 

(5.5 ± 1.8 % and 6.0 ± 3.8 %) during high and low flow periods, respectively (Fig 5.3 

a and b). The low % PBC in Sabarmati and Mahi can be attributed to the high POC 

concentrations (Fig 5.2a and c). The % PBC in world rivers is reported to be around 12 

± 5 % (Coppola et al., 2022) with the highest observed in Xijiang River (34.2 %; Liu 

and Han, 2021) and Huanghe River (9 − 45.2 %; Xu et al., 2016) in China.  

The stable isotopic composition of PBC was statistically higher (ANOVA, p < 

0.05) in Banas (–23.4 ± 2.6 ‰ and –22.0 ± 1.9 ‰) and Berach (–24.2 ± 1.3 ‰ and –

21.6 ± 2.3 ‰) compared to Ambika (–26.4 ± 1.1 ‰ and –22.9 ± 1.6 ‰) and Girna (–

26.5 ± 0.6 ‰ and –23.9 ± 1.5 ‰) during post monsoon and monsoon, respectively (Fig 

5.3c – f). The median d13CPBC in these small river basins were higher than Sabarmati (–

25.5 ± 0.9 ‰ and  –25.3 ± 1.6 ‰) and Mahi (–25.9 ± 1.8 ‰ and  –23.9 ± 3.4 ‰) during 

low and high flow periods as well (Fig 5.3 c-f). These values are in range of those 

reported in Xijiang (– 27.1 ‰; Liu and Han, 2021), Yangtze (−24.48 ± 0.67 ‰; Meng 

et al., 2023), and Santa Clara (– 24.9 ± 0.3 ‰; Masiello and Druffel, 2001). 

5.1.2.2 Transformation of particulate black carbon in rivers  

Aging of PBC by convention is the changes in physio-chemical signatures via biotic 

and abiotic transformations. The idea of aging PBC is highly debatable considering the 

recalcitrant nature of soot. Aging of PBC can happen via leaching or photodegradation, 

the latter being a significant mechanism of modulating DBC dynamics in aquatic 

systems (Stubbins et al. 2012; Wagner et al. 2015). In this study, d13CPBC showed 

variation along the river continuum indicating either input from variable sources and/or 

transformation of PBC during its journey. When different sample classes in Sabarmati 

were analyzed separately, significant increase (p < 0.05) in d13CPBC was observed from 

upper to lower sampling points in Sabarmati downstream and tributaries during high 

flow, and Mahi during both high and low flow conditions (Fig 5.4a). During low flow, 



                                                   Chapter 5 Particulate black carbon cycling in aquatic systems 

 139 

d13CPBC decreased from upper to lower sampling points in Sabarmati upstream (Fig 

5.4a). 

 

Fig. 5.3 % PBC in the (a) Sabarmati, Mahi and Narmada Canal during Oct 2020 (High 
flow) and Feb 2021 (Low flow), and (b) Ambika, Girna, Banas and Berach rivers during 
Nov 2021 (Post monsoon) and Aug 2020 (Monsoon). d13C of bulk particulate organic 
carbon (POC + PBC) and PBC in Sabarmati, Mahi and Narmada Canal during (c) Oct 
2020 and (d) Feb 2021; Ambika, Girna, Banas and Berach during (e) Nov 2021 and (f) 
Aug 2022. Both sampling periods in Ambika, Girna, Banas and Berach represented 
high flow condition. 
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Using multiple correlations [distance vs PBC (Fig 5.4a) and d13CPBC vs PBC (Fig 5.4b)], 

it was possible to decipher the processes that were responsible for the change is d13CPBC 

observed in these river systems (Fig 5.4c). It was found that during high flow periods, 

the lower sampling points in each sampled class of the Sabarmati (upstream, 

downstream and tributaries) along with Mahi received PBC from the catchment that 

was isotopically enriched. This could indicate contribution from aged soil BC that got 

mobilised by surface runoff during the wet periods. It has been observed that aged BC 

stocks in soils can be a major source of BC in rivers (Dittmar et al., 2012; Ding et al., 

2013). In contrast, during low flow condition, the Sabarmati upstream and downstream 

indicated loss of PBC from upper to lower sampling points with increase in isotopic 

composition, which is intriguing (Fig 5.4c). Source of PBC to Ambika was isotopically 

enriched during monsoon and relatively depleted during post monsoon. However, poor 

correlation among measured parameters makes it difficult to interpret transformation 

pathways in these smaller basins with confidence. Overall, due to lack of detailed 

investigation on the cycling of BC in aquatic systems (Coppola et al., 2022), the 

mechanisms affecting PBC leading to changes in its concentration and isotopic 

composition are largely unknown and warrants further research.   

