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INTRODUCTION

Marginal marine environments along continental
coastlines show wide habitat variability. Ranging
from glacially formed fjords to coastal lagoons, mar-
ginal marine environments act as transitional eco-
tones between terrestrial and marine systems, and
thus harbor unique biotic assemblages. Recent rises
in sea level coupled with an unprecedented increase
in global temperatures pose major threats to plank-
tonic and benthic biotic assemblages characterizing
marginal marine environments, including lagoons
(Kennish 2002, Gilman et al. 2008, Anthony et al.
2009, Defeo et al. 2009). Benthic foraminifera are
widely used as bioproxies for coastal environmental

monitoring across a wide variety of marginal envi-
ronments such as estuaries (Alve 1995, Luan & De -
benay 2005, Bhattacharjee et al. 2013), marshes
(Gehrels & Newman 2004, Horton & Murray 2007)
and lagoons (Samir 2000, Martins et al. 2013). How-
ever, the accuracy of such proxies is susceptible to
seasonal variations in the assemblage structure. Pre-
vious long-term studies investigating seasonal varia-
tions in benthic foraminiferal assemblages from
coastal environments have focused on the Indian
River Lagoon (IRL), USA (Buzas & Hayek 2000, Buzas
et al. 2002) and the Hamble Estuary, UK (Murray &
Alve 2000), among others. Cyclical changes in
foraminiferal species diversity were observed in the
macrotidal Hamble Estuary (Murray & Alve 2000),
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blage, indicating a patchy distribution. Overall, some of the benthic foraminiferal species, such as
Ammomarginulina sp. and Miliammina obliqua, showed strong seasonal variation, while the dom-
inant Ammonia spp. did not show any temporal variation. The environmental parameters dis-
played significant correlations with certain species, although no single factor could be identified
as being the major force driving assemblage composition. The present findings of seasonality and
correlations observed between certain factors with certain species may be utilized to improve bio-
monitoring in similar settings on a global scale.
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and Buzas and Hayek’s (2000) observation from a
single site in the IRL revealed summer densities of
most species to be significantly greater than in other
seasons spanning a period of 20 yr. A more detailed
view generated from 4 study sites at the IRL over
a period of 5 yr (Buzas et al. 2002) revealed the
absence of any conserved seasonal patterns.

Complexities in identifying seasonal changes in
benthic foraminiferal assemblages inhabiting coastal
marginal habitats arise from diurnal variations in
tidal regime (Murray 2006). The effect of tide in
shaping benthic foraminiferal communities is more
pronounced in the intertidal zone (Horton et al. 2003,
2005, Horton & Murray, 2007). Subtidal assemblages
are shaped by salinity and the supply of detrital food
matter (Murray 2006, Papaspyrou et al. 2013), factors
that are influenced by tidal shifting in the water table
alongside seasonal changes. Coastal lagoons with
limited connection to an open marine source may be
considered as marginal environments, where fora -
mini feral assemblage dynamics can be observed with
the near-absence of tidal variations over a substantial
period of time.

Recent changes associated with increased global
temperatures have made coastal lagoons susceptible
to eutrophication (McGlathery et al. 2001, 2007).
Mar ginal environments such as lagoons, character-
ized by high nutrient input and longer residence
times, are often dominated by stress-tolerant taxa
(Hallock 2012), testifying the degrading quality of
the habitat. Previous studies have shown that epi -
sodic influxes of nutrients under such environmental
settings can play a major role in shaping the underly-
ing benthic foraminiferal diversity (Papaspyrou et al.
2013, Rodrigues et al. 2015).

Chilika lagoon (19° 28’−19° 54’ N, 85° 06’− 85° 35’ E),
located on the northwest coast of the Bay of Bengal,
is the largest brackish water lagoon in Asia. The
lagoon is highly influenced by the northwestern
monsoon, which induces increased precipitation
along the entire northeastern Indian sub-continent
from July to October. The freshwater inflow during
the monsoon markedly affects the hydrological con-
ditions, with an increasing watershed area of the
lagoon from 704 km2 in pre-monsoon (March to June)
to 1020 km2 during the monsoon season (Gupta et al.
2008). The majority of the freshwater influx origi-
nates from the unregulated drainage of the western
catchment and from the distributaries of the Ma -
hanadi River basin that meet the lagoon in its north-
ern fringes. The lagoon is bordered on its northern
and eastern sides by a catchment region of 4406 km2,
which provides an additional source of freshwater

inflow (Panigrahi et al. 2009). The lagoon is sepa-
rated from the Bay of Bengal by a sand bar approxi-
mately 60 km long bearing 3 openings, of which 2
were naturally formed in 2008 and 2012 (Sahu et al.
2014), alongside an artificially dredged inlet opened
in 2001. Limited marine water inflow from these
openings, coupled with the presence of sand bars,
limit tidal variation to a negligible amount within the
lagoon (<0.07 m; Gupta et al. 2008). The lagoon has
another marine connection through the artificially
dredged Palur canal in its southernmost region; how-
ever, a major controlling factor of Chilika lagoon’s
hydrology in the absence of diurnal saline influx is
the seasonal inflow of freshwater received from the
52 rivers and rivulets that drain into it. The annual
average (for the period 1999 to 2007) freshwater
influx from these riverine sources has been estimated
to be 5.09 × 109 m3 (Panda & Mohanty 2008), with
approximately 60−80% contribution from the north-
eastern rivers (Sahu et al. 2014). During the pre-
 monsoon, due to virtually non-existent freshwater
inflow from the aforementioned rivers, the saline
water-covered area of the lagoon extends to its max-
imum, whereas during the monsoon, the entire
lagoon is converted into a freshwater body (Jeong et
al. 2008).

