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Chapter 7
Variability of Nutrients and Their 
Stoichiometry in Chilika Lagoon, India

Pradipta R. Muduli, Manas Barik, Prasannajit Acharya, Alaya T. Behera, 
and Ishan B. Sahoo

Abstract The biogeochemical process on a spatial and temporal scale can have a 
significant influence on the regulation of the stoichiometry of nutrients in the waters 
of coastal and nearshore ecosystems. Such changes may result in alteration of the 
plankton population and diversity and ultimately the entire food chain. Chilika, the 
first Ramsar site of India and largest brackish water lagoon of Asia, was investigated 
for 7 years (2013–2020) to understand the nutrient variability and their stoichiom-
etry. During the study period, crucial parameters showed a significant variation spa-
tially as well as seasonally (p < 0.05, n = 2520). Nutrient concentrations in Chilika 
were found to be 0.4 ± 0.3, 5 ± 4, 7 ± 4, 0.5 ± 0.6, and 71 ± 41 μM for nitrite (NO2), 
nitrate (NO3), ammonia (NH3), phosphate (P), and silicate (Si). The lagoon main-
tained mesotrophic condition irrespective of seasons. Shifts in the stoichiometry of 
dissolved inorganic nitrogen (N) to dissolved inorganic phosphate (P) and Si (N/P/
Si) were investigated and found N/P and Si/P were maintained between 0.1 and 
2700 with an avg. of 61 ± 125 and 0.1 and 15,439 with an avg. of 514 ± 1049, 
respectively, whereas N/Si varied between 0.01 and 4 with an avg. of 0.3 ± 0.3. A 
significant positive correlation (p < 0.01) of N/Si (r = 0.79), N/P (r = 0.79), and Si/P 
(r = 0.67) with chlorophyll a (Chl-a) indicated nutrient stoichiometry is the major 
factor that controls the productivity of the Chilika lagoon. OC (Outer Channel) 
recorded the lowest N/P as compared to other sectors indicating nitrogen limitation 
due to the mixing of seawater with poor nitrogen level. In the present study, N and 
P were limiting with respect to Si, and P was limiting with respect to N as evidenced 
from N/Si < 1; Si/P > 16 and N/P > 16, respectively. This study suggested that the 
NH3 has a major role in Chilika (along with NO3) for the calculation of N/P and 
deciding the limiting factors.
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1  Introduction

A lagoon is recognized as a water body separated from a larger body of water like 
the ocean by barriers of marine origin and mostly parallel to the coastline. The 
Indian lagoon ecosystem is facing challenges from natural and anthropogenic 
aggravation which can significantly affect biodiversity and nutrient dynamics. 
Coastal lagoons are generally influenced by riverine and seawater influx simultane-
ously making brackish water ecosystems. Coastal lagoons cover about 13% of the 
total world’s coastline (Kjerfve 1994). The lagoons are highly useful and productive 
with a wide array of biodiversity and an abundance of flora, fauna, and avifauna. 
This also acts as the hub of the blue economy by supporting large biodiversity of 
fisheries, wintering ground of migratory birds, maintenance of hydrology, climate 
regulation, food protection coastal tourism, and a large amount of fishing harbor 
(Newton et al. 2018). However, anthropogenic activity is gradually increasing and 
degrading the ecosystems in terms of loss of ecological characters and 
biodiversity.

There are 17 coastal lagoons, present on the Indian coast (8 on the east coast and 
9 on the west coast; Mahapatro et al. 2013), which are shallow and well mixed by 
waves and currents, and an average depth of the lagoon is 2 m with a photic depth 
of the coastal lagoons extending up to 2 m. Lagoons not only have importance for 
biodiversity conservation but also support the livelihood of the local community as 
well as the economy on an international scale. For instance, the Chilika lagoon sup-
ports more than 0.2 million fishermen. This warrants the study of such ecosystems 
with respect to the environmental characteristics and factors responsible for the 
adverse changes. The water quality indicators and its dynamics in the systems have 
been proved to be a critical indicator of the anthropogenic nutrient fluxes and over-
all ecosystem health (Muduli et al. 2021; Mishra et al. 2020). Such studies are also 
helpful for policymakers for the management action plan formulation (Barik et al. 
2017; Robin et al. 2016; Muduli et al. 2017; Patra et al. 2016). The nutrient concen-
tration that is maintained in the lagoon, its variability with respect to seasons, and 
its stoichiometry maintained with changing environmental conditions could impact 
the plankton biodiversity and higher food chain. In order to predict phytoplankton 
species composition, the stoichiometry of ambient available nutrients, such as nitro-
gen in terms of nitrate, nitrite, and ammonia and phosphorus, has been used by 
several researchers (Tilman 1982; Sommer et al. 2007). Models are also developed 
and validated for species composition prediction based on the stoichiometry of 
nutrients and phytoplankton elemental stoichiometries. The same also has been 
extended recently for zooplankton (Sterner 1990; Sterner and Hessen 1994). 
According to Siddiqui et al. (2019), eutrophication prediction can be done consider-
ing the nutrient concentration and stoichiometry. These approaches unite predictive 
models of populations with environmental processes and help to determine patterns 
of nitrogen and phosphorus limitation.

Water bodies containing low N and P naturally are very much sensitive to the 
nutrient fluxes as they influence the nutrient balance in lagoon ecosystems. The 
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Redfield ratio is an important indicator of nutrient limitation for the phytoplankton 
growth, and its predictive power prompts for searching similar patterns and relation-
ships in other ecosystems. Ecological stoichiometry helps to understand the balance 
between different chemical elements responsible for ecological functions. For 
instance, P is considered to be the limiting nutrient when the N/P ratio is >16, and 
N is considered to be a limitation for the phytoplankton growth if N/P ratios are 
<16. Similarly, when the stoichiometric ratio of N/P and Si maintains as 16:1:16, it 
is considered as a limitation of nutrients for diatoms. Lack of management policy 
formulation and actions has resulted in disproportionate nutrient loads in many 
aquatic systems around the globe. Such nutrients whether it may be N or P have the 
potential to alter the nutrient stoichiometry which may lead to either P limitation or 
N limitation (Jabir et al. 2020). Silicon loading is mostly controlled by natural fac-
tors and found to maintain consistency unlike N and P (Pandey et al. 2016).

