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Introduction: Bottom sediments play a pivotal role in wetland productivity, and
here, eight Gangetic floodplain wetlands of India were studied to assess the
sediment physicochemical characteristics and textural analysis.

Methods: Sediment samples that were collected from each wetland in monsoon
and non-monsoon seasons were analysed. ANOVA, Principal component
analysis and multiple correlation analysis were used for statistical analysis.

Results and Discussion: Throughout the study period, pH (6.90–8.04), EC
(0.20–1.64 dS/m), CaCO3 (1.75%–14.50%), available nitrogen (10.22–22.23 mg/
100 g sediment), total nitrogen (80.4–333.8 mg/100 g sediment), available
phosphorus (0.20–5.61 mg/100 g sediment), and total phosphorus
(19.63–173.33 mg/100 g sediment) were recorded. The sediment quality
parameters differ significantly (p > 0.05) among the wetlands. Seasonal
variation was only observed on total nitrogen and total phosphorus contents.
Sediments were dominated by sand. Sediment nutrient (C, N, and P)
stoichiometry of wetlands depicted a comparatively little higher C/P
(5.96–66.32) ratio and lower C/N (3.34–22.76) and N/P (1.12–9.25) ratios,
which revealed that the physicochemical characteristics of the sediments are
influenced by anthropogenic sources. Principal component analysis showed the
influence of both natural and anthropogenic causes on wetland ecosystems. The
geographic information system (GIS) interpolation approach was used in
combination with laboratory analysis methods to give a complete spatial
resolution of the sediment quality of each wetland. The study suggests that
these wetlands’ sediment quality is favorable for fish culture but requires proper
management practices to achieve sustainable production. As it is the first time
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where monitoring physicochemical properties of sediments of these wetlands are
presented, this study can be used as a baseline data for comparison in future
environmental assessments of the wetlands.

KEYWORDS

wetland sediments, organic carbon, primary nutrients, geographic information system,
ecological stoichiometry

1 Introduction

Wetlands are the transient aquatic ecosystems between terrestrial
and aquatic environments (Byomkesh et al., 2009). Due to this unique
characteristic, they provide multiple ecosystem services through various
goods and services like irrigation and drinking water (Belyaev et al.,
2022), food crops (Ayyad et al., 2022), fisheries (Sarkar and Borah, 2018),
timber and non-timber products (Datta and Kumar Ghosh, 2015),
regulation and control of soil erosion and flood (Pal and Paul, 2020),
nutrient cycling (Wolf et al., 2013), attenuated nutrient runoff (Mitsch
and Gosselink, 1993), carbon sequestration (Nag et al., 2023),
microclimate regulation (Simioni et al., 2017), groundwater recharge
(Acharya and Barbier, 2000), and wastewater treatment (Brinson et al.,
1984), ensuring livelihood security (Borah et al., 2022), and, most
importantly, conservation of biodiversity (Kuiper et al., 2014). In
addition, they have recreational, spiritual, and esthetic values, and it
is a life support system for the human mass, particularly rural
populations (Sarkar and Karnatak, 2016). Wetlands constitute
approximately 12 million square kilometers of the earth’s surface and
are home to 40% of the world’s species diversity (Ramsar Convention on
Wetlands, 2018). Wetland constitutes approximately 15 million ha area
of India, of which 69% comprises inland wetlands, followed by coastal
wetlands (27%) and others (4%) (SAC, 2011). The state of West Bengal
of India comprises 42,082 ha area of floodplain wetland, of which 50% is
under culture-based fisheries activities (DoFWest Bengal, 2016). Due to
rich sources of biodiversity, millions of rural people of West Bengal are
engaged in earning their livelihood in the floodplain wetlands of river
Ganga and its tributaries/distributaries’ interfluves for hundreds of years
(Debanshi and Pal, 2023). Along with culture-based fisheries, these
floodplain wetlands are also used for aquaculture practice (Sarkar et al.,
2020) to cope up with the other fastest growing aquaculture practices in
India. Thus, it has potential in creating jobs, reducing poverty, mitigating
malnutrition, and, more importantly, offering women an excellent
chance for their social–economic improvement (Sarkar et al., 2020).
However, siltation, loss of river connectivity, increasing population
growth, industrialization, and other anthropogenic activities like the
release of effluents from sewage and agricultural runoff lead to the
destruction of aquatic and fisheries resources of wetlands (Álvarez-
Cobelas et al., 2010; Saha and Pal, 2019).

Sediment is one of the most active components of nutrient
biogeochemistry (Jiménez-Ballesta et al., 2017; Jiménez-Ballesta et al.,
2018; Diodato et al., 2020), and it also acts as a source of nutrient
enrichment in overlying water. Hence, Kumary et al. (2007) suggested
that the environmental health of any aquatic body can be measured
more reliably through the analysis of the sediment quality parameters.
Moreover, the current input of the status of water may not provide
relevant information about the long-term behavior of the sediment and
water, which can only be possible through sediment sample analysis
(Haslam, 1990; Jiménez-Ballesta et al., 2017; Jiménez-Ballesta et al.,

2018). Because the sediment is a repository of aquatic life’s functional
and biological processes, a thorough assessment is required (Saha et al.,
2020). Furthermore, for developing a possible restoration solution to
wetlands and understanding the process of changes occurring in the
wetland ecosystem over time, it is crucial to assess the physicochemical
component of wetland sediment (Newman and Pietro, 2001; Aslam
et al., 2023). By degradation of organic matter, sediment helps in
nutrient cycling (Hopkinson et al., 1999; Braskerud, 2002; Craft et al.,
2018), thus eventually enhancing the biological activity (Cao et al., 2015)
in the natural medium and supporting plant growth. In addition to
nutrient content analysis, it is more important to study the nutrient
stoichiometry (elemental ratio of C, N, and P), which helps in
understanding the limitation and repercussions of mass balance of
multiple chemical elements in the ecological functioning/interaction
(Cao et al., 2015). Nutrient stoichiometric determination in wetland
sediment is critical since it helps in establishing comprehensive
strategies to develop programs for evaluating the level of
anthropogenic stresses.

Since sediment quality analysis is crucial for the aquatic
ecosystem, studies have been carried out in several aquatic bodies
like lakes (Upadhyay et al., 2012), reservoirs (Merina et al., 2019),
rivers (Kumari and Paul, 2019; Saha et al., 2020), channels (Mandol
et al., 2023), estuaries (Ramachandra et al., 1984; Saha et al., 2023),
and aquaculture ponds (Karmakar et al., 2022). However, despite the
importance of wetlands in uplifting poor communities, studies are
lacking on the dynamics of the nutrients and physical features of
wetland sediment. Investigation of the sediment’s physical and
chemical characteristics from a wetland facilitates the
management of the wetland and similar water bodies (Fisher and
Acreman, 2004). It also provides baseline data for further studies.
Unfortunately, limited research has been conducted on the sediment
quality of these wetlands. In addition, any thorough sediment
quality study for these wetland sediments in the recent past is
not available. Although water quality monitoring at some of the
wetlands has started, it is not sufficient to manage the ecosystem. In
addition to water quality monitoring, monitoring the sediment
quality is becoming increasingly important for evaluating the
environmental quality of the aquatic ecosystem. The
environmental quality of the water and the associated
components of an aquatic ecosystem cannot be evaluated without
the study of the bottom sediment characteristics. No comprehensive
information exists regarding the physicochemical characteristics of
the sediments of these wetlands. Despite the importance of its
ecosystem and the existence of birds, aquatic organisms, and
plants, these wetlands have received little attention. Owing to the
importance of floodplain wetlands in India, an initiative was taken to
monitor the physicochemical characteristics of the sediment and
their seasonal changes in eight wetlands located in West Bengal,
India. With the limited data, remote sensing and GIS-based
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interpolation techniques can help in predicting the complete spatio-
temporal variation in the physicochemical properties of the
sediment of aquatic bodies. Hence, in this study, we have used
the GIS technique to interpolate major nutrients parameters of
sediments for their spatio-temporal representation (Nagalakshmi
et al., 2016; Vasistha and Ganguly, 2022; Hussain et al., 2023). The
present study aimed to determine the status of wetland sediment in
terms of sediment nutrient content and their stoichiometry and
relation with key sediment parameters. The findings of this
investigation will generate a key database for future studies to
understand the interplay between human activities and natural

processes in these floodplain wetlands. Finally, the information
will help in managing these rich and important water resources.