The seasonal dynamics observed in the lagoon
can affect the environmental conditions and result
in changes in the biotic assemblage composition.
On 1 October 1981, the lagoon was declared as a
Ramsar site (wetland of international importance).
Nutrient dynamics observed in this shallow (<2 m)
water body are influenced by monsoonal precipita-
tion (Nayak & Behera 2004, Panigrahi et al. 2009),
along with physiological factors and carbon dy -
namics (Muduli et al. 2012, 2013). Previous studies
of the lagoon have identified seasonal variations
within the phytoplankton (Panigrahi et al. 2009,
Srichandan et al. 2015a) and zooplankton (Naik
et al. 2008) communities of the water column;
 however, studies investigating seasonal patterning
within the benthic bottom-dwelling communities
are not available. Previous reports on the diversity
of benthic foraminifers from this lagoon have re -
ported extremely low values (Jayalakshmy & Rao
2001, Kumar et al. 2015). However, these studies
did not consider both the living and dead counter-
parts, and were based on a limited number of sam-
plings. The present study attempts to address sea-
sonal variability within the biotic assemblage by
restricting analysis to only benthic foraminiferal
specimens considered to be living at the time of
collection.
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The objective of the present work is to study the
seasonal variations within the subtidal benthic fora -
miniferal assemblages of the aforesaid coastal lagoon
over a period of 12 mo to generate an understanding
of its dynamics in a stressed marginal habitat in the
absence of tidal influence.

MATERIALS AND METHODS

Sediment collection

Monthly collection of sub-tidal sediments was car-
ried out from 6 stations (Fig. 1, Table 1), selected
based on their proximity to potential sources of influx
into the Chilika lagoon, for a period of 12 mo from
March 2014 until February 2015. Sediment samples
were extracted using a Ponar grab (Wild) with an
area of 0.025 m2. Schönfeld et al. (2012) mandated
that grab samplers should be avoided while sampling
in soft-bottom conditions as intact sediments are
rarely extracted. Grab collections during the present
study were thoroughly inspected and only grabs re -
presenting an un disturbed sediment surface were
considered for sub-sampling. Sediment sub-
samples were cored in triplicate from the
collected sediment using a push corer with a
length of 10 cm and an inner diameter of 3.5
cm. The topmost 6 cm from the collected
cores were further sub-sectioned into 3 ver-
tical fractions of 0−2 cm, representing the
surface sediment, and 2−4 cm and 4−6 cm,
representing sub-surface fractions, in order
to determine the vertical distribution of ben-
thic foraminifers. All collected samples were
immediately stained with rose bengal (2 g
l−1) and fixed with pH-neutral 4% formalde-
hyde solution. Formaldehyde was chosen
due to its dual utility as preservative and fix-
ative (Schönfeld et al. 2012). Usage of form-
aldehyde has been reported to decalcify
 calcareous specimens (Maybury & Gwynn
1993), hence it was neutralized prior to
usage. Distinction between live and dead
collected specimens was done based on rose
bengal staining of the protoplasm. Overesti-
mation of live density due to the persistence
of protoplasm within the test even after the
death of the foraminifer is the major draw-
back of rose bengal staining (Bernhard
2000); however, it still remains the most
widely used and advocated methodology
due to its inherent simplicity. In investi -

gations where foraminifera are studied in relation
to prevailing environmental conditions in a marine
en vironment, it has been mandated that only live
(rose bengal stained) specimens should be consid-
ered (Schönfeld et al. 2012). Fixed sample fractions
were stored under dark conditions for 30 d before
undertaking  further analyses.

Measurement of in situ environmental conditions

Environmental conditions of the water column
were measured at the time of sediment collection
using onboard equipment. Water samples overlay-
ing the sediment were collected by deploying a 5 l
Niskin water sampler (General Oceanics) from
which salinity was determined using a handheld
refractometer and pH was determined using a
pH meter (Eutech Instruments). Dissolved oxygen
(DO) concentrations at the sediment−water inter-
face were measured in situ by positioning the gal-
vanometric probe of a microprocessor-based DO
meter (Eutech Instruments) over the sediment
 surface.
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Fig. 1. (a) Location of Chilika lagoon and its major sources of hydro -
graphic influences; the Mahanadi basin and the Bay of Bengal. (b) Loca-

tion of sampling stations (CS1−CS6)
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Measurement of dissolved nutrient concentrations

Concentrations of dissolved nutrients, i.e. nitrate
(NO3

−), ortho-phosphate (PO4
3−), ammonium (NH4

+)
and silicate (SiO4

2−), were measured from the water
overlaying the sediment; 125 ml of water was col-
lected and transferred to an amber-colored bottle,
fixed immediately using pH-neutral 2% formalde-
hyde and transported to the laboratory as per pub-
lished protocols (Choudhury et al. 2015). At the
 laboratory, the collected water samples were imme-
diately passed through a 0.45 µm nylon filter (Merck-
Millipore) in order to remove suspended particulate
matter, and the concentrations of dissolved nutrients
were determined spectro photometrically (U-2900UV/
VIS Spectrophotometer, Hitachi). Dissolved NO3

−

concentrations were subsequently measured follow-
ing published methods (Finch et al. 1998). Likewise,
dissolved PO4

3− and SiO4
2− levels were measured

spectrophotometrically by acid-molybdate (Strick-
land & Parsons 1972) and ammonium molybdate
(Turner et al.1998) methods, respectively. Concentra-
tions of dissolved NH4

+ were also determined follow-
ing the potassium ferrocyanide method (Liddicoat et
al. 1975).