Coastal lagoons are usually very unstable as the variations that occur in these 
water bodies are comparatively higher than in saline environments (Panigrahi et al. 
2009). Study on nutrient dynamics in these ecosystems is crucial to demonstrate the 
health of a lagoon with many factors like an ocean tide, river and rivulet water mix-
ing, and anthropogenic interferences. Ecological stoichiometry helps in the under-
standing of relationships between nutrient cycling and trophic status (Zhang et al. 
2013). For the trophic chain, dissolved nutrients are considered as raw materials, 
and the lagoons act as the entry gate for the nutrients which come from continental 
drainage to the marine ecosystems. The supply of nutrients is higher in the lagoon 
ecosystem which is close to highly populated regions, because of input of industrial 
and domestic waste, agricultural effluents, and urban drainage. The nutrient budget 
on a global scale is not the same as it was during the preindustrial times as it has 
been changed from an almost balanced state to a nutrient enrichment state. Such 
changes in the lagoon and coastal waters are responsible for modifications in the 
environment such as increases in productivity, fishing yields, etc. When the circula-
tion is restricted, the anthropogenic inputs can lead to excessive eutrophication in 
the ecosystem which consequently gets changed with varying water flows leading 
to alterations in water chemistry. Such changes result in different ecological conse-
quences including species composition, phytoplankton blooms, and decline in DO 
(Martin et  al. 2008) and eutrophication (Sonal and Kataria 2012). These forcing 
factors drive the quality of the habitat and also the change in biodiversity in different 
lagoon ecosystems.

Spatiotemporal variations in the nutrients in the lagoon could be attributed to the 
freshwater discharge through rivers and seawater intrusion from two mouths, 
Arakhkuda and Sanapatna. Apart from anthropogenic sources, atmospheric deposi-
tion and surface runoff also contribute nutrients to the Chilika lagoon (Muduli et al. 
2013). Natural biogeochemical process such as nitrification and denitrification pro-
cesses also attributes to a significant hike in N and P load into the lagoon (CPCB 
1986). In Chilika the litter of birds (especially from Nalabana birds’ sanctuary 
within the lagoon) also could be a significant contributor for nutrients and holds the 
capability to alter the nutrient stoichiometry in the lagoon. Surface runoff along 
with these robust factors altogether can be a more comprehensive predictor of the 
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eutrophic status of the Chilika lagoon which can alter the pattern of ecological nutri-
ent limitation. Depending on the nutrient availability (either allochthonous or 
autochthonous sources) in the water column and other physicochemical factors, the 
strophic status of the ecosystem such as eutrophic, oligotrophic, or mesotrophic is 
defined in terms of trophic state index (TSI). Carlson (1977) initially derived TSI by 
considering three parameters, i.e., Chl-a, total phosphorus (TP), and transparency, 
which was further modified by Burns (2005). In that, total nitrogen (TN) was added 
along with the three parameters used for TSI calculation, and it was renamed as 
Trophic Level Index (TLI).

Many aquatic systems were found to be switched over from nutrient-limiting to 
nutrient surplus over the past few decades due to an increase in anthropogenic waste 
addition to the ecosystem which leads to eutrophication. Like other aquatic ecosys-
tems, nutrient and other physiochemical parameters are the major components of 
the Chilika lagoon that proved to be crucial for the sustenance of the good health of 
the ecosystem. There are several studies on Chilika that have focused on the water 
quality of the lagoon (Panigrahi et  al. 2009; Ganguly et  al. 2015). However, the 
studies specifically on nutrient stoichiometry are scanty. Hence the present assess-
ment was taken up to (1) study the spatiotemporal variability of nutrients and their 
stoichiometry and (2) reveal the factors controlling the nutrient stoichiometry and 
its influence on the Chilika ecosystem.

2  Material and Methods

2.1  Study Area

The brackish water lagoon, Chilika (19°42′N–85°21′E), spreads over three districts 
of Odisha state (Puri, Khurda, and Ganjam) on the east coast of India, which flows 
into the Bay of Bengal. It has a watershed area of over 116,500 ha. After the New 
Caledonian barrier reef, Australia is the largest brackish water lagoon in the world. 
It is the largest coastal lagoon in India and has been listed as a tentative UNESCO 
World Heritage site. Chilika lagoon is designated as Ramsar Convention site no. 
229 Ramsar, 1981 which is the first Indian wetland that got international importance 
by Ramsar Convention. Chilika lagoon is about 65 km in length and 20.1 km in 
breadth (northeast to southwest) and maintains an average depth of 2 m. The lagoon 
maintains an area of 950 and 1165 km2 during summer and monsoon, respectively 
(Gupta et al. 2008). The lagoon is connected with the sea (Bay of Bengal) through 
an opening that was dredged in September 2000. To distribute the saline water 
throughout the lagoon, channels were dredged by the Chilika Development 
Authority (CDA) which enables saline water flow into the lagoon during summer 
and also helps to flush out the suspended matters into the sea which are received 
from the riverine discharge during the monsoon. The geological factors that 
impacted the coastal lagoon copiously are littoral drift, marine water intrusion, 
catchment influx, groundwater discharge, the coastal geomorphological process, 
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inlet configuration and dimension, lagoon size, orientation with respect to prevail-
ing winds, and water depth. Some studies explained as follows to support this; 
Chilika lagoon is lying parallel to the coast and maintaining the biogeochemistry of 
the lagoon by mixing the saline water from the sea near Satapada and freshwater 
flow from rivers draining into the lagoon (Cohen et al. 1999; Muduli et al. 2013; 
Barik et al. 2017). Daya, Makara, Bhargavi, and Luna are the major rivers which 
drain the copious amount of freshwater containing SPM (suspended particulate 
matter) and nutrients into the lagoon and attribute to significant annual and seasonal 
changes in hydrological conditions of the lagoon.