2 Materials and method

2.1 Study site and sampling protocol

As a consequence of the extremely meandering river channel
and avulsion of the channel in the Ganga–Ichamati river system,
several permanent and semi-permanent cut-offs, different shallow

FIGURE 1
Map portraying the location of different floodplain wetlands in West Bengal, India, along with sampling sites.

Frontiers in Environmental Science frontiersin.org03

Das et al. 10.3389/fenvs.2024.1397715

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1397715


seasonal wetlands, and oxbow-lakes are formed in the deltaic region
of West Bengal, India (Datta and Kumar Ghosh, 2015). Here, eight
different floodplain wetlands, viz., Beledanga, Chamardaha,
Chamta, Duma, Sindrani, and Panchita located in the North
24 Parganas district and Khalsi and Kumli in the Nadia district
of West Bengal (Figures 1, 2; Table 1), were studied. These wetlands
have a high ecological value since they are enriched in finfish,
benthic biota, floating vegetation (weeds and important food
plants), sedges, and reeds. They are also important for improving
the livelihood of rural masses. In addition, these wetlands are

habitats for a large number of avifaunal diversity (Mandal et al.,
2022). All these wetlands receive allochthonous inputs, particularly
in the rainy season, from agricultural runoff, jute retting, livestock
rearing, and domestic effluent, but they are not receiving any
industrial or city wastes. The studied wetlands are degrading
daily due to agricultural washouts, human settlement,
indiscriminate fishing, and other related developmental activities.
Table 1 comprises the general information on the studied wetlands.
The location and sampling sites of different wetlands are given in
Figure 1. Samples were collected in monsoon (June–September) and

FIGURE 2
Scenic views of the studied wetlands. (A) Beledanga, (B)Chamardaha, (C) Kumli, (D) Panchita, (E)Chamta, (F) Khalsi, (G)Duma, (H) Sindrani, (I) fishing
activities at Chamardaha wetland, (J) jute retting activities in the Beledanga wetland, (K) weed removal in the Beledanga wetland, and (L) avifauna
assemblage in the Beledanga wetland.
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TABLE 1 Geographical location and other important details about the studied floodplain wetlands of West Bengal, India.

Wetland GPS
coordinates

Type: Surface
area (ha)

Source of water District Catchment characteristic/
major pollution source

Beledanga 23° 5′5.56″N, 88°
45′7.46″E

Freshwater 46 Rain water and seasonal connection
with river Ichamati by the canal.
Riverine natural wetland

North
24 Parganas

Agricultural practice like jute, seasonal
vegetables and paddy cultivation, and
human colony. Water used for bathing and
household activities, fishing, and jute retting
in rainy season. Migratory birds and
indigenous birds usually come for food and
shelter. Industrial effluent-free.

Chamardaha 23° 1′48.8″N, 88°
46′31.98″E

Freshwater 35.4 Closed round-shaped wetland, rain
water recharges the water body

North
24 Parganas

Agricultural practice like jute, seasonal
vegetables and paddy cultivation, and
human colony. Water used for irrigation,
bathing and household activities, fishing,
and jute retting in rainy season. Migratory
birds and indigenous birds usually come for
food and shelter. Industrial effluent-free.

Kumli 22° 35′35.64″N, 88°
18′36.54″E

Freshwater 15.5 Closed round-shaped wetland,
recharged by rainwater

Nadia Agricultural practice like jute, seasonal
vegetables and paddy cultivation, and
human colony. Water used for fishing,
aquaculture, livestock rearing, bathing and
washing, sanitary use, and jute retting.
Migratory birds and indigenous birds usually
come for food and shelter. Industrial
effluent-free.

Panchita 23° 6′0.55″N, 88°
48′2.96″E

Freshwater 210 Riverine and open with the river
Ichamati. Horse-shoe-shaped
wetland with dense under water
vegetation

North
24 Parganas

Agricultural practice like jute, seasonal
vegetables and paddy cultivation, and
human colony. Water used for irrigation,
bathing and household activities, jute retting
in rainy season, and rearing of animal.
Migratory birds and indigenous birds usually
come for food and shelter.

Chamta 23° 6′19.69″N, 88°
43′9.3″E

Freshwater 24.9 Seasonally open wetland recharged
by rain water

North
24 Parganas

Agricultural practice like jute, seasonal
vegetables and paddy cultivation, and
human colony. Water used for, fishing,
aquaculture, livestock rearing, bathing and
washing, sanitary use, and jute retting.
Migratory birds and indigenous birds usually
come for food and shelter. Industrial
effluent-free.

Khalsi 22° 59′12.24″N, 88°
39′0.36″E

Freshwater 63.5 Seasonally open wetland, purely
horse-shoe-shaped and riverine
natural wetland

Nadia Agricultural practice like jute, seasonal
vegetables and paddy cultivation, and
human colony. Water used for fishing,
aquaculture, livestock rearing, bathing and
washing, sanitary use, and jute retting.
Migratory birds and indigenous birds usually
come for food and shelter. Industrial
effluent-free.

Duma 22° 34′53.47″N, 88°
30′14.95″E

Freshwater 227 Seasonally open wetland, recharged
by rainwater.

North
24 Parganas

Human colony developed in the one side of
the wetland channel, and the other side is
fully used for irrigation, bathing and
household activities, jute retting in rainy
season, and rearing of animals. Migratory
birds and indigenous birds usually come for
food and shelter. Industrial effluent-free.

Sindrani 23° 8′1.79″N, 88°
27′5.94″E

Freshwater 45.7 Riverine, seasonally open wetland,
connected with river Ichamati by a
canal. Recharged by rainwater and
river canal

North
24 Parganas

Agricultural practice like jute, seasonal
vegetables and paddy cultivation, and
human colony. Water used for fishing,
aquaculture, livestock rearing, bathing and
washing, sanitary use, and jute retting.
Migratory birds and indigenous birds usually
come for food and shelter. Industrial
effluent-free.
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TABLE 2 Descriptive statistics of the physiochemical parameters of sediments in different seasons.

Monsoon Parameter Non-monsoon

Parameters N Minimum Maximum Mean Std. deviation N Minimum Maximum Mean Std. deviation

Sand (%) 24 42 69 53.28 6.89 Sand (%) 24 42 70 53.63 7.21

Silt (%) 24 21 51 37.54 6.94 Silt (%) 24 23 50 37.33 6.49

Clay (%) 24 4.6 15 9.15 2.50 Clay (%) 24 3 14 9.04 2.37

pH 24 6.92 8.035 7.40 0.33 pH 24 6.9 7.9 7.38 0.27

EC (dS/m) 24 0.203 1.546 0.71 0.39 EC (dS/m) 24 0.234 1.642 0.69 0.34

OC (%) 24 0.36 2.03 1.24 0.46 OC (%) 24 0.61 2.74 1.43 0.51

CaCO3 (%) 24 1.75 14.25 8.6 3.63 CaCO3 (%) 24 2.5 14.5 8.91 3.85

Avl. N (mg/100 g) 24 10.2 18.3 13.8 2.30 Avl. N (mg/100 g) 24 10.24 22.23 14.49 3.23

Avl. P (mg/100 g) 24 0.25 5.612 1.48 1.49 Avl. P (mg/100 g) 24 0.203 3.1 1.22 0.96

Total N (mg/100 g) 24 80.4 292.6 162.7 65.8 Total N (mg/100 g) 24 104.6 333.79 185.2 61.6

Total P (mg/100 g) 24 36 139.3 73.03 28.3 Total P (mg/100 g) 24 19.632 173.33 93.78 45.7
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non-monsoon months (November–February) during the year
2020 and 2021.

2.2 Bottom sediment sampling

Sampling locations in different wetlands were selected based on
various characteristics such as water availability, the presence of aquatic
plants, agricultural practices, and the anthropogenically vulnerable area.
The sampling points were marked using a handheld GPS. Three sites
were initially marked in each wetland to collect sediment samples,
making 24 sampling sites per season. A Peterson grab sampler was used
for sampling. Approximately 2.0 kg of the sediment sample was
collected from each sampling site, sub-sampled, transferred to a
polythene bag, and placed in an icebox before being transported to
the laboratory. The collected samples were shade-dried, crushed, passed
through a 2-mm sieve, re-packed in labeled polythene bags, and stored
in an airtight bottle at 4°C before being used.