Precipitation data

Monthly data of precipitation in the region were
obtained from the Orissa government’s meteorologi-
cal database (www.orissa.gov.in/disaster/src/RAIN-
FALL1/RAINFALL.html). For every month, the entire
state’s precipitation values were considered to pro-
vide data about the seasonal variation in rainfall.

Benthic foraminiferal analyses

Estimation of stained benthic foraminiferal diver-
sity from Chilika was carried out by analyzing each
collected fraction separately. A total of 10 cm3 of
 sediment from each fraction was wet-sieved under
a jet of freshwater through mesh sizes of 500 and
63 µm. The collected residue in both mesh sizes was
observed under a stereozoom microscope (Zeiss
Stemi DV4, Carl Zeiss AG) by wet splitting. Residues
≥500 µm were observed for larger foraminiferal tests
while ≥63 µm residues were checked for meioben-
thic counterparts. Specimens bearing stained cyto-
plasm up to the penultimate chamber were consid-
ered to be live at the time of collection. Identification
of foraminiferal taxa was performed up to genus level
following Loeblich & Tappan (1987). Species-level
identification was performed by wet-picking repre-
sentative specimens from >63 µm sieved fractions
and imaging them under a field emission scanning
electron microscope (FESEM, Zeiss SUPRA55VP Carl
Zeiss AG). Such specimens were initially stored in
1:1 isopropyl alcohol solution overnight for dehydra-
tion, and were then placed on aluminum stab and
coated with gold-palladium for FESEM imaging. Fur-
ther identification was carried out by following local
literature and published taxonomic keys (Devi &
Rajashekhar 2009, Hayward et al. 2004).

Statistical analyses

To identify spatial variability within the observed
benthic foraminifera on both horizontal and vertical
scales, a 2-way ANOSIM approach was applied
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Stn Coordinates Nature of Source of probable influence
probable influence

CS1 N19° 33’ 22.6’’ Marine Palur canal flowing through the lagoon and connecting 
E85° 10’ 06.4’’ to the Bay of Bengal

CS2 N19° 43’ 40.7’’ Freshwater Effluent from Balugaon town flowing into the western 
E85° 13’ 04.3’’ catchment

CS3 N19° 41’ 39.5’’ Mixed Adjacent sanctuary islands of the lagoon
E85° 16’ 55.5’’

CS4 N19° 42’ 02.0’’ Marine Artificially dredged connection to the Bay of Bengal
E85° 24’ 00.0’’

CS5 N19° 48’ 51.1’’ Freshwater Outfall of the Kusumi, Kantabani and Sonanai Rivers 
E85° 20’ 35.3’’ from the western catchment

CS6 N19° 44’ 34.8’’ Mixed Outfall of the distributaries from the Mahanadi basin and the
E85° 25’ 27.6’’ artificially dredged connection to Bay of Bengal

Table 1. Location and the potential nature and source of hydrographical influence at each of the sampling stations
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using Bray-Curtis similarity as a distance matrix with
9999 permutations. The analysis was performed by
assigning numerical codes to log(x +1) transformed
data from each separate sample considered factor-
wise with stations of collection as the first factor and
depth of collection as the second factor. Classification
of foraminiferal assemblages based on season was
investigated by applying a hierarchical clustering
method. The unweighted paired group method
with arithmetic mean (UPGMA) algorithm was used
to construct clusters based on the mean distance
between each studied fraction based on Bray-Curtis
similarity. Prior to hierarchical clustering, SIMPER
analysis was performed by coding the samples
according to their  season of collection to determine
which benthic fora miniferal species contributed most
to the ob served seasonal differences. Foraminiferal
species having a contribution of >10% to the ob -
served variation were only considered during hierar-
chical clustering to increase the robustness of the
method. A Monte Carlo test (1000 permutations) was
performed to calculate the replication percentages
of each cluster. For all analyses, square root-trans-
formed values of absolute abundance in 10 cm3

for each foraminiferal species was used following
log(x +1) normalization to address non-normal data
and observed zero values. The obtained clusters
were re-examined using the Raup-Crick similarity
measure to test their reproducibility. Identification of
any potential environmental parameter impacting
the assemblage dynamics of foraminifera was per-
formed by correlating the observed total abundance,
diversity and species-wise abundance with meas-
ured environmental parameters. All statistical tests,
along with the calculation of Shannon diversity (H ’),
were calculated using the PaST software package
v.3.09 (Hammer et al. 2001).

RESULTS

Precipitation and environmental conditions

In situ environmental conditions recorded from the
bottom water representing each station are detailed
in Fig. 2 along with the total regional precipitation
during the respective sampling period. Maximum
rainfall was recorded during the monsoon month of
July 2014 (15 059 mm), while December 2014 records
present the least amount (23 mm) of rainfall during
the study period. The monsoon months (July− October
2014) recorded a total of 39 053 mm in precipitation
compared with pre-monsoon and post-monsoon val-
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Fig. 2. Variation in the environmental parameters in the
 water column of Chilika lagoon with respect to precipitation 

during the study period
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ues of 8388 and 4111 mm, respectively. Recorded
salinity values were at a minimum (1.6) during Sep-
tember 2014, and at 5 out of 6 sampling stations, the
values were zero. Mean salinity values were highest
(18.3) during pre-monsoon (March−June 2014) in
June 2014. Bottom-water pH values were in the basic
range of 7.3 to 9.1. DO concentrations displayed
higher values during the post-monsoon (November
2014−February 2015), with the highest values re -
corded for the February 2015 collection. DO values
during pre-monsoon and monsoon were in the range
of 2.9−7.9 and 3.8−7.9 mg l−1, respectively.