3  Methodology

Sampling from 30 prefixed locations was done (Fig. 7.1) during September 2013 
and June 2020 on a monthly basis. All samples were analyzed for water quality 
parameters within 12 h at the shoreline laboratory facility of the Wetland Research 
and Training Centre (WRTC), CDA, Odisha. March to June, July to October, and 
November to February were considered as summer, monsoon (MON), and winter. 
The lagoon was considered as having four sectors named outer channel (OC), cen-
tral sector (CS), southern sector (SS), and northern sector (NS) (Muduli et al. 2017; 
Muduli and Pattnaik 2020). 5 L Niskin sampler was used for the collection of sub- 
surface water samples from 0.3  m depth from the surface. Photic depth or 

Fig. 7.1 Chilika map showing 30 sampling locations, sectoral divisions, and major rivers draining 
to the lagoon
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transparency of the lagoon was measured as the Secchi disk depth. A Thermos 
meter with an accuracy of ±0.01 °C was used to measure the air temperature (AT) 
and water temperature (WT). Calibrated water quality Sonde (YSI, USA, V2, Model 
No. 6600) was used to measure pH and salinity. Water samples for NH3, NO2, NO3, 
P, and Si were collected in HDPE bottle and filtered using membrane filter paper of 
0.45 μ of size 47 mm, and finally the filtered samples were analyzed using a nutrient 
autoanalyzer (Make: SKALAR SANplus) with precisions of ±0.01, ±0.02, ±0.01, 
±0.01, and ±0.02 μM, respectively (Grasshoff et al. 1999). NO2 + NO3 + NH3 were 
represented as N. Modified Winkler’s method as reported in Carrit and Carpenter 
(1966) was followed for dissolved oxygen (DO) analysis, and biochemical oxygen 
demand (BOD) was estimated by 5-day incubation of samples at 20 °C. Chlorophyll 
a (Chl-a) sample of 1 L was filtered (GF/F filter paper, 47 mm 0.7 μm) and extracted 
in the dark with 90% acetone for 24 h at 4 °C. UV-VIS spectrophotometer (Make: 
Thermo Scientific Evolution TM 201) was used to record the absorbance following 
methods described in Strickland and Parsons (1972). SPSS-18 was used for multi-
variate regression analyses and for deriving the Pearson correlation coefficient (r).

According to the availability of data, TSI and TLI were calculated for 2019 
(January to December) using Chl-a, TN and TP concentration (in μg L−1), and SD 
(in meters) as derived by Carlson (1977) and Burns (2005), respectively (El-Serehy 
et al. 2018), as mentioned below:
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4  Results and Discussion

4.1  Variability of Physicochemical Parameters

4.1.1  Climatic Condition and Bathymetry

Mixing of freshwater and seawater, flushing rate, many biophysical processes, and 
biotic-abiotic factors with space and time influence the physicochemical variables 
in the Chilika lagoon. Chilika experiences monsoon, winter, and summer from July 
to October, November to February, and March to June, respectively. The average 
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rainfall in the catchment is 1238.8 mm and generally decreases from northeast to 
southwest. Eighty percent of the annual rainfall occurs during monsoon months 
varying from tentatively 39 to 200 cm. Significant annual variations in rainfall and 
sediment flow into the rivers are observed depending on the variations in precipita-
tion with time.

AT recorded during the study period was ranged between 12.50 and 36.00 °C 
with an average of 27.42 ± 3.73 °C. The WT varied proportionately with air tem-
perature. WT is an important component of the water chemistry in the lagoon. In the 
lagoon, WT is mostly influenced by solar radiation, heat transfer from the atmo-
sphere, and turbidity. It is a very important factor that controls the pH, nutrient 
uptake, primary productivity, plankton diversity, rate of photosynthesis, microbial 
activity, degradation of organic matter, oxygen solubility, etc. It was ranged between 
11.84 and 35.50 °C with an average of 27.72 ± 3.43 °C. WT showed significant 
variation with respect to season, the lowest recorded in winter (24.56 ± 2.49 °C) as 
compared to summer and monsoon (average 29.6 °C) when the WT difference was 
insignificant.

Depth of the Chilika lagoon in association with other environmental factors 
could affect the water quality. For instance, turbidity (sediment churning from ben-
thic compartment due to wind action), water column productivity and nutrient 
uptake, and new production in the pelagic compartment are largely dependent on 
the depth of the ecosystem. In this study, the depth of the lagoon was varied from 
0.06 to 6  m with an average of 1.71  ±  0.75  m. NS was the shallowest with 
1.15  ±  0.38  m depth on average followed by 1.46  ±  0.43, 2.10  ±  0.66, and 
2.38 ± 0.93 m in CS, SS, and OC, respectively (Table 7.1).

4.1.2  Factors Responsible for SD Variability

The photic depth usually measured as Secchi disk depth (SD) is the uppermost layer 
of the water body that receives the sunlight, allowing flora and fauna for photosyn-
thesis. SD depends on physical parameters like turbidity, total suspended matter, 
and phytoplankton pigments (Srichandan et  al. 2015b). The productivity of the 
lagoon mostly depends on the nutrient concentration and availability of PAR (pho-
tosynthetic active radiation) at the sub-surface water level which directly depends 
on the SD. It could be a critical factor for phytoplankton diversity, abundance, and 
spatial variation. Chilika lagoon maintained the SD of 0.68 ± 0.40 m (0–2.7 m) hav-
ing the highest in SS (0.93  ±  0.37  m) followed by CS (0.72  ±  0.35  m), OC 
(0.68  ±  0.41  m), and NS (0.37  ±  0.25  m) (Table  7.1; Fig.  7.2a). In Chilika, the 
regions covered with seagrass bed and submerged macrophytes recorded SD almost 
the same to the depth as it contained the least turbidity due to the fact that the sus-
pended particulate matter sticks to the surface making the water more transparent 
(Kim et al. 2015; Patra et al. 2016). Turbidity which is responsible for lowering the 
SD and light penetration to the water column ranged between 0 and 636 with an avg. 
of 61.08 NTU.  A high amount of suspended matter occurs due to flooding and 
intense rainstorms mostly in the monsoon seasons that leads to decline in 
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Fig. 7.2 (a) Sectoral variation of physicochemical parameters in monsoon, winter, and summer 
(CS, SS, NS, and OC represent central, southern, northern sector, and outer channel, respectively). 
(b) Sectoral variation of nutrients and their stoichiometry in monsoon, winter, and summer (CS, 
SS, NS, and OC represent central, southern, northern sector, and outer channel, respectively)

7 Variability of Nutrients and Their Stoichiometry in Chilika Lagoon, India
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Fig. 7.2 (continued)

P. R. Muduli et al.
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SD. Cyclonic events such as Phailin, Titli, and Fani also had a significant impact on 
the flash change in SD level along with other water quality parameters (Barik et al. 
2017; Muduli et al. 2017; Mishra et al. 2021) as a result of flash flood induced by 
severe cyclones that had landfall proximate to Chilika lagoon. SD was significantly 
correlated with alkalinity (r = 0.21, p < 0.01) which could be due to the fact that 
lower SD supports high photosynthesis which utilizes CO2 and increases the alka-
linity level in the pelagic compartment (Muduli et al. 2012) (Table 7.2). The earlier 
reported values for SD and other physicochemical parameters are listed in Table 7.3.