2.3 Physicochemical characterization of
sediment samples

Sediment pH and electrical conductivity were estimated with the
help of portable meters (Eutech) by mixing the sediment and water
in a 1:2.5 ratio. The sediment–water mixture was agitated
thoroughly and left to rest for half an hour before taking the
readings [American Public Health Association (APHA, 2017)].
Calcium carbonate (% CaCO3) was determined by the titrimetric
method (Jackson, 1967). Particle size analysis was determined using
the hydrometer method, with sodium oxalate as the dispersing
agent. Textural composition was determined based on the
percentage occurrence of the three main sediment particles (sand,
silt, and clay) using the triangular graph method.

The wet oxidation method (Walkley and Black, 1934) was used
to determine the sediment organic carbon (SOC) content. For this,
SOC was determined by potassium dichromate oxidation and
titration of the remaining dichromate with ammonium ferrous
sulfate. The alkaline-permanganate method was used to
determine the available nitrogen in the sediment (Sahrawat and
Burford, 1982). Available phosphorus in the sediment was extracted
with 0.002 N H2SO4 (Millar et al., 1935) and measured by a
molybdate-blue color method using a UV-vis-spectrophotometer
at 880 nm. For the determination of total nitrogen, sediment
samples were digested in a Kjeldahl digestion block using H2SO4

and a catalytic mixture (CuSO4:K2SO4 in a 1:5 ratio) at 420°C until
the appearance of green color (Bremner, 1965). Following the
digestion, the distillation of samples was carried out for 9 min.
Finally, the samples were titrated with 0.1 (N) H2SO4 until color
change, and the endpoint was recorded. For the estimation of total P,
sediment samples (0.5 g) were sequentially digested with 40 mL of
30% H2O2 and a tri-acid mixture (HNO3:HClO4:H2SO4 in a 10:4:
1 ratio) for two consecutive days; then, the digested samples were
solubilized in water and filtered, and following filtration, total
phosphorus was determined by the molybdate-blue color
method. To ensure accurate results and reliability of the study,
data were gathered using acceptable standard methods and
procedures that are adequate, and proper quality control and

quality assurance (QA/QC) measures were followed both at the
field site and during the laboratory analysis. Samples from each site
were analyzed in duplicates, and the mean values are represented.

2.4 Statistical analysis

To understand the nature of the observed data and the overall
findings of the study, descriptive statistics were used (Table 2). The
fluctuation of the sediment physicochemical properties with seasons
and their variation among the wetlands was analyzed by a two-way
ANOVA test. Pearson’s correlation analysis was carried out to
determine the interrelationship among the various sediment
physicochemical properties. Principal component analysis was
used to determine the parameters that significantly influence the
wetland sediment quality. In order to grouping, the sediment quality
parameters and wetlands data were subjected to cluster analysis.
Software package SPSS 20 was used for data analysis and to better
understand the association of the parameters. Based on the USDA
soil textural classification triangle, the sediment sand, silt, and clay
content values were transformed into sediment textural class using
the R package “soil texture” (Moeys, 2018).

2.5 GIS data collection and processing

The GIS platform captured, stored, analyzed, and represented data
with spatial references. This study digitized the outer boundaries of
different wetlands using Google Earth Pro software. The digitized file
was converted into a shape file in ESRI ArcGIS software. The GPS
coordinates of the sampling sites in different wetlands were imported
into ArcGIS. The study area map was prepared using ArcGIS software
(9.3 versions). Maps were scanned and georeferenced to the Universal
Transverse Mercator (UTM) projection system and WGS-1984 datum
to Northern Hemisphere Zone 45. The spatial interpolation techniques
were used to estimate the unknown values of a location using the known
sampling point to find the spatial distribution of the bottom
characteristics. From the geostatistical analysis tool in ArcGIS, the
IDW (inverse distance weighted) interpolation method was used to
represent the season-wise sediment parameters of different wetlands.
IDW is a simple and intuitive method that requires no complex
mathematical calculations. IDW performs well when the sample
points are evenly distributed and the data are smooth. It can
capture the local variability of the data and produce accurate
interpolated values. The sediment sampling sites and the attribute
data of different wetlands were used as input files for the IDW
method. IDW interpolation assumes the value of the unknown
points by calculating the distances between the measured points to
the other points (Abdulwadood et al., 2021).

3 Results

3.1 Physicochemical properties of the
surface sediment of the floodplain wetlands

The study parameters such as sediment pH, electrical
conductivity (EC), CaCO3 content, sediment organic carbon
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(SOC), sediment nutrients (nitrogen and phosphorus), and
sediment texture (sand, silt, and clay) and their fluctuations over
the seasons in different wetlands were analyzed.

Sediment pH is an important parameter as, at a certain point of
time, it indicates the biogeochemical process occurring in the
wetland, which controls the primary productivity, respiration,
mineralization, and organic matter decomposition (Oppenheimer
et al., 1978; Saha, 2003; Sayeed et al., 2015), and thus, it influences
the overall ecosystem health of the wetland. Anything either highly
acidic or alkaline would kill aquatic life. Aquatic organisms are
sensitive to pH changes and biological treatment; hence, it is
important to control pH or its regular monitoring. The sediment
pH of different wetlands was neutral to slightly alkaline (Tables 2, 3)
with significant variations (Table 4). It varied from 6.92–8.04 with
an average of 7.40 ± 0.33 during monsoon and 6.90–7.90 with an

average of 7.38 ± 0.27 during non-monsoon season. The maximum
average pH of 7.98 ± 0.07 was recorded at Khalsi during monsoon,
and the minimum of 7.01 ± 0.10 was recorded at Kumli during non-
monsoon season (Table 3). Therefore, the average sediment
pH value of these wetlands is slightly acidic to alkaline in nature.
Organic matter and organic carbon runoff from the catchment
significantly influence the sediment pH.

Total salt load in a water body is measured through electrical
conductivity (EC) (Delince, 1992), and thus, it provides important
information about the dynamics of dissolved ions, salts, availability
of nutrients, and, hence, the overall chemical make-up of the
sediment and ecosystem functioning. The value of EC varied
from 0.203–1.546 dS/m (average 0.715 ± 0.39 dS/m) in monsoon
and 0.234–1.642 dS/m (average 0.693 ± 0.343 dS/m) in non-
monsoon season. The highest mean EC value was at the Duma

TABLE 3 Physicochemical parameters of sediments in different seasons.

Wetland/
parameter

Monsoon

Sand
(%)

Silt
(%)

Clay
(%)

pH EC
(dS/m)

OC
(%)

CaCO3

(%)
Avl. N

(mg/100 g)
Avl. P

(mg/100 g)
Total N

(mg/100 g)
Total P

(mg/100 g)

