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A B S T R A C T

Large tropical floodplain rivers act as important pathways of nitrogen transport from land to the sea. In the 
present study, a mass balance approach was used to evaluate nitrogen retention over a two-year period from a 50 
km reach of the Padma River in Bangladesh. The relationship between concentration and discharge was esti
mated from 58 nitrogen concentration and discharge measurements. Daily nitrogen flux was then calculated 
from the hydrological inflow and outflows of the reach, and total nitrogen (TN) retention was estimated based on 
the flux difference of TN inflow and outflows. To validate mass-balance measurements, retention processes of 
nitrogen loss due to water retention (NLWR), sedimentation, potential denitrification rate (PDR), and nitrogen 
fixation rate (NFR) were estimated from the water column of the river. Monthly mass-balance measurements 
revealed substantial seasonal variation in nitrogen retention, indicating river discharge as the main controlling 
factor. Estimated maximum retention values (tonnes per month) of NLWR, sedimentation, PDR, and NFR were all 
associated with the monsoons, with 86 % occurring during that period. However, the percentage of PDR and NFR 
to TN retention was higher in non-monsoon months (post-monsoon, dry/winter and pre-monsoon), suggesting 
retention mechanisms varied seasonally. TN retention via NLWR accounted for the largest portion of total TN 
retention, that consistently exceeded 50 %, followed by sedimentation. PDR in submerged geomorphic units was 
the second-most important retention mechanism in the dry/winter and pre-monsoon seasons. The present 
research provides a benchmark for nitrogen-budget modelling in tropical rivers, supporting planning for sus
tainable river management.

1. Introduction

Large floodplain rivers are among the most dynamic and productive 
ecosystems on Earth, providing drinking water for humans and live
stock, and are characterised by seasonal inundation and high biological 
activity (e.g. Nicole, 2003; Subramanian, 2008; Campbell, 2009; 
Davidson et al., 2012). These rivers also play an essential role in trans
forming and retaining nitrogen (N) (Tockner and Stanford, 2002; Junk 
et al., 1989). Nitrogen is a key nutrient regulating aquatic productivity 
but can become a pollutant when present in excess, leading to eutro
phication, harmful algal blooms, and hypoxia (Vitousek et al., 1997; 

Galloway et al., 2008). Nitrogen cycling in riverine ecosystems plays a 
vital role in regulating water quality, primary productivity, and nutrient 
export to coastal zones (Seitzinger et al., 2006). Many large rivers in the 
tropics are under development pressures from anthropogenic activities, 
including the construction of dams and hydropower stations, and 
reclamation linked to mining, deforestation, and channelisation 
(Winemiller et al., 2016; Böck et al., 2018; Best, 2019). In addition, 
climate change has altered river discharge and floodplain inundation, 
affecting ecological structure, river functioning, and seasonality 
(Hamilton, 2010; Eisner et al., 2017).

Large rivers have more potential to retain nitrogen than small rivers 
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because of notably high discharge (Wang et al., 2020), sediment trans
port (Wang et al., 2022), flow path modification and increasing trans
port distances (Tanaka et al., 2021; Seitzinger et al., 2002; Wollheim 
et al., 2006; Mulholland and Webster, 2010). The river water column 
acts as a zone where removal processes of nitrogen from denitrification 
and sedimentation occur. However, retention also occurs at the interface 
between the water column and sediment (Grizzetti et al., 2015). Most 
tropical rivers have extensive floodplains and deltas that can deliver 
sediments and nutrients to the oceans (Cotrim et al., 2007). In addition, 
they exhibit dynamic channel forms, regarded as geomorphic units 
(GUs), that change their pattern from single- to multi-channel systems 
(Latrubesse et al., 2005). This can amplify the magnitude of the inter
action between sediment and the water column, regulating nitrogen 
retention in the GUs and the water column and export to the seas. In 
tropical rivers, this capacity may be amplified by warm temperatures, 
high biological activity, and prolonged flood periods that promote mi
crobial and biogeochemical transformations (Neill et al., 2001; Forsberg 
et al., 2017).

Seasonal variation is a distinctive feature of most tropical rivers, 
manifest in changes in flow, precipitation, and temperature (Hamilton 
et al., 2010). Large rivers such as the Amazon, Congo, and Mekong 
exhibit notable seasonal and hydrological variations driven mainly by 
regional precipitation patterns and monsoonal influences. These sea
sonal dynamics shape the ecology, biogeochemistry, and socio- 
economics of their floodplains (Melack and Forsberg, 2001; Gode 
et al., 2022; MRC, 2023). In South Asia, high temperatures during the 
monsoon amplify snow or ice melt in the Himalayas, leading to massive 
water discharge into the Ganges and Brahmaputra rivers (Islam, 2016). 
Concurrent high rainfall and storm events accelerate water discharge 
and sediment loads in the rivers (Syvitski et al., 2014).

