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Abstract 

Sedimentary organic matter (OM) composition serves as a biomarker and helps in hindcast analysis of 

the events in the habitat. The present study was carried out on a monthly basis to evaluate the 

contribution of different biological communities to the surface sediment in a monsoon-influenced 

tropical Zuari estuary, west coast of India, using source-specific fatty acid (FA) biomarkers and total 

organic carbon to nitrogen ratio (TOC/TN). Our observations revealed spatio-temporal variation in the 

OM composition in this estuary, which is influenced by in situ production, bacterial re-working, 

riverine inputs, and hydrodynamics. The content of TOC, TN, and total FAs in the sediment ranged 

from 0.13 to 4.27%, 0.01 to 0.31%, and 29 to 122 µg g-1 sediment dry weight, respectively. High 

content of TOC, TN, total FAs, terrestrial plants-specific FAs, and detrital derived FAs at the lower 

mid-estuarine (inner) stations when compared to the mouth of the estuary, points out lower mid-

estuarine region as the major depositional site for the OM. Low amount of OM at the mouth of the 

estuary is attributed to high bacterial contribution, which seems to be maintained by repetitive cycles 

of resuspension-deposition of organic materials. Thus, it seems that the estuarine morphology 

influences the deposition of OM and plays an important role in the functioning of the estuarine 

ecosystem. The contribution of phytoplankton-specific FAs was high at the banks of the estuary, which 

form a suitable habitat for benthic organisms including artisanal fisheries. Diatom, dinoflagellate, and 

zooplankton-specific FAs were high during the post-monsoon season and decreased from the pre-

monsoon to monsoon season. Terrestrial plants and bacteria-derived FAs were high during the 

monsoon suggesting the role of bacteria in the assimilation of terrestrial material. Elucidating the 

degradation pattern of in situ produced and terrestrial-derived organic matter through the laboratory 

designed microcosm experiments is a way forward. 
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1. Introduction 

Estuaries are transitional zones between freshwater and marine ecosystems characterized by 

diverse biological communities, which are influenced by the rapid and intense variability in the 

physicochemical conditions (McLusky and Elliot, 2004). These are one of the most productive natural 

ecosystems sustaining diverse food webs and economically important organisms, particularly fish 

(Blaber, 1997; Costanza et al., 1997). Estuaries act as major sites for trapping and modification of in 

situ produced and terrestrial derived materials and contributes significantly in the biogeochemical 

cycling (Minor et al., 2001). The dynamics of the physical and biological processes found in these 

transition zones have a significant role in the estuarine food web dynamics (Bodineau et al., 1998; 

Canuel, 2001). The distribution of particulate and sedimentary organic matter (OM) from various 

sources influence the availability of food sources for the pelagic and benthic food webs (Canuel, 2001; 

Zimmerman and Canuel, 2001). Suspended particulate materials of aquatic and land-derived sources 

sink through the water column (Meyers, 1997) and finally deposit in the surface sediment. The organic 

material is then utilized by the benthic fauna and microbial communities (Hedges et al., 1988). 

Evaluating the relative contribution of various sources of OM from the estuaries is crucial in 

understanding the quality and quantity of available food (Wieking and Kroncke, 2005), and its 

influence on the biological resources of the systems (Alfaro et al., 2006). 

The physical and biogeochemical processes of the estuaries are distinct and vary from estuary to 

estuary. Moreover, biogeochemical processes and OM composition can change on spatial scales as 

well as temporally over different time scales, i.e., hours, days, months, and seasons (Bodineau et al., 

1998; Zimmerman and Canuel, 2001). These could be related to fluctuation in primary production and 

respiration, the input of terrestrial material, bacterial activity, tidal resuspension-deposition cycle, and 

anthropogenic activities which have a strong influence on the nutritional quality and composition of 

the particulate and sedimentary OM (Canuel and Martens, 1993; Bodineau et al., 1998; Zimmerman 

and Canuel, 2001). The OM composition can be characterized using total organic carbon to total 

nitrogen ratio (TOC/TN ratio), and molecular biomarkers. Fatty acids (FAs) are the major components 

of lipids and have been reported as suitable molecular biomarkers to identify the sources of OM in the 

sediment owing to their structural diversity and high source-specificity (Carrie et al., 1998; Mudge et 

al., 1998; Meziane and Tsuchiya, 2002; Dunn et al., 2008). These biomarkers have an advantage over 

the TOC/TN ratio because TOC/TN ratio is not efficient in giving precise information on the sources 

of OM. The microbial colonization on detritus-terrestrial material and decomposition of proteinaceous 

compounds have the potential to modify the TOC/TN ratio (Meyers, 1994).  
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The estuaries in the Indian subcontinent experience distinct climatic variations due to the south-

west monsoon rainfall during June to September period (Vijith et al., 2009), and Zuari is one such 

tropical monsoon-influenced estuary located along the west coast of India. Heavy precipitation and 

land run-off have marked effects on the physicochemical properties of the water, planktonic and 

benthic communities, detritus production, bacterial abundance, the occurrence of phytoplankton 

blooms, which influences the functioning of such tropical estuaries and food web dynamics (Kumari 

et al., 1978; Qasim and Sen Gupta, 1981; Ansari and Parulekar, 1994; D’Souza and Bhosle, 2001; Patil 

and Anil, 2011, 2015; Bardhan et al., 2015; Khandeparker et al., 2015, 2017). The monsoon season is 

followed by the post-monsoon season, which is the recovery period and then pre-monsoon season, 

which is characterized by stable marine conditions (Qasim and Sen Gupta, 1981). Zuari estuary acts 

as a breeding and nursery ground for a wide variety of benthic organisms such as nematodes, 

polychaetes, bivalves, oysters, crabs, prawns, demersal fish, etc. (Ansari et al., 1994; Ansari et al., 

1995; Ingole and Parulekar, 1998; Sreekanth et al., 2019). Thus, characterization of sedimentary OM 

from this estuary will add information on the nature of food available to the benthic organisms and 

demersal fish. 