4.1.3  pH, DO, and Salinity Variability Factors

pH is the measurement of the hydrogen and hydroxyl ion concentration in the water. 
It is the important component of the water that determines whether it is acidic or 
basic. The present study observed a pH of 8.06 ± 0.6 on average and ranged between 
5.99 and 10.35 which indicates the lagoon water maintained alkaline condition. pH 
varied significantly with space and time. pH in the lagoons is mostly affected by the 
physical processes such as mixing of fresh and saline water with different pH condi-
tions and biological processes such as respiration, photosynthetic activity of the 
phytoplankton, etc. (Ganguly et  al. 2015; Muduli et  al. 2013). According to 
Srichandan et al. (2015a, b), the variability of pH with respect to season can impact 
the assimilation of phytoplankton and macrophytes in the lagoon. The lowest pH 
recorded in NS could be attributed to the decomposition of freshwater vegetation 
observed dominantly in the NS. Usually, lagoon turns alkaline during the winter due 
to the seawater influence and biological activity. During summer and monsoon, it 
gradually decreases because of the decomposition of organic matters and freshwater 
influx (Upadhyay et al. 2015). pH was positively correlated with transparency and 
DO (overall as well as for all seasons) which reveals that the pH in Chilika is pre-
dominantly controlled by photosynthetic activity which is most favored in the 
higher SD region of Chilika (Tables 7.2, 7.4, 7.5, and 7.6).

Dissolved oxygen (DO) indicates the oxygen quantity in dissolved form and for 
which regulating authorities have fixed thresholds depending on the purpose of 
uses. The coastal lagoon system is receiving organic load and nutrients throughout 
the world due to urbanization and industrialization leading to the formation of the 
algal bloom causing hypoxic (low oxygen concentration) conditions in the lagoon 
which is a matter of concern and needs its monitoring. It is the important element of 
an aquatic organism for the process of respiration and is produced in the process of 
photosynthesis by the phytoplankton, macrophytes, and submerged vegetation. 
Chilika lagoon maintains itself well oxygenated throughout the year (Sundaray 
et al. 2006; Barik et al. 2017). The DO concentrations were within the threshold 
range of 4 mg L−1 which is suitable for the healthy aquatic life, wildlife propagation, 
and fisheries (CPCB 1986). The present study also recorded a fair level of DO with 
respect to the threshold (7.74 ± 1.72 mg L−1 in average and ranged between 1.42 and 
21.4  mg  L−1). All the studies to date reported the overall DO of >5  mg  L−1 

7 Variability of Nutrients and Their Stoichiometry in Chilika Lagoon, India
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whichvindicates Chilika is well oxygenated and maintains a healthy state irrespec-
tive of seasons.

DO recorded the lowest during the monsoon period and highest in winter fol-
lowed by summer (Fig.  7.2a). Similar observations were also made by several 
researchers (Panda 2020; Upadhyay et al. 2015). During the winter higher DO was 
attributed to abundant phytoplankton growth leading to high primary productivity, 
whereas high turbid water hindering light penetration and productivity could be 
responsible for low DO during monsoon. Lower DO in summer as compared to 
winter could be due to utilization of DO for degradation of organic matter which is 
accelerated due to water volume reduction and growth of microbes in higher tem-
perature by respiration process by the phytoplankton, microbes, macrophytes, and 
other living organisms in the lagoon (Robin et al. 2016). DO is influenced by salin-
ity and temperature (Vijayakumar et al. 2000) as higher salinity tends to decrease in 
DO solubility (Mishra and Shaw 2003). In the present study, it was observed that 
DO did not correlate to WT significantly but negatively and significantly correlated 
with salinity (Table 7.2). However, the higher DO observed in low saline regions 
also could be due to the submerged macrophytes from which DO is sourced through 
the photosynthesis process (Muduli and Pattnaik 2020).

Salinity is an important factor for determining natural and biological processes 
in the lagoon. It is a strong determinant of the community composition of phyto-
plankton and their distribution (Huang 2004; Lueangthuwapranit et  al. 2011). 
Salinity is a crucial parameter which determines the species distribution as the more 
tolerant species selects regions with brackish and higher saline waters, whereas the 
less tolerant species confine themselves in the freshwater area. Overall salinity of 
the lagoon was recorded as 9.87 ± 8.49 (mesohaline condition) and ranged between 
0 and 36.1 (Table 7.1). The average salinity showed a trend of summer > winter > 
monsoon. During summer, the lagoon was completely saline water-dominated, 
whereas in monsoon it was freshwater-dominated. The salinity decreases to its min-
imum level during the southwest monsoon when the heavy rainfall increases the 
freshwater flux in the rivers (western catchment and Mahanadi). During peak mon-
soon, the water near the sea mouth is also found fresh because of the unidirectional 
flow of water which drains to the Bay of Bengal coming from the riverine system 
through the lead channel. This study showed a salinity gradient of OC > SS > CS > NS 
depending on the quantity of saline and freshwater mixing. NS during monsoon 
recorded the lowest due to mixing of freshwater from northeast rivers, whereas the 
OC in summer recorded highest which was attributed to minimum freshwater addi-
tion, high evaporation, and low precipitation (Mohanty and Mohanty 2002). The SS 
recorded higher salinity than the CS during monsoon and winter because of saline 
water intrusion from Rushikulya estuary through the Palur canal (Fig. 7.1). However, 
during summer, the CS recorded high salinity than SS which could be attributed to 
high salinity maintained in the OC and nearby regions (CS) due to the least fresh-
water flow and increased tidal saltwater mixing.

P. R. Muduli et al.
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4.2  Nutrient Dynamics

Nutrients are the primary component of the aquatic food chain, and the key source 
into the lagoon environment is continental drainage from estuaries. The source of 
the nutrient can be both autochthonous and allochthonous. Inorganic nutrients such 
as N, P, and Si are very much crucial for the growth of the phytoplankton commu-
nity in aquatic ecosystems. The freshwater influx and tidal condition in association 
with season greatly impact the nutrient distribution in the Chilika lagoon (Patra 
et  al. 2016). The decline in nutrient level reflects along with increasing salinity; 
however, such phenomena interestingly not observed in Chilika could be due to the 
different point sources which increase the effluent load in the lagoon significantly 
(Sundaray et al. 2006). As per, the nutrient levels usually decrease during high tide 
and vice versa, as the high tide water is dominated by seawater with lower nutrient 
concentration than the riverine or estuarine ecosystem. Rainfall on the lagoon, on 
the Chilika watershed area, riverine freshwater discharge, seawater exchange, and 
in situ biogeochemical processes could change the nutrient stoichiometry and the 
concentration in water. Individual nutrient variability and the influencing factors 
have been discussed in the following sections.

4.2.1  Variability of Dissolved Inorganic Nitrogen Species

Nitrate in the aquatic environments is influenced by microbial oxidation of ammo-
nia, advective transport into euphotic surface waters, and uptake by primary produc-
ers or denitrification in anoxic conditions (Grasshoff et  al. 1999). Low summer 
NO3-concentrations occur either due to low discharge or high biological uptake. 
Atmospheric input of nitrogen, in the form of N2 gas, into aquatic systems, or asso-
ciated with catchment rain events, has been recognized in the past decade as a sig-
nificant allochthonous nitrogen source (Peierls et al. 2003). Loss of nitrate occurs 
through denitrification by microbial activity, which is the cause of the successive 
decrease of fixed NO2 and NO3 which gets converted to gaseous N2 and 
N2O. Denitrification processes within the lagoon are influenced by nitrate availabil-
ity, oxygen, organic matter, temperature, and benthic in faunal activity (Nowicki 
et al. 1997). The major sink of nitrogen occurs through the denitrification processes 
in the sediments of aquatic environments, converting useable inorganic nitrogen to 
non-useable gaseous form, and, in the process, it alters the stoichiometric ratios of 
nutrients available to primary producers. NO3 in the lagoon ranged between 0.02 
and 20.79 μM with an average of 5.05 ± 4.3 μM. The highest NO3 of 20.79 μM was 
observed in NS during the peak discharge period, in monsoon (Srichandan 
et al.  2019; Pattanaik et al. 2020). Irrespective of all the seasons, NS recorded the 
highest NO3 (Fig. 7.2b; Table 7.7) which could be due to the release of NO3 by 
microbial respiration of organic matter sourced from dominated vegetation in the 
NS. NO3 constituted ~45% of N having the highest % in monsoon (56%) followed 
by winter (50%) and summer (47%).

7 Variability of Nutrients and Their Stoichiometry in Chilika Lagoon, India
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During the present study, the intermediate species NO2 (between NH3 and NO3) 
ranged between 0 and 3.16 μM (avg. 0.36 ± 0.32 μM). As reported by Chandran and 
Ramamoorthi (1984), NO2 is sourced from planktons through metabolic activity 
and gets released into the water. Seasonally it followed the pattern: monsoon > win-
ter > summer, as earlier observed by Srichandan et al. (2015b). The present study 
also found a significant variability of NO2 with respect to seasons as confirmed by 
ANOVA (p = 0.01; n = 2097). A similar pattern was also recorded for other ecosys-
tems (Pandey et  al. 2015). Comparatively higher nitrite values have also been 
reported for the summer season which could be attributed to denitrification pro-
cesses that occur in the sediment-water interface (Muduli and Pattnaik 2020). NO2 
constituted ~5% of total N having the highest % in summer (5.42%) followed by 
winter (4.85%) and monsoon (4.37%); this could be the indication of in situ biogeo-
chemical process through which NO2 is formed in the system (Barik et al. 2017).

Ammonium (NH4) is generated in the pelagic or benthic compartment through 
the degradation of organic matter by bacterially mediated deamination (Seitzinger 
1988) and animal excretion (McCarthy 1981). This has been shown to be a rapid 
and irreversible loss process for NH3 (Lipschultz et al. 1986). The concentration of 
NH4 relative to other nutrients may be low, and regeneration rates are variable and 
may be high relative to ambient concentrations (i.e., Gilbert et al. 1982), providing 
a source of available nutrients. NH4 concentration can be altered through the nitrifi-
cation process, i.e., ammonia oxidation to NO3. When there enough concentration 
of NH4 is available, NO3 remains unutilized and subsequently lost through advec-
tive processes. The main input of NH3 into the lagoon is through freshwater influx 
associated with local anthropogenic pollutants during monsoon which is high as 
compared to summer and winter (Muduli and Pattnaik 2020). In Chilika, it ranged 
between 0.55 and 28.99 μM with an average of 6.73 μM. NH3 recorded highest in 
the NS and also during the summer period (Table 7.7, Fig. 7.2a) which could be due 
to release of NH3 from macrophyte decomposition triggered by increasing salinity 
stroke as the freshwater weeds (such as Potamogeton and Ichornia, which are domi-
nantly found in NS and CS) during monsoon keep on decomposing as the salinity 
keeps on increasing having peaked in summer. Apart from these few dominant mac-
rophytes such as Phragmites karka, Schoenoplectus and Salicornia could also con-
tribute for nutrients on decomposition according to the changing environmental 
characteristics. The present study showed the NH3 had a significant negative corre-
lation with DO (r  = −0.095, p  <  0.05) (Table  7.2) which indicated that NH3 is 
formed by in situ process by decomposition of organic matter by utilizing DO 
(Robin et al. 2016). The phenomena occurred in all the seasons as supported by 
significant correlations (Tables 7.4, 7.5, and 7.6). As compared to NO3 and NO2, 
NH3 species constituted the highest %, i.e., more than 50% of total N. In Chilika 
lagoon it is very crucial to consider NH3 while calculating the N/P. Several studies 
have reported an N/P ratio considering NO3 as N. This may not add much error for 
the ecosystems with a very low % of NH3. However, in Chilika it could lead to mis-
interpretation as the addition of NH3 concentration to NO3 for N/P ratio calculation 
may change the ratio which decides the nutrient limitation. During the study period, 
the NH3% varied significantly with respect to season, having the highest in 

P. R. Muduli et al.
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monsoon (56.47%) followed by winter (50.19%) and summer (46.94%) which 
could be the indication of the source of NH3 from freshwater discharge from rivers 
which diminishes as from monsoon to summer (Ganguly et al. 2015).

4.2.2  Variability of Dissolved Inorganic Phosphate

Dissolved inorganic phosphate is one of the micronutrients which controls the tro-
phic status depending on the availability of N. As per De Busk (1999), the P in the 
water body could be organic or inorganic compounds either in the form of dissolved 
or particulate matter. In the surface water, the P is sourced from rock weathering and 
organic matter decomposition. Under favorable environmental conditions such as 
light and temperature, the P gets assimilated by phytoplankton and bacteria. As per 
Sobehrad 1997), the organic P available in SPM and on the surface of organic detri-
tus is consumed by filter feeders and released as inorganic P. Lagoon water with low 
P declines the productivity of water as the phytoplankton growth gets hindered, 
whereas excess P can be the cause of the eutrophic condition which may lead to a 
bloom of some dominating species. To date, no studies have reported bloom caused 
by high P content in Chilika which could be due to the fact that the water column 
transparency gets declined by turbid water input from rivers which hinders photo-
synthesis leading to lower primary productivity (Srichandan et  al. 2015a). This 
study showed Chilika maintains a very low concentration of P, varying from 0 to 
10.19 μM with an average of 0.47 ± 0.64 μM. In Chilika lagoon, P from a point 
source has not been reported as there is no such industry situated in proximity to the 
lagoon, and whatever input that comes through the river has a minimal impact on 
the variability of P concentration in Chilika lagoon. As reported in DWAF (1995), 
high levels of P are originated from industrial effluents, domestic discharge, drain-
age from agricultural land, urban runoff, and atmospheric precipitation. Chilika 
lagoon is safe from such effluents which could influence the P level in monsoon and 
subsequent seasons.

The sector-wise variation in summer and winter showed a similar trend; how-
ever, its difference from monsoon might be due to the impact of abundant riverine 
discharge from northeast rivers. Lower P level recorded during the monsoon could 
be attributed to adsorption to SPM (Sobehrad 1997) and dilution effect whose factor 
is also earlier reported by Muduli et al. (2017). However, a couple of studies also 
recorded comparatively higher P level in monsoon attributing to freshwater dis-
charge with fertilizer content and weathering to the spike (Srichandan et al. 2019). 
In the present study, during none of the seasons, P showed a significant correlation 
with salinity (Tables 7.2, 7.4, 7.5, and 7.6) which indicated it is not controlled by 
either freshwater input during monsoon or seawater exchange in summer. Rather, 
the in situ biogeochemical processes controlled the P level in Chilika. Supporting 
the same, P showed a significant positive correlation with turbidity indicating the P 
release from sediment by the churning effect.

7 Variability of Nutrients and Their Stoichiometry in Chilika Lagoon, India
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4.2.3  Variability of Silicate

Silicate (Si) is a bio-limiting nutrient and a major constituent of diatoms. As per 
DWAF (1995), diatoms use Si to encase their cells. Along with N and P, this is also 
required for primary production. This is sourced from the terrestrial system where 
erosion of adjacent land takes place and also from the anthropogenic activity- 
influenced areas. In the Chilika lagoon, this process was evidenced by higher Si 
values during the monsoon. In the present study, the Si concentration in Chilika 
ranged from 5 to 214 μM. A gradual reduction in Si level recorded from winter 
season to summer (Table 7.7) could be attributed to the removal of dissolved silicate 
by two processes: (1) uptake of Si by diatoms for shell formation and (2) absorption 
on SPM which gets triggered in summer due to increase in salinity. As per Borole 
(1993), Si behaves conservatively, and during summer periods, silicate behaves 
non-conservatively. The Si observed in the OC during different seasons showed a 
trend of monsoon > winter > summer which indicated that the Si transfer to the Bay 
of Bengal through OC faces a decline from monsoon to the summer season 
(Table 7.7). Si is a critical factor that decides the plankton biodiversity especially 
the diatoms in the Chilika lagoon (Srichandan et al. 2015b). In the Veli lagoon, also 
a clear inverse relationship of silicate with Bacillariophyta showed the dependency 
of the phytoplanktons on respective nutrients (Mathew and Nair 1981). Overall as 
well as in respect to seasons, Si was negatively correlated with salinity (r = −0.499, 
p < 0.01) and SD (r = −0.320, p < 0.01) which indicated the source of Si was from 
riverine freshwater input and high silicate maintained in the low transparent water 
(Tables 7.2, 7.4, 7.5 and 7.6).

4.3  Spatiotemporal Variability in Trophic Index

During 2019, the Chilika lagoon maintained mesotrophic status as evidenced by a 
TSI value of 45.92. As recommended by Carlson (1977), the ecosystem is consid-
ered as eutrophic, mesotrophic, and oligotrophic if the calculated TSI value is >50, 
40–50, and <40, respectively. There was no difference in trophic status with respect 
to the season as the TSI recorded for the individual season was as follows: summer 
(46.8), winter (46.58), and monsoon (44.35). TSI values indicated irrespective of 
seasons the lagoon maintained mesotrophic nature. Similar to seasons, all the sec-
tors were also found to maintain mesotrophic status (TSI of 46.12, 45.23, and 42.57 
for CS, NS, and SS, respectively) with the exception of the OC. The TSI of OC was 
calculated to be 52.75 which is very close to the eutrophic boundary. The higher TSI 
of OC was due to the lower transparency recorded in the OC which was attributed 
to surfing of water by frequent movement of motorized boats operated in the OC for 
tourism activities (Mohanty et al. 2016). Apart from this, the tidal fluctuations in the 
OC could be another factor for lower SD (Muduli and Pattnaik 2020). The present 
study indicates SD is the most contributing factor for TSI status, and it was ranged 
between 69.71 and 80.61. Such lower values of TSIChl as compared to TSISD showed, 

P. R. Muduli et al.
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along with algae there are some other factors such as sediment particle or color 
which could be responsible for the light attenuation.

TLI calculated during 2019 also indicated the same trophic status (showed by 
TSI) of Chilika, i.e., mesotrophic. As suggested by Burns (2005), the trophic status 
is considered as eutrophic, mesotrophic, and oligotrophic for the TLI of >4, 3–4, 
and <3, respectively. This study recorded TLI values varying from 2.76 to 4.48 with 
an average of 3.62. Similar to TSI, the TLI also indicated mesotrophic status for 
individual seasons as well as sectors except the OC (TLI of 4.04, 3.55, and 3.25 in 
winter, summer, and monsoon, respectively; 4.17, 3.65, 3.49, and 3.30 for OC, CS, 
NS, and SS, respectively). The TLI recorded for OC was 4.17 which is beyond the 
boundary of the mesotrophic status (Burns 2005) as also revealed from TSI. The 
exceptional trophic status in the OC could be attributed to the factors as explained 
for TSI. Since there is no significant difference in the trophic status of the lagoon in 
different seasons and sectors explained through TSI and TLI, either of these indexes 
could be used for deriving the trophic status of the Chilika lagoon.