Although several studies in temperate basins have quantified nitro
gen retention and seasonal variability, it remains poorly quantified in 
large tropical floodplain systems (e.g., Loken et al., 2018; Ritz and 
Fischer, 2019; Wang et al., 2020). Available studies show that measuring 
upstream versus downstream nitrogen fluxes (mass balance) is an 
empirical approach for estimating nitrogen retention in large rivers 
(McKee et al., 2000; Chen et al., 2009; Bukaveckas and Isenberg, 2013; 
Ritz and Fischer, 2019). However, retention measures from mass bal
ance approaches often lack simultaneous quantification of the individ
ual physical and biogeochemical processes that are responsible for the 
retention, such as water loss to floodplains, sedimentation, and deni
trification (Buckavecks & Isenberg, 2013). These are vital for main
taining downstream water quality and ecosystem functioning (Saunders 
and Kalff, 2001; Seitzinger et al., 2006). This gap is particularly notable 
for large tropical rivers, where high hydrological variation and complex 
geomorphology are expected to create seasonal retention mechanisms. 
Therefore, understanding different retention mechanisms is crucial for 
accurate estimates of the nitrogen budget in these river systems.

The Ganges and Brahmaputra are the largest river basins in 
Bangladesh, also draining a large area of India, all of Nepal, Bhutan, and 
a relatively small area of China. Land-use activities and the construction 
of dams and barrages in the upper reaches of these rivers affect water 
and sediment supply to downstream areas, altering riverine ecosystems 
(Bouwman et al., 2013; Weigelhofer et al., 2018; Hauer et al., 2018). 
Increased nitrogen loads are of concern in the lower river system and the 
Bay of Bengal, where harmful algal blooms can form, resulting in 
ecosystem degradation (Sattar et al., 2014; Zinia and Kroeze, 2015; 
Shaika et al., 2022). A better understanding of the nitrogen retention 
mechanisms in these rivers is of great importance for implementing river 
management and restoration programmes. Key research areas are 
identifying and quantifying nitrogen retention, the processes involved, 
and how these are affected by river discharge and geomorphology. The 
present study focuses on a large tropical floodplain, the Padma River, 
one of the world’s largest and most populated downstream areas of the 
Ganges and Brahmaputra basins (Metcalfe, 2003). The overall research 
objective was to determine how variations in discharge, water retention, 

and biogeochemical processes (sedimentation, denitrification and N2 
fixation) influence nitrogen retention in a large tropical floodplain river. 
Specific research objectives were to: 

• estimate the nitrogen retention of a 50 km reach of the Padma River, 
Bangladesh, including monsoon, post-monsoon, dry/winter, and 
post-monsoon seasons;

• show the contribution of water losses to floodplains and aquifers, 
sedimentation, and potential denitrification rate (PDR) to the ni
trogen retention estimation; and

• determine how discharge, water retention, and denitrification con
trol the nitrogen retention capacity of the reach.

2. Materials and methods

2.1. Description of the study reach

The study reach is the downstream of the confluence of the Ganges 
and the Brahmaputra rivers, known as the Padma River in Bangladesh. 
The reach is about 50 km long, with a maximum width of 20 km. The 
inflow station, known as Baruria, is located near Aricha, Manikganj. One 
of the outflow stations, Mawa, is situated in Munshiganj, and another, 
Arial Khan, is near Sadarpur in Faridpur. After the main outflow of 
Mawa, the river flows southeast, merging with the Meghna River and 
finally empties into the Bay of Bengal (Fig. 1). The mean annual 
discharge is 30,000 m3s− 1, whereas, in the dry season, discharge can 
drop to 3500 m3s− 1; in the monsoon season, it exceeds 90,000 m3s− 1. 
The mean annual sediment load is 900 (Mtyear− 1) (Sarker and Thorne, 
2006). Seasonal variation can be considerable based on the hydrograph; 
March − May is considered pre-monsoon, June − September is 
monsoon, October − November is post-monsoon, and December −
February is dry/winter.

Seasonal variations in discharge are a frequent feature of the reach, 
resulting in complex geomorphic structures, including primary and 
secondary channels, islands, bars, unvegetated banks, backwaters, and 
water depressions (Gani et al., 2022). Extensive in-channel geomorphic 
units (GUs) and high discharge and sediment loads make the study reach 
very hydrologically dynamic for sediment transport (NASA Earth Ob
servatory, 2019) and, thus, nitrogen transport.

2.2. Overall approach

The sampling stations were located strategically to capture the water 
and nutrient budgets of the entire system. The study reach does not have 
any significant tributaries, so samplings for the measurement of 
upstream-downstream transport of total nitrogen (TN) were carried out 
from an inflow (Baruria), a main outflow (Mawa) and a relatively small 
outflow (Arial Khan) (Fig. 1). These points ensured that all major 
pathways of water and nitrogen export were accounted for in the mass 
balance.

Monthly samplings for water quality were conducted in collabora
tion with the Bangladesh Water Development Board (BWDB) to align 
with their regular monitoring programmes for discharge measurements. 
Samplings for total dissolved nitrogen (TDN) and total suspended solids 
(TSS) were carried out from August 2019 to September 2020 at all three 
stations. Monthly water samples from Baruria (inflow) and Mawa (main 
outflow) were collected at 20 % and 80 % of channel depth, mainly from 
three sampling points across the river using a Binkley sampler. Addi
tional samples were collected from three sampling points across the river 
channel of Arial Khan. The downstream (Mawa) station is considered 
tidal for seven months of the year. So, more samples were collected 
during the tidal periods. Overall, 70 samples from Baruria, 107 from 
Mawa, and 13 from Arial Khan were collected for nitrogen concentration 
analysis over the 14 months of sampling. Additional field campaigns 
were conducted from March 2021 to August 2021 to assess the influence 
of extreme storm events and the relationship between discharge and 
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nitrogen concentrations. During that period, 12 samples were collected 
from Baruria, 11 from Mawa, and 3 from Arial Khan.