The main aims of the present study were (i) to assess the distribution pattern of sedimentary OM 

on spatial and temporal scales, and (ii) to evaluate the contribution of different biological communities 

to the sedimentary OM using fatty acid biomarkers and total organic carbon to nitrogen ratio 

(TOC/TN). We hypothesized that the in situ production, seasons (monsoon and non-monsoon), 

bacterial response, and riverine input would influence the dynamics of sedimentary OM. 

2. Materials and methods 

2.1. Study area  

Zuari estuary is situated in the state of Goa along the central west coast of India. The mouth of 

the Zuari estuary is funnel-shaped with a width of ~ 5 km and narrows down towards the head of the 

river. The average depths in the study area vary from ~ 1.5 m (towards the lower mid-estuarine zone) 

to ~ 8 m (at the mouth of the estuary) (Sreekanth et al., 2019). Zuari River has a catchment area of 

about 550 km2 and an annual run-off to be about 491×106 m3 (Qasim and Sengupta, 1981; Shetye et 

al., 2007). The banks of the Zuari estuary are covered with thick mangrove vegetation (Wafar et al., 

1997). Seven sampling sites were selected within the Zuari estuary (Fig. 1), covering the northern and 

southern banks, lower mid-estuary (inner zone), and the mouth of the estuary. These sites are the major 

grounds of fishing and shell-fish harvesting as well as act as breeding and nursery habitats for demersal 

and benthic organisms (Sreekanth et al., 2018, 2019; Desai et al., 2020). Detailed information on the 
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sampling sites has been provided earlier (Gardade and Khandeparker, 2017). In brief, station 1 

(Bambolim) is characterized by foreshore beach, and station 2 (Siridao) is located in the intertidal sand 

flat. Stations 3 (Cortalim) and 4 (Sancoale) (lower mid-estuarine stations) are located ~ 5 km inside 

from station 2 in the estuarine mixing zone, where the Cumbharjua canal and river channel merges 

into the Marmugao Bay. The Cumbharjua canal is lined with dense mangroves on its banks. Padalkar 

et al. (2019) have reported that sediment from the mid-estuarine region is rich in silt (40-56%) and 

clay (30.4-41.8%) than sand (2.3-24.9%) particles. Station 4 is relatively shallow, characterized by 

detrital rich mudflat, and its southern side is covered with mangrove vegetation. Stations 5 (Chicalim) 

and 6 (Vasco) are close to the estuarine mouth, which are located ~ 6-8 km downstream from station 

4 on the southern bank of the estuary. These stations are influenced by anthropogenic activities. Station 

7 (Marmugao Bay) is located at the center of the mouth of the estuary (Fig. 1), wherein sediment is 

rich in sand particles owing to high tidal energy (Rao and Rao, 1974).  
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2.2. Sample collection 

Surface sediment samples were collected on a monthly basis from March 2016 – February 2017 

from 7 sampling stations using van Veen grab (0.04 m2) operated from a trawler/boat, and top ~ 2 cm 

of sediment samples were packed in zip lock bags and stored in the icebox. These sediment samples 

were then transported to the laboratory on ice and stored at -20 °C. The top ~ 2 cm layer of the sediment 

represent newly deposited sediment and different pelagic processes influence type and amount of OM 

that is deposited in such a layer of the sediment. Each sampling event was initiated at ~ 7:00 am (station 

1) and completed at ~ 11:00 am (station 7). Sediment samples could not be collected during the months 

of June and July due to rough weather conditions.  

The near-bottom water samples (1 m above from the bottom) were also collected from 7 sites 

using 5 L Niskin sampler operated from a trawler/boat. The salinity and temperature of the near-bottom 

water were measured using a refractometer (ATAGO, Japan) and digital thermometer (EUROLAB), 

respectively.  

2.3. Determination of the content of total organic carbon and total nitrogen from the sediment  

The sediment samples were thawed, oven-dried (60 °C for 48 h), and ground to a fine 

homogenous powder using a mortar and pestle. These powdered sediment samples weighed (1-5 mg) 

in tin boats and analyzed using a CHNS Elemental Analyzer (Vario MICRO Select, Germany) for the 

total carbon (TC) and total nitrogen (TN) content. Sulfanilamide (elemental composition: 41.81% C, 

18.62% S, 16.25% N, and 4.65% H) was used as the standard for the calibration of the Elemental 

Analyzer before each analysis. In order to determine the inorganic carbon (IC) content, the sediment 

samples were combusted in the muffle furnace (500 °C for 16 h), weighed, and analyzed using CHNS 

Analyzer (Kristensen and Andersen, 1987). The content of total organic carbon (TOC) of sediment 

was then obtained by subtracting IC from TC (TOC = TC – IC). These analyses were carried out in 

duplicate (n=4), and the content of TOC and TN is expressed as a percentage dry weight of sediment 

(wt %). 

2.4. Analyses of fatty acids from the sediment 

Fatty acids were extracted from the sediment samples by direct transesterification method, as 

described by Indarti et al. (2005), Nahon et al. (2010), and Bourgeois et al. (2011). Briefly, sediment 

samples (5 g) were homogenized with a mixture of methanol, sulphuric acid, and chloroform (1.7:0.3:2 

v/v/v), vortexed, and incubated at 90 °C for 90 min with occasional shaking. After incubation, samples 

were allowed to cool at room temperature and subsequently mixed with distilled water. The lower 

phases (organic solvent phases) containing fatty acid methyl esters (FAMEs) were transferred to clean 
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tubes, and the upper phases were washed with hexane:chloroform (4:1) for 2 times. The pooled organic 

phases were then evaporated to dryness in a rotary evaporator, and FAMEs were resuspended in 

hexane. Gas Chromatography-Mass Spectrometry (GC-MS, QP-2010, SHIMADZU), equipped with a 

capillary column (Stabilwax, 30 m × 0.25 mm internal diameter, 0.50 µm film thickness) was used for 

the analysis of FAMEs. One microliter of the sample was injected through an auto sampler. The carrier 

gas was helium with a column flow of 1 mL min-1. The oven temperature was programmed to increase 

with a rate of 10 °C min−1 from 50 °C (held for 2 minutes) to 200 °C and then at a rate of 5 °C min−1 

from 200 °C to 240 °C. The temperatures of the injector and detector were maintained at 240 °C. The 

mass spectrometer was operated with an ionization energy of 70 eV. Mass spectra’s were recorded in 

full scan mode (m/z 50 to m/z 500). The WILEY7 mass spectral library was used for the identification 

of individual FAME. FAME mix (Supelco 37 Component, 18919–1AMP, Sigma Aldrich, India), and 

internal standard (nonadecanoic acid; 1 mg ml-1) were used for the calibration and quantification of 

FAs from the samples. The analyses of FAs were carried out in duplicate (n=4), and the concentration 

of FAs was then reported as µg g-1 sediment dry weight, hereafter referred as µg g-1. 

2.5. Analyses of sediment grain size 

The sediment grain size was determined by the pipette analysis method (Buchanan, 1984), and 

composition is expressed as the percentage of sand, silt, and clay. 

2.6. Data analyses 

Data on stations characterized with a similar type of sediment texture (Supplementary Table 1) 

were pooled together and represented as the northern bank stations (NBS) of the Zuari bay (stations 1 

and 2), lower mid-estuarine stations (LMES) (stations 3 and 4), representing near brackish water 

conditions, southern bank stations (SBS) of the Zuari bay (stations 5 and 6), and the mouth of the 

estuary (station 7). Data were log (x+1) transformed to meet the assumption of normality and 

homogeneity. Shapiro-Wilk’s and Levene’s tests were run to check the normality and homogeneity of 

data, respectively. The TOC, TN, and fatty acid variables were subjected to analysis of variance 

(ANOVA) to evaluate the spatial and temporal variations. Pearson’s correlation coefficient was used 

to determine the inter-relationship between measured sedimentary parameters. These analyses were 

performed by using STATISTICA software (version. 6.0, StatSoft, USA). Non-metric multi-

dimensional scaling (n-MDS) plots were obtained based on the Bray-Curtis similarity coefficient of 

source-specific FAs. This analysis was carried out using Primer 6, v6.1.10.  

3. Results  

3.1. Spatio-temporal variations in the TOC, TN, and TOC/TN ratio in the sediment 
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TOC and TN in the surface sediment ranged from 0.13 – 4.27% and 0.01 – 0.31%, respectively 

(Fig. 2a and b). The content of TOC and TN varied significantly among the sites (ANOVA; p = 0.0001) 

(Table 1). The content of TOC and TN was high at the lower mid-estuarine stations, and low at the 

mouth of the estuary (lower mid-estuarine stations>southern bank stations>northern bank stations> 

mouth of the estuary) (Fig. 2a and b).  
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Overall, the ratio of TOC/TN ranged from 4.9 – 73 (Fig. 2c). ANOVA showed significant 

variations in the TOC/TN ratio among the sites (ANOVA; p = 0.0021), and the months (ANOVA; p = 

0.0034).  

Table 1 Summary of two-way ANOVA performed to evaluate the influence of spatial (sites) and 

temporal (months) variations on TOC, TN, and fatty acid markers from the surface sediment of the 

Zuari estuary. 

 

Factors Parameters df MS F p value 

Sites TOC 3 0.512 95.45 0.0001 

 TN 3 0.013 95.06 0.0001 

 TOC/TN 3 0.142 6.423 0.0021 

 Total FAs 3 0.280 118.7 0.0001 

 Detrital FAs 3 0.352 54.45 0.0001 

 Bacteria FAs 3 0.033 4.983 0.0073 

 Diatom FAs 3 0.120 7.689 0.0008 

 Macroalgae FAs 3 0.092 7.355 0.0010 

 Dinoflagellate FAs 3 0.028 1.463 0.25 

 Zooplankton FAs 3 0.008 0.696 0.56 

 Terrestrial plants FAs 3 1.189 167.5 0.0001 

 Salinity 3 0.035 6.650 0.0018 

Months TOC 9 0.009 1.68 0.1458 

 TN 9 0.002 1.46 0.2151 

 TOC/TN 9 0.085 3.84 0.0034 

 Total FAs 9 0.010 4.35 0.0015 

 Detrital FAs 9 0.032 4.91 0.0007 

 Bacteria FAs 9 0.009 1.47 0.2119 

 Diatom FAs 9 0.058 3.73 0.0040 

 Macroalgae FAs 9 0.011 0.92 0.5207 

 Dinoflagellate FAs 9 0.017 0.89 0.5433 

 Zooplankton FAs 9 0.054 4.90 0.0007 

 Terrestrial plants FAs 9 0.020 2.78 0.0199 

 Salinity 9 0.024 4.69 0.0009 

Sites*Months TOC 26 0.013 0.926 0.577 

 TN 26 0.000 1.274 0.239 

 TOC/TN 26 0.136 1.275 0.239 

 Total FAs 26 0.130 2.243 0.010 

 Detrital FAs 26 0.099 2.475 0.005 

 Bacteria FAs 26 0.068 2.850 0.001 

 Diatom FAs 26 0.042 1.646 0.075 

 Macroalgae FAs 26 0.024 4.798 0.001 

 Dinoflagellate FAs 26 0.038 2.860 0.001 

 Zooplankton FAs 26 0.022 1.313 0.213 

 Terrestrial plants FAs 26 0.043 2.636 0.003 

 Salinity 26 0.005 6.982 0.011 

 (Note: Bold value indicates significant p values at the p ≤ 0.05; df: degree of freedom; MS: mean of 

squares) 
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This ratio was low at the northern bank (range: 3.6 – 35.6; av. 15.3) and lower mid-estuarine 

stations (range: 10 – 21.4; av. 15.8) when compared to the southern bank stations (range: 12.9 - 73; 

av. 28.2) and the mouth of the estuary (range: 8 – 40; av. 20.9). Pre-monsoon months were 

characterized by a high TOC/TN ratio (av. 28.7 ± 16.2) when compared to the monsoon (av. 13.6 ± 

7.2) and post-monsoon (av. 19.5 ± 8.7) months.  

3.2. Spatio-temporal variations in the fatty acids (FAs)  

The sources of OM in the sediment were identified based on the FA biomarkers (Table 2). The 

total fatty acids (TFAs) in the Zuari estuary ranged from 29 to 122 µg g-1 (Fig. 3a), and showed a 

significant spatial (ANOVA; p = 0.0001) and temporal (ANOVA; p = 0.0015) variations (Table 1). 

Average TFAs were high at the lower mid-estuarine stations (101 ± 13.4 µg g-1) followed by southern 

bank stations (73 ± 10.7 µg g-1), northern bank stations (56 ± 8.1 µg g-1) and low at the mouth (39 ± 

7.4 µg g-1) of the estuary (Fig. 3a). The ubiquitous FAs (C16:0+C18:0) followed a similar trend (Fig. 

3b), and were major contributors to TFAs. These FAs are found in the bacteria, phytoplankton, 

zooplankton, and terrestrial plants, and have been used as indicators of input of detrital material, hence 

hereafter referred as detrital FAs.  

Bacteria-specific FAs ranged from 8.1 – 22.9 µg g-1 (Fig. 3c). These FAs showed significant 

spatial variation (ANOVA; p = 0.0073) (Table 1), with high content at lower mid-estuarine stations 

and low content at the mouth of the estuary. But, their contribution to TFAs showed the opposite trend 

(Fig. 4a and b). Although bacterial FAs were high during the monsoon and post-monsoon months 

compared to pre-monsoon months, these differences were non-significant (Table 1). Bacteria-specific 

FAs showed a positive correlation (r = 0.52; p = 0.001) with terrestrial plants (TP)-specific FAs and 

negative correlation (r = - 0.39; p = 0.014) with bottom water salinity irrespective of seasons (Table 

3). 
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Table 2 List of fatty acid biomarkers used to identify the sources of the organic matter in the sediment. 

 

 

 

 

 

 

 

 

 

 

The content of diatom, dinoflagellate, and macroalgae-specific FAs ranged from 0.5 – 5.9 µg g-1,  

Not Detected (ND) – 2.3 µg g-1, and ND – 2.6 µg g-1, respectively (Fig. 3d-f). Diatom and 

macroalgae-specific FAs showed significant variations among the sites (Table 1). Diatom-specific FAs 

were high at the southern bank stations and macroalgae-specific FAs at the northern bank stations (Fig. 

3d and f). Moreover, there was significant monthly variation in diatom-specific FAs (ANOVA; p = 

0.0040). Overall, the contribution of phytoplankton derived OM was high on the banks of the estuary 

(Fig. 4a-d).  

Zooplankton-specific FAs ranged from 0.06 – 2.6 µg g-1 (Fig. 3g). Zooplankton FAs showed 

significant variation among the months (ANOVA; p = 0.0007), with high content during post-monsoon 

months and low during monsoon months (Table 1). Zooplankton-specific FAs showed a positive 

correlation with diatom (r = 0.44; p = 0.005), and dinoflagellate-specific FA (r = 0.39; p = 0.014) 

markers (Table  

 

 

 

 

 

 

Fatty acids (FAs) Sources of FAs References 

C15:0, iC15:0, aC15:0, 

C17:0, iC17:0, aC17:0, 

C18:1ω7 

Bacteria Parkes and Taylor, 1983; Volkman et 

al., 1989; Canuel and Martens, 1993; 

Rajendran et al., 1995   

C14:0, C16:1ω7, C20:4ω6, 

C20:5ω3         

Diatom Volkman et al., 1989; Carrie et al., 

1998; Mudge et al., 1998 

C18:1ω9, C22:6ω3                                    Dinoflagellate Carrie et al., 1998; Zimmerman and 

Canuel, 2001 

C22:1ω9, C24:1ω9           Zooplankton    Carrie et al., 1998;  Dalsgaard et al., 

2003; Venturini et al., 2012 

C18:2ω6, C18:3ω3, C18:3ω6 Macroalgae Volkman et al., 1989;  Mudge et al., 

1998; Meziane and Tsuchiya, 2000 

Long chain fatty acids  

(C22:0 - C30:0) 

Terrestrial 

plants                

Meyers, 1997; Meziane and Tsuchiya, 

2000; Dunn et al., 2008 

Ubiquitous fatty acids  

(C16:0, C18:0) 

Detrital 

materials 

Carrie et al., 1998;  David et al., 2019; 

Zhukova, 2019 
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Long-chain FAs (LCFAs), which are specific of terrestrial plants ranged from 1.20 to 25.7 µg g-

1 (Fig. 3h). These FAs varied significantly among the sites (ANOVA; p = 0.0001) and the months 

(ANOVA; p = 0.0199) (Table 1). The contribution of terrestrial plants-derived OM was high at the 

lower mid-estuarine stations (av. 19.8%) and low (av. 5.2%) at the mouth of the estuary (lower mid-

estuarine stations>southern bank stations>northern bank stations >mouth of the estuary) (Fig. 4a-d).  
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Table 3 Pearson’s correlation matrix showing r values of TOC, TN, and fatty acid markers from the surface sediment of the Zuari estuary. 

 
TOC TN TFA 

Det. 

FAs 

Bact. 

FAs 

Dia. 

FAs 

Dino. 

FAs 

M. algae 

FAs 

Zoo. 

FAs 

TP. 

FAs 
Salinity 

TOC 1.00           

TN 0.87 1.00          

TFA 0.80 0.76 1.00         

Det. FAs 0.71 0.67 0.95 1.00        

Bact. FAs 0.42 0.49 0.47 0.25 1.00       

Dia. FAs 0.33 0.26 0.65 0.67 0.12 1.00      

Dino. FAs 0.04 -0.04 0.22 0.18 0.25 0.22 1.00     

M. algae FAs 0.07 0.01 0.26 0.23 0.28 0.31 0.40 1.00    

Zoo. FAs 0.17 0.05 0.30 0.32 -0.06 0.44 0.39 0.25 1.00   

TP. FAs 0.85 0.80 0.94 0.83 0.52 0.51 0.10 0.18 0.14 1.00  

Salinity -0.40 -0.48 -0.36 -0.27 -0.39 0.17 0.27 0.07 0.29 -0.51 1.00 

(Note: r values marked as bold indicate that correlation is significant at the p ≤ 0.05; TOC: Total Organic Carbon; TN: Total Nitrogen; TFA: Total 

Fatty Acids; Det: Detrital; Bact: Bacteria, Dia: Diatom; Dino: Dinoflagellate; M. algae: Macroalgae; Zoo: Zooplankton; TP: Terrestrial plants). 



14 

 

Detrital FAs (C16:0 and C18:0) were the dominant component of the FA composition of 

the sediment, and these FAs are found in different OM sources; thus, the contribution of 

bacteria, phytoplankton, zooplankton, and terrestrial plants-specific FAs to detrital FAs was 

evaluated. The contribution of bacteria-specific FAs to detrital material was high at the mouth 

of the estuary, medium at the banks, and decreased towards the lower mid-estuarine stations 

(Fig. 5).  
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Terrestrial plants-specific FAs showed the opposite trend to the bacteria-specific FAs. The 

contribution of phytoplankton-specific FAs to detrital FAs was high at the banks of the estuary 

during the non-monsoon seasons. Though, the contribution of bacteria-specific FAs to detrital 

FAs was high throughout the estuary, their signatures increased at the bank stations during the 

monsoon season (Fig. 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dendrogram and non-metric multi-dimensional scaling (n-MDS) analysis revealed six 

distinct clusters based on the content of source-specific FAs indicating spatio-temporal 



16 

 

variations (Fig. 6a, b). The clusters I and III represents mouth of the estuary. Cluster II 

represents southern and northern bank stations during pre-monsoon and post-monsoon months. 

Lower mid-estuarine and southern bank stations during pre-monsoon and post-monsoon 

months grouped together as cluster IV, but same was not the case for the monsoon months. The 

southern and northern bank stations during monsoon months (August and September) were 

grouped as cluster V (Fig. 6a, b).  

3.3. Spatio-temporal variations in the sediment grain size composition 

The content of sand, silt, and clay in the surface sediment ranged from 37.5 – 99.6%, 0.32 

– 62.3%, and 0.12 – 3.32%, respectively (Supplementary Table 1). The northern bank stations 

(Bambolim, Siridao) and the mouth of the estuary (Marmugao Bay) showed dominance of sand 

followed by silt and clay. Whereas, lower mid-estuarine stations (Cortalim, Sancoale) were 

rich in silt when compared to the bank stations and the mouth of the estuary. The sediment at 

the southern bank stations (Chicalim and Vasco) was characterized with moderate content of 

sand and silt (Supplementary Table 1).  

4. Discussion 

4.1 Spatial variations in the composition of sedimentary OM  

The present study showed relatively high content of TOC, TN, and TFAs towards the 

lower mid-estuarine stations, medium at the bank stations, and lower content at the mouth of 

the estuary, and attributed to hydrodynamic conditions and geomorphological structure of the 

estuary. Tides in the Zuari estuary are semi-diurnal with a height of ~2.3 m during spring and 

~1.5 m during the neap (Shetye et al., 2007). The mouth region of the estuary is funnel-shaped, 

which causes churning of the sediment, enhancing the effective re-suspension of sedimentary 

OM. It has been reported that re-suspended particles have intense heterotrophic activity and 

are characterized by a high contribution of bacteria-specific FAs (David et al., 2019). Bacteria 

produce odd carbon-numbered, iso and anteiso-branched FAs such as C18:1ω7, C17:1, C15:0, 

iC15:0, aC15:0, C17:0, iC17:0, aC17:0, and these FAs have been widely used as biomarkers 

of bacteria (Parkes and Taylor, 1983; Canuel and Martens, 1993; Rajendran et al., 1995; Carrie 

et al., 1998). In the present study, the percentage contribution of bacteria-specific FAs to TFAs 

and detrital FAs was relatively high at the mouth of the estuary when compared to the other 

stations, indicating an enhanced bacterial re-working. The tide mediated re-suspension and 

high contribution of bacteria could be responsible for the low content of OM components in 

the bottom sediment towards the mouth of the estuary.  
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Among the banks, the southern bank was characterized by high content of OM when 

compared to the northern bank and can be attributed to semi-enclosed nature and silty sediment 

(Desai et al., 2020). The TOC/TN ratio has been used to distinguish the contribution of OM 

from marine and terrestrial derived materials. Sedimentary OM characterized with low 

TOC/TN ratio (4-10) indicates input from plankton and bacteria, whereas high ratio (> 20) 

suggests the contribution from terrestrial plants (Meyers, 1994), and the ratio from 10-20 

indicate mixed input of marine and terrestrial materials. The average TOC/TN ratio in the 

present study indicated mixed input of marine and terrestrial materials at the northern bank 

(15.3), and dominance of terrestrial derived OM (28.2) at the southern bank stations. This was 

also supported by high percentage contribution of long-chain FAs (LCFAs) at the southern 

bank stations (av. 13.3%) when compared to the northern bank (av. 9.6%) stations. LCFAs are 

found in the waxy leaf coatings of vascular plants and have been used as indicators of input of 

terrestrial plants (Meyers, 1997; Carrie et al., 1998; Meziane and Tsuchiya, 2000). Though the 

northern bank of Zuari estuary is lined with mangroves and vascular plants, it is characterized 

by flat, sandy and shallow inter-tidal area. Thus, the rate of accumulation of terrestrial material 

could be lower. However, southern bank stations are semi-enclosed and relatively steep, 

enhancing the accumulation of terrestrial derived OM in the sediment with a low rate of 

dispersal from this site.  

The FAs derived from phytoplankton showed spatial variations. Phytoplankton such as 

diatom, dinoflagellate, and macroalgae, are the producers of the estuarine environments and 

are characterized by distinct FAs. Diatoms are rich in FAs such as C14:0, C16:1ω7, C20:4ω6, 

C20:5ω3, dinoflagellates produce C18:1ω9, C22:6ω3 FAs, and C18:2ω6, C18:3ω3, C18:3ω6 

are synthesized by macroalgae (Volkman et al., 1980, Volkman et al., 1989; Carrie et al., 1998; 

Harji, 2011). Among the primary producers, diatom-specific FAs were the major (4.11%) 

contributors to TFAs when compared to dinoflagellate (1.32%), and macroalgae (0.63%) 

specific FAs. Earlier study has reported diatoms to be the dominant phytoplankton community 

in the water column of this estuary, followed by dinoflagellates, and blue-green algae (Krishna 

Kumari et al., 2002). It has been reported that phytoplankton has intra-seasonal and inter-

annual variations, and on certain occasions (bloom conditions) dinoflagellates contribute more 

than the diatoms (Patil and Anil, 2015). High content of diatom-specific FAs at the southern 

bank and lower mid-estuarine stations can be attributed to the influence of grain size. It is 

known that the southern bank and lower mid-estuarine stations are characterized by silty-clayey 

sediment (Padalkar et al., 2019; Desai et al., 2020). It has also been reported that benthic 
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diatoms flourish well in the fine particle rich sediment owing to high availability of nutrients 

(Alfaro et al., 2006). Moreover, the occurrence of diatom blooms has been reported towards 

the southern bank of this estuary (Patil and Anil, 2008; 2011), supporting high content of 

diatom derived FAs. Low content of macroalgae-specific FAs and high abundance of 

macrobenthos (Supplementary Fig. 1a), known to utilize the algal derived OM (Wai et al., 

2008), suggest utilization of macroalgae derived materials at the southern bank. Whereas, high 

content of macroalgae and dinoflagellate-derived FAs in the sediment of the northern bank 

suggest their non-utilization, possibly attributed to low abundance of macrobenthos 

(Supplementary Fig. 1a). A recent study by Desai et al. (2020) on the partitioning of bivalves 

in the Zuari estuary reported dominance of facultative deposit feeder, Paphia malabarica at 

southern bank (Chicalim) and suspension feeder, Meretrix casta at northern bank (Siridao). 

The northern bank of the Zuari estuary, which is a shallow tidal sand flat with tightly packed 

sandy sediment and a low rate of sediment re-suspension with the dominance of suspension 

feeder could also result in low utilization of macroalgal/dinoflagellate derived OM.  

The lower mid-estuarine stations are located in the narrow junction, wherein Marmugao 

Bay, river channel, and Cumbarjua canal merge. Among all the sites, high contribution of 

terrestrial plants-specific FAs towards the lower mid-estuarine stations indicate high deposition 

of terrestrial derived material owing to coagulation and flocculation processes. Previously, Rao 

et al. (2011) reported that the riverine channel of Zuari estuary was the major depositional 

centre (40-80% of suspended particulate matter-SPM) because particulate matter gets pushed 

from the bay owing to strong tidal and wind-driven currents through the funnel-shaped mouth 

of this estuary. Moreover, the lower mid-estuarine region is lined with mangroves on its banks, 

supporting high contribution of terrestrial plants-specific FAs (range: 14 – 29%; av. 19.8%), 

which decreased towards the mouth of the estuary (range: 3 - 8%; av. 5.2%). The n-MDS plots 

showed a clear separation between the mouth of the estuary and the lower mid-estuarine 

stations based on the content of terrestrial plants-specific FAs. Earlier studies on stable isotopic 

composition (δ13C, δ15N) of suspended particulate matter (SPM) and sediment also 

demonstrated a decrease in the content of terrestrial derived OM from the upstream towards 

the mouth of the estuary (Kessarkar et al., 2013; Bardhan et al., 2015; Shynu et al., 2015). 

Terrestrial plants are characterized by the dominance of high molecular weight LCFAs, and 

bacteria by low molecular weight FAs (Guo et al., 2019 and references therein). Recently, 

Padalkar et al. (2019) reported that OM with high molecular weight predominated the upstream 

region, moderate molecular weight OM in the midstream region, and low molecular weight 
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OM towards the downstream region of the Zuari estuary. This corroborates well with the 

present study which showed high contribution of terrestrial plants-specific FAs, towards the 

lower mid-estuarine stations and bacterial FAs towards the mouth of the estuary.  

4.2 Temporal variations in the composition of sedimentary OM  

The present study revealed that the diatom and dinoflagellate-specific FAs were high 

during the post-monsoon months, and decreased from pre-monsoon to monsoon. Zooplankton-

specific FAs such as C22:1ω9 and C24:1ω9 (Carrie et al., 1998; Dalsgaard et al., 2003), 

followed a similar seasonal pattern as that of diatom and dinoflagellate-specific FAs. During 

non-monsoon seasons, estuarine bank stations with high content of diatom, dinoflagellate, and 

zooplankton-specific FAs clustered together. Moreover, a positive relationship of zooplankton-

specific FAs with diatom and dinoflagellate FA markers indicate their coupling, since 

zooplankton are the consumers of phytoplankton (Padmavati and Goswami, 1996).  

The freshwater input declines after the monsoon, which lowers the stratification and 

turbidity in the water column. This increases light penetration in the water column supporting 

high phytoplankton production during the post-monsoon season. Krishna Kumari et al. (2002) 

reported high primary production and the abundance of phytoplankton in the water column of 

this estuary during the non-monsoon seasons as compared to the monsoon. It has also been 

reported that the different phases of tide have an important role in the distribution of 

phytoplankton and terrestrial plants-derived OM in the estuary (Bodineau et al., 1988).  A study 

by David et al. (2018) based on the FA markers in Can Gio mangrove creek (Vietnam) reported 

that suspended particulate OM was rich in microalgae-derived FAs during flood tide, and  

mangrove-specific FAs during ebb tide. During the sampling period (7:00 am to 11:00 am), we 

observed low tide during the pre-monsoon months and high (flood) tide during the post-

monsoon months (Supplementary Table 2). An earlier simulation study in the Zuari estuary has 

reported that the increased abundance of barnacle larvae in the estuary is favored by flood 

currents and high tides, pushing the larvae into the inshore area and vice-versa during the low 

tide and ebb currents (Gaonkar et al., 2012). The increase in the salinity in the present study 

towards lower mid-estuarine stations and banks (especially southern bank) of the estuary 

during flood tide (Supplementary Table 2) suggest intrusion of the Arabian Sea water into the 

estuarine region. This could be one of the reasons for the high content of phytoplankton derived 

FAs during the post-monsoon months at the banks.  
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Recently, Patil and Anil (2019) reported that photosynthetic efficiency of phytoplankton 

was moderate-to-high during the non-monsoon period but reduced on few occasions (presence 

of photosynthetically inactive cells) owing to the combined effect of photoinhibition and low-

nutrient concentration. The response of phytoplankton to the light, temperature, and nutrient 

concentration varies from species to species and has an impact on the physiological status and 

the content of biochemical components of phytoplankton (Renaud et al., 2002; Stehfest et al., 

2005). Laboratory experiment on the phytoplankton from the tropical environment showed 

higher content of lipids and FAs over a temperature range of 27-30 °C, the content then 

decreased at high temperatures (33 °C and 35 °C) (Renaud et al., 2002). In the present study, 

we observed high bottom water temperature (28.4-32.7 °C) during the pre-monsoon when 

compared to the post-monsoon (26.1-28 °C) months (Supplementary Table 2). Moreover, 

during pre-monsoon months of sampling, we observed ebb tide (Supplementary Table 2), 

which possibly transport suspended particles towards the seaside. These could be the possible 

reasons for the low content of phytoplankton-specific FAs during the pre-monsoon season.  

During the monsoon, lower content of phytoplankton-specific FAs could be attributed to 

the reduction in exponentially growing cells owing to high turbidity in the water column, low 

light intensity, and fluctuation in salinity (Patil and Anil, 2019). In n-MDS plots, the estuarine 

bank stations and lower mid-estuarine stations with low content of phytoplankton specific-FAs 

during monsoon months were clearly separated from non-monsoon months. However, high 

input of terrestrial derived material, increase in the bacteria-specific FAs, and the decrease in 

the TOC/TN ratio suggests colonization of bacteria on the terrestrial derived material and their 

role in the utilization of allochthonous inputs. The banks of Zuari and the neighboring Mandovi 

estuary are fringed with thick mangrove vegetation (hectares), which produce large amounts 

(43-68%) of leaf litter fall (Wafar et al., 1997). Moreover, the leaves of mangroves contain 

PUFAs such as C18:2ω6 and C18:3ω3 (Meziane et al., 2007) as well as carbohydrates and 

proteins (Untawale et al., 1977). A positive correlation of bacteria-specific FAs with terrestrial 

plants-specific FAs suggest that allochthonous derived material support bacterial biomass in 

the sediment. Similar observations were reported by Bourgeois et al. (2011) from the mouth of 

the Rhone River (France), wherein, benthic bacteria were found to utilize the terrestrial-derived 

organic material. Previous studies on mangrove litter decomposition observed a gradual 

increase in the percentage of protein and nitrogen content of litter owing to the colonization of 

microbes on the surface of litter (Untawale et al., 1977; Wafar et al., 1997).   These studies 

support the active role of bacteria in the breakdown of mangrove and terrestrial plants-derived 
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materials. The process called co-metabolism plays a vital role in the degradation of terrestrial-

derived carbon pool in the estuarine, coastal, and freshwater ecosystems stimulated in the 

presence of algal-derived labile OM (Wakeham and Canuel, 2006; Guenet et al., 2010). It is 

possible that the phytoplankton rich labile OM could be available for the bacteria and possibly 

helps in the utilization of terrestrial-derived material. 

 Thus, it is clear through FA biomarkers and TOC/TN ratio that the distribution and 

composition of sedimentary OM in the Zuari estuary was significantly influenced by in situ 

production, allochthonous input, bacterial re-working, and morphological structure. The spatial 

and temporal variability in the contribution of bacteria, terrestrial plants, phytoplankton, and 

zooplankton-specific FAs to sedimentary OM may play significant role in the distribution of 

the benthic communities, their metabolic activities, and the overall ecosystem functioning of 

the Zuari estuary. 

5. Conclusions 

The source-specific FA biomarkers served as valid indicators to elucidate the variability 

of OM dynamics in the surface sediment of the Zuari estuary. FA composition revealed that 

sedimentary OM in this estuary is derived from bacteria, terrestrial plants, phytoplankton, and 

zooplankton. Moreover, contribution of these biological groups to sedimentary OM was found 

to change with space and time. Bacterial FAs decreased from the mouth of the estuary to lower 

mid-estuarine region (inner stations), which was dominant in terrestrial plants-derived detrital 

OM. High content of phytoplankton-specific FAs was observed at the bank stations during the 

non-monsoon seasons. Such variability in the nature of OM in the estuarine region may have a 

strong influence on the structuring of benthic communities and food web dynamics of the 

estuary. An increase in the terrestrial derived material during the monsoon with a simultaneous 

increase in the bacteria-specific FAs suggest the role of bacteria in the assimilation of terrestrial 

material. Further studies should be focused on elucidating the biodegradation of in situ 

produced and terrestrial-derived materials in the surface sediment through laboratory 

experiments.  
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upplementary Tables 

 

Supplementary Table 1 Monthly variations in the sediment grain size (sand, silt, clay) at the study sites in the Zuari estuary. 

 Bambolim (NBS) Siridao (NBS) Cortalim (LMES) Sancoale (LMES) Chicalim (SBS) Vasco (SBS) 
Marmugao Bay 

(Mouth of estuary) 

 Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

Mar 90.8 9.08 0.16 67.0 32.6 0.44 67.6 32.1 0.32 57.5 42.0 0.52 86.0 13.8 0.24 NS NS NS NS NS NS 

April 89.3 10.5 0.16 81.8 18.0 0.24 72.0 27.7 0.36 70.2 29.4 0.40 94.1 5.64 0.24 82.0 17.8 0.28 90.5 9.24 0.24 

May 74.5 25.1 0.36 85.0 14.8 0.28 62.7 36.7 0.56 68.4 31.2 0.40 96.0 3.84 0.16 76.6 23.1 0.28 90.0 9.76 0.28 

Aug 69.3 29.8 0.96 90.0 9.60 0.36 60.8 38.6 0.60 72.7 27.0 0.32 73.4 26.3 0.32 67.8 31.7 0.52 99.6 0.32 0.12 

Sept 79.8 20.0 0.28 94.0 5.80 0.16 54.7 44.5 0.76 66.3 33.1 0.60 46.5 53.0 0.56 58.0 38.7 3.32 92.8 7.04 0.12 

Oct 90.0 9.84 0.16 96.1 3.76 0.12 49.2 50.0 0.84 57.9 41.2 0.88 82.3 17.4 0.24 77.6 22.2 0.24 88.9 11.0 0.12 

Nov 78.8 20.8 0.36 94.9 4.92 0.16 64.6 35.0 0.40 40.5 58.7 0.80 89.0 10.0 1.04 75.6 24.0 0.36 37.5 62.3 0.16 

Dec 87.0 12.7 0.28 95.1 4.64 0.24 71.8 27.7 0.48 50.4 48.9 0.64 86.4 13.4 0.24 74.8 24.7 0.48 84.9 14.9 0.24 

Jan 87.1 12.6 0.32 97.0 2.84 0.16 40.7 58.5 0.84 60.9 38.6 0.52 77.5 22.1 0.40 77.9 21.7 0.36 86.1 13.6 0.28 

Feb 73.9 25.6 0.52 96.1 3.64 0.24 47.2 52.2 0.60 51.4 48.0 0.60 84.7 15.0 0.36 73.3 26.2 0.44 89.4 10.4 0.20 

(Note: NBS: Northern Bank Station; LMES: Lower mid-estuarine Station; SBS: Southern Bank Station; NS – Not Sampled). 
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Supplementary Table 2 Details of sampling, tidal height, salinity, and temperature of the near-bottom water of the Zuari estuary.  

  Tide prior to or at 

the start of sampling 

Succeeding tide at  

the end of sampling 
Salinity Temperature ( °C ) 

Sr. 

No. 
Sampling dates 

Time 

(h:m) 

Tidal 

height 

(metre) 

Time 

(h:m) 

Tidal 

height 

(metre) 

NBS LMES SBS M NBS LMES SBS M 

1 26 March 2016 06:21 0.50 13:00 1.98 35 31 35 36 31.1 31.6 31.0 31.0 

2 25 April 2016 06:18 0.35 13:23 2.03 36 31 34 36 31.0 30.1 30.5 32.0 

3 26 May 2016 07:06 0.35 14:18 2.05 34 26 32 35 32.1 32.7 32.4 32.2 

4 30 August 2016 03:01 0.31 10:04 2.03 19 10 22 35 27.1 27.6 25.4 25.4 

5 30 September 2016 04:14 0.58 10:30 2.01 29 15 28 36 25.5 27.1 26.3 25.0 

6 25 October 2016 07:16 1.94 13:28 0.92 33 26 29 32 27.2 28.0 27.5 27.9 

7 24 November 2016 07:02 1.94 13:48 0.80 35 33 35 35 27.2 27.4 27.3 27.8 

8 24 December 2016 06:42 1.83 13:47 0.73 35 34 37 37 26.3 26.4 26.1 26.1 

9 24 January 2017 07:27 1.77 14:33 0.60 32 33 33 35 26.7 27.3 26.9 26.7 

10 28 February 2017 06:07 0.66 11:57 2.10 32 30 34 35 28.4 29.0 29.2 29.5 

(Note: Tidal data for the study period was obtained from the tide table; NBS: Northern Bank Station; LMES: Lower mid-estuarine Station; SBS: 

Southern Bank Station; M: Mouth of the estuary). 

 

 

 

 

 

 

 

 

 