4.4  Nutrient Stoichiometry and Influencing Factors

4.4.1  N/P

The concentration of nutrients in lagoon water with specific stoichiometry plays a 
critical role in phytoplankton growth rate, and the ecosystems are considered to be 
nutrient-limited if the balance of carbon, N, and P in the environment varies from 
the Redfield ratio for DIC:DIN:DIP of 106:16:1 (Redfield 1958). As reported by 
Correll (1998), freshwater ecosystems are typically P-limited as the incorporation 
rate of nitrogen into plant tissue is usually controlled by P availability. NS of Chilika 
lagoon maintains fresh to brackish nature throughout the year, and it also showed P 
limiting with N/P (71.52 ± 140.02). Most of the studies also reported P limiting 
except few studies which reported N limiting (Table 7.8). These discrepancies could 
be attributed to change in sample numbers, sampling period, and sampling loca-
tions. P limitation is also reported for other ecosystems such as Apalachicola Bay, 
Chesapeake Bay, Hudson River, and Peel Harvey estuaries (Boynton et al. 1982; 
McComb et al. 1981; Myers and Iverson 1981). All the individual sectors recorded 
the highest N/P during the monsoon period followed by winter and summer 
(Table 7.7). This declining trend from monsoon to summer could be attributed to the 
addition of N load in monsoon from riverine freshwater discharge which gradually 
decreases from monsoon to summer. In the present study, N/P varied between 0.1 
and 2700 μM with an average of 61.15 ± 125.16. The N/P ratio was found to be 
negatively correlated with salinity (r  = −0.159, p  <  0.01) (Table  7.2). Such an 
inverse relationship is also recorded for all the seasons (Tables 7.4, 7.5, and 7.6). 
This relationship is justified with higher N content as compared to P in the lower 
saline region, whereas higher saline water mostly in the OC and SS contained less 
concentration of N (Barik et  al. 2017). The change in ratio and limitation of 

7 Variability of Nutrients and Their Stoichiometry in Chilika Lagoon, India
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nutrients in relation to salinity also has been reported in several ecosystems over-
seas. For instance, Sakshaug and Olsen (1986) recorded P limitation in fresh and 
brackish waters during phytoplankton blooms in Norwegian waters, and Paasche 
and Erga (1988) found N limitation in marine waters. Estuaries are typically 

Table 7.8 Variability of nutrient concentration in Chilika lagoon as per the published literature 
since 1990

Si 
No.

NO2 
(μM)

NO3 
(μM) P (μM)

Si 
(μM)

NH3 
(μM) N/P Si/P N/Si

Study 
period Reference

1 0.28 0.26 0.2 0.39–
5.34

1990 Raman et al. 
(1990)

2 0–4.53 0–7.61 0–0.07 0–9.14 1988–
1991

Tripathy 
(1995)

3 0.42–
50.4

1.24–
8.68

11.2–
44.8

1985–
1987

Siddiqui 
and Rao 
(1995)

4 0–28 0.12–
5.32

1998–
2001

Nayak et al. 
(2004)

5 <0.01–
4.60

0.07–
1.83

2000–
2003

Panigrahi 
et al. (2007)

6 0–34.11 0–20.43 1999–
2004

Jeong et al. 
(2008)

7 0.13–
42.88

0.27–
87.6

0.04–
4.14

2004–
2007

Mohanty 
et al. (2009)

8 1.55–
117.4

0.17–
5.4

3.55–
156.25

10.39 133.95 2008–
2009

Patra et al. 
(2010)

9 0.01–
0.55

1–35 0.4–1.3 20–105 <16 2011 Ganguly 
et al. (2015)

10 3.13 1.1 70 2011–
2012

Srichandan 
et al. 
(2015a)

11 1.7–
16.2

0.37–
1.46

60.7–
88.8

5.1 16 <1 2012–
2014

Srichandan 
et al. 
(2015b)

12 0.19–
0.87

2.21–
9.44

0.32–
1.14

34.07–
115.11

8.49–
16.8

4.22–
168.14

0.08–
0.21

2011–
2015

Barik et al. 
(2017)

13 0–2.35 0.2–9.6 0–0.09 2013–
2014

Nazneen 
et al. (2019)

14 0.17–
0.87

0–10.81 0.75–
1.66

64.74 9 2017–
2018

Srichandan 
et al. (2019)

15 0.26 8.97 0.82 66.14 7.52 2014–
2015

Mohapatra 
et al. (2020)

16 0.01–
2.01

0.12–
19.88

0.01–
2.85

0.1–
363

38–
1629

30.6 >16 <1 1999–
2015

Muduli and 
Pattnaik 
(2020)

17 0.38 5.69 0.81 68.93 16.84 233.25 0.28 2011–
2015

Tarafdar 
et al. (2021)

18 0–3.16 0.02–
20.79

0–10.19 1.8–
282

0.02–
49.3

0.1–
2700

0.1–
15,439

0–
8.90

2013–
2020

Present 
study

P. R. Muduli et al.
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nitrogen-limited, with some variation in nutrient limitation in brackish waters 
observed like in Chilika ecosystems (Correll 1998). P limitation in Chilika has been 
reported by earlier studies (Panigrahi et al. 2009; Sarma et al. 2010; Barik et al. 
2017) supporting the observations in the present study.

Nitrogen limitation is recorded for several ecosystems due to anthropogenic 
material influx from rivers which shifts the nutrient stoichiometry leading to N limi-
tation (Siddiqui et al. 2019). Studies also reported N/P very close to 16, for instance, 
Martin et al. (2008) reported N limitation over P due to hike in P influx in the south-
west coast of India. As per Klug (2006), a decline in the N/P also has the potential 
to alter the phytoplankton species composition. In coastal ecosystems, the phyto-
plankton productivity under favorable environmental conditions including nutrient 
stoichiometry is the cause of increasing toxic blooms. The stoichiometry study for 
ten large world rivers and two river-dominated coastal ecosystems similar to the 
Chilika lagoon ecosystem was found to be in a eutrophic state (Justic et al. 1995), 
and the study revealed that the nutrient stoichiometry of the river waters strongly 
altered the stoichiometry in the coastal waters.

Almost all studies where the nutrient stoichiometry has been reported used dis-
solved inorganic nitrogen (N) as NO3 or NO3 + NO2 excluding NH3. In the present 
study, NH3 was considered to calculate N/P (61.1) and it was found that ~50% of the 
decrease in N/P (30.4) was without consideration of NH3. It is noteworthy to men-
tion that there was no change in “nutrient limitation” and it remained as P limiting 
in both cases. In the case of the Chilika lagoon, the inclusion of NH3 to calculate 
N/P did not make any difference in deciding the nutrient-limiting factor. However, 
in case of change in the environmental condition of Chilika in the future and any 
other ecosystem, maintaining relatively higher NH3 could decrease the N/P to <16 
and alter the nutrient-limiting factor to N limiting. Hence is it recommended to 
include NH3 along with NO2 + NO3 for the N/P interpretation in further studies on 
the Chilika lagoon.

4.4.2  Si/P

Si/P could be used as an indicator to understand the nutrient dynamics and impact 
of riverine discharge on ecosystems like Chilika (Paul et al. 2008). The Si/P status 
maintained in the lagoon indicates the weathering forms around the lagoon which is 
mostly dependent on climate conditions (Turner and Rabalais 2003). This study 
showed a Si/P varying between 0.1 and 15,439  μM with an average of 
513.66 ± 1048 μM. Similar to previous studies (Table 7.8), the present study also 
recorded Si/P > 16 which indicated P was limiting, making the Chilika water favor-
able for diatom growth (Panigrahi et al. 2009; Srichandan et al. 2015b). The abun-
dance of diatoms due to such factors is also registered by Domingues (2007). There 
are examples of an ecosystem where Si limitation is encountered which leads to the 
dominance of phytoplankton which is not siliceous. Pereira et al. (2009) recorded 
such observation in Obidos lagoon, Portugal. In all the seasons (except little 
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deviation in summer), Chilika Si/P followed a sectoral trend NS > CS > SS > OC 
which was in parallel with reverse salinity gradient that indicated the freshwater in 
the lagoon with high Si controls the Si/P (Table 7.7, Fig. 7.2b). This fact is also sup-
ported by the seasonal trend observed for Si/P as monsoon  >  winter  >  summer 
(lagoon dominates with freshwater and Si in monsoon which keeps on decreasing 
till the end of summer). Similar to N/P, Si/P correlated significantly with salinity 
(r = −0.242, p < 0.01) in all the seasons which also revealed the abovementioned 
facts (Tables 7.2, 7.4, 7.5, and 7.6).

4.4.3  N/Si

N to silicate ratio (N/Si) is a major indicator to quantify the health of a lagoon eco-
system which gives information of acute phosphorus depletion (Lucea et al. 2005). 
As per the Redfield ratio, the stoichiometry should be maintained as 1 (N/P/Si 
= 16:1:16). In the present investigation, the ratio ranged between 0 and 8.9 (avg. 
0.26 ± 0.43) which is <1 indicating the N limitation over Si (Table 7.7; Srichandan 
et al. 2015a) similar to observations made earlier (Table 7.8). Sector-wise the trend 
followed as SS < CS < NS < OC, and the highest N/Si observed in the OC was 
attributed to the least Si recorded in the OC as compared to other sectors. On a tem-
poral scale, the variability was also significant as the maximum ratio found in sum-
mer (0.54 ± 3.87) followed by winter (0.24 ± 0.42) and monsoon (0.21 ± 0.29) 
(Table 7.7). N/Si nearing 1 (Redfield ratio) in OC, i.e., 0.91, makes a most favorable 
condition for primary productivity as suggested by Redfield (Brzezinski 1985). 
Pearson correlation showed that the salinity maintained a significant correlation 
with N/Si (r = 0.127, p < 0.01) (Table 7.2) in all the seasons (Tables 7.4, 7.5, and 
7.6) as the high saline waters contained low silicate and supported by a significant 
negative correlation of Si to salinity (r = −0.509, p < 0.01; Table 7.2). Hence the 
occurrence of silica-enriched conditions could ensure abundant Si availability to 
phytoplankton. Chlorophyll-a positively correlated with N/Si (r = 0.079, p < 0.01; 
Table 7.2) indicated the uptake of Si by phytoplankton. Low N/Si ratio in monsoon 
as compared to other seasons is also observed by other ecosystems when the pro-
ductivity is fuelled by the supply of nutrients (Yadav and Pandey 2018). Only few 
studies have reported Si limitation over N (N/Si > 1) (Siddiqui et al. 2019).

5  Conclusion

This study highlighted the influencing factors of nutrient variability and the role of 
nutrient stoichiometry on lagoon productivity. The water quality changes due to 
seasons were found to be crucial for the nutrient biogeochemistry and other physi-
cochemical parameters of the lagoon. N and P recorded in the study period along 
with other physicochemical parameters indicated good health of Chilika lagoon. 
However, on seasonal scale winter scores the best and monsoon least owing to the 
least transparency nutrient load from northeast rivers. The study indicated the NH3 
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species constituted more than 50% of total N, and it is a vital parameter to consider 
while calculating the N/P, and the N must include NH3. It could be misleading con-
sideration of the only NO3 as N for the N/P stoichiometry as the addition of NH3 
concentration to NO3 may shift the stoichiometry either close to Redfield ratio or far 
from it and may lead to misinterpretation on the nutrient-limiting factors. TSI and 
TLI index indicated the lagoon maintains mesotrophic condition. However, long- 
term monitoring of TN along with TP and other physicochemical parameters is 
needed for a more appropriate representation of the trophic status of the Chilika 
lagoon. Including the present study, Chilika has been studied in major aspects of 
nutrient variability such as nutrient uptake by the plankton community of Chilika, 
nutrient flux from riverine input, spatiotemporal variation of nutrients, etc. However, 
there is still some critically important figure related to nutrient dynamics yet to be 
studied for which it is recommended to (1) quantify the N exchange through nitrifi-
cation and denitrification process, (2) estimate the nutrient exchange from sea, (3) 
quantify the nutrient exchange from benthic compartment, (4) estimate the nutrient 
uptake by macrophytes of Chilika especially the Phragmites karka spread over the 
NS of the lagoon, and (5) long-term monitoring of TN and TP.
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