Dissolved nutrient concentrations

Measured dissolved nutrient concentrations are
presented in Fig. 3. Dissolved nitrate (NO3

−) values
ranged between 16 and 95.3 µM in the bottom water.
Higher variation within the stations’ NO3

− concen tra -
tions were observed during the pre-monsoon months,
while the values exhibited less spatial heterogeneity
in subsequent samplings. Dissolved phosphate (PO4

3−)
concentrations varied within a range of 0 to 3.9 µM,
with lower values recorded during late monsoon to
post-monsoon months. Dissolved ammonium (NH4

+)
concentrations ranged between 0 and 12.7 µM. The
NH4

+ concentrations were lowest during March 2014,
when 5 sampling stations had values lower than the
detection limit of the methodology used. Silicate
(SiO4

2−) concentration displayed a wider range of
variability with time, having lower values during pre-
monsoon, gradually increasing during monsoon and
lowering during the post-monsoon. Values of dis-
solved SiO4

2− displayed a wider range, with a mini-
mum value of 5 µM and a maximum of 377.5 µM.

Foraminiferal analyses

Assessment of benthic foraminifera presumed to be
living at the time of collection was carried out by ana-
lyzing 216 sediment fractions, with 72 fractions from
each depth profile (0−2, 2−4 and 4−6 cm). No large
(>500 µm) benthic foraminifera were observed. A
total of 1344 stained specimens (per 10 cm3 sediment
volume) were observed in the >63 µm sieved frac-
tions that were considered as living. Out of the sedi-
ment fractions analyzed from the surface 0−2 cm
fraction, 52 contained stained specimens, while 27
out of the 2−4 cm fraction bore such individuals. In
the 4–6 cm fraction samples, no live specimens were
encountered. FESEM analyses of representative live
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Fig. 3. Variation in the dissolved nutrient concentrations in
the water column of Chilika lagoon with respect to precipi-

tation during the study period
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specimens revealed the presence of 12 species of
benthic foraminifera belonging to 7 families, of
which 5 species were only reported from the 0−2 cm
fraction (Figs. 4 & 5). The living foraminiferal assem-
blage at Chilika was mostly dominated by members
of the genus Ammonia (Table 2). Subsequent analy-
ses of FESEM images of specimens belonging to
Ammonia revealed the presence of 3 distinct mor-
photypes that were classified as Ammonia T2, T10
and T6 (Fig. 5). In the present study we have main-
tained the nomenclature given to genetically sepa-
rate species that had characteristic morphological
features that distinguish them from Ammonia tepida
as established by Hayward et al. (2004). Amongst
the observed species, Ammonia T2 (syn. A. aber-
doveyensis) was characterized by 8 to 10 chambers in
the final whorl, absence of a secondary calcite and a

small prolocular chamber. Ammonia T6 was charac-
terized by pores having a larger diameter and fewer
chambers in the final whorl, synonymous with A.
aomoriensis as stated earlier by Hayward et al.
(2004). However, the species showing similarity to
Ammonia T6 did not correspond with any valid syn-
onymous species name. Observed specimens be lon -
ging to the genus Ammomarginulina often had their
last chambers broken and hence were not suitable
for identification to species level, and have been pre-
sented as Ammomarginulina sp.

In Fig. 6, mean values of log abundance in 10 cm3

of sediment (log A) and Shannon diversity index
(H ’) values from the surface 0−2 cm and sub-surface
2−4 cm fractions are compared. The highest values of
abundance in the 0−2 cm fraction were observed in
December 2014. In Table 2, the detailed values of
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Fig. 4. Field emission scanning
electron microscopy (FESEM) of
(a) Quinqueloculina seminulum
d’Orbigny, 1826, (b) Trochammina
inflata Montagu, 1808, (c) Textu-
laria agglutinans d’Orbigny, 1839,
(d) Ammodiscus sp., (e) Miliam -
mina obliqua Herron-Allen and
Earland, 1930, (f) Miliammina
fusca Brady, 1870, (g) Ammobac-
ulites agglutinans d’Orbigny, 1846,
(h) Ammotium salsum Cushman
and Brönnimann, 1948, and (i) 

Ammomarginulina sp.
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foraminiferal abundance across depth fractions from
the 6 studied stations are presented. In December
2014, the major contributors to number of living spec-
imens were Ammonia T2 and Miliammina obliqua.
While Ammonia T2 was present in a comparatively
moderate number (24/10 cm3) in the surface fraction
of the CS3 station, M. obliqua was considerably
higher in both the surface (33/10 cm3) and subsurface
(24/10 cm3) fractions of CS5. Dominance of M. obli-
qua at CS5 continued in January 2015, where it
absolutely dominated the living assemblage (surface:
27/10 cm3, sub-surface: 15/10 cm3). Mean H ’ was low
during this month (Fig. 6). Ammonia T2 was most fre-
quently observed in 55 out of 79 samples across the
study period, but the species was mostly restricted
to the 0−2 cm fraction. The highest abundance of
Ammonia T2 was recorded from CS5 in May 2014 in
the surface fraction (74/10 cm3). The value was the

highest for any individual species observed during
the study. Ammonia T10 was also high in abundance
(51/10 cm3) in the same sample (0−2 cm of CS5, May
2014). Abundance of the 2−4 cm assemblage was
higher in March 2014 as Ammomarginulina sp. was
present in higher proportions in the subsurface frac-
tion at CS3 (14/10 cm3) and CS5 (11/10 cm3). The sta-
tions CS3 and CS5 continued to display a dominance
of Ammomarginulina sp. in April and May 2014.