5.1.2.3 Transformation of PBC in engineered aquatic systems  

Inland waters are experiencing severe impacts of anthropogenic interventions like 

damming, water diversions, salinization, and wastewater discharge. The rapid changes 

in stressors along the river continuum are directly reflected on the C cycle with shifting 

rates and directions of processes like mineralisation and uptake. In the earlier section, 

it was established that PBC pool is not as recalcitrant as classically believed and PBC 

evolved along the river continuum as indicated by its stable isotopic signatures. But it 

is challenging to decouple in situ transformation from allochthonous sources of variable 

isotopic compositions. The Narmada Canal and Sabarmati Riverfront which are lined 

systems and are cut off from the catchment provides us the opportunity to demystify 

this effect (catchment control vs in situ processes). In the Riverfront, which holds water 

in stagnancy right in the heart of the megacity Ahmedabad, inputs of depleted PBC 

during both high and low flow periods (Fig 5.4c) were observed. This could be 

attributed to atmospheric deposition as the primary source of PBC (d13CBC of 

atmospheric PM over Ahmedabad = – 27.8 ‰). Similarly, the Narmada Canal is a lined 

canal that flows for ~ 458 kms transporting water from Narmada River to different parts 
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of Gujarat, India. Here, PBC dynamics along a 100 km stretch starting from the city 

limits of Ahmedabad was explored. Interestingly, significant + and  – relationships (Fig 

5.4b) between PBC and d13CPBC during high and low flow conditions, respectively, 

were observed, which pointed towards the signature of enriched river water during the 

wet periods. During the low flow conditions, signatures of transformation of PBC 

through degradation were observed in the Narmada Canal (Fig 5.4c).              

 

 

Fig. 5.4 Spearman and Pearsons correlation (shown by †) between (a) distance from 
the river mouth and PBC, d13CPBC and % PBC, and (b) PBC and d13CPBC in different 
classes during sampling period. * shows correlations with p < 0.05. (c) Conceptual 
figure showing the process dynamics of PBC in each sample classes (SU = Sabarmati 
Upstream; SD = Sabarmati Downstream; RF = Riverfront; ST = Sabarmati Tributaries; 
NC = Narmada Canal; M = Mahi; LF = Low flow; HF = High flow). 



                                                   Chapter 5 Particulate black carbon cycling in aquatic systems 

 142 

5.1.2.4 Export fluxes and yields of particulate black carbon 

The PBC export fluxes in world rivers have been estimated by Coppola et al., (2014) 

based on a suite of samples of river suspended matter, river bed sediments, flood plain 

deposits, and shelf sediments. Comprehensive export flux estimates of PBC based 

solely on the suspended matter samples are sparse (Fig 5.1a). Flux of PBC in this study 

was estimated for the Sabarmati, Mahi, and Ambika rivers using the PBC 

concentrations at downstream sites with discharge data from Krishna et al. (2019). This 

led to export fluxes of 0.589, 4.4, and 0.723 Gg yr –1 of PBC from the Sabarmati, Mahi, 

and Ambika rivers, respectively. Furthermore, PBC export fluxes from 70 mountainous 

rivers draining the western Ghats in southern India were computed using POC export 

flux data from Reddy et al., (2021) and the % PBC of downstream sites of this study as 

representative of % PBC. The total (sum) PBC export flux from these 70 rivers was ~ 

64.78 ± 45.03 Gg yr –1, which led to the net export estimate of 70.49 ± 45.03 Gg yr –1 

to the Arabian Sea. This estimate is quite low (0.21 – 0.44 %) compared to the global 

PBC export from land to ocean via rivers (Coppola et al., 2014), which could be due to 

non-inclusion of some of the major rivers draining into the Arabian Sea (Narmada, 

Tapi, Periyar) due to paucity of POC flux data.  