For PDR and nitrogen fixation rate (NFR), field campaigns were 
carried out during February 2020 (dry/winter season). Water samples 
were collected from 15 sampling points along the mid-river reach in 
triplicate, with separate samples taken for PDR and NFR. Immediately 
after collection, all samples were transported in an icebox to the 
research laboratory in the Department of Botany at Jagannath Univer
sity, Bangladesh. In addition, sediment sampling points for PDR and NFR 
were distributed across key geomorphic units (mid-channel bars, sec
ondary channels) identified in a prior geomorphic classification (Gani 
et al., 2022) to capture the spatial heterogeneity of biogeochemical 
activity within the river corridor as described by Gani et al. (2025).

After field samplings (i) TN (TDN+PN), (ii) PDR, and (iii) NFR were 
measured in the laboratory, and (iv) discharge (Q), (v) water retention, 
and (vi) flux calculations were done separately. Finally, (vii) retention 
calculation and partitioning and (viii) net N losses via gaseous phases 
were estimated. 

(i) Total nitrogen (TN)

Total nitrogen (TN) is the sum of TDN and PN. The measurements or 
estimation procedures for these were:

Total dissolved nitrogen (TDN)
For total dissolved nitrogen (TDN), water samples were filtered on 

site through Whatman GF/F filter paper and stored in high-density 
polyethene (HDPE) bottles in a cool ice box for transportation to the 

IHE Delft Institute for Water Education, The Netherlands, for analysis. In 
the laboratory of IHE Delft, TDN was measured by high-temperature 
combustion (680 ◦C) using a Shimadzu TOC-L analyser.

Particulate nitrogen (PN)
To determine the particulate nitrogen (PN), TSS data were used. A 

volume of 60 mL was passed through dry, pre-weighed Whatman GF/F 
glass fibre filters for TSS measurement. The filter was dried at 105 ◦C, 
reweighed, and TSS was calculated (APHA, 2005). According to Balak
rishna and Probst (2005), the carbon-to-nitrogen ratio of a large tropical 
river exhibited seasonal variation, mainly dependent on sediment fluxes 
during the monsoon and in-channel phytoplankton density during other 
seasons. In the present study, a comparatively higher TSS was observed 
during the monsoon, and higher phytoplankton densities were recorded 
in non-monsoon months (SF1 and SF2). Therefore, PN was calculated 
using the regression equations as modified by Balakrishna and Probst 
(2005). 

PC =

⎛

⎜
⎝

71.04
TSS mg

L

⎞

⎟
⎠+ 1.6068 

PC
PN

= 0.0354 × TSS mg L − 1+ 5.5041 

PC is the concentration of the particulate carbon, and PN is the 
concentration of the total particulate nitrogen (mg L− 1). 

(ii) Potential denitrification rate (PDR)

Fig. 1. a). Location of the study reach of the Padma River in Bangladesh. b) Enlarged view of the reach showing sampling stations of Baruria (inflow), Mawa 
(outflow) and Arial Khan (outflow). The red cross marks represent sampling points in the river for PDR (Potential denitrification rate) and NFR (Nitrogen fixation 
rate) estimation during the dry/winter season (Source: GeoDASH, Bing Satellite and Copernicus Open Access Hub (https://scihub.copernicus.eu/dhus/#/home, 
accessed on 25 January 2022).
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The potential denitrification rate (PDR) was measured by the acet
ylene inhibition method (Groffman et al., 1999). First, samples for PDR 
were processed in the research laboratory of the Department of Botany, 
Jagannath University, Dhaka. Here, water samples of 10, 25, and 50 mL 
were used for incubation. The gas samples were stored in evacuated 
exetainers with vacuum grease applied and then shipped to IHE Delft, 
Netherlands. In the laboratory of IHE Delft, gas samples for N2O were 
quantified by gas chromatography (Scion 456-GC) using an electron 
capture detector (ECD) at 250 ◦C. Finally, the PDR was calculated as mg 
N2O–N L− 1 h− 1. 

(iii) Nitrogen fixation rate (NFR)

The nitrogen fixation rate (NFR) was measured using the acetylene 
inhibition method (Grimm and Petrone, 1997), in which acetylene was 
introduced to a sample and reduced to ethylene by the nitrogenase 
enzyme. Water samples were placed in gas-tight flasks, and purified 
acetylene was added by bubbling it through 10 % acid (H2SO4) to 
protenate (and dissolve) any NH3 from the acetylene tank (98.5 % 
acetylene), which could affect microbial activity in the jar. After that, 
the flasks were placed on a rotary shaker at 125 rpm for 4 h of incu
bation. Gas accumulated in the flask was removed by hand inserting a 
syringe, then injected into evacuated gas vials (15 mL), which were 
sealed and stored for later analysis of ethylene. All vials were trans
ported to IHE Delft, the Netherlands. In the GC (Bruker GC-456), 
ethylene was quantified using a flame ionisation detector (FID) at 175 
◦C, with a runtime of 2.5 min. Finally, the NFR was calculated as mg N2 
L− 1 h− 1. 