Beledanga 56.67 ±
2.01

37.60 ±
1.25

5.27 ±
0.83

7.48 ±
0.04

0.86 ± 0.03 1.79 ±
0.15

12.58 ± 0.03 14.42 ± 1.30 2.60 ± 0.06 158.90 ± 18.06 85.13 ± 39.28

Chamardaha 45.67 ±
4.48

46.67 ±
6.39

7.67 ±
2.08

7.11 ±
0.16

0.31 ± 0.09 0.96 ±
0.23

4.44 ± 1.00 14.56 ± 2.36 0.43 ± 0.18 114.51 ± 8.40 52.11 ± 5.55

Kumli 58.56 ±
9.43

31.56 ±
10.67

9.89 ±
2.83

7.05 ±
0.10

0.51 ± 0.02 1.07 ±
0.47

10.06 ± 0.85 13.28 ± 2.14 0.72 ± 0.23 160.42 ± 6.00 43.54 ± 10.87

Panchita 49.33 ±
2.85

40.67 ±
3.51

10.22 ±
0.84

7.53 ±
0.09

0.95 ± 0.20 1.84 ±
0.17

8.03 ± 1.68 16.72 ± 1.35 2.29 ± 0.16 85.33 ± 4.50 67.75 ± 7.17

Chamta 54.83 ±
3.06

36.17 ±
2.93

9.00 ±
1.50

7.02 ±
0.15

0.41 ± 0.05 0.89 ±
0.58

4.17 ± 0.89 15.51 ± 2.42 0.36 ± 0.03 106.67 ± 16.04 48.33 ± 5.14

Khalsi 53.83 ±
11.25

35.33 ±
9.41

10.83 ±
2.36

7.98 ±
0.07

0.40 ± 0.20 1.24 ±
0.30

6.50 ± 4.52 12.65 ± 1.45 0.57 ± 0.23 288.90 ± 4.29 99.72 ± 34.43

Duma 55.00 ±
9.64

33.50 ±
6.54

11.33 ±
3.18

7.36 ±
0.14

1.19 ± 0.43 1.24 ±
0.37

11.67 ± 3.09 11.85 ± 2.24 3.99 ± 2.57 232.05 ± 11.15 92.37 ± 15.11

Sindrani 52.17 ±
3.75

38.83 ±
3.79

9.00 ±
0.50

7.63 ±
0.12

1.08 ± 0.46 0.93 ±
0.28

11.33 ± 1.26 11.63 ± 0.78 0.83 ± 0.27 154.67 ± 24.03 95.27 ± 22.29

Non-monsoon

Sand
(%)

Silt
(%)

Clay
(%)

pH EC
(dS/m)

OC
(%)

CaCO3

(%)
Avl. N

(mg/100 g)
Avl. P

(mg/100 g)
Total N

(mg/100 g)
Total P

(mg/100 g)

Beledanga 57.33 ±
4.04

36.67 ±
2.52

6.00 ±
3.61

7.57 ±
0.31

0.71 ± 0.11 1.43 ±
0.29

13.92 ± 0.52 17.32 ± 5.57 2.71 ± 0.35 184.73 ± 9.45 45.41 ± 18.47

Chamardaha 45.00 ±
4.36

46.67 ±
4.93

8.33 ±
0.58

7.38 ±
0.27

0.40 ± 0.14 1.61 ±
0.78

4.83 ± 1.53 15.99 ± 2.40 0.64 ± 0.27 115.53 ± 9.99 64.09 ± 6.82

Kumli 59.33 ±
9.45

32.00 ±
8.19

8.67 ±
1.53

7.01 ±
0.10

0.51 ± 0.19 1.67 ±
0.94

10.42 ± 1.13 14.27 ± 2.40 0.68 ± 0.06 193.07 ± 11.50 45.51 ± 25.64

Panchita 50.00 ±
4.58

39.33 ±
5.03

10.67 ±
0.58

7.47 ±
0.33

1.00 ± 0.02 1.57 ±
0.45

6.97 ± 1.76 17.69 ± 1.37 2.85 ± 0.26 145.07 ± 31.02 117.57 ± 37.38

Chamta 54.67 ±
4.16

36.33 ±
3.51

9.00 ±
1.00

7.08 ±
0.20

0.39 ± 0.10 0.97 ±
0.45

4.33 ± 1.13 15.62 ± 2.18 0.42 ± 0.05 134.67 ± 23.18 86.83 ± 10.89

Khalsi 54.67 ±
9.87

35.33 ±
9.81

10.00 ±
1.00

7.60 ±
0.10

0.42 ± 0.16 1.41 ±
0.39

6.50 ± 3.77 12.15 ± 0.78 0.47 ± 0.23 281.54 ± 58.91 127.82 ± 49.93

Duma 55.00 ±
9.64

34.33 ±
6.66

10.67 ±
3.06

7.42 ±
0.14

1.01 ± 0.23 1.53 ±
0.44

11.80 ± 1.84 11.72 ± 0.83 1.10 ± 0.25 264.00 ± 24.25 161.43 ± 20.21

Sindrani 53.00 ±
6.08

38.00 ±
2.65

9.00 ±
3.61

7.49 ±
0.07

1.11 ± 0.48 1.21 ±
0.37

12.5 ± 1.0 11.15 ± 00.79 0.89 ± 0.13 163.33 ± 13.32 101.53 ± 25.47
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wetland during monsoon (Table 3), while the lowest was at
Chamardaha during non-monsoon season. The content of
CaCO3 in the sediment indicates the provenance and dispersal of
terrigenous material (Ilayaraja and Krishnamurthy, 2010). Other
than pollution, this is an important factor that influences the
distribution of metals in sediments (Windom et al., 1989). The
mean CaCO3 concentration ranged from 1.75% to 14.25% during
monsoon and 2.5%–14.5% during non-monsoon season (Table 3).
The highest mean CaCO3 content was 13.92% in Beledanga during
the non-monsoon season, and the lowest was 4.2% in the Chamta
wetland during the monsoon season. Results revealed that the
sediment with higher sand percentage contains more CaCO3.
The broken shell fragments in sandy sediment might have
contributed more CaCO3 to the sediment (Saha et al., 2023). The
content of CaCO3 varied significantly among the wetlands (Table 4).
The variation in the sediment CaCO3 content may be due to the
dilution of it with buried organic matter since CaCO3 has an inverse
relation with the sediment organic matter content (Zhang et al.,
2004). Nevertheless, this type of association was not observed here.
Gaspar et al. (2013) also found a positive association between the
carbonate content and organic matter. Furthermore, the CaCO3

content in most studied wetlands indicates that the wetland
sediment supports biogenic activity (Jonathan et al., 2004).

Sediment is a product that results from erosion processes where soil
disintegrates into sand, silt, clay, and organic matter, which, upon
transport, settles in water bodies (Aslam et al., 2023). Sediment
deposition is quite evident in water bodies, and it is known to be
composed of many combinations of different particle classes that range
from fine to coarse material. In this regard, textural analysis is arguably
an important procedure that helps us clearly understand the
provenance of sediment transport history and depositional
environments. Sediment grain size distribution is the proportional
composition of sand, silt, and clay based on the size of the particles,
and it has various uses in geology and archeology. Clay particles are the
smallest in size. This fraction, along with the organic matter contents of

the sediment, influences the water-holding capacity, exchange of
nutrients, and fertility status of the soil (Kome et al., 2019). Sand
and silt particles are not very important from the nutritional point of
view but perform a significant role in gas exchange and nutrient
movement through the sediment phase to the solution phase by
providing the required passage (Hamamoto et al., 2009).

The mean sand, silt, and clay contents were recorded as 53.3 ±
4.2%, 37.5 ± 4.7%, and 9.2% ± 1.95%, respectively, in monsoon
season, and the corresponding values during the non-monsoon
season were 53.6 ± 4.4, 37.3 ± 4.4, and 9.0% ± 1.5%, respectively
(Table 3; Figure 3). The maximum concentration of sand was
recorded at Kumli wetland (59.3%), and the minimum was
recorded at Chamrdaha (45.0%), both in the non-monsoon
season. Furthermore, the highest amount of silt (46.67%) was
recorded at Chamrdaha wetland in both seasons, and the lowest
(31.56%) was recorded at Kumli wetland during the monsoon
season. Likewise, the highest value of clay was recorded at Duma
wetland (11.3%), and the least was found at Beledanga wetland
(5.27%). In the present investigation, Chamardaha and Panchita
wetland sediments were loam in nature in both seasons.
However, the sediment of Kumli wetland was sandy clay loam
in nature during the non-monsoon season. Other than these
wetlands, all the other wetland sediment texture was sandy loam
in nature in both seasons, indicating the sediment’s suitability for
fish culture.

Sediment is the main basis of carbon sequestration in wetland
ecosystems and plays a vital role worldwide for carbon
sequestration. Sediment organic carbon (SOC) has potential
significance for wetland productivity, overlying water fertility
status and eutrophication status (Alagarsamy, 1991). SOC
content also indicates the pollution status of aquatic ecosystems
as it is directly associated with organic pollution (Carroll et al.,
2003). The SOC content influences sediment physicochemical and
biological productivity and improves sediment physical conditions
like water holding capacity, porosity, etc. (Das, 2015; Karmakar

TABLE 4 Two-way ANOVA on individual sediment quality parameters among different wetlands during different seasons and their interaction.