The observed H ’ values in the surface fraction
ranged between 0.29 and 1.49 in samples collected
from CS5 in December 2014 and CS4 in October
2014, respectively, while 21 out of 52 samples bear-
ing live specimens were represented by single spe-
cies. The 2−4 cm subsurface fraction displayed lower
values of diversity, ranging from 0.47 (CS5 in May
2014) to 1.28 (CS1 in July 2014). The highest value of
diversity observed at CS1 in the July 2014 collection
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Fig. 5. FESEM of (a) Ammo-
nia T2; a1: spiral view, a2:
umbilical view, a3: profile
view; (b) Ammonia T6; b1:
spiral view, b2: umbilical
view, b3: profile view; and
(c) Ammonia T10; c1: spiral
view, c2: umbilical view, c3:
profile view
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was due to the occurrence of a high number of spe-
cies (5) in the 2−4 cm fraction. In the pre-monsoon
months (March− June), H ’ ranged from 0 to 1.09 in
the surface fraction as samples had a greater domi-
nance of Ammonia T2 and T10, with samples with
single-species dominance displaying a zero value of
H ’. The subsurface fraction for the pre-monsoon
months displayed a range of 0 to 0.97, with higher
median values in March 2014 as compared with its
surface fraction counterpart. The increased diversity
values in the 2−4 cm fraction were due to the higher
abundance of Ammomarginulina sp. observed in that
month (Table 3). The monsoon months displayed
decreased median values of H ’ in both fractions as
the abundance of live specimens also decreased dur-
ing this time period. However, as mentioned earlier,
the highest value of surface diversity was also noted
during this period. During the post-monsoon months,

the highest median H ’ values were observed in Octo-
ber 2014, after which the values continued to de -
crease in the surface fraction. In the subsurface frac-
tion, live specimens were found in only a few
samples. The increased presence of M. obliqua at
CS5 in January 2015 was also reflected in the diver-
sity pattern. To test the spatial variation in the living
foraminiferal population within the lagoon in both
the horizontal and vertical profiles, 2-way ANOSIM
was performed by coding samples bearing live
foraminiferal specimens according to their station
and depth of collection. The test revealed the
foraminiferal assemblage to be significantly different
across the 6 stations (p = 0.0017, R = 0.058) and across
the 2 depth profiles (p = 0.0001, R = 0.151). Seasonal
variation among the samples was initially investi-
gated by SIMPER analysis to determine which spe-
cies contributed most to seasonal variations. Table 4

129

Depth fraction 0–2 cm Salinity pH DO Nitrate Phosphate Silicate Ammonium

Total abundance/10 cm3 0.04 −0.09 0.10 0.26 −0.06 −0.08 0.03
Shannon diversity (H ’) −0.05 −0.04 −0.16 −0.05 0.11 −0.08 0.06

N % N % N % N % N % N % N %

Ammodiscus sp. 0.05 0.05 −0.17 −0.17 0.13 0.13 −0.01 −0.01 −0.10 −0.10 −0.01 −0.01 0.02 0.02
Trochammina inflata 0.30 0.13 −0.12 −0.16 −0.09 −0.11 −0.07 −0.06 −0.05 −0.07 −0.11 0.00 0.09 0.09
Ammotium salsum −0.01 0.00 0.00 0.01 0.16 0.16 −0.11 −0.12 −0.02 −0.05 −0.05 −0.06 0.08 0.09
Textularia agglutinans −0.11 −0.14 −0.04 −0.24 −0.09 −0.03 −0.17 −0.14 0.15 0.10 0.24 0.22 −0.04 0.03
Ammobaculites agglutinans 0.07 0.09 −0.04 −0.04 −0.12 −0.12 −0.18 −0.18 0.28 0.29 −0.01 −0.02 −0.13 −0.11
Ammomarginulina sp. −0.12 −0.12 −0.02 −0.02 −0.02 −0.02 0.05 0.05 −0.09 −0.09 0.16 0.16 −0.11 −0.11
Ammonia T2 0.00 −0.04 −0.16 −0.17 0.06 −0.02 0.33 0.20 −0.06 0.03 −0.02 0.06 −0.08 −0.03
Ammonia T10 0.16 0.25 −0.09 −0.06 0.06 −0.24 0.21 −0.03 −0.05 −0.01 −0.13 −0.09 0.05 0.11
Ammonia T6 −0.14 −0.02 0.02 0.13 −0.09 −0.15 0.12 −0.10 0.00 0.11 −0.09 −0.19 −0.07 −0.05
Quinqueloculina seminula 0.00 −0.03 0.11 0.13 −0.23 −0.20 −0.07 −0.05 0.23 0.14 −0.21 −0.19 −0.15 −0.16
Miliammina obliqua −0.13 −0.10 0.21 0.24 0.20 0.23 0.13 0.16 −0.07 −0.07 0.01 −0.02 0.30 0.34
Miliammina fusca −0.17 −0.17 0.03 0.03 −0.02 0.00 −0.06 −0.05 −0.13 0.00 0.16 0.15 −0.08 0.02

Depth fraction 2–4 cm Salinity pH DO Nitrate Phosphate Silicate Ammonium

Total abundance/10 cm3 −0.11 0.03 0.19 0.10 0.00 −0.03 −0.02
Shannon diversity (H ’) −0.02 0.04 0.08 0.08 0.10 −0.04 −0.11

N % N % N % N % N % N % N %

Ammodiscus sp. 0.06 0.07 −0.18 −0.16 0.16 0.21 −0.02 −0.04 −0.08 −0.07 −0.02 −0.05 0.02 0.06
Ammotium salsum −0.02 0.01 −0.08 −0.08 0.12 0.14 −0.05 −0.05 0.14 0.17 0.02 0.01 −0.12 −0.11
Textularia agglutinans 0.02 0.02 0.06 0.06 0.08 0.08 0.02 0.02 0.02 0.02 0.06 0.06 −0.08 −0.08
Ammobaculites agglutinans 0.02 −0.01 −0.07 −0.18 0.17 0.13 −0.05 −0.08 −0.06 −0.02 0.13 0.13 −0.02 0.01
Ammomarginulina sp. 0.05 0.25 0.12 0.09 −0.06 −0.06 0.19 0.10 0.14 0.15 −0.35 −0.35 −0.09 0.05
Ammonia T2 −0.16 −0.13 0.05 −0.01 −0.03 −0.11 0.04 −0.01 −0.03 −0.08 0.13 0.29 −0.10 0.04
Ammonia T10 −0.19 −0.22 −0.05 0.04 0.01 −0.03 −0.02 −0.05 0.00 −0.01 0.15 0.31 −0.16 −0.13
Ammonia T6 −0.08 −0.08 0.02 0.02 0.13 0.13 −0.04 −0.04 −0.05 −0.05 −0.01 −0.01 0.14 0.14
Miliammina obliqua −0.09 −0.10 0.15 0.22 0.24 0.22 0.09 0.16 −0.01 −0.01 −0.02 0.02 0.24 0.28
Miliammina fusca 0.02 0.07 0.11 0.08 0.12 0.21 0.09 0.04 0.00 −0.01 0.10 −0.04 −0.02 0.02

Table 2. Correlation analysis results between observed total abundance and diversity and species-specific abundance (N) and relative 
diversity (%) with measured environmental parameters across the depth profile. Significant values (p ≤ 0.05) are in bold
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shows the contribution of each species to the dissim-
ilarity percentages ob served between seasons. The
dissimilarity percentage observed among the seasons
was higher between pre-monsoon and post-monsoon
samples (77.55%) compared with percentages be -
tween pre-monsoon and monsoon  samples (70.96%)
and monsoon and post-monsoon samples (75.08%).
The maximum  contribution to observed dissimilarity
originated from Ammonia T2 (25.67− 28.74) and
Ammonia T10 (19.8− 23.49).

SIMPER analysis revealed 4 species, Ammonia T2,
Ammonia T10, Am mo marginulina sp. and M. obli-
qua, to be the major contributors to observed sea-
sonal dissimilarities (Table 4). The total number of
individuals represented by the above species from
the 0−2 and 2−4 cm fractions month-wise is shown in
Fig. 7. Ammonia T2 and Ammonia T10, which con-
tributed most to observed dissimilarity among the
seasons (Table 4), showed a higher abundance in the
0−2 cm  fraction in May 2014 compared with the other
months. The abundance of Ammonia T2 was rela-
tively higher in the surface fraction compared with
other species, while both representatives of the
genus were present sporadically in the subsurface

fraction with Ammonia T2 being
more abundant. Ammomarginulina sp.,
which had a higher con tribution to
dissimilarities between pre-monsoon
2014 and other seasons (Table 4),
showed increased abundance during
March−May 2014 in the 2−4 cm frac-
tion (Fig. 7). Miliammina obliqua, the
fourth species to show >10% contri-
bution to observed dissimilarities,
 displayed the highest abundance
in December 2014 across both the
sediment fractions and was entirely
absent during the pre-monsoon months
of March−June 2014.

A hierarchical clustering was per-
formed using the aforementioned 4
species to determine any grouping of
samples based on station, month or
depth of collection (Fig. 8). Five main
clusters were observed with the
Monte-Carlo test, and clusters show-
ing replication values >20% are
shown in Fig. 8. Cluster I comprised
samples with absolute dominance of

Ammomarginulina sp. and samples representing the
2−4 cm fraction from 2 pre-monsoon months, re st -
ricted to the CS1, CS3 and CS6 stations. Cluster II
was dominated by M. obliqua and comprised both
depth fractions collected from CS5 in November and
December 2014. Samples having an equal composi-
tion of Ammonia T2 and Ammonia T10 formed Clus-
ter III, which comprised mostly surface 0−2 cm sam-
ples. Sub-clusters within Cluster III did not present
any seasonal grouping. Cluster IV was mostly com-
posed of samples that had a higher or absolute abun-
dance of Ammonia T2. A sub-cluster within Cluster
IV was represented by samples with a presence of
Ammomarginulina sp. alongside Ammonia T2 and
composed almost entirely of samples from the 2−4 cm
fraction. Spatial patterns within Clusters III and IV
were not prominent due to the ubiquitous presence
of Ammonia T2 across the lagoon. Cluster V com-
prised samples with a greater contribution from
Ammonia T10. Samples from both the 0−2 and 2−4
cm fractions of stations CS4 and CS6 mostly formed
this cluster. Seasonal grouping within Cluster V was
also absent as the samples were represented by all 3
seasons.
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Table 3. Number (in boxes) and relative abundance (grey shading) of foraminiferal specimens observed for each species from
each collected sample in 10 cm3 volume of sediment. The dashed lines denote the 6 stations from where sampling was 

carried out (see key)

Fig. 6. Variation in the log abundance (log A) and Shannon diversity (H ’) of 
the live benthic foraminiferal population
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To test the impact of seasonally influenced environ-
mental parameters in shaping the foraminiferal as-
semblage structure, Pearson’s correlation analysis
was performed with the data representing the 2 depth
fractions (Table 2). In the surface 0−2 cm fraction, total
foraminiferal abundance displayed sig nificant positive
correlation (p ≤ 0.05) with only one factor, dissolved
NO3