(iv) Discharge (Q)

Monthly observed discharge data, along with flow velocity mea
surements from 2019 to 2021, were collected from the BWDB for the 
Baruria, Mawa, and Arial Khan stations. Three hourly water level data 
were also collected from the BWDB during that period. Daily mean 
rainfall data from 2019 to 2020 from the eight rainfall stations close to 
the study area were collected from the BWDB.

The outflow station at Mawa was tidal from November to May, ac
cording to BWDB. So, for measuring the daily discharge of this station, 
first, the monthly mean discharge of monsoon months (June to October) 
between Baruria and Mawa was compared, and regression analysis was 
used to estimate the discharge in Mawa during tidal months, calculated 
from the discharge in Baruria (Fig. 2). For each station using observed 

monthly discharge data, rating curves were produced, and 3 hourly 
discharges (Q) were calculated from water level (WL) data. 

(v) Water retention

Water retention was observed in the study reach throughout the 
study period, regardless of the season. Monthly outflow discharges were 
subtracted from the inflow discharges to calculate water retention as: 

Water retention
(
m3 month− 1) = Inflow Q

(
m3 month− 1)

− Outflow Q
(
m3 month− 1)

(vi) Flux calculations

To calculate the nitrogen flux from the inflow (Baruria) and the 
outflows (Mawa and Arial Khan), the relationship between discharge 
and nitrogen concentration (TDN and PN) was first estimated. The 
relationship between observed discharge and measured nitrogen con
centrations is presented in Fig. 3. Observed discharge and measured 
total dissolved nitrogen (TDN) showed no significant relationship for all 
the sampling stations (Baruria, Mawa and Arial Khan). Significant re
lationships were found between discharge and PN data for all stations 
(Fig. 3). So, linear regression equations were used for the PN concen
tration to estimate the three hourly PN values from the discharges, 
whereas, for TDN, only a mean value was used. Finally, three hourly 
discharges were multiplied by concentration values to obtain three 
hourly PN and TDN fluxes. From 3 h, first daily and then monthly fluxes 
were calculated. Finally, TN flux was obtained from PN and TDN, 
expressed in tonnes per month. 

(vii) Retention calculations and partitioning

Overall retention
The mass balance approach used discharge and nitrogen concentra

tion to calculate the difference between loads at the inflow and outflow 
points that define the study reach. In the nitrogen retention calculation, 
the lateral input due to anthropogenic activity – e.g., from wastewater 
input and runoff - was assumed to be trivial compared with upstream 
input to the study reach. Therefore, lateral inputs were ignored. The 
mass balance was calculated as: 

Fig. 2. Regression analysis between Q (discharges) of Baruria (inflow) and Mawa (outflow) during monsoon months (June-October), showing the determination of 
coefficient (R2= 0.95) and regression equation (y= − 2 × 10–6 × 2 + 0.9724x) that was used to derive the discharges during non-monsoon months in Mawa.
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Nitrogen retention
(
t month− 1) = Input (inflow)

(
t month− 1)

− Output (outf lows)
(
t month− 1)

Nitrogen loss due to water retention
To estimate the nitrogen loss due to water retention (NLWR) through 

the reach, water retention for every month was multiplied by the inflow 
TN concentration to quantify monthly N losses. So, N loss due to water 
retention (NLWR) was calculated as: 

NLWR
(
t month− 1) = Water retention

(
m3month− 1)

× Inflow TN Conc.
(
t m− 3)

Sedimentation
The difference in PN concentration from the inflow to outflows is 

attributed to sedimentation in the study reach. So, sedimentation of 
particulate N in the study reach was estimated by :   

(viii) Net N losses via gaseous phases

Upscaling of the measured PDR and NFR in the water column
Measured PDR and NFR in the water column were upscaled using the 

monthly observed flow velocity, discharges in outflows and estimated 
water travel time in the study reach. Only the amount of water in the 
outflows was considered for PDR and NFR up-scaling. A travel time 
factor was used to estimate water travel time from inflow to outflows, 
using the flow velocity and total distance (50 km) of the reach. Finally, 
the amount of water from each month was multiplied by the measured 
average PDR or NFR to obtain an estimate for the entire reach. So, the 
upscaling of PDR and NFR is: 

Fig. 3. Relationships between discharge (Q) and total dissolved nitrogen (TDN) and particulate nitrogen (PN). In case of PN, regressions were significant at least at p 
< 0.1 in the Baruria (inflow), Mawa (outflow 1), and Arial Khan (outflow 2) of the Padma River, Bangladesh.

N Sedimentation
(
t month− 1) =

[
Conc. of inflow PN

(
t m− 3)× inflow Q

(
m3 month− 1) − Conc. of outf lows PN

(
t m− 3)×Outflow Q

(
m3 month− 1)]
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PDR
(
t month− 1) =

[
(Outflow1 Q1+Outflow2 Q2)

(
L month− 1)]

× kt (d) × Mean PDR
(
t L− 1 d− 1)

NFR
(
t month− 1) =

[
(Q1+Q2)

(
L month− 1)]× kt (d)

× Mean NFR
(
t L− d− 1)

Q1 and Q2 are the discharges of outflow1 (Mawa) and outflow2 (Arial 
Khan), respectively. kt was the travel time factor derived from the 
monthly water velocities. Mean PDR and NFR were calculated from the 
measured PDR and NFR at different sampling points.

Estimation and upscaling of PDR in submerged GUs
To estimate PDR in submerged GUs, the submerged area of GUs was 

first calculated for each season using the surface area of GUs described in 
Gani et al. (2022) (ST1). After that, the mean PDR of each GU was 
calculated from the measured PDR in GUs during the dry/winter season 
(Gani et al., 2025) (SF3). Finally, the area of submerged GUs was 
multiplied by the mean PDR for each GU to obtain seasonal estimates, 
which were then converted to monthly estimates: 

3. Results

3.1. River hydrology

The highest discharge was found in July 2020 (Baruria: 2.67×1011 

m3 month− 1, Mawa: 2.35×1011 m3 month− 1 and Arial Khan: 5.46×109 

m3 month− 1) for all the sampling locations, and the lowest discharge 

was in March 2020 for Baruria (1.1.8 × 1010 m3 month− 1) and February 
2020 for Mawa (1.12 × 1010 m3 month− 1) and Arial Khan (3.9 × 108 m3 

month− 1) (Fig. 4). Water retention, i.e. the difference in discharge be
tween inflow and outflows, showed that during monsoon months, the 
retention was higher than in other months. The highest water retention 
occurred during September 2019 (3.17×1010 m3 month− 1), and the 
lowest in March 2020 (3.59×107 m3 month− 1) (Fig. 5). During the 
monsoon, river discharge is mostly driven by rains, and therefore closely 
related to precipitation patterns (SF4).

3.2. Nitrogen concentration and flux

Monthly average TN concentrations were higher in the inflow and 

outflows during the monsoon than in the other months. The TN con
centrations were consistently higher in the inflow (Baruria) than in the 
main outflow (Mawa). However, the TN concentration of the distribu
tary was the highest (Arial Khan) (Fig. 6). TN fluxes through Baruria, 
Mawa, and Arial Khan ranged from 6950 − 301,777, 6144 − 173,805 
and 214 − 5696 t month− 1, respectively (Fig. 7). Like the rainfall, 

Fig. 4. Monthly variation of calculated discharge in the study area of the Padma River, Bangladesh, from August 2019 to September 2020.

kt (d) =
reach distance (m)

Outflow1 weighted average velocity
(
m d− 1

)
+ Outflow2 weighted avearge velocity

(
m d− 1

)

PDR in Submerged GUs
(
t month− 1) = Area of submerged GUs

(
m2)× Mean measured PDR in GUs

(
t m− 2 month− 1)
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discharge and average TN concentration, the highest TN flux was esti
mated in the monsoon months. The highest value was found in July 
2020. However, the TN flux pattern during monsoon months differed in 
both outflows. In Mawa, the highest value was found in July 2020; in 
Arial Khan, the highest was found in August 2020; and the lowest was in 
June 2020. More TPN was transported through Mawa during July 2020 
and August 2020, and less during August 2019 and September 2019 
(Fig. 7). The two monsoon periods showed a distinct feature of nitrogen 
flux in Mawa, which is the main outflow of the river.

3.3. Measured retention through a mass balance

The monthly mass balance measurement showed that the maximum 
TN retention occurred in July 2020 (120,000 tmonth− 1). Retention 
occurred mainly during the monsoon season, except in September 2019, 
when the inflow flux exceeded the outflow fluxes. In post-monsoon 
2019, retention was comparatively lower, as more TN was transported 
through Mawa than through Baruria during October 2019. A similar 
scenario was found in dry/winter 2020 and pre-monsoon 2020, where 

more TN was transported through Mawa than Baruria, resulting in net 
TN export during those periods (January 2020, February 2020, April 
2020 and May 2020) (Fig. 8). From October 2019 to September 2020 
(hereafter annual) TN retention of the reach was 121,715 t which was 11 
% of the total inflow to the river. Seasonal variation showed that 
measured TN retention in the post-monsoon, dry/winter, pre-monsoon 
and monsoon seasons were 12,928 t (10.6 % of annual TN retention), 
1946 t (1.6 % of annual TN retention), 2493 t (2.1 % of annual TN 
retention) and 104,347 t (85.7 % of annual TN retention), respectively 
(ST2).

3.4. Estimated retention through retention processes

3.4.1. Variation of estimated nitrogen loss due to water retention (NLWR) 
and sedimentation

In the study area, TN was lost due to water retention (NLWR) to the 
floodplains and aquifers throughout the study period, but it was 
comparatively higher in monsoon months. The maximum TN transport 
as floodplain and aquifer loss occurred during July 2020 (30,135 T/ 

Fig. 5. Monthly variation of water retention in the study area of the Padma River, Bangladesh, from August 2019 to September 2020.

Fig. 6. Monthly variation of TN (TDN+TPN) concentration (mg L− 1) in the study area of the Padma River, Bangladesh.
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Fig. 7. Monthly variation of TN (total nitrogen) flux (t month− 1) in the Baruria (inflow), Mawa (outflow) and Arial Khan (outflow) of the study area of the Padma 
River, Bangladesh.

Fig. 8. Monthly variation of measured TN (total nitrogen) retention in the study reach of the Padma River during August 2019-September 2020.
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month). Some amount of N loss occurred during post-monsoon 2019 
(1889 − 7630 t month− 1) and pre-monsoon (103 − 1169 t month− 1), 
while in the dry/winter 2020, it was a minimum (21 − 617 t month− 1). 
TN losses also occurred due to sedimentation, and the highest was 
during the monsoon. Among monsoon months, the maximum sedi
mentation was found in July 2020 (7014 t month− 1) and the minimum 
was in June 2020 (2066 t month− 1), which was 5 times higher than the 
lowest value during non-monsoon (80 t month− 1) (Fig. 9). Estimated 
annual TN retention as NLWR was 92,289 t (77 % of total measured 
retention) and estimated annual TN retention via sedimentation was 
22,176 t (18 % of total measured retention) (ST2).

3.4.2. Variation of estimated potential denitrification rate (PDR) in the 
water column and submerged GUs and nitrogen fixation rate (NFR)

Most of the nitrogen loss by denitrification (PDR) in the water col
umn and submerged GUs occurred during the monsoon months, while 
nitrogen was added through nitrogen fixation (NFR) at the same time. 
PDR in submerged GUs was higher than in the water column during non- 
monsoon months. The highest PDR and NFR values in the water column 
were found in July 2020 (PDR: 542 t month− 1, NFR: 7.34 t month− 1), 
and the lowest values were in March 2020 (PDR: 27 t month− 1, NFR: 
0.36 t month− 1) during monsoon months. In non-monsoon months, the 
values were higher in October 2019 (PDR: 213 t month− 1, NFR: 2.89 t 
month− 1) (Fig. 10). Estimated annual PDR in submerged GUs was 2795 t 
(2.3 % of total measured retention) and estimated annual water column 
PDR was 2152 t (1.8 % of total measured retention) (ST2).

3.5. Comparison between measured and estimated retention

The sum of estimated annual retention was 119,412 t, which is 98 % 
of the measured value. Estimated TN retention in the post-monsoon, 
dry/winter, pre-monsoon, and monsoon seasons was 12,500 t, 2380 t, 

2904 t, and 101,629 t, respectively, which corresponds to 97 %, 122 %, 
116 %, and 97 % of the measured retention in those seasons, respec
tively (Fig. 11 and ST2).

A comparison of measured retention and the sum of estimated 
retention processes is shown in Fig. 12. During the monsoon months, 
measured retention was higher than estimated retention, whereas dur
ing non-monsoon months, except for October 2019, measured retention 
was lower than estimated retention (Fig. 12). The monthly estimated 
retention through NLWR, sedimentation, and PDR showed the same 
pattern as measured retention. Comparatively, the percentage of NLWR 
was higher during the monsoon months. In case of sedimentation, the 
highest percentage was found in March 2020, and the lowest was in 
February 2020. The percentage of PDR both in the water column and 
submerged GUs showed a higher value in non-monsoon months 
(Fig. 13). Fig. 13 also shows that the difference between the measured 
and estimated retention was negative during non-monsoon periods.

4. Discussion

To our knowledge, this is the first study that has looked at monthly 
time steps for nitrogen retention in a monsoon-dominated large tropical 
river. Studies in temperate rivers have, however, shown monthly vari
ation in nitrogen retention (de Klein and Koelmans, 2011; Natho et al., 
2013). Considering the mean width of the reach, the measured annual 
mean TN retention during the present study was 556 mg m− 2 d− 1, which 
can be comparable to the large lowland Elbe River, where the estimated 
annual mean retention was 408 mg m− 2 d− 1 (Ritz and Fischer, 2019). All 
nitrogen retention processes were influenced by discharge, which varied 
significantly across seasons. Moreover, in all seasons, the studied reach 
was found to be losing water, as downstream discharge was less than 
upstream discharge. The annual retention of the Padma River (repre
senting 11 % of the total input to the river) was similar to that reported 

Fig. 9. Monthly variation of estimated a) NLWR (N loss due to water retention) and b) sedimentation in the study reach of Padma River during August 2019- 
September 2020.
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Fig. 10. Monthly variation of estimated PDR (potential denitrification rate)in a) water column, b) submerged GUs, and c) NFR (nitrogen fixation rate) in the study 
area of Padma River, Bangladesh.

Fig. 11. Monthly variation of estimated TN (total nitrogen) retention in the study reach of Padma River during August 2019-September 2020.
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in other studies (Coupe et al., 2013; Loken et al., 2018). However, the 
present study showed that about 86 % of the retention estimated in the 
Padma River occurs during monsoon months (ST2). Several factors were 
apparently involved in regulating TN retention in the studied reach.

4.1. Role of discharge as an influencing factor of TN retention

In the Padma River, strong seasonal differences in precipitation and 
river discharge were observed, which is similar to other large rivers, 
where discharge is a major regulatory factor for nitrogen transport 
(Wang et al., 2020; Pan et al., 2020; Krishna et al., 2016).

In the river, water discharge of primary and secondary channels, 
which increased with the water flux, was significantly associated with 
estimated TN retention. However, the data showed three scenarios of 
non-monsoon, monsoon 2019 and monsoon 2020 (Fig. 14). The sce
narios were observed mainly due to the variation of monsoon discharge 
events, which varied from 2019 to 2020 (Fig. 4). In 2020, flooding 
started unusually late in June and recorded the highest discharge and 
second longest residence time since 1989 and 1998, respectively (OCHA, 
2023). The maximum TN retention was found during the flood peak in 

July 2020. In contrast, in 2019, the highest peak was observed in 
September. Due to a lack of data (June and July 2019), it was not 
possible to show how flooding influenced retention throughout the 
whole monsoon of 2019.

The increase in discharge is because of higher surface runoff, higher 
nitrogen concentrations, and increased river nitrogen load. The positive 
difference in TN concentration from inflow to outflows in the Padma 
River showed more TN flux in monsoon 2020 than in monsoon 2019. 
Different monthly estimates of the nitrogen flux also occurred due to 
higher inflow concentrations relative to the main outflow, which was 
influenced by discharge. Owing to this phenomenon, the average 
retention estimate fluctuated widely across monsoon periods (Fig. 15). 
In the present study, the estimated PN concentration was based on its 
relationship with discharge, which also influenced TN concentrations, 
resulting in increased retention during monsoon months.

4.2. Role of submerged GUs and water column denitrification in TN 
retention

Net PDR in the water column and PDR in submerged GUs were 

Fig. 12. A comparison between measured TN (total nitrogen) retention (through mass balance calculation) and estimated TN retention (through different retention 
processes) in the Padma River, Bangladesh.

Fig. 13. Monthly comparison of NLWR (nitrogen loss due to water retention), sedimentation, and Net PDR (potential denitrification rate) in the water column, PDR 
in submerged GUs and MR-ER (MR= measured retention and ER= estimated retention) at the study area of Padma River, Bangladesh (Net PDR = PDR-NFR).
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influenced by the total discharge flowing from the reach in each season. 
TN retention via net PDR in the water column was a rate per water 
volume, so the retention value increased or decreased as volume 
increased or decreased. TN retention via PDR in submerged GUs was 
measured per area of submerged GUs, so retention increased or 
decreased as the area (and type) of submerged GUs increased or 
decreased. The area changed as discharge fluctuated.

In the study reach, PDR in submerged GUs appears to be much more 
important than the water column PDR (2795 t year− 1 vs. 2152 t year− 1, 
respectively). Annually, denitrification associated with GUs increases 

from 2795 to 3197 due to the inundation of geomorphic units exposed 
during the post-monsoon, dry/winter, and pre-monsoon seasons (Gani 
et al., 2025). PDR in the water column and in GUs were most significant 
to total N retention in the pre-monsoon and dry/winter seasons, ac
counting for 28 % and 31 % of total N retention, respectively. During the 
monsoon and post-monsoon seasons, PDR in the water column and in 
GUs accounted for only 2 % and 7 % of total N retention, respectively. 
PDR estimates in submerged GUs were strongly dependent on the 
assumed depth of hyporheic exchange, which was set at 10 cm in the 
present study. Other studies have shown exchange up to 1 m (Fischer 

Fig. 14. Regression analysis (y = 2 × 10− 7x - 1666; R2= 0.87) between water flux and nitrogen retention in the Padma River, Bangladesh, showing three scenarios 
represented by the ovals(non-monsoon, monsoon 2019 and monsoon 2020). Water flux was calculated based on the allocation of inflow discharge to the surface area 
of primary and secondary channels (C & S).

Fig. 15. Mean TN (total nitrogen) concentrations in the Baruria (inflow) and Mawa (outflow) during monsoon 2019 and 2020. Avg. Q (average discharge) from 
inflow and outflow stations during this period is also depicted in this figure.
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et al., 2005; Bartoli et al., 2021).

4.3. Role of water retention in TN retention and retention processes

During the present study, NLWR and sedimentation were estimated 
to contribute a significant portion to TN retention, which occurred due 
to water retention. Estimated TN retention values for NLWR and sedi
mentation were influenced by the water retention seasonally in the 
reach. Differences in downstream versus upstream discharge deter
mined the amount of water retention, which included the retention of 
100 % of TN in the retained water (NLWR). Suspended sediment con
centrations (and associated PN) were estimated as a function of 
discharge. Suspended sediment concentrations decreased downstream, 
and the difference in suspended sediment loads was equated to sedi
mentation, with associated PN retained. Comparatively higher TN 
retention was observed in September 2019 and July 2020, due to higher 
water retention, which influenced NLWR and sedimentation. Unex
pectedly, after January 2019, more water retention was observed in 
February 2020, which enhanced NLWR and sedimentation. However, 
this appeared mainly due to direct or indirect groundwater recharge 
during the dry season induced by intensive groundwater abstraction for 
irrigation (Nowreen et al., 2020). Another factor might be dredging 
activities during that time, i.e., sediment removal via water, which led to 
high NLWR and sedimentation. In addition, during non-monsoon pe
riods, as a percentage, denitrification was comparatively higher in the 
water column, likely due to lower flow velocity (1.65 times lower than 
during monsoon), resulting in nitrogen loss.

4.4. Processes that are responsible for the difference between measured 
and estimated retention

Measured and estimated N retention were within 2 % of each other 
overall, but differences were higher in the individual seasons. Measured 
values were higher than estimated in the monsoon and post-monsoon 
seasons, while measured values were less than estimated in the pre- 
monsoon and dry/winter seasons. The differences are minor and may 
fall within the range of uncertainty in measurements and estimations, 
but other explanations are also possible. During the monsoon, the sur
plus of measured retention suggested that other retention processes 
might be responsible for the difference, which was not addressed in the 
present research. For example, gaseous nitrogen loss to the atmosphere 
through processes other than denitrification during the monsoon can be 
the cause, which was not considered during the retention process 
estimation.

Variation in GUs and fertilisation for cropping can explain the sur
plus in the estimated value during the pre-monsoon and dry/winter 
seasons. Fertiliser application in the GUs for high crop yield began 
during or after the post-monsoon. The nitrogen status of the study area 
was categorised by the Bangladesh Agricultural Research Council as 
very low and low, where the expected maximum yield ranged from 
25–75 % without fertiliser. Fertiliser is applied between November and 
March to increase the crop yield (Ahmmed et al., 2018). As the surface 
area of terrestrial GUs increased from post-monsoon to the winter/dry 
season (Gani et al., 2022), an increase in fertiliser application might be 
expected to increase PDR and be higher in the dry/winter season. 
However, the submerged surface area was higher in the pre-monsoon 
than in the dry/winter season (ST1). As the inundation began, the 
stored nitrogen in the soil was released due to increased water volume 
and readily available nitrate for denitrification. So, a higher PDR was 
observed in March 2020.

4.5. Limitations and scope for future research

The present study is based primarily on a single hydrological year, 
supplemented by additional sampling during extreme events such as 
cyclones and flooding. Due to the strong monsoon-driven variability of 

the Padma River, nitrogen retention processes may differ substantially 
from year to year depending on flood magnitude, frequency and resi
dence time. Interannual climate anomalies, e.g. late-onset monsoons as 
found in 2020, can significantly shift nitrogen dynamics. So, estimating 
the annual TN budget without measuring all forms of nitrogen and ac
counting for several years of data was challenging, given the high 
monthly variation in TN flux from inflow to outflow. Frequent changes 
in channel geomorphology additionally contributed to this difficulty. 
These factors alter the nitrogen transport scenario from season to season, 
so slight temporal scale variation can influence long-term predictions. 
Thus, while monthly patterns are robust, long-term trends cannot be 
inferred without multi-year datasets.

In addition, the PDR and NFR measurements were obtained from a 
single campaign (the dry season). Upscaling these rates to other seasons, 
while based on hydrology, does not account for potential seasonal 
changes in microbial community or activity. The PDR estimate for 
submerged GUs is highly sensitive to the assumed depth of hyporheic 
exchange (10 cm in this study), which other studies suggest could be 
deeper. The slight but systematic differences between measured and 
estimated retention suggest other processes, such as benthic denitrifi
cation in the river channel, nitrification, and alternative gaseous losses, 
may be at play, particularly during the monsoon, which was not 
accounted for in the present study.

The Padma River is highly dynamic, with high water discharge, 
extreme seasonality, and extensive floodplain connectivity, character
istics that are not representative of all tropical rivers. Therefore, 
although our process-level insights are broadly relevant, exact retention 
magnitudes should not be extrapolated to other systems without ac
counting for hydrological and geomorphic differences.

Beyond these limitations, the current research can explain various 
retention processes, including NLWR, sedimentation, and PDR in the 
water column, as well as submerged GUs, on monthly basis. The con
tributions of these processes to TN retention were highly variable and 
can impact nitrogen budget estimation. Moreover, flooding events and 
altered geomorphic complexity can affect year-to-year retention calcu
lations. Therefore, these facts should be taken into consideration when 
estimating nitrogen budgets in tropical floodplain rivers.

5. Conclusion

The nitrogen retention dynamics of large tropical floodplain rivers 
are complex and shaped by a combination of hydrological, biogeo
chemical, and ecological processes. The present study shows that ni
trogen retention in the Padma River is highly seasonal and mainly 
governed by river discharge, with the monsoon accounting for over 85 % 
of the annual total retention. In other seasons, retention is lower due to 
lower water retention. Retention as NLWR and sedimentation were the 
main retention processes in the river; however, during non-monsoon 
periods, a comparatively significant amount of nitrogen was lost 
through denitrification. Denitrification, particularly in submerged 
geomorphic units, becomes relatively more important in dry seasons. 
Although discharge is the main controlling factor, flooding events can 
alter the retention mechanism on an interannual basis. In addition, the 
concentration of nitrogen in particulate and dissolved forms can regu
late overall nitrogen retention. To sum up, it is recommended to increase 
our efforts in comprehensive long-term monitoring and innovative 
modelling to accurately forecast how nitrogen cycling in tropical 
floodplain rivers will adapt to environmental changes. This is especially 
crucial to ensure the sustainability of river basins as we face the chal
lenges posed by climate change and increased land-use activities.
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Potential impact of changes in river nutrient supply on global ocean 
biogeochemistry. Global. Biogeochem. Cycles. 21 (4), 1–15. https://doi.org/ 
10.1029/2006GB002718.

Coupe, R.H., Goolsby, D.A., Battaglin, W.A., Böhlke, J.K., McMahon, P.B., Kendall, C., 
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