Parameter Wetlands Season Interaction

F P F P F P

Sand 2.337 0.048 0.031 0.862 0.011 1.000

Silt 3.239 0.010 0.014 0.908 0.022 1.000

Clay 3.876 0.004 0.032 0.859 0.177 0.988

pH 14.290 0.000 0.172 0.681 1.898 0.103

EC 11.389 0.000 0.111 0.741 0.240 0.972

Avl. N 5.599 0.000 1.067 0.309 0.411 0.888

Avl. P 14.204 0.000 1.698 0.202 3.872 0.004

OC 1.801 0.121 1.793 0.190 0.926 0.500

CaCO3 18.323 0.000 0.282 0.599 0.211 0.980

Total N 51.042 0.000 13.051 0.001 1.449 0.221

Total P 8.202 0.000 8.435 0.007 2.748 0.024

Bold values in the table denote the significant variation (p < 0.05) in the parameter at different sampling sites, seasons, and the interaction among the season and sampling sites; F: statistics; P:

probability value.
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et al., 2022). This also influences the nutrient availability through
various biogeochemical activities, thus maintaining long-term
wetland productivity (Karmakar et al., 2022) and acting as a
constant food source for benthic-feeding fishes and invertebrates.
Hence, it is a reliable indicator for nutrient cycling and water
productivity. Due to autochthonous and allochthonous material
accumulation, a floodplain wetland contains more organic matter

than terrestrial systems (Hupp et al., 2019). Spatio-temporal
variations in SOC (%) at different wetlands are shown in
Figure 4. The concentration of SOC (%) varied among the
wetlands from 0.36%–2.03% (1.24% ± 0.46%) and 0.61%–2.74%
(1.43% ± 0.51%) in monsoon and non-monsoon seasons,
respectively (Table 3; Figure 3). The mean SOC in non-monsoon
was 1.43%, while it was 1.25% in monsoon. This difference was non-
significant (Table 4), which may be due to the absence of any
industrial or city waste inflow having variability in its content. The
slightly lower value of OC content in the rainy season may be
associated with flooding. The comparative rise of OC content in
non-monsoon seasons may be due to the gradual accumulation of
organic matter from the terrestrial system during the monsoon
period (Mandol et al., 2023; Saha et al., 2023). This may also be due
to the organic debris generated through the decomposition of leaves,
roots, dead aquatic wetland macrophytes, and animals. During the
monsoon season, the highest mean value of OC was recorded from
Panchita (1.84%) wetland, whereas Chamta wetland showed the
lowest SOC values (0.89%). During the non-monsoon season, SOC
was found highest in Kumli (1.67%) and lowest in Chamta
(0.97%) wetland.

Since nitrogen is a building-block molecule of protein, its
presence is crucial for aquatic productivity and developing living
materials. Nitrogen is present in the sediment as ammonia, nitrate,
nitrite, or organic nitrogen (Kumari and Paul, 2019). Although
aquatic productivity, fertility, and biodiversity depend on nitrogen,
it is a critical factor in controlling eutrophication (Krishnanandan
and Srikantaswamy, 2013). Several factors like organic matter built-
up, decomposition and mineralization, atmospheric nitrogen
deposition, and its fixation and denitrification influence the
nitrogen content in the sediment (Chen and Twilley, 1999).
Spatiotemporal dynamics of nitrogen help in gaining insights
into wetland biogeochemistry. Sediment available nitrogen
(ammoniacal and nitrate) is an important parameter for wetland
productivity (Pandion et al., 2023a) and is highly influenced by the
content of sediment organic carbon (Sugunan and Bhattachariya,
2000). During the study period, available nitrogen content was
lowest in Sindrani wetland (11.15–11.63 mg/100 g sediment) and
highest in Panchita wetland (16.72–17.69 mg/100 g sediment), with
a comparatively higher value in the non-monsoon season than in
monsoon (Table 3; Figure 5). However, the seasonal variations were
non-significant (Table 4).

The total nitrogen content in the sediment was higher in the
non-monsoon season than in the monsoon season (Table 3;
Figure 6), and the variation was significant. This seasonal
variation in the total N content indicates the dynamic nitrogen
cycle in the system. This seasonal disparity may be due to rainfall-
induced runoff during the monsoon season and by the
mineralization and consumption process (Adeyemo et al., 2008;
Jayachandran et al., 2012). In the monsoon season, the maximum
and minimum contents of total nitrogen were recorded in Khalsi
(288.9 mg/100 g sediment) and Panchita (85.3 mg/100 g sediment),
respectively.

Phosphorus (P) plays an important role in metabolic activity. P
is the least abundant element (compared to nitrogen and potassium)
and is a limiting nutrient for biological productivity as its low
concentration results in low productivity. In contrast, slight
increments may cause algal bloom and eutrophication (Saluja

FIGURE 3
Ternary diagram showing sediment grain size distribution (A–H)
along with histogram of % grain size content of studied wetlands
during monsoon (I) and (J) non-monsoon periods. Ternary plot
monsoon and non-monsoon samples are represented in blue
and red colours, respectively.
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and Garg, 2016). The geochemical forms and distribution of P
determine the status and preservation of P in the sediment (Saha
et al., 2020; Saha et al., 2022). Moreover, the sediment provides a
necessary base of P for supporting the wetland primary creation
depending on the P speciation. The sediment’s phosphorus content
depends on factors like topography, vegetation, pollution level, and
phosphorus exchange between the sediment and water.
Consequently, this also depends on the phosphorus-retaining
capacity of the sediment and the fauna, which influences the
interaction of phosphorus between the sediment and water
(Weibezahn et al., 1990). In the sediment, phosphorus occurs in
both inorganic and organic forms; however, the organic form is of
little significance in supplying phosphorus to primary producers
because of its slower liberation rate under anaerobic conditions.
Moreover, phosphorus in the inorganic form quickly becomes
unavailable due to the formation of ferric, aluminum, or calcium
phosphate depending upon the alkaline or acidic condition of the
aquatic body. In general, phosphorus is never readily available, with
its highest availability centering on pH 6.5 (Brady and Weil, 1984).

There was significant variation in the available P content in the
studied wetlands (Table 4). Available P was in line with the results
reported from the Damodar River (Kumari and Paul, 2019). The
highest amount of available P was found in Panchita (2.85 mg/100 g
sediment) in non-monsoon season and Duma (3.99 mg/100 g
sediment) in monsoon (Table 3; Figure 7) season. The lowest
concentration of available P was found in Chamta in both
seasons. Standard deviation values indicate that wetlands possess
similarity in their variability, which means they have similar sources.

The available P content exhibited fewer fluctuations in the non-
monsoon months. The concentration of the average available
phosphorus was comparatively higher in monsoon season than in
non-monsoon season, which is similar to that reported in the
previous reports (Kumari and Paul, 2019).

Variations in the total sediment phosphorus (total P) content in
different wetlands are shown in Table 3 and Figure 8. The TP
content was higher in non-monsoon seasons than in monsoon.
During monsoon, the total phosphorus concentration varied from
43.54 mg/100 g of sediment (Kumli) to 99.72 mg/100 g of sediment
(Khalsi). During the non-monsoon period, the lowest concentration
of TP was in Beledanga (45.41 mg/100 g of sediment), and the
highest concentration was in Duma (161.4 mg/100 g of sediment).
Our findings reflect the conditions prevailing in these wetlands,
which are integral parts of agricultural activities in the area.

3.2 Stoichiometry of C, N, and P

Nutrient (C, N, and P) stoichiometry of wetlands helps in source
apportionment of organic matter in wetlands, the inflow of external
nutrients, and the mineralization/decomposition and various other
nutrient biogeochemical processes operating in the aquatic water
bodies (Avramidis et al., 2015). The C/N ratio indicates whether the
source of deposited organic matter is allochthonous or
autochthonous. Since wetlands are complex transition bodies
between aquatic and terrestrial land, they have a more complex
sediment elemental component ratio than other water bodies. The

FIGURE 4
Spatio-temporal distributions of sediment organic carbon (%) in the studied floodplain wetlands of West Bengal, India.
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ratio of C/N indicates the sediment quality and productivity of the
aquatic body, and it is also an indicator of pollution (Venkatesh and
Anshumali, 2020). C/N also indicates the nitrogen mineralization
process as a high C/N ratio states lower organic matter
mineralization, whereas low C/N is due to microbial
decomposition of organic matter (Lu et al., 2018).

In all the wetlands, the C/N ratio was comparatively low, and a
smaller range was observed (Figure 9). In general, the C/N ratio
ranges from 5 to 6 in phytoplankton and zooplankton, mainly
composed of protein, which are generally nitrogenous
compounds (Song, 2011; Ramachandra et al., 2020). Since freshly
deposited organic matter is derived from planktonic organisms,
their C/N ratio is 6–9 (Carnero-Bravo et al., 2015). Meanwhile,
terrestrial vascular plants have a C/N ratio of 15 or more, and
organic matter obtained from them has a C/N ratio of >20 (Cardoso-
Silva et al., 2018). This indicates that the carbon in the studied
wetlands is mainly from the phytoplankton community (Holligan
et al., 1984). The catchment area of these wetlands is agricultural
land, and the fertilizer used in this agricultural land may reach the
wetlands, thus lowering the C/N ratio (Balakrishna and Probst,
2005). Marine organic matter generally has a higher C/N ratio, and
the ratio is low in freshwater (Andrews et al., 1998). Datta et al.
(1999) also reported a low C/N ratio (5.45–8.81) of sediments from
the Ganges, Brahmaputra, and Meghna rivers, which may be due to
the enrichment of inorganic nitrogen. Dhanakumar et al. (2015)
reported a lower C/N ratio in the Cauvery river sediment due to
organic matter decomposition.

The C/P ratio indicates the mineralization capacity of organic P
(Paul, 2014). In the present study, the C/P ratio of wetland sediments
varied from 9.81 to 27.6 during monsoon and 9.6 to 42.0 during the
non-monsoon period (Figure 9). Except for Beledanga and Kumli,
the C/P ratio was comparatively lower concerning the literature
reports (Saha et al., 2020; Zhang et al., 2012; Zhang et al., 2013). A
low C/P ratio indicates net N mineralization (Wu et al., 2023). In
general, a lower C/P ratio leads to the release of nutrients by organic
matter decomposition and, thus, increases the available phosphorus
in soil (Lu et al., 2018). Like the C/P ratio, the N/P ratio was also low,
except for Beledanga and Kumli wetlands. This lower value indicates
that nitrogen is a limiting factor. However, a comparatively slightly
higher C/P ratio and lower C/N and N/P ratios indicate that
biogeochemical processes in wetlands are limited by N and P
(Cao et al., 2015). The lower N/P ratio may be due to P
enrichment/retention in wetland sediment. Moreover, a low N/P
ratio also indicates that higher recycling of benthic N and
denitrification processes, along with benthic N release, may play
an important role in the primary productivity of the wetland
ecosystem. The sediment nutrient ratio in the wetland indicates
that there may be carbon exchange between the wetland and the
external environment (Cauwet and Mackenzie, 1993). Hence, these
data may help to identify freshwater wetlands’ global carbon and
nutrient stock. However, detailed information and studies are
required regarding the biogeochemical processes and hydrological
dynamics that influence the storage and distribution of SOC,
TN, and TP.

FIGURE 5
Spatio-temporal distribution of available N (mg/100 g) in the studied floodplain wetlands of West Bengal, India.
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3.3 Statistical analysis

3.3.1 Pearson correlation analysis
Pearson correlation analysis is a bivariate analysis that indicates

the possible association between the various sediment quality
parameters. It indicates the interaction among various nutrient
parameters, whether they originated from the same or diverse
sources. Table 5 represents the correlation analysis results of
various physicochemical properties of the sediment. CaCO3

exhibited a strong positive correlation with % sand content. This
indicates that a higher sand content enhances the level of CaCO3 in
the sediment samples. Higher CaCO3 in the sandy sediment may be
related to the shell fragments attached to the sand fraction (Saha
et al., 2023). The strong negative correlation of silt with sand, clay
with sand, and clay and silt with calcium carbonates indicate their
differential provenance sources. EC is strongly associated with OC,
CaCO3, available P, and total P. Sediment pH showed a positive
relation with total nitrogen. A non-significant but positive
association was also observed between SOC and total N and P.
Mandal and Islam (1978) showed a strong relation of phosphorus
with pH, clay content, total nitrogen, and organic matter content.
Total N was positively correlated with total P. This indicates their
common sources, like terrestrial plants and animals and agricultural
practices (Kulari and Paul, 2019; Reddy et al., 2021). However,
available N was inversely related to total N and total P, while the
available P content was not associated with sediment total N and
total P. Limitations in the bioavailability of sediment nitrogen are
associated with environmental factors like organic matter

decomposition, temperature, sediment pH, oxic/anoxic bottom
sediment, and the extent of anthropogenic stresses (Reddy et al.,
2021). This also indicates the differential natural and anthropogenic
pressure, which regulates the biogeochemistry of available nutrients
in different wetlands. The composition of microorganisms is also
different in different wetlands, which may also plays a decisive role
in nutrient bioavailability (Wang et al., 2021). Wetland sediment
texture plays an important role in controlling sediment biophysical
conditions. Clay particles with a smaller pore size retain more
nutrients than sand and silt (Ashman and Puri, 2002). An
unexpectedly significant positive relation was obtained between
total N and sand content. This may be due to anthropogenic
impacts like agricultural runoff from adjacent fields, which
requires further investigation.

3.3.2 Principal component analysis
Data were subjected to principal component analysis (PCA) to

determine possible sources, viz. natural or human, point or non-
point sources, which influences the overall quality and health of the
aquatic ecosystems (Pandion et al., 2023b) and also synthesize and
consolidate the pattern of influence of sediment quality parameters
(Murthuza et al., 2022) on the biogeochemical process of wetlands
(Pustry et al., 2010). PCA was used to recognize crucial and
meaningful information by extracting important information
from the raw data using established correlations of different
sediment quality parameters.

PCA analysis generated four different PCs that explained 74.35%
of the total variance. Table 6 and Figure 10 provide the PC loading of

FIGURE 6
Spatio-temporal distribution of total N (mg/100 g) in the studied floodplain wetlands of West Bengal, India.
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the originally studied variables and four PCs generated by the PCA,
which helps in understanding and interpreting these components.
PC1 accounted for 28.3% of the variance and was highly correlated
with sediment TN and sand content. This indicates the
anthropogenic influences, as already seen in the Pearson
correlation analysis. This also suggests the influence of organic
matter on wetland sediment nutrients. PC2 accounted for 18.8%
of total variance and was correlated with clay, pH, and TP. This
indicates the association of fine-grained sediment with nutrients due
to its higher binding ability. This also indicates natural and man-
made causes that influence the wetland sediment quality.
PC3 accounted for 16.4% of the total variance and was associated
with sediment available N and P, indicating slight influence on the
biogeochemistry of bio-available nutrients in wetland sediments.
PC4 accounted for 10.9% of the total variance but indicated a weak
influence of clay and available N and OC. Thus, the four PCs can be
categorized as “anthropogenic influences,” “textural influences,”
“the limiting available nutrients N and P,” and “influence
of nutrients.”

3.3.3 Cluster analysis
Cluster analysis was conducted to determine the similarity of

different physicochemical properties and the similarities within the
different wetlands (Figure 11). The cluster was generated based on
the Ward method and cluster distances. Based on the
physicochemical properties, four different clusters were
generated. Cluster 1 consists of pH, clay, and CaCO3 and is

considered the least contaminated site, while cluster II consists of
EC, OC, and avl. P and is considered a less contaminated site.
Cluster III consists of avl. N, sand, and silt and is considered to be
moderately contaminated. Themost contaminated area corresponds
to cluster IV and was associated with total N and total P. Similar to
the physicochemical properties, wetland clustering also indicates
that the most anthropogenically stressed wetlands were Khalsi and
Duma as these wetlands contain the maximum total N and total P.

4 Discussion

Sediment pH is the prime factor that controls the chemical
reactions, thus regulating the availability of nutrients and metal in
aquatic ecosystems (Das, 2015). Therefore, sediment pH heavily
impacts the growth and survival of different biotic communities of
aquatic water bodies (Pandion et al., 2023b). Most of the
micronutrients are available at the sediment pH value of 6.9–7.8,
with an average of 7.5 (Donahue et al., 1983). Aquatic life would be
hampered with slight pH variations as most microbial metabolic
activities depend on pH. Significant variation in sediment pH among
the different wetlands is attributed to differences in geology,
sediment composition, and local hydrological conditions (Li
et al., 2022). The observed variations may influence the
biogeochemistry of nutrient and trace metal contents of different
wetlands and, thus, may influence the general well-being of
sediment-dwelling organisms (Andersson and Gledhill, 2013;

FIGURE 7
Spatio-temporal distribution of available P (mg/100 g) in the studied floodplain wetlands of West Bengal, India.
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Pandion et al., 2023a). Nag et al. (2023) reported a slightly higher
sediment pH of 7.89–9.44 (mean 8.57 ± 0.41) for Khalsi wetland.
Alam et al. (2003a) registered acidic pH (4.42–6.65) for the sediment
of freshwater wetlands of Dhaka, Bangladesh. A productive aquatic
body should have a sediment pH value of 6.5–7.5 (Jhingran, 1992),
while a permissible level is 5.5–8.5 (Banerjea, 1967). For the healthy
and quick growth of freshwater species, a sediment pH of 6.5–9.0 is
ideal (Boyd and Tucker, 1998), while Murdoch et al. (2001) reported

that the optimum pH for sustaining aquatic life is 6.5–8.2. The
results of this study indicate that the wetlands are productive to
support aquatic life and very suitable for fisheries. In general, heavy
rainfall and subsequent dilution resulted in lower sediment pH in
the monsoon. However, the seasonal variation was non-significant.
Moreover, the average sediment pH value of Beledanga,
Chamardaha, Chamta, and Duma was higher in monsoon,
whereas for the rest of the wetlands, the higher value was in

FIGURE 8
Spatio-temporal distribution of total P (mg/100 g) in the studied floodplain wetlands of West Bengal, India.

FIGURE 9
Stoichiometry of C, N, and P in the surface sediment of the studied wetlands.
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non-monsoon season. This unpredicted differentiation finding
warrants further investigation into the underlying factors
contributing to this contrasting trend.

EC values were significantly different among the wetlands
(Table 4). These fluctuations could be due to different rates of
effluents received by the wetlands, existing operating practices, and
the individual wetlands’ physiographic and hydrographic
characteristics (Gerla, 2013). Nag et al. (2023) reported a value of
0.34–0.951 dS/m in the Khalsi wetland, which is higher than in the
present study (0.203–0.605 dS/m). Even if some aquatic species have
mechanisms to regulate EC and vice-versa, EC can also influence the
physiology of different aquatic species (Tapader et al., 2017).

According to Gul et al. (2015), the EC value in the current study
is favorable. Factors like the evaporation rate, rainfall pattern, input
of terrigenous materials, and intrusion of groundwater influence the
EC values (Nouri et al., 2010). Heavy freshwater discharge and
monsoonal episodes may cause low EC due to dilution (Prasad and
Rishideo 2021; Aslam et al., 2023). Here, in some wetlands, EC
values were quite high, which may be due to the content of higher
amounts of ions, while the low values in some wetlands may be due
to silicate materials in the sediment. Although the seasonal variation
in sediment EC was non-significant, monsoon values were higher
than non-monsoon values. This trend was opposite to higher EC
values in the dry season and lower values in the monsoon season.
The reason may be the influx of more rainwater during monsoon
months, which carries land-driven ions, sediments, and other
dissolved ions and thus increases the sediment EC value during
monsoon season. Moreover, anthropogenic influences might have
also increased the sediment EC content by contributing additional
ions and contaminants. Furthermore, several factors like weathering
and erosion of land-driven materials, temperature, and hydrography
of wetlands also influence the sediment EC content.

In general, sandy or clayey sediments are unsuitable for fisheries
as in the former, there are chances of heavy nutrient losses, whereas
later adsorb the nutrients, leading to the nutrient-poor overlying
water (CIFRI, 2000). Loamy sediments with a balanced composition
of sand, silt, and clay are considered the most productive because
they are not too adsorptive to impoverish water from nutrients and,
at the same time, do not permit excess loss of nutrients (Shafi et al.,
2021). Various local factors, like hydrodynamics, river channel
opening or closing, and terrestrial sediment input, influence the
sediment composition of different wetlands. The variation in
sediment texture in various wetlands influences the wetland
processes and habitats. All the wetland sediment texture was
generally dominated by sand, followed by silt and clay. This
sandy-loam nature of the sediment may help in providing a
habitat for bottom-dwellers, and bottom-oriented organisms
may burrow into the sediment under adverse conditions
(Pandion et al., 2023a). Finer sediments help in sediment

TABLE 5 Pearson correlation of the physiochemical parameters of sediments.

Parameter Sand Silt Clay pH EC Avl. N Avl. P OC CaCO3 Total N Total P

Sand 1

Silt −0.941** 1

Clay −0.312* −0.027 1

pH −0.145 0.103 0.135 1

EC 0.139 −0.161 0.041 0.189 1

Avl. N −0.077 0.092 −0.028 −0.176 −0.115 1

Avl. P −0.007 −0.005 0.027 0.242 0.486** 0.184 1

OC 0.216 −0.209 −0.056 0.053 0.326* 0.376** 0.211 1

CaCO3 0.497** −0.433** −0.255 0.19 0.598** −0.241 0.375** 0.281 1

Total N 0.351* −0.448** 0.21 0.393** 0.076 −0.427** 0.02 0.11 0.299* 1

Total P 0.003 −0.109 0.296* 0.357* 0.335* −0.341* 0.103 0.144 0.096 0.542** 1

*Correlation is significant at the 0.05 level (two-tailed); **correlation is significant at the 0.01 level (two-tailed).

TABLE 6 PCA applied to the results of the physiochemical parameters of the
sediment.

Parameter PC1 PC2 PC3 PC4

Sand 0.682 −0.602 −0.350 0.074

Silt −0.713 0.430 0.383 −0.280

Clay −0.020 0.569 −0.043 0.569

pH 0.324 0.603 0.179 −0.101

EC 0.608 0.106 0.535 −0.191

OC 0.393 −0.237 0.476 0.486

CaCO3 0.777 −0.202 0.208 −0.380

Av. N −0.317 −0.422 0.529 0.529

Av. P 0.355 0.078 0.703 −0.097

Total N 0.667 0.374 −0.406 0.181

Total P 0.487 0.631 −0.065 0.199

Eigenvalues 3.115 2.065 1.802 1.197

% of variance 28.315 18.772 16.383 10.88

Cumulative % 28.315 47.087 63.47 74.35
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stability with nutrient retention and thus play an important role in
the distribution and abundance of sediment-dwelling organisms.
On average, the sand content was higher in the monsoon season,
possibly due to rain-induced sandy sediment development. During
the non-monsoon season, the sediment bed comprised little more
silt and clay fractions, except for a few cases. Banerjea (1967)
reported wide variations in the sand content (11–62%) in
freshwater ponds. Islam et al. (2017) reported 1.04–4.36% silt in
the sediment of the Rajakhali canal, Bangladesh, whereas Islam
et al. (2016) recorded 32.73–51.47% silt in a shrimp culture pond in
Cox’s Bazar, Bangladesh. Alam et al. (2003a) reported the
clay–loam nature of the sediment of freshwater wetlands of the

greater Dhaka district, Bangladesh. These comparative reports also
indicate the higher value of sand in different stagnant water bodies.
This indicates the dominance of surface erosion and sand-size
particles from this erosion process (Rienzi et al., 2013; Savic et al.,
2021). The distribution of calcium carbonates in the sediments
displays a rich percentage in all the wetlands. The primary source
of carbonate sediments along such sites is attributed to the
calcareous nature of the bottom of the Himalayan rivers, as
river Ganga originates from here, and partly from weathering
and subsequent erosion. These calcareous sediments find their way
into the wetland bottom through the water column upon
settlement.

FIGURE 10
Principal component analysis plot drawn for the correlation among various sediment quality variables recorded in the studied wetlands.