5.1.3 Conclusions 

Movement of PBC along the river continuum of six river basins and a lined canal was 

explored. Stable isotopic composition of PBC varied along the continuum and across 

river basins indicating different sources of PBC with varying isotopic signatures and/or 

modulation of riverine PBC via biotic and abiotic processes during its transport. During 

the high flow periods, allochthonous inputs of aged (isotopically enriched) PBC 

dominated the riverine PBC pool. Other processes that governed the PBC pool were 

degradation (leading to isotopic enrichment of residual pool) and atmospheric 

deposition of isotopically depleted PBC. Considering the significance of the recalcitrant 

nature of PBC in mitigating global climate, our evidence of modulations of riverine 

PBC advocates rethinking and re-evaluating the global impact of BC. Furthermore, 

export flux estimates of PBC need to take all major rivers into account.  
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5.2 Isotopic evidence for aging of particulate black carbon in 
the ocean 

This section of the chapter explores the dynamics of particulate black carbon along the 

atmosphere – river – ocean continuum. Although well represented in the China Sea 

(Fang et al. 2015; 2018a; 2018b; 2019; 2021) and the Northwestern Pacific (Fang et al. 

2016; Yamashita et al. 2021), corresponding global observations of DBC and PBC are 

currently extremely sparse. In particular, PBC has been estimated and explored in 

limited regions of the global ocean (Fig 5.5) and little is known about its transport and 

possible transformation along the atmosphere-river-ocean continuum. The hypotheses 

of this study are (i) the major sources of PBC to the oceans are riverine inputs and 

atmospheric deposition and (ii) PBC undergoes degradation during its transport along 

the continuum resulting in an increase in the d13CPBC. 

 
Fig. 5.5 Map of existing studies on oceanic particulate black carbon. Circles numbered 
1 – 7 represent the locations with PBC concentrations in μM (1: Fang et al. 2021; 2: 
Mari et al. 2017; 3: Flores-Cervantes et al. 2009; 4: Yang and Guo 2014; 5,6,7: Fang et 
al. 2016). The shaded box represents the present study region. 

5.2.1 Sampling 
To address the above hypotheses, apart from the riverine samples discussed in previous 

section, sampling of surface particulate matter was conducted in the coastal regions 

(Mahanadi Estuary and Andaman Creeks) of India and the northern Indian Ocean 

[Arabian Sea (AS), Bay of Bengal (BoB), and Andaman Sea (AnS)] (Fig 5.6). 

Particulate matter was collected from the Mahanadi Estuary during October 2019 (n = 

72) at 3 stations (a riverine, an estuarine, and a nearshore coastal location) at a time 



                                                   Chapter 5 Particulate black carbon cycling in aquatic systems 

 144 

interval of 6 hours for 9 consecutive days. Samples were also collected from the 

Andaman and Nicobar Islands during Nov–Dec 2020 (n = 31) from 9 creeks. In the 

open ocean, samples were collected (5–10 meters) from the AS during December 2019 

onboard ORV Sagar Kanya (SK 364) at 11 stations along with subsurface sampling 

(50–75 meters) at three stations (n = 15). Samples were collected from the BoB (n = 

10), AnS (n = 5), and southern AS (n = 4) during September–October 2021 onboard 

ORV Sagar Kanya (SK 373 and SK 374). Atmospheric PM was collected onto Quartz 

microfiber filters over megacities Ahmedabad and Hyderabad.  

5.2.2 Results  
The PBC in the coastal AS ranged from 0.87 to 2.72 µM (mean ± stdev: 1.40±0.71), 

whereas it ranged from 0.27 to 1.84 µM (0.84±0.46) in the open ocean (Fig 5.6a). 

Similarly, in the BoB, PBC ranged from 0.62–1.21 µM (0.77±0.25) at the coastal 

locations and 0.57–0.81 µM (0.71±0.10) in the open BoB (Fig 5.6a). AnS had PBC in 

the range of 0.42–1.47 µM (0.89±0.38) (Fig 5.6a). The three stations in the Mahanadi 

estuary did not show significant difference in PBC with overall concentrations ranging 

from 0.72 to 4.75 µM (2.03±0.94) (Fig 5.6b). The Sabarmati downstream and the 

Andaman Creeks, however, showed significantly high PBC abundance with 

concentrations ranging from 6.49 – 56.90 µM and 2.07 – 18.56 µM, respectively, 

compared to that observed in seawater (Fig 5.6c). 

The PBC pool showed distinct isotopic signatures across the studied systems. 

Although the coastal stations of the BoB and the AS showed similar d13CPBC of –

18.8±1.0‰ and –18.4±1.0‰, respectively, the  d13CPBC was significantly higher in the 

open AS (–16.2±1.3‰) compared to the open BoB (–20.0±0.7‰) (Fig 5.6a). The AnS 

showed similar d13CPBC (–20.4±1.0‰) as that of open BoB. The d13CPBC of the 

Mahanadi Estuary was around –25.0±1.3‰ with the three stations showing similar 

range (Fig 5.6b). The Andaman Creeks had similar d13CPBC (–24.5±1.1‰) as the 

Mahanadi Estuary (Fig 5.6c). The d13CBC of ambient aerosol over Ahmedabad and 

Hyderabad were –25.5‰ and –27.8‰, respectively. Overall, d13CPBC of the open saline 

waters (AS, BoB, and AnS; Fig 5.6) was significantly enriched in 13C compared to the 

fresher waters and atmospheric PM.  
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Fig. 5.6 Sampling locations showing the concentrations and isotopic compositions of 
particulate black carbon in the (a) northern Indian Ocean, (b) Mahanadi Estuary, and 
(c) Andaman Creeks. The average concentration and isotopic composition of PBC in 
the downstream reach of Sabarmati, along with Mahi and Ambika rivers are also shown 
by circles. The size of the circles denotes the concentration of PBC in μM and the labels 
denote the isotopic compositions in permil (‰). Sampling locations for atmospheric 
particulate matter are denoted by blue squares. 
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5.2.3 Discussion 
5.2.3.1 Abundance and isotopic composition of PBC  

Limited studies on PBC dynamics in the global ocean have made it challenging to 

understand the causal factors for its spatial variability and determine the dominant 

sources and sinks. Among the studies conducted so far, the abundance of PBC in the 

northern Indian Ocean was similar to the Gulf of Maine (0.08–1.08 µM; Flores-

Cervantes et al. 2009) and the Bohai Sea and Northern Yellow Sea during summer 

(0.97±0.72; Fang et al. 2021) but extremely high compared to mid-latitude Pacific 

Ocean (<0.003–0.058 µM; Fang et al. 2016). However, the highest PBC observed in 

the marine setting during this study is still significantly lower than that observed during 

winter in the Bohai Sea and Northern Yellow Sea (3.26±3.07 µM; Fang et al. 2021) as 

well as the Halong Bay, North Vietnam (11.30±5.0 µM; Mari et al. 2017) (Fig 5.5). A 

significant decrease in median PBC concentrations from coast to the open sea was 

observed in both the AS and BoB, which was in agreement with observations elsewhere 

(Flores-Cervantes et al. 2009; Yang and Guo 2014; Fang et al. 2016). Compared to PBC 

concentrations, d13CPBC measurements in the global ocean are even rarer. To the best of 

our knowledge, only two studies related to d13CPBC have been conducted in the marine 

environment, which includes – 45‰ observed by Flores-Cervantes et al. (2009) in the 

Gulf of Maine and – 32.8‰ observed by Yang and Guo (2014) in the Gulf of Mexico. 

Compared to these two studies, PBC in the Northern Indian Ocean was highly enriched 

in 13C. Similar to our observation of 13C enriched PBC pool in the open ocean, Wagner 

et al. (2019) also observed low concentration of DBC with highly enriched BPCA-

specific d13CDBC in the Pacific and Atlantic Ocean (DBC: 0.58 – 0.78 µM; d13CDBC: ~ 

–23.6‰) as compared to that in rivers (Amazon, Congo, Northern Dvina, Kolyma and 

Mississippi; DBC: 19–115 µM; d13CDBC: ~ –30.0‰). 

5.2.3.2 Sources of PBC to the open ocean 

The PBC in the surface waters of global ocean has two major sources: (i) atmospheric 

deposition and (ii) fluvial inputs. Near shore stations exhibiting high BC are understood 

to receive most of the BC flux from rivers and aeolian deposition (Jurado et al. 2008; 

Flores-Cervantes et al. 2009; Jaffe et al. 2013; Yang and Guo 2014). To estimate the 

source d13CPBC for oceanic PBC during this study, Miller Tans plots were employed, 

which resulted in source d13CPBC for the open BoB and AS to be – 20.9±0.8‰ and –

17.7±0.6‰, respectively (Fig 5.7a; Table 5.1). Also, the average d13CBC over the AS 
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has been reported to be –25.0‰ (Dasari et al. 2020), which is similar to atmospheric 

d13CBC over Ahmedabad and Hyderabad during this study.  

 
Fig. 5.7 (a) Miller Tans Plot for particulate black carbon (PBC). The slope of the 
regression represents the d13CPBC of the source. The equations and statistics for each 
regression is shown in Table 5.1, (b) box – whisker plot showing the relative change is 
d13CPBC between the calculated d13CPBC of source (from Miller Tans Plot) and the 
observed values of d13CPBC. 

Assuming rivers and atmosphere to be only sources of BC in the northern Indian 

Ocean, the high d13CPBC observed during this study does not appear to be simply a result 

of two endmember mixing as both these sources are isotopically depleted. This rejects 

our first hypothesis and warrants a contribution from an isotopically enriched source of 

PBC to the open ocean or provide evidence for potential aging of PBC causing isotopic 

enrichment. The source-d13CPBC for the open AS was close to the average d13CPBC of 

coastal waters (–18.4±1.0‰). Therefore, the PBC in open ocean could have been 

transported from the coastal region. The high source-d13CPBC (–15.7±0.8‰) in the 

coastal AS could be attributed to resuspended sediments and BC of high d13C due to 

coastal upwelling during southwest monsoon. Alternatively, the source could be 

laterally advected aged PBC from the BoB through the western Indian coastal current 

(Kumar et al. 2001; Gupta et al. 2016). Similar observations were made in the coastal 

Bohai Sea where the monsoon driven Shandong Coastal Current transports resuspended 

sediments and PBC to the Northern Yellow Sea through the Bohai Strait (Fang et al. 

2021).   
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Table 5.1 Summary of the least-square linear regression model equations in the Miller-
Tans plots for PBC presented in Fig 5.7a with the parameters of the linear equation 
along with standard error in brackets for the slope, R2, and number of observations (n). 
An approximation of the δ13C source values can be deduced from the slope of the 
Miller-Tans equation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.3.3 Aging of PBC in ocean water 

The present results of an isotopically enriched PBC pool in the ocean as compared to 

the riverine and atmospheric endmembers raise a very crucial question regarding the 

aging of PBC in ocean waters (Fig 5.8). Similarly, in the Andaman Creeks, aging of 

PBC of the creek waters resulted in an enriched source signature of PBC to the AnS 

(Fig 5.7b). These observations affirm the hypothesis of the aging of PBC in aquatic 

systems resulting in an increase in d13CPBC. Isotopic enrichment of the PBC pool is 

possible if there is a preferential loss of 12C via photodegradation or microbial activity 

on the PBC. Zimmerman et al. (2012) observed abiotic release of CO2 from pyrogenic 

Region Equation R2 n 

Arabian Sea  

(Coast) 

d13CPBC × PBC 

= –15.68 (±0.81) × PBC –3.3656 
0.99 6 

Arabian Sea  

(Open) 

d13CPBC × PBC 

= –17.73 (±0.60) × PBC +1.1470 
0.99 12 

Andaman Sea 
d13CPBC × PBC 

= –20.32 (±1.32) × PBC –0.0867 
0.99 5 

Bay of Bengal  

(Coast) 

d13CPBC × PBC 

= –20.66 (±1.42) × PBC +1.3466 
0.99 5 

Bay of Bengal  

(Open) 

d13CPBC × PBC 

= –20.85 (±0.80) × PBC +0.3890 
1 4 

Mahanadi  

(River) 

d13CPBC × PBC 

= –24.34 (±0.54) × PBC –0.6829 
0.99 33 

Mahanadi  

(Intermediate) 

d13CPBC × PBC 

= –24.24 (±0.48) × PBC –1.6374 
0.99 31 

Mahanadi  

(Estuary) 

d13CPBC × PBC 

= –25.55 (±0.79) × PBC –0.1624 
1 7 

Andaman 
Creeks 

d13CPBC × PBC 

= –25.53 (±0.36) × PBC +4.2185 
0.99 31 
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C, attributing the source to polycyclic aromatic compounds rather than labile C 

fractions. Long term release of CO2 from PBC might be a significant loss process of C 

leading to isotopic enrichment of the residual PBC pool. Another study exploring the 

effect of pyrogenic C on stream biogeochemistry observed the release of dissolved OM 

from pyrogenic C (Bistarelli et al. 2021). The reactivity of PBC in aquatic systems 

provides fresh insights into its ability to actively participate in the global C cycle and 

the limited ability to sequester C as otherwise anticipated. 

 

Fig. 5.8 Scatter plot of PBC and d13CPBC showing shift in concentration and isotopic 
composition from riverine to marine environment. For Sabarmati being an engineered 
river, samples from the downstream reach are considered. 

5.2.3.4 Significance of particulate black carbon in ocean C biogeochemistry 

The PBC biogeochemistry in the global ocean remains poorly explored with most of 

the studies focusing on DBC due to its potential to photochemically degrade and 

transform (Coppola et al., 2022). However, our observation of a significant negative 

relationship between % PBC and d13CPBC+POC in the AS indicates some influence of 

aged PBC in regulating the bulk POC isotopic composition (i.e., POC+PBC: which is 

normally measured and interpreted as organic carbon). To see the effect of PBC on the 

POC isotopic composition, we recalculated the POC concentration and its isotopic 
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composition after correcting for the PBC fraction using two components isotopic 

mixing model (Goni et al., 2003; Lohmann et al., 2009): 

d13CPOC = (d13CPBC+POC – d13CPBC × fPBC) / fPOC  Eq (1) 

where, d13CPOC is the d13C of POC and fPBC and fPOC are the fractions of PBC and POC 

in the bulk POC pool (POC+ PBC), respectively. This exercise was performed on the 

bulk POC data available with us from the AS and Andaman Creeks. We did not observe 

a significant difference between the d13CPBC+POC and d13CPOC (recalculated) values 

(ANOVA; p > 0.05). However, PBC and POC concentrations are positively correlated 

in the AS and Andaman Creeks indicating coupling of the two C pools, similar to the 

one observed in the coastal China Sea (Fang et al. 2020). Regions with significant 

proportion of BC in the particulate C pool can experience inefficient mineralization of 

bulk POC to CO2 during its settling (Flores-Cervantes et al., 2009). The average % PBC 

in the bulk POC pool (POC + PBC) was 14.8% in the AS and 11% in the Andaman 

Creeks. This fraction of PBC is high when compared to DBC which comprises 2–6% 

of the marine DOC pool (Dittmer and Paeng, 2009; Kleber, 2010; Coppola et al., 2022). 

Potential PBC interference in the biogenic POC flux estimations (where % PBC is 

higher) and ultimately an overestimation of the fluxes of organic carbon has also been 

highlighted by Yang and Guo (2014). Furthermore, with the isotopic evidence of aging 

of PBC presented in this study along with the known mechanisms of release of CO2 

from the PBC pool (Zimmerman et al., 2012), we advocate a significant role of PBC in 

regulating the C dynamics of aquatic systems. 

5.2.4 Conclusion 
This study explores the evolution of PBC along the atmosphere – river – ocean 

continuum supporting the challenge to the classical understanding of the refractory 

nature of BC in the environment. Significant enhancement in the stable isotopic 

composition of PBC in the open ocean as compared to the riverine and atmospheric end 

members was observed. This provides evidence for two possibilities: (i) existence of a 

third source of PBC to the ocean water with high d13CBC and/or (ii) degradation and 

aging of PBC in aquatic systems through photodegradation/leaching or any other 

unknown mechanism. The processing of PBC in the aquatic continuum has huge 

scientific implications pertaining to interpretation of sediment core d13CBC signatures. 

Furthermore, the processing of PBC in aquatic systems highlights the uncertainties in 

the global C budgets where BC is considered recalcitrant and a long-term sink for C.
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6.1 Summary 
The thesis aimed at understanding the C and N biogeochemistry in aquatic systems. 

The major contributions of the thesis are as follows: 

6.1.1 Lake biogeochemistry (freshwater and saline) 
i. Lakes in semi – arid and arid climate setting witness drastic seasonal variation 

in lake volume and salinity.  

ii. Nalsarovar lost ~ 47 % and Sambhar Lake lost ~ 89 % of the lake water from 

wet to dry periods, respectively. 

iii. Lake volume reduction is accompanied by steady increase in major ions, DIC, 

POC, and PN. 

iv. NH4+ in the lake water increased manifold as the lake volume reduced and 

salinity increased, whereas NO3– concentrations did not increase simultaneously 

indicating inhibition of nitrification at high salinity. 

v. Low δ15NPN corresponding to high lake biomass indicates potential for N2 

fixation, even in nutrient rich saline environment. 

vi. Significantly high δ13CSOM and δ15NTN of sediments compared to δ13CPOC and 

δ15NPN indicates high mineralisation of POM in the water column and post 

deposition. 

vii. In the freshwater lake, CH4 production was supported by increase in lake 

biomass (which acts as substrate for methanogenesis). CO2 was low during 

productive months, and N2O was surprisingly lowest during periods of high lake 

biomass indicating a negative effect of productivity on N2O production 

(competition for DIN/complete denitrification).  

6.1.2 River biogeochemistry 
i. Altitude has a strong control over the C/N ratio and δ13CPOC of total suspended 

matter in the Ganges, Mekong, and Yellow. 

ii. High total suspended matter with high δ13CPOC was observed during high flow 

periods compared to low flow, indicating allochthonous inputs (SOM and C4 

vegetation). 

iii. Primary production dominated in all three river systems during the dry seasons 

(high C/N) with evidence of potential N2 fixation (low δ15NPOM).  

iv. Export fluxes of POC and PN to the oceans reduced drastically over the decades. 
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v. In the urban engineered river, high concentrations of DIC, POM, and dissolved 

CH4, CO2, and N2O were observed in the polluted reaches of river channel. 

vi. Higher POM in the stagnant riverfront compared to lined canal indicated 

enhanced productivity in stagnant condition, followed by higher CH4 

production. 

vii. Increase in CH4 compared to N2O in polluted reach indicate dominance of 

methanogens in organic rich anoxic environments/ complete denitrification 

resulting in low N2O. 

viii. The studied systems were net source of GHGs except for some lower order 

streams that acted as sink of N2O during low flow condition. 

ix. In the high altitude rivers, higher DIC with high isotopic composition was 

observed during spring compared to autumn, indicating enhanced post thaw 

weathering. 

x. Dissolved GHGs increases as the river enters city limits and with increasing 

availability of substrate (POM). 

6.1.3 Particulate black carbon in aquatic systems 
i. Along the river continuum (headwaters – estuary) the source isotopic signatures 

(allochthonous inputs) are reflected on the riverine PBC. 

ii. Particulate BC concentration decreases from riverine to marine environment. 

iii. The stable isotopic composition of marine PBC in significantly higher than that 

of riverine and atmospheric PBC pool. 

iv. Overall, there is evidence of aging of PBC in the atmosphere – river – ocean 

continuum. 
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6.2 Scope for future research 

This thesis contributed to the understanding of C and N biogeochemistry in aquatic 

systems by addressing specific research questions. The study lays the groundwork for 

future research as discussed below: 

i. In saline lakes, the increasing biomass with desiccation could be derived from 

both living as well as detrital OM. To resolve this, primary productivity 

experiments should be conducted using isotope tracer techniques. 

ii. Indication of N2 fixation was inferred from low δ15NPOM even in nutrient rich 

environments. This warrants N2 fixation experiments, which would provide 

direct evidence that can be used in N budgeting of the system. 

iii. The effect of salinisation and desiccation on C and N biogeochemistry was 

studied through field observations. Well constrained numbers could be 

generated if controlled lab experiments are performed by spiking salinity and 

regulating water volume to see the changes in rates of primary productivity, N2 

fixation, methanogenesis and other such processes. 

iv. In the Sabarmati River, a 70 km anoxic stretch was identified downstream of 

Ahmedabad city. It is expected that the biogeochemical processes in this stretch 

would be different from other reaches. High greenhouse gases in this region 

warrants experimental studies to calculate rates of production. Furthermore, the 

effect of anoxic river discharge with high DIC, particulate matter, and GHGs to 

the coastal waters should be investigated. 

v. In the high altitude river – lake continuum, this study was limited in terms of 

calculating emission fluxes of GHGs due to unavailability of flow velocity data. 

In future, seasonality could be captured with comprehensive environmental 

variables. 

vi. There is paucity of data on C uptake rates, N2 fixation rates, and GHGs 

production rates in high altitude aquatic systems. This research gap could be 

addressed in the future. 

vii. Our speculations on the aging of BC in the marine environment relies on 

isotopic evidences. However, incubation experiments to track the products and 

rates of degradation would validate the above speculation.  
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