− concentrations, while H ’ displayed none. Abun-
dance of Ammonia T2, the highest contributor to sea-
sonal dissimilarity, also showed a significant positive
correlation with dissolved NO3

− con-
centrations, while its  relative abun-
dance did not correlate with measured
environmental parameters. Another
member of the same genus, Ammonia
T10, displayed a significant correlation
between its relative abundance and
salinity along with DO concentrations.
Miliammina obliqua, another species
that contributed to  observed seasonal
dissimilarities, displayed a significant
positive correlation with the concen-
tration of dissolved NH4

+, a relation-
ship that was also found in the
sub-surface (2−4 cm) fraction. In the
2−4 cm fraction, concentrations of dis-
solved SiO4

2− displayed sig nificant
negative and positive correlations with
Ammomarginulina sp. and Ammonia
T2 and T10, respectively. Ammomar-
ginulina sp., which mostly character-
ized the 2−4 cm fraction during  pre-
monsoon, also displayed a significant
positive correlation with salinity.

DISCUSSION

The present study describes sea-
sonal dynamics within the benthic
fora miniferal assemblage of a shal-
low coastal lagoon that is heavily
impacted by seasonal freshwater
influx from tropical monsoons. The
benthic fora miniferal assemblage
was studied for a period of 12 mo,
with samplings carried out from 6
stations across the lagoon with an
average gap of 30 d between each
sampling. The study design pro-
vides a view of the seasonal
dynamics in an environment in
which tides are absent. Previous
studies investigating seasonal
dynamics over a much larger span

of time from other coastal lagoons have noted the
absence of any distinct pattern between years (Buzas
& Hayek 2000, Buzas et al. 2002). Vertical distribu-
tion of foraminifera in the benthos was investigated
in the present study by coring up to a depth of 6 cm.
Previous studies have reported living specimens to
be present up to a depth of 60 cm under marsh envi-
ronments (e.g. Goldstein et al. 1995); however, the
majority of the diversity and density of foraminifera
was reported to be restricted to the surface 2 cm of
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Pre-mons.− Mons. 14− Post-mons. 14/15
mons. 14 post-mons. 14/15 −pre-mons. 14

Dissimilarity (%) 70.96 75.08 77.55
Species-wise contribution (%)
Ammonia T2 27.65 28.74 25.67
Ammonia T10 23.49 19.8 19.84
Ammomarginulina sp. 15.91 3.13 13.9
Miliammina obliqua 3.48 14.08 11.34
Miliammina fusca 6.15 6.87 2.37
Ammodiscus sp. 1.76 6.09 6.12
Ammonia T6 5.12 2.38 4.95
Ammotium salsum 5.65 3.49 2.16
Trochammina inflata 3.51 4.18 3.44
Ammobaculites agglutinans 2.16 5.38 3.34
Textularia agglutinans 1.45 5.25 3.88
Quinqueloculina seminula 3.67 0.61 2.99

Table 4. Results of the SIMPER analysis performed using PaST v.3.09. Bold values
indicate >10% contribution of the particular species to the observed percentage of 

dissimilarity between the studied seasons. Mons: monsoon; 14: 2014, 15: 2015

Fig. 7. Variations in the standing crop of Ammonia T2, Ammonia T10, Ammo-
marginulina sp. and Miliammina obliqua across the depth profile for the entire 

duration of the study
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the sediment. In the present study, we did not
encounter any live specimens beyond 4 cm, with the
majority of the density restricted to the surface
0−2 cm fractions in most of the samples.

The studied environment of Chilika lagoon has
previously been reported to be under seasonal in -

fluence due to the southwestern mon-
soon-induced precipitation and fresh-
water influx from the Ma hanadi basin
(Panigrahi et al. 2009, Srichandran et
al. 2015a). During the study period, the
maximum precipitation was observed
during the months of July−October,
which corresponds to the monsoon sea-
son in the region. Increased freshwater
influx was reflected in the overall
water quality. Salinity during pre-mon-
soon months showed greater variability
among the different stations. The ob -
served variability may stem from local-
ized inputs of freshwater at the stations
with riverine inputs. CS1 is located in
the southern part of the lagoon, and,
along with CS4, is remotely placed
with respect to freshwater sources and
closer to the marine connections of the
lagoon (Table 1).

Higher variability among stations is
also noted in the case of dissolved ni-
trate (NO3

−) concentrations during the
pre-monsoon period. Considering that
the inflow of NO3

− under coastal condi-
tions originates from terrestrial sources,
the presence of localized in puts may
also explain the observed variability.
Though dissolved NO3

− levels through-
out the year in the lagoon did not show
any significant variation, there was a
significant correlation with the number
of living specimens ob served.

Salinity, however, displayed the ex -
pec ted seasonal variation, reaching
zero values during the peak of the
monsoon months and increasing with
the decline of precipitation in the post-
monsoon period.

The pH at the sediment−water inter-
face also de creased with the progres-
sion of monsoon in the region and
increased with its withdrawal, reflect-
ing the probable influence of fresh-
water flow into the system, which low-
ers the buffering capacity of seawater.

DO concentrations showed a continuous increase
with study period, which may be independent of
rainfall and more dependent on the wind circulation
pattern in the lagoon (Mohanty & Panda 2009);
 however, during monsoon, the variability between
stations was lower.
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Fig. 8. UPGMA cluster analysis between collected samples with respect to the
foraminiferal species that contributed most to observed seasonal differences
based on Bray-Curtis similarity scale. Reliability of the clusters was tested using
Bray-Curtis and Raup-Crick similarity measures, and ≥20% in the format of
Bray-Curtis value/ Raup-Crick value are shown. The shaded boxes indicate 

relative abundance of respective foraminiferal species from each sample
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This overall impact of the monsoonal precipitation
is most reflected in the concentrations of silicate
(SiO4

2−), whereas phosphate and ammonium values
did not exhibit seasonal variation. The fact that
SiO4

2− mirrored the monsoonal precipitation shows
that the majority of the SiO4

2− influx comes from ter-
restrial sources. Recent studies of the Chilika lagoon
showed seasonal fluctuations in water quality; biotic
communities also exhibited patterns similar to those
reflected by the present study (Muduli et al. 2013,
Srichandan et al. 2015a).

Stained benthic foraminiferal specimens recorded
from the lagoon showed extremely low diversity and
low abundance when compared with previous reports
(Debenay et al. 2001, Frontalini et al. 2011) from sim-
ilar settings. Previously, Kumar et al. (2015), studying
live assemblages from the marine-influenced outer
channel of Chilika, had reported a larger standing
crop of foraminifera; however, the present study,
which spans across 12 mo and was carried out mostly
from the interior lagoon, reports an extremely low
abundance. It must be noted that the growth of veg-
etation cover coupled with seasonally controlled
hydrodynamics and intensified freshwater influx
can bias the foraminiferal composition, increasing
the amounts of allochthonous (dead) epiphytic speci-
mens and/or totally eliminating living forms (Dimiza
et al. 2016b). The correlation observed between dis-
solved NO3

− and abundance on the sediment surface
may originate from the aforementioned factor, as
addition of nutrients to the system may assist the
growth of  vegetation that characterizes the shallow
lagoon (Table 2). Monthly total abundances of ben-
thic fora mini fera in the lagoon ranged from 0 to 180
individuals in the surface 0−2 cm fraction to 0 to 57
individuals in the 2−4 cm vertical fraction. As 77%
of total live specimens are restricted to the surface
0−2 cm fraction, it is clear that the majority of fora -
miniferal production is restricted to the surface sedi-
ments of the lagoon. The foraminiferal assemblage
was also found to be significantly different between
both depth fractions when applying ANOSIM
 analysis. The observed low diversity, coupled with
the dominance of the stress-tolerant Ammonia, may
indicate the stressed nature of the lagoon at certain
times of the year.

The lagoon receives a huge load of dissolved nutri-
ents and it is under constant threat of eutrophication
(Panigrahi et al. 2009). The increased nutrient load,
along with lowered values of DO during pre-monsoon
versus monsoon seasons, may play a key role in
shaping the biotic communities, including benthic
foraminifera. According to the TROX (trophic oxy-

gen) model as proposed by Jorissen et al. (1995), ben-
thic foraminifera are restricted to the surface sedi-
ments due to the limiting nature of oxygen in deeper
sediments under nutrient-rich conditions. Subse-
quently, values of H ’, along with species richness
and evenness, were also higher at the surface frac-
tion in comparison to the 2−4 cm fraction. Amongst
the 12 species of benthic foraminifera recorded in the
present study, Trochammina inflata and Quinquelo-
culina seminulum were only recorded from the sur-
face fraction. Agglutinated species such as Ammo -
tium salsum, Textularia agglutinans and Miliammina
fusca are known to dominate nearshore vegetated
environments (Murray & Alve 2000, Horton et al.
2003, 2005), along with T. inflata and Q. seminulum.
The porcelaneous species Q. seminulum is known to
characterize low  vegetated zones and is also common
in the shallow marine waters of the Mediterranean
(Jorissen 1988, Sgarrella & Moncharmont Zei 1993,
Murray 2006, Dimiza et al. 2016a,b).

SIMPER analysis performed to determine the con-
tribution of each species to differences that might
exist in the benthic assemblage structure revealed
Ammonia T2 and Ammonia T10 to be the major con-
tributors of observed differences in assemblage
structure across seasons. This analysis was per-
formed by indexing the samples by season irrespec-
tive of depth, which further stresses the dominance
of members of the genus Ammonia in the benthic
foraminiferal assemblage of the lagoon. Amongst
the other species, Ammomarginulina sp. and Miliam -
mina obliqua contributed more than 10% to dissimi-
larities observed between seasons. UPGMA cluster
analysis based on Bray-Curtis similarity between
 collected samples across seasons and depth profile
better represents the seasonal variations within the
assemblage studied. Observed clusters reflected the
presence and absence of seasonality among the ben-
thic foraminiferal species used for analysis. As men-
tioned in the ‘Results’, Cluster I comprised mostly
samples collected during the post-monsoon and was
characterized by a dominance of M. obliqua (Fig. 8).
Others members of the genus Miliammina are known
to be epiphytes and their observed dominance dur-
ing the post-monsoon may be correlated with the
increased values of DO during that time period. But
no such correlation was identified in the present
study. However, M. obliqua displayed a significant
positive correlation with dissolved NH4

+ concentra-
tion. This observation, coupled with the fact that
higher abundance of the species was restricted to
a certain station in a certain period of time, may
 indicate the existence of yet-to-be-identified factors
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required by the species. High values of DO may be
an indicator of higher primary productivity in the
lagoon from surface water phytoplankton and sub-
merged macrophytes (Srichandan et al. 2015b), with
the latter possibly acting as a substrate for M. obli-
qua. In the cluster analysis, pre-monsoon and post-
monsoon samples with a dominance of Ammonia T10
formed a separate group (Cluster III), while another
group (Cluster IV) was mainly composed of monsoon
samples with an almost absolute dominance of
Ammonia species. The dominance of the genus may
be an indicator of the stressed nature of the lagoon,
as Ammonia is known to be a stress-tolerant genus
exhibiting a ