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Abstract

Nitrification is a vital biogeochemical process during which ammonium (NH4+) is oxidized to nitrite (NO, ") and nitrate
(NO;7) using oxygen. Nitrification is particularly important in estuaries, where nitrification rates have significant implica-
tions for ecosystem functioning. Our study investigated seasonal and spatial variations of nitrification rates in both water
and sediment phases of mangrove ecosystems in the Indian Sundarbans, integrating the three major estuaries (Saptamukhi,
Thakuran, and Matla). We used on board incubation to measure nitrifying activity [i.e., ammonium oxidation rate (Ra) and
nitrite oxidation rate (Rn)] in the water column. We found that average Ra and Rn rates were similar, ranging from 31.1 to
31.8 nmol N L™ h™!, respectively. Water column nitrification rates showed an inverse relationship with salinity (r=—0.51,
p <0.001), while substrate concentrations of ammonium had a direct impact on nitrification rates. Annual dissolved inor-
ganic nitrogen (DIN) concentrations were 11.7 +7.65 uM, with an average nitrate (NO5;™) concentration of 4.5-16.3 uM
and average ammonium (NH,*) concentrations from 2.1 to 5 uM. Suspended particulate matter and chlorophyll showed
positive (r=0.38, p=0.009) and negative (r=—0.31, p=0.034) correlations, respectively, with water column nitrification
rates. For water, both Ra and Rn occurred at similar rates in our study area. In sediment, nitrifying activity (SEDn) rates
ranged from 0.34 to 8.69 nmol N g wet wt~! h™!. SEDn showed positive and negative correlations with sediment temperature
(temp) and pH, respectively. Based on our observations, the average water column nitrification potential ranged from 43 to
420 nmol N L™ h™! considering three estuaries, while the sediment nitrification potential estimated at Saptamukhi estuary
showed a value of 69 nmol N g wet wt ™' h™".
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Introduction

Mangrove ecosystems situated in semi-enclosed water bod-
ies, where seawater is diluted by freshwater due to their
location in an intermediate position between land and sea
(Bianchi 2007). These ecosystems cover almost 1% of the
world’s surface area (Singh et al. 2012).The major biogeo-
chemical functions of mangrove ecosystems include pri-
mary production, nutrient cycling, organic matter dynamics
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(Alongi et al. 1992; Kristensen et al. 2008). The Sundar-
bans is one of the largest mangroves in both the ecologi-
cal and economic perspectives and the pristine ecosystem
was declared as a Ramsar site (Rahaman et al. 2013). They
are dynamic systems that are very important and receive
significant load of bio-available nitrogen (N) and car-
bon (C) through outwelling and runoff (Mukherjee et al.
2020).The Sundarbans estuarine system (SES) plays an
important role in nutrient cycling. Nitrogen availability is
particularly important for maintaining the productivity of
the system (Dham et al. 2002; Majumder et al. 2011) and
actively regulates the structure and functioning of both ter-
restrial and aquatic ecosystems (Elser et al. 2007; Chapin
et al. 2011). Nitrogen fluxes in mangrove ecosystems are
partitioned among the atmosphere, terrestrial, benthic, and
aquatic compartments. Atmospheric deposition of both wet,
dry riverine and oceanic supply along with the di-nitrogen
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fixation, which may be balanced later by losses through den-
itrification/anammox, export, and burial (Wang et al. 2019;
Blackburn et al. 1996; Voss et al. 2013).

Total P (77%) and N (95%) of the nutrients in mangrove
forests is stored in sediments. The degradation and reminer-
alization of litter fall contribute to nitrogen concentrations
in mangrove sediments (Ramos e Silva et al. 2007; Ray et al.
2014). These factors may result in recycling of nitrogen,
which can be released to overlying estuarine waters by dif-
fusion, bioturbation, or sediment resuspension (Xing et al.
2018). Several studies indicate that the remineralization of
nitrogen, mediated by microbes, play an important role in
supporting primary production in phytoplankton-dominated
estuarine systems (Nixon 1981; Bebout et al. 1994; Herbert
1999). Therefore, in our estuarine system, understanding
nitrogen fluxes, transformations, and removal mechanisms
is crucial.

Biological nitrogen fixation (BNF) in the mangrove roots
and microbial mats attached to the mangrove reduces atmos-
pheric N, to ammonia (NH;), which is one of the main ways
that nitrogen is entered by some microorganisms (named
diazotrophs) (Reis et al. 2017). Therefore, mangroves fix
atmospheric nitrogen through nitrogen fixation (Alongi
2002, 2009). Benthic microbes play an essential role in
estuarine nitrogen transformation, as the availability of
N in mangrove ecosystems depends, in part, on complex
patterns of bacterial activity within sediments. Within the
oxic sediment layer, nitrifying bacteria carry out nitrifica-
tion, converting ammonium (NH,") to nitrite (NO,”) and
nitrate (NO;7). In anoxic layers, denitrifying bacteria con-
vert NO;™ or NO,™ into gaseous N,O and N,. The combina-
tion of these microbe-mediated processes may help miti-
gate land-derived N loading in coastal waters (Jensen 1996;
Seitzinger et al. 2000).

A recent study in the Indian Sundarbans mangrove eco-
system (Ray et al. 2014) indicates that this ecosystem acts
as a sink for atmospheric N, via biosphere—atmosphere
exchange (Biswas et al. 2005; Ganguly et al. 2009) and may
retain some N, which can be recycled within the system. No
such detailed study of N cycling has included all three estu-
aries of the mangrove-dominated Indian Sundarbans. Most
studies were focused on carbon biogeochemistry (Dutta et al.
2019), and no clear reports describe the interrelationship
between nitrification and other environmental parameters.
Therefore, our present study conducted temporal and spa-
tial research on dissolved N pools for water and sediment
and measured nitrification rates for both water and subtidal
bottom sediments in all three of these important estuaries
(Saptamukhi, Thakuran, and Matla).

Nitrification process is complicated and very sensitive to
several biogeochemical factors of the environment (tempera-
ture, salinity, dissolved oxygen (DO), pH, chlorophyll, and
nutrients) (Miranda et al. 2008), which are less studied for
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our system. To understand the effects of these factors over
the regional scale on the Sundarbans mangrove ecosystem
in the sediment and water column, we conducted a compre-
hensive study of the spatiotemporal variation of nitrification
rates, which has a significant impact on the microbiologi-
cal process of nitrification, i.e., one of the objectives of the
study. Short-term incubation of both water and subtidal bot-
tom sediments were used for measuring nitrifying activity.
It is envisaged that subtidal sediment in the mangroves is
deposited as a major part of organic material carried by the
flowing estuaries, and being compact by nature, it could act
as an intense zone for microbial activities such as nitrifica-
tion in comparison with the aquatic part. We hypothesized
that the nitrification rates of the water column and sediments
are interlinked. For this, we have taken some considerations
here: denitrification rates in mangrove habitats are consid-
ered to be negligible part of the nitrogen budget (Rivera-
Monroy et al. 1995; Kristensen et al. 1998). Another thing
is that no other process is participating in these experiments.
To test the hypothesis, our study enumerates the following
objectives: (1) to measure the nitrification rates of surface
water and sediments in the subtidal bottom zone at the same
point; and (2) to measure the influence of physicochemical
parameters and nutrient concentration on the nitrification
rates of both water and sediment in the Indian Sundarbans
mangrove system.

Materials and methods
Study area

The study area focused on mangrove-dominated areas in
the central part of the Sundarbans estuarine system (SES),
West Bengal, India. The shallow and dynamic SES (~6 m
depth) is India’s largest monsoonal, mesotidal [3.5-4 m,
Chatterjee et al. (2013)] delta-front estuarine system,
with a total surface area over 10,200 km? (Acharya et al.
2022b), of which 2106 km? is located in India (FSI 2015)
and encompassing 1800 km? of estuarine water surface
area, drained into the Bay of Bengal. The area receives
considerable rainfall from cyclones in premonsoon
(March—June) and postmonsoon (December—February)
months. Inner estuaries in the SES are influenced by
semidiurnal tides at their mouths and receive freshwater
from local runoff, most of which comes from monsoon
rainfall [1500-2500 mm per year (Attri and Tyagi 2010)]
and flooding from upstream parts of the Ganga during the
monsoon. The dense mangrove cover contributes to heavy
litter fall and is likely a major source of N of these estuar-
ies (Ray et al. 2011). The present study included intertidal
flats and mangrove-adjacent waters of three inner estuar-
ies: Saptamukhi, Thakuran, and Matla (21.70-22.00° N,
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88.30-88.72° E). A complex network of west—east flow-
ing channels and “khals” (cuts) interconnects these
north—south flowing estuaries. Among the three estuaries,
the Saptamukhi estuary flows from Sultanpur to the Bay
of Bengal and carries agricultural runoff. The Thakuran
estuary, which originates near Jaynagar, is full of creeks
and channels, and has interconnected khals to the Sapta-
mukhi estuary. Bonnie Camp and Kalash islands are core
parts of the Matla estuary.

Field sampling occurred in 2018-2020, covering the
premonsoon (March through May), monsoon (July through
October), and postmonsoon (November through February)
seasons (Fig. 1). A total of 9 cruises were conducted for
the Saptamukhi, and 12 for both the Thakuran and Matla.
Surface water samples and subtidal sediment samples were
collected from all three estuaries (Fig. 1S1-S30). Nitrifica-
tion rates [both aquatic and sedimentary (Fig. 1S28, S21 and
S15)] were measured on board.

Collection of water and sediment samples

Water samples (just below the surface at~0.5 m) and
estuarine bed sediment or subtidal bottom sediment
(SS) samples were collected using Niskin water sam-
pler (capacity 5 L, Ocean Test Equipment, USA) as well
as a ponar grab sampler (with a bite area of 0.024 m?),

21.5°N -

respectively (Fig. 1: S1-S30), using a mechanized boat
from 2018-2020 study period.

On board measurements of water and sediment samples

Water temperature (W) and pH were collected in 60-mL
polypropylene bottles and measured on board using a Ross
combination electrode pH meter that was equipped with
a temperature sensor (Orion Star A211) within 30 min of
collecting the samples. The coefficient of variation (CV)
ranged from 1% to 4% for both temperature and pH. Two
glass bottles (125 mL) were filled from the Niskin bottle,
without any air bubble using Tygon tubing, to measure DO
on board by Winkler’s method with a CV of 1%. ~1000 mL
of water from the Niskin bottle was filtered (0.7 um, GF/F
filter paper) using a hand-operated vacuum pump (Tarsons
Products Ltd.) soon after collection (Bardhan et al. 2015).
The residue was preserved in petri plates (Tarsons) for meas-
uring suspended particulate matter (SPM) in laboratory and
the filtrate was collected in four acid-cleaned HDPE bottles
(~250 mL) and immediately stored in an icebox for trans-
portation to the laboratory. Sediment samples were collected
by gently removing the sediment-filled grab and collected
in a container before that on board measurements included
redox potential (E,), temperature, and pH by lowering elec-
trodes into the sediment section (Ray et al. 2014; Ghosh and
Bhadury 2018). The coefficient of variation (CV) for E,
temperature (temp), and pH was 1.22%, 0.13%, and 0.05%,

\
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Fig. 1 Map of the study area from 2018 to 2020

88.6°E 88.8°E 89°E

@ Springer



56 Page4of16

S. Bakshi et al.

respectively. The duplicate collected sediment columns were
collected in air-sealed containers and stored in the icebox
for analysis of the rest of the parameters to the laboratory.

Measurement of nitrification for both water and sediment

The incubation experiment was carried out on board for
nitrification rate measurement immediate after taking a
representative sample from each estuary (S28, Saptamukhi;
S21,Thakuran; S15, Matla). For the incubation experiment,
the samples were collected in January, February, March,
June, July, August, November, and December. The rate of
nitrification was measured in both water and sediment sam-
ples using two methods—inhibition of NH,*oxidation using
N-Serve (Miranda et al. 2008), and inhibition of nitrite oxi-
dation with sodium chlorate (Dai et al. 2008).

For the water nitrification incubation experiment, water
samples were collected using a Niskin sampler. Thereafter,
four sets of duplicate 250-mL amber-colored glass bottles
(eight bottles) were filled from the sampler. The first set
(means two bottles) (control) was left unamended, while
among the other two sets (means four bottles), one set was
treated with N-Serve (5 mg L7, final concentration) and the
other set was treated with sodium chlorate (10 mg L™, final
concentration), all of which were added separately, and the
last set (remaining two bottles among eight) was amended
with N-Serve and excess nitrite (at 10 umol L") for meas-
urement of potential nitrification. All bottles were incubated
in the dark for 6-8 h, and from each bottle at 2-h intervals
we withdrawn subsamples of 10 mL. Subsamples were pre-
served for nitrite analysis.

For the sediment nitrification incubation experiment, the
same protocol was followed with three sets of 5 g of SS
added to each bottle and filled with 250 mL of filtered sea-
water. The same procedures were followed for sediments as
for the water column where three sets (six bottles) of 250 mL
filtered bottom water with 5 g of subtidal sediments from the
same place were incubated. The first set was left unamended
as a control, while among the other two sets, one set was
treated with N-Serve (S5mg L=, final concentration) and the
last set was amended with N-Serve and excess nitrite (at
10 umol L™1) for measurement of potential nitrification. All
bottles were incubated in the dark for 6-8 h, and from each
bottle at 2-h intervals we withdrawn subsamples of 10 mL.
Subsamples were preserved for nitrite analysis. In all cases,
loss of nitrite were taken as a measure of nitrification.

Laboratory measurement for water and sediment
Salinity was measured at laboratory using the Mohr-Knud-
sen argentometric method (Grasshoff et al. 1999) with

a CV of 2%. For chlorophyll a (chl-a) analysis, 1000-mL
HDPE dark bottles were used to collect samples, which
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were immediately filtered using 0.45 um GF/C filter papers.
The residue on the filter paper was stored in Cryochill vials
and transported back to the laboratory in a liquid nitrogen
can for further spectrophotometric analysis (Strickland and
Parsons 1968), which exhibited a CV of 1%. After filtra-
tion the samples were brought to the laboratory in an ice
box for measurements of dissolved inorganic N species
(NO;™~ and NH,*). The laboratory measurements were done
using standard spectrophotometric techniques followed by
Grasshoff et al. (1999). The error in measurements for both
NO,~ and NH,*, measured against standard concentrations,
were 2.2% and 1.1%, respectively.

After bringing samples to the laboratory, sediment poros-
ity, salinity, and chlorophyll a (Sedchl-a) were analyzed in
the laboratory (Ray et al. 2014; Ghosh and Bhadury 2018).
The coefficient of variation (CV) for porosity, salinity, and
Sedchl-a had a CV of 0.3%, 0.12%, and 0.5%, respectively.
Nitrite (NO, —N), Nitrate (NO;™—N), and ammonia—nitro-
gen (NH,*-N) concentrations of sediment were measured
up to 5 cm from the surface. For sediment nutrients analy-
sis, 30 g of wet sediments were extracted in 75 mL of 2 M
potassium chloride solution and shaken in a micro shaker
(Spinix-vortex shaker, Tarsons, cat. 3020) until well mixed.
The slurries were allowed to stand overnight, then NO, —N,
NO;™-N, and NH,"-N parameters were measured using
spectrophotometric methods (Riley and Vitousek 1995;
Grasshoff et al. 1999; APHA 1995). The mean relative error
in measurements of NO, —N, NO; N, and NH4+—N, meas-
ured against the standard concentrations, were 0.7%, 0.4%,
and 0.4%, respectively.

Statistical analysis

Minitab v. 18 was used to perform statistical analyses on the
studied variables. A two-way analysis of variance (ANOVA)
was implemented to assess inter-estuarine and seasonal vari-
ation of nitrification rates with water column and sediment
N concentrations. Spearman correlation and regression
were performed on the parameters to understand the rela-
tionships among nitrification rates, the nutrients, and the
physicochemical parameters (Acharya et al. 2022b). vari-
ance inflation factor (VIF) for multiregression collinearity
was also measured.

Results
Physicochemical characteristics of the environment

Water column

The distribution of some of the physicochemical param-
eters covering seasonal variation in the tropical estuaries
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Table 1 Seasonal variation (premonsoon, PRM; monsoon, MON;
postmonsoon, POM) of the average physicochemical parameters, i.e.,
water temperature (W), salinity, pH, dissolved oxygen (DO), sus-

pended particulate matter (SPM), and chlorophyll (chl-a) of the three
estuaries (mean + SD, n=60)

Study period Location Wy (°C) Salinity pH DO (mg L™ SPM (mg L") Chl-a (ug L")
PRM Saptamukhi 304+1.5 29.0+0.86 7.92+0.30 6.45+0.66 138.9+6.10 3.80+0.13
Thakuran 29.8+0.96 30.2+0.59 7.86+0.27 6.72+0.58 109.7 +4.04 3.60+1.40
Matla 31.2+1.60 31.1+£0.59 7.83+0.22 6.47+0.54 115.0+5.54 3.70+2.00
MON Saptamukhi 28.5+0.68 18.6+1.30 8.06+0.07 6.23+0.46 256.9+39.0 2.80+1.09
Thakuran 28.9+1.10 16.6+1.40 7.97+0.18 6.39+0.23 161.4+26.0 2.30+0.88
Matla 29.2+1.10 179+2.14 7.96+0.19 6.52+0.55 189.9+40.0 2.20+0.42
POM Saptamukhi 21.3+1.90 25.0+0.80 8.03+0.28 6.66+0.80 50.40+6.36 4.60+0.99
Thakuran 22.8+1.30 24.0+0.95 8.12+0.38 6.94+0.78 62.00+4.00 4.50+0.91
Matla 22.5+1.40 22.9+0.20 7.75+0.46 7.05+0.78 55.70+10.0 4.20+0.71

of the Indian Sundarbans is presented in Table 1. For
the period of our study, surface water temperature (W)
showed lowest during postmonsoon (mean, 22.5 + 1.5 °C)
and highest during premonsoon (mean,29.8 + 1.4 °C),
which was followed by monsoon temperature
(mean, 28.9 + 0.8 °C). Salinity was lowest during mon-
soon (mean, 17.7 +4.5), highest during (mean, 30+ 1.8),
and intermediate during postmonsoon (mean, 24.2 +2.2).
The average pH varied from 7.8 +2.9 during the mon-
soon to 8.2 +0.05 in the premonsoon, with an intermediate
value observed for the post-monsoon (8.1 +3.0). The sea-
sonal variation of DO was comparatively low, where the
monsoon had the lowest value (mean, 6.42 +0.5 mg L_l)
and the postmonsoon was the highest value (mean,
7.06 +0.8 mg L~!). However, suspended particulate
matter (SPM) load annually varied widely from 23.3 to
740 mg L~ and, unlike the other parameters, recorded its
highest levels during the monsoon (226 +37 mg L™!) and
its lowest levels during postmonsoon (56.6 + 14 mg L™1),
with intermediate values during premonsoon (118 + 11 mg
L~"). Annually, the average chl-a was recorded at its lowest

Table2 Summary of seasonal variation (premonsoon,PRM; mon-
soon, MON; postmonsoon,POM) of the average physicochemical
parameters such as redox potential (E}), porosity, temperature (tem-

during the monsoon (2.50 +0.5 ug L™!) and at its highest
during postmonsoon (4.26 +0.88 ug L™!). SPM showed
significant inter-estuarine and seasonal variation (p < 0.01
to p=0.000).

Sediment characteristics

The physicochemical parameters of the bottom sedi-
ment have been summarized (Table 2), where E, var-
ied between —1.5 to —174 mV with an average of
—66 mV (Table 2: —8.77+ 1.5 to — 94.6+10.4) . The poros-
ity of subtidal bottom sediment ranged from 0.49 to 0.76,
with higher values during the premonsoon period, except
for the Thakuran estuary (monsoon: 0.69). The average
annual temperature of sediment varied from 21.4 +0.56°C
t0 29.2+1.76 °C and reached a maximum during the mon-
soon. The pore water salinity varied from 22.5+0.00 to
33.5+1.53, showing the highest values during the pre-
monsoon period. Sediment pH in the mangrove environ-
ment varied over a range of 6.59+0.01 to 7.61 +0.21.
The concentration of Sedchl-a varied from 1.30+0.01 to

perature), salinity, pH, sediment chlorophyll (Sedchl-a) of the subtidal
bottom sediment area in the Indian Sundarbans [mean + standard
deviation (SD), n =48]

Location (subtidal Study period  E, (mV) Porosity Temperature (°C) Salinity pH Sedchl-a (ug g™")

bottom sediment)

Saptamukhi PRM —-63.2+104  0.76+0.04  21.8+0.32 26.7+1.51 743+031 1.30+0.01
MON —-355+0.00 0.49+0.02  29.0+0.00 23.0+£0.00 7.41+£0.10 2.00+0.05
POM -94.6+104  0.65+0.04  22.0+0.68 2524197  7.61+£021 4.30+0.03

Thakuran PRM -63.6x+11.0 0.63+0.04 21.8+0.80 302+£1.50 7.46+0.03 3.80+0.08
MON -10.5+0.01 0.69+£0.03 29.0+£0.40 238+2.02 659+0.01 2.40+0.19
POM —-83.8+11.0 0.56+0.04 23.6+0.50 263+150 7.41+£0.05 4.90+0.07

Matla PRM —-869+840 0.65+0.04 21.4+0.56 335+1.53 748+0.15 2.00+0.04
MON -877x1.5 0.64+£0.08 29.2+1.76 22.5+0.00  7.22+0.90 2.06+0.12
POM —-659+120 0.63+0.03 24.1x1.17 263+1.50 7.60+£0.11 4.30+0.02
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4.90+0.07 pg g~!, with the highest concentration observed
during the postmonsoon period. Sedchl-a (ug g~1), salin-
ity, temperature (°C), and redox potential showed seasonal
variation (p <0.05 to p=0.000) but no significant spatial
distribution.

Dissolved inorganic nitrogen concentrations
and nitrification rates in the water column
and the sediment

Water column

The nitrifying activity changes with dissolved NO;™ and
NH,* concentrations (Fig. 2). The distribution of dissolved
inorganic nitrogenous nutrients (NO;~ and NH,") and nitrifi-
cation rate in the water column represents in Table 3. Among
the dissolved inorganic nitrogenous nutrients, the average

70.0 80.0
A B
g ®
60.0 70.0 A
*
> 60.0 A
50.0 &
° e Z
= =
i: ™ 50.0 -
— Z
% 40.0 =
g £ 400
-§ 30.0 '§
& Ec 30.0 A
ot ——
= 20.0 >
Z “ 200 | *
* y = 13.483x - 11.854
o I~ e y = 1.0857x + 14.235 R2=0.517
2=0.1336 A *
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k=] : . P
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0.0 5.0 10.0 15.0 20.0 25.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0
Nitrate(uM) Ammonium(uM))
Fig.2 Changes in nitrifying activity of water with water dissolved A nitrate and B ammonium
Table 3 Summary of . - o . _ n
. : 2 Location Study period Nitrifying activity [NO;™] (uM) [NH,™] (uM)
nitrification (nitrifying (mol N L~ h~")
activity) with dissolved
nutrients [nitrate (NO;™) and Ra Rn
ammonium (NH,*)] for water
of the Indian Sundarbans Saptamukhi PRM 19.8+3.10 7.60+£0.70 10.6 £2.67 2.40+0.46
estuaries (mean =+ SD, MON 49.0+5.10 43.9+3.20 15.4+3.63 3.60+0.55
n=34) (premonsoon, PRM; POM 22.54+2.90 2804401 7.90+4.48 3.0040.51
monsoon, MON; postmonsoon,
POM) Thakuran PRM 28.0+0.64 31.5+0.60 7.60+0.25 2.80+0.25
MON 49.7+4.00 36.1+1.10 16.3+1.49 5.00+0.52
POM 29.2+4.30 33.9+6.61 4.50+1.27 2.10+0.01
Matla PRM 10.9+2.80 21.1+0.60 8.40+5.35 2.60+0.29
MON 24.0+2.70 38.0+2.20 15.7+6.13 4.00+0.05
POM 28.9+2.90 23.3+4.01 7.10+2.86 3.00+0.05
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Table 4 Statistical analysis (two ways ANOVA) of seasonal and inter-estuarine variation of ammonium oxidation rates (Ra), nitrite oxidation
rate (Rn), nitrate (NO, ), and ammonium (NH,*) concentration in the estuarine water of Indian Sundarbans

Variables Estuaries Seasons Estuaries X seasons af
Ra F=1.02, p=0.380 F=1.46, p=0.260 F=0.66, p=0.630 2
Rn F=1.55, p=0.240 F=3.79, p=0.041 F=0.21,p=0.931 2
NO;™ (uM) F=0.54, p=0.590 F=11.8, p<0.001 F=0.29, p=0.883 2
NH,* (uM) F=0.03, p=0.970 F=493, p=0.022 F=0.691, p=0.485 2
Te.lb!eS. Sum}ngry of sediment Station (subtidal bottom Season SEDn NO;~ NH4+
n1tr1fy1ng actlvity and . sediment) (amol N wiel B ( 1 ( 1)
nutrients (NO;~ & NH,") in the gwetw He g HE g
;ﬁg;;iaéﬁﬁgzg‘aizd(ﬁz;‘; fsf}]l)e Saptamukhi PRM 3.20+0.19 0.27+0.14 5.30+2.50
n=48) (premonsoon, MON 3.72+0.88 0.52+0.07 9.50+5.80
PRM; monsoon, MON; POM 0.52+0.11 0.14+0.01 14.3+£2.00
postmonsoon, POM) Thakuran PRM 4.60+£0.76 0.16+£0.12 7.50+4.90
MON 1.90+0.14 0.60+0.00 5.70+1.60
POM 0.78 +£0.49 1.72+0.06 11.8+6.70
Matla PRM 2.20+0.68 0.13+0.06 5.90+4.00
MON 1.20+0.39 0.38+0.06 6.90+2.80
POM 0.55+0.29 2.96+0.60 8.71+4.40

NO;™ concentration exhibited a higher range (4.50+1.27 uM
to 16.3 + 1.49 uM) over NH,"concentration (2.1 +0.01 pM
t0 5.00+0.52 uM). NO;™ concentration was the highest dur-
ing monsoon (15.4+3.63 uM to 16.3+1.19 uM) and the
lowest during postmonsoon (4.50+1.27 to 7.90 +4.48 uM).
NH," concentration ranged from an average of 3.60+0.55
t0 5.00+0.52 uM and was recorded to be the highest during
monsoon for all estuaries. However, the lowest concentra-
tion of NH,* was observed during premonsoon in the Sap-
tamukhi and Matla and during postmonsoon at Thakuran.

The nitrification rate or nitrifying activity was expressed
in two steps: oxidation of ammonia and oxidation of nitrite.
First step, ammonium oxidation (Ra) (Table 3), which ranged
from an average of 10.9 +2.80 to 49.7 +4.00 nmol N L~'h!,
and the second step, nitrite oxidation (Rn) (Table 3),
which ranged from an average of 7.6+0.70 to
43.9+3.20 nmol N L™! h™!. Ra was the highest in mon-
soon at Saptamukhi (average 49 +5.30 nmol N L~! h71)
and Thakuran (average 49.7 +4.00 nmol N L=! h™1),
while the same was observed for Matla during the post-
monsoon (average 28.9 +2.90 nmol N L~! h™"). The
highest Rn was estimated during monsoon for all three
estuaries (Saptamukhi: 43.9 +£3.20 nmol N L~!' nl,
Thakuran: 36.1+1.10 nmol N L' h~!, and Matla:
38+2.20 nmol N L' h1).

The inter-seasonal and inter-estuarine variability of dis-
solved inorganic nitrogenous nutrients and rates of nitrifi-
cation were tested statistically using two-way ANOVA as
shown in Table 4. Except for the ammonium oxidation rate,

Table 6 Statistical analysis (two-way ANOVA) of seasonal and inter-
estuarine variation of subtidal bottom sediment nitrite oxidation
(SEDn rate), nitrate (NO;3™), and ammonium (NH,*) concentration in
the Indian Sundarbans

Sediment

Variables Estuaries Seasons

SEDn F=151, p=0.249 F=427, p=0.034
Nitrate F=0.23, p=0.794 F=0.58, p=0.569
Ammonium F=0.04, p=0.970 F=326, p=0.062

all parameters such as oxidation of nitrite (Rn: F=11.8,
p=0.041), concentration of NO;~ (F=11.8, p=0.000)
and NH,* (F=4.93, p=0.022) showed significant seasonal
variation.

Sediment

Table 5 presents the variability of sediment nitrification
(nitrite oxidation) rate (SEDn), and average NO;~, and NH,*
concentration in sedimentary phases at a seasonal scale. Sed-
iment NH,™ concentration (5.3 +2.5 to 14.3+2.00 ug g™
showed the highest values during the post-monsoon period.
NO;~ concentration (0.13 +0.06 to 2.96 +0.60 ug g™,
showed the highest values during the post-monsoon period,
except for the Saptamukhi estuary, where the highest value
was recorded during the monsoon (0.52+0.07 pg g™ ).
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SEDn varied from 0.52+0.11 to 4.60+0.76 nmol N g
wet wt™! h™! (average: 2.62 nmol N g wet wt™! h™!).
The average sediment nitrification rates for the Sapta-
mukhi, Thakuran, and Matla estuaries were 3.01 +0.85,
2.8040.05, and 1.58 +0.25 nmol N g wet wt™'h7!, respec-
tively. Among the subtidal bottom sediment nutrients, NH,*
ion was more dominant than NO;™ ion with an average of
8.40+5.35ug g~ and 0.76 ug g~!, respectively.

The result of statistical analysis to evaluate Inter-seasonal
and estuary-wise variation of all above parameters is pre-
sented in Table 6. SEDn showed a significant seasonal vari-
ation (p =0.034) but the inter-estuarine (p =0.249) varia-
tion was not significant. Furthermore, to derive the interlink
between water column and bottom sediment nitrification,
both rates were scatter plotted (Fig. 3), which showed an
exponential fit with a “7” value of 0.63.

Relationship between physicochemical parameters
and nitrifying activity in the water column
and sediment

Water column

To understand the individual response of physicochemical
parameters on nitrifying activity, the whole range of its vari-
ation was plotted with respect to parameters like salinity,
SPM, and chlorophyll (Fig. 4A—C). Water temperature gen-
erally showed a positive significant correlation with nitrifi-
cation rate but the same was not found significant (r=0.05,
p=0.743, figure not shown). Water nitrifying activity

50.0

showed a negative and significant correlation (r=-0.51,
p <0.001) with salinity. It can be observed that the nitri-
fication rate was minimal in the premonsoon at a salinity
range of 30-35, while maximal with the salinity range
15-20, which was recorded during the monsoon and post-
monsoon period (Fig. 4A). Nitrifying activity had a positive
and significant correlation (r=0.38, p=0.009) with SPM
(Fig. 4B). Nitrifying activity and chl-a showed significant
negative correlation (r=-0.31, p=0.034) (Fig. 4C). Also,
all the VIF data for salinity (1.20), SPM (1.0), and chl-a
(1.25) were ranged less than 3, which indicated that the cor-
relation among the independent variables were insignificant.

The pH versus salinity variation showed a bimodal nature
over the observed pH range. Up to pH 8, nitrification rates
increased with increasing pH (Fig. 5A) (r=0.57, p=0.018),
but beyond pH 8, the nitrification rates were inhibited
(Fig. 5B) (r=-0.44, p=0.019).

Sediment

To gain insight into the influence of sediment temperature
and pH on the variability of sediment nitrification, the data-
sets were plotted in a scatter plot (Fig. 6). The plots were fit-
ted in polynomial fit which exhibited a positive and negative
correlation with a value of r=0.82 and r=-0.61, respec-
tively, for sediment temperature and pH. Therefore, sediment
temperature exhibited a significant positive correlation with
sediment nitrification rate, unlike the water column.
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Fig. 3 Relationship between nitrifying activity of the water (y-axis) and the sediment (x-axis)
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Discussion

Characteristics of the mangrove-dominated
estuarine environment

Recent studies have extensively examined the physicochemi-
cal parameters of the Indian Sundarbans (Dutta et al. 2019;
Mukherjee et al. 2020; Sanyal et al. 2020; Acharya et al.
2022a, b). Situated at the head of the Bay of Bengal, the
region experiences a predominantly tropical climate, which
is reflected in the observed water temperature. Salinity did
not exhibit a defined gradient from the estuary's head to its
mouth. Surface water salinity exhibited seasonal variation
but showed no variation between surface and bottom water
layers as recorded by Dutta et al. (2015). Seasonal patterns
were evident in salinity variation, with lower values during
the monsoon season, reflecting increased on-site precipi-
tation and freshwater input and polyhaline characteristics
(Acharya et al. 2022b; Dutta et al. 2015). The salinity, pH,
and dissolved oxygen (DO) concentration ranges observed
in this study align with recently published literature on the
Indian Sundarbans, which describe the estuaries as poly-
haline, well-oxygenated, and with limited inter-estuarine
variation in physicochemical parameters (Dutta et al. 2019;
Acharya et al. 2022b.

During the monsoon season, an increase in suspended
sediment load resulting from surface runoff from the catch-
ment can render the water column turbid. This turbidity
limits light penetration and hampers the performance and
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growth of phototrophic primary producers, leading to low
concentrations of chlorophyll-a (Chaudhuri et al. 2012).
Similar observations have been made in recent studies con-
ducted in the region (Acharya et al. 2022b). Conversely, the
post-monsoon season exhibits the highest concentration
of chlorophyll in the water column, indicating increased
productivity.

The subtidal sediments of the studied estuaries were
observed to consist predominantly of soft sediment with a
substantial water content ranging from 40% to 60%. The
salinity of the pore water in these sediments is comparable
to that of the overlying bottom water, suggesting efficient
diffusive transport of materials across the sediment—water
interface. Sediment E,, values indicate prevailing anaerobic
conditions in the sediments throughout all seasons and in the
bottom sediment of all estuaries. These moderately reducing
conditions in the sediments result in higher ammonium lev-
els compared to nitrate values. Sediment pH displays consid-
erable variation, likely influenced by freshwater seepage into
the sediments during monsoonal runoff. However, most sedi-
ment parameters exhibit no significant seasonal or spatial
variation, indicating relatively uniform and stable sediment
conditions. Nevertheless, the sediments may be susceptible
to changes in temperature and pH, which could profoundly
affect nitrifying activity within that zone.

As observed from the results, the monsoonal surge of
nutrients dissolved in water can beprimarily attributed
to surface runoff, which often contains anthropogeni-
cally derived nitrogenous nutrients. During the monsoon,
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the runoff events increased the levels of NO;~ and NH,*
by approximately 2—-2.5 times and 1.5-2.0 times, respec-
tively. Due to the lack of perennial fluvial input these
monsoonal estuarine system exhibits increased NO;~ and
NH,*concentrations only during monsoonal runoff (Acharya
et al. 2022b). It should be noted that the overall concentra-
tions of dissolved nitrogenous nutrients in these estuaries
(11.7+7.65 pM) is recorded as lower compared to adja-
cent fluvial Gangetic estuaries namely the Hooghly estu-
ary (14.7+1.77 to 27.2 +2.05 uM) (Mukhopadhyay et al.
2006; Dutta et al. 2019). In the Gangetic estuaries, contribu-
tion of DIN sources may be nutrient loading from riverine
discharge, increasing human population density, and rapid
economic growth of surrounding areas. In contrast, in the
Indian Sundarbans, DIN sources are primarily natural, leaf
litter decomposition and land runoff during the monsoon
season (Ramos e Silva et al. 2007).

However, the influence of marine water on the organic
matter in the mangrove environment, facilitated by tidal
action, results in this organic matter becoming deficient in
organic N content (Ray et al. 2014). The decomposition of
such nitrogen-deficient organic matter in pore water and
finally supply less of it to the estuaries.

Nitrifying activity and DIN

The nitrification rate in the studied estuaries was either con-
sistent or lower than the values reported for other estuaries

Table 7 Review of literature reported of nitrifying activity (water column)

represented in Table 7 with different geographical set-
ting. All nitrification rates show higher rate (reference for
Table 7) because high nutrients concentrations and other
estuaries with moderate nutrients also having moderate
showing moderate that of our study which is the lowest
among all (reference for Table 7) due to have low nutrients.
The nitrification rate is representative of both Ra and Rn;
these metabolic processes may often show similar rates. In
our study, the ratio of Rn and Ra showed values close to 1
and were significantly correlated with each other (r=0.61,
p=0.003) (Fig. 7), indicating that the average rates are quite
similar to each other and prompt and continuous. The posi-
tive correlation between water column and sediment nitri-
fication rates highlights the interconnected nature of nitrifi-
cation processes in this estuarine ecosystem. Nitrification,
a process where nitrate is produced as a substrate from the
precursor ammonium for further transformations/utilization,
which occurs in suitable sites such as the water column and
oxic-sediment layers (Priya et al. 2017). The concentrations
of precursor and products are crucial in determining nitrifi-
cation rates (Berounsky and Nixon 1993). Nitrifying activ-
ity depends on substrate concentration (NH,*) as well as it
helps in supply of NO;™ as product with nitrite (NO,") act-
ing as an intermediate (Dai et al. 2008; Bianchi et al. 1997,
Damashek et al. 2016). In the Sundarbans estuaries, both
NO;~ and NH,"concentrations exhibit a significant posi-
tive correlation with nitrifying activity (Fig. 2A: r=0.61,
p=0.000; Fig. 2B: r=0.51, p=0.000, respectively). Thus,

Estuary Nitrifying activity (nmol L™! day™') Measurement techniques References
Ammonium  Nitrite oxidation rate
oxidation
rate
Scheldt estuary - 0-26000 Dark ['*C]-bicarbonate incorporation inhib-  Saomville (1978)
ited by N-serve
Providence River estuary - 40-11200 N-Serve-sensitive [*C]bicarbonate uptake Berounsky and Nixon (1993)
Pearl River estuary In winter In winter On-site incubation was carried out for Dai et al. (2008)
determining
0-5400 0-5200 ammonium and nitrite oxidation rates (nitri-
fication rates)
In summer  In summer by using inhibition techniques with NaClO5
and ATU
1500-33100 600-32000 respectively
Cochin backwaters, India 0-3.984 - Nitrification rates, as oxidation of Miranda et al. (2008)
15N-labelled ammonium and loss of nitrite
from N-Serve treated samples
Saanich Inlet estuary - 0-7656 Nutrients + ATU Grundle and Juniper (2011)
Sundarbans estuaries (Sap-  0.26-1.176 ~ 0.18-1.625 On board incubation was carried out for This study
tamukhi, Thakuran, and determining

Matla)

ammonium and nitrite oxidation rates (nitrifi-
cation rates) by using inhibition techniques
with NaClO; and N-Serve, respectively
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Fig. 7 Relationship between nitrite oxidation and ammonium oxidation in the water column

the consequence of lesser amounts of regenerated nitrog-
enous nutrients translated to a lesser amount of nitrification
activity in the subtidal sediment as well as the water column
in the Indian Sundarbans estuaries compared to other estu-
aries (Dai et al. 2008; Owens 1986; Saomville 1978; Abril
et al. 2000). This indicates that the rise in substrate concen-
tration during monsoon in these estuaries directly influences
nitrification rates to reach their maximum during that season.
Sediment nitrification rates are, on the other hand, primarily
restricted to the subtidal surface sediment column, which is
considered to be a major source of nitrate in the water col-
umn in other tropical estuaries (Eyre 1994; Eyre and Balls
1999). Overall, the results demonstrate significant seasonal
variations in dissolved inorganic nitrogenous nutrients and
nitrification rates in both the water column and sediment.
The higher concentrations and rates observed during the
monsoon season indicate the influence of increased mate-
rial inputs and freshwater runoff. Furthermore, the absence
of significant inter-estuarine differences suggests that these
patterns are consistent across the studied estuaries.

Environmental controls on nitrifying activity

Nitrification being a microbial process, it is likely that the
interplay of several other factors affects the nitrification
rate. Tropical estuaries are likely to promote nitrification as
water temperatures typically fall within the optimal range for
Nitrosomonas sp. (25-35 °C) and Nitrobacter sp. (25-30 °C)
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(Helder and de Vries 1983). Dai et al. (2008) found a posi-
tive correlation between nitrification rates and increasing
temperatures. However, salinity exerts considerable control
over different nitrogen transformation processes (Dittmar
and Lara 2001a, b). In the studied estuaries, increasing
salinity restricted nitrification rate (Fig. 4A) and similar
trends were found in Seitzinger (1988) and Rysgaard et al.
(1999) where the nitrification rate decreased with increasing
salinity. The decreasing trend of nitrification with increas-
ing salinity can be attributed to the possible low activity of
microbes caused by dehydration or plasmolysis in highly
saline waters (Csonka 1989; Madigan et al. 2018; Uygur
and Kargi 2004).

Moreover, the pH of the system has the potential to
inhibit nitrification (Dai et al. 2008). The optimum pH range
for nitrification varies among studies. Shammas (1986)
described a pH range of 8-9, whereas Meyerhof (1917)
found that the optimum pH range for Nitrosomonas sp. was
between 8.5 and 8.8, and for Nitrobacter sp., it was between
8.3 and 9.3. According to Engel and Alexander (1958) and
Wild et al. (1970), the optimal pH range for nitrification is
between 7.5 and 8.5. In our study, when all oxidation rates
are arranged in the order of increasing pH, the nitrification
rate shows maximum value in around pH 8.10 +£0.01. Our
study had the highest nitrification rate at pH 8, which is sup-
ported by the study by Jones and Hood (1980).

Suspended sediment load or suspended particulate matter
(SPM) (Owens 1986; Balls et al. 1996) also plays a crucial



Distribution of inorganic nitrogenous species and nitrification in the mangrove environment...

Page130f 16 56

role in controlling the rate of water column nitrification. This
suggests that the nitrifying bacteria and archaea adhere to
suspended particles and absorb NH,* required for ammonia
oxidation. Dai et al. (2008) observed higher nitrifying activ-
ity in waters with high SPM. Dutta et al. (2019) suggested
that particulate matter enriched with 8'*Npy, (8.71-14.75%0)
supports the nitrification process, with a similar " Npy
range observed in our study.

Similar to our observation, other studies have also shown
a negative correlation between water nitrification and chloro-
phyll-a (Fig. 4C) (Small et al. 2013). The seasonal variation
in our study showed higher nitrification rates in the monsoon
season, which were likely due to a combination of reduced
salinity, moderate dissolved oxygen, high suspended particu-
late matter (SPM) load, low chlorophyll-a, and pH between
7.96 and 8.09. The phytoplankton community was reduced
in the monsoon season, as indicated by the low concentra-
tion of chlorophyll-a, which may have led to the proliferation
of nitrifying bacteria and facilitated higher nitrification rates
(Dai et al. 2008; Wang et al. 2020).

Annual estimate and nitrification potential
of the Indian Sundarbans estuaries

Water column nitrification potential ranged from an average
of 43 t0 420 nmol N L™! h_l, while the sediment nitrification
potential (Saptamukhi) showed a value of 69 nmol N g wet
wt' h™!. The highest values were obtained for all the estuar-
ies during the monsoon season. In the Ems estuary, nitrifica-
tion potential rates in the water column ranged from 0.7 to
6.7 umol N L~! day™! (29.2-279.2 nmol N L~! h™!) (Sand-
ers et al. 2018). In the Kochi backwaters, the nitrification
potential was measured at 800 nmol N L™' h™! in the water
column and 40 nmol N g wet wt~' h™! in sediments. The
Sundarbans estuaries, as tropical mangrove environments,
hold great ecological and biogeochemical significance due to
their significant contribution to the adjacent marine ecosys-
tem. Hence, we estimated the annual nitrification rate from
the average nitrification rates in both water and sediment and
calculated the nitrification potential of the study area. On an
annual scale, the average nitrification for water column is
estimated as 41.6 Gg N/y, whereas nitrification contributed
by sediment (top 5 cm layer) is 144 Gg N/y. These values
were obtained upon extrapolation of the average nitrification
rates in the water and the sediment over a total estuarine
cover of 1800 km?.

Conclusion
Our study provides information on the dynamics of nitrog-

enous species and the factors that control nitrification rates
in the estuaries and the sediments in the Indian Sundarbans

system. The estuaries experience significant sediment and
nutrient loads from surface runoff during the monsoon sea-
son, leading to high turbidity and low chlorophyll concentra-
tion, which affects the growth of primary producers. Despite
this, estuaries maintain high dissolved oxygen levels and rel-
atively constant pH due to the constant input of organic mat-
ter from intertidal mangrove sediments. The concentration
of dissolved nitrogenous nutrients is comparatively lower in
these estuaries than in fluvial mesotidal estuaries, primarily
due to more tidal intrusion of seawater and limited mix-
ing. The nitrification rate is effected by several factors, i.e.,
water temperature, salinity, particulate matter concentration,
substrate concentration, and oxygen saturation. While envi-
ronmental controls such as salinity, suspended particulate
matter, chlorophyll-a influence water column nitrification.
Temperature and pH have the influence over sediment nitri-
fication rates. Potential nitrification rates have shown that it
must have the potential to maintain the pristine nature of the
estuaries. Although, sediment nitrifying activity is mostly
restricted to the bottom sediments due to lack of aerobic
condition in compare to other estuaries. The sediment zone
of the Indian Sundarbans is thus more capable of mitigating
excess ammonium concentrations in the system due to its
higher nitrification potential than the Sundarbans waters.
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