FIGURE 11
Clustering of physiochemical variables of the sediment (A) and wetlands (B).
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The variations in the SOC content were non-significant among
the different wetlands. Similar SOC content in all wetlands indicates
similar anthropogenic influences (Kumari and Paul, 2019). Alam
et al. (2003b) found that SOC (%) content in various freshwater
wetlands of Bangladesh was up to 3%, which is the standard for
different tropical freshwater wetlands of Asia (Neue, 1985). Various
factors like the nature and type of vegetation, rate of accumulation of
dead and decayed materials, sediment texture, water depth, and
temperature influence the organic carbon content in the sediments.
Jhingran (1992) categorized the sediments as high, medium, and low
productive when the organic carbon content is <0.5%, 0.5–1.5%, and
1.5–2.5%, respectively, and according to this, all the studied wetlands
are medium productive. The amounts of organic matter found from
the different wetlands in the present study are highly related to the
optimum level of organic matter (%) for aquaculture development
(Karmakar et al., 2022). USEPA recommended the following
assessment categories for total organic carbon in sediments: low
impact: ≤1%, intermediate impact: 1%–3%, and high impact: >3%
(Nelson, 2020). According to this recommendation, the organic
carbon concentration in the analyzed sediments was in the
intermediate impact level, which may affect benthic communities.
Aquatic flora and weeds growing within the wetland and terrestrial
vegetation present along the wetland catchment area and along the
margin of the wetlands are the principal sources that control the
quantity and quality of organic material delivered to the wetland
system. The moderate content of OC in the wetland floor sediments
is attributed to the mixed contributions from both in situ wetland
flora and fauna and terrigenous detrital sources present along the
wetland catchment. Pearson and Rosenberg (1978) proposed a
model suggesting that increasing organic matter content
decreases the species diversity and increases the individual
number of macrobenthic communities. Since wetland sediment
has a higher tendency to accumulate SOC than its terrestrial
counterpart, a regular assessment of SOC is necessary for
maintaining the long-term productivity of wetlands (Nag
et al., 2023).

The available nitrogen content was low in monsoon, which may
be due to the biological consumption and sorption by suspended
particles (Saha et al., 2020). Non-monsoon season contains higher
values, which may be due to the steady accumulation of nitrogen
received through the inflow water during the monsoon season (Saha
et al., 2023). The results corroborate the observations of various
previous studies (Saunders and Kalff, 2001; Kumari and Paul, 2019).
Variations in the total nitrogen content across the wetland may be
due to various local factors like sources of pollution, freshwater
inputs, floodplain geomorphology, human settlement, and
agricultural and industrial development. Alam et al. (2003a)
reported 0.04%–0.63% total nitrogen in the wetland of Dhaka,
Bangladesh. Sediment total nitrogen in all the studied wetlands
was higher than the value observed in north Bihar wetlands in India
(0.001%–0.47%) (Mandal et al., 2003). Nag et al. (2023) reported a
slightly lower value for total nitrogen (0.74%–0.82%) in the Khalsi
wetland. Availability of nitrogen influences the algal bloom,
distribution of benthic species, and primary productivity. Hence,
an increase in the sediment nitrogen content in the non-monsoon
season may enhance the algal bloom and, subsequently,
eutrophication and oxygen depletion. Information related to
sediment quality based on total nitrogen is not available in India.

However, Ontario sediment quality guidelines state that if the total
nitrogen content in bulk sediment is ≥4,800mg/kg, the sediment will
be considered heavily polluted and may adversely affect sediment-
dwelling organisms (Persaud et al., 1993). However, sediment total
nitrogen contents in all the studied wetlands were below the
prescribed value.

The available P content in the studied wetlands was higher than
the values (0.45–19.675 μg/g) reported for wetland sediment of the
Greater Dhaka district, Bangladesh (Alam et al., 2003a). The higher
value in the present study may be due to the entrapment of
agricultural runoff of the phosphatic fertilizer and their
subsequent deposition. The lower value in non-monsoon season
may be due to biological consumption (Seralathan and
Seetaramaswamy, 1979). Lakshmi et al. (2002) also reported
similar observations for the sediment of Thalassery River, India.
The total P content in the studied wetlands was higher than the value
reported for the Keoladio National Park (0.001%–0.034%) (Anjan
Kumar Prusty et al., 2010) and north Bihar wetlands (0.001%–
0.423%), India (Mandal et al., 2003). A slightly higher value in the
present study was due to the agricultural runoff of chemical
fertilizers, as already mentioned. However, the values are far
lower than those of floodplain wetlands of West Bengal, India
(Samanta et al. (2015), where exceedingly high levels of total
phosphorus (Bhomra wetland: mean value: 6,040 ± 344 mg/kg;
Akaipur: mean value: 5,470 ± 363mg/kg) were observed. Factors like
fertilizer runoff, industrial and sewage effluents, freshwater inflow,
and catchment activities influence the P concentration in the
wetland sediment. Moreover, sediment compositions like
P-binding minerals, organic matter content, and sediment
pH reactions also influence the retention/release of sediment P.
Seasonal variation in water input may be an important factor in
sediment total P content variation. The gradual accumulation of
agricultural discharge might have increased the phosphorus
concentration in the non-monsoon sediment.

Phosphorus from inorganic sources from the agricultural
area in the form of fertilizers and detergents from domestic
households is relatively low compared to the organic sources.
Unlike nitrogen and carbon, phosphorus has no gaseous form.
Therefore, phosphorus does not cycle out of the system like
nitrogen by way of denitrification or carbon by respiration. Thus,
phosphorus tends to accumulate in the sediments. Once in the
sediments, phosphorus is slowly released into the interstitial
water as organic material is oxidized. The influx of sediment
might have resulted in a lower concentration of P in the monsoon
season. The maximum content of total P in non-monsoon
months is a general observation in various aquatic water
bodies (Sankaranarayanan and Panampunnayil, 1979; Saha
et al., 2022; Saha et al., 2023). Phosphorus distribution is
similar to nitrogen as most aquatic bodies maintain a specific
ratio between nitrogen and phosphorus.

5 Conclusion

The present study highlighted the less documented
sedimentological profile of important floodplain wetland
systems of India. Moreover, the use of a GIS interpolation
approach in collaboration with traditional laboratory analysis
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methods can be the best alternative and less expensive tool for
providing a complete spatial resolution of the study sites. The
sediment pH of most wetlands was neutral to alkaline, indicating
their suitability for the growth and survival of highly diverse
organisms and, hence, favorability for the growth of fish fauna.
Sediments’ grain size distribution suggests the dominance of
sand, followed by silt and clay. The study indicates that local
factors were more influential than seasonal factors as there were
non-significant differences in sediment quality parameters in two
distinctly different hydrological periods. Most of the nutrient
parameters peaked in non-monsoon months; however, other
than total N and P, none showed any seasonal variation. The
low C/N ratio in the studied wetland indicates the influence of
autochthonous deposited materials rather than allochthonous
deposited materials due to the higher growth rate of wetland
plants. Based on the results of the present study, it could be
inferred that these wetlands are comparatively less impacted by
anthropogenic stress, but the rise in the nutrient level observed in
this study is alarming; thus, periodic monitoring and
preventative measures are required to save the aquatic system
from eutrophication. The findings also have important
implications for the development of effective potable water
management and strategies for the control of point and
diffuse-source pollution within the waterbody. A significant
correlation was found between some of the physicochemical
characteristics in the sediment. Hence, further investigation
should be extended to validate the authenticity of the obtained
significant correlation between different sediment quality
parameters and assess the heavy metal content in the sediment
for better management of the studied wetlands. The results of the
principal and cluster analyses indicate contamination from both
natural and anthropogenic sources. This study will also help
identify suitable wetland areas for enclosure culture, particularly
for constructing pens. The baseline information generated in this
study for the wetland sediment can be used for monitoring
floodplain wetlands for their ecological assessment. Finally, it
is important to develop an ecosystem-based management tool by
incorporating inputs from all stakeholders, including scientists,
policymakers, resource managers, and other government and
non-government organizations, to build a strategy for
enhancing wetland productivity and maintaining biodiversity
in a sustainable manner for the livelihood improvement of
marginalized fishermen who entirely depend on these
important aquatic resources of the Gangetic belt of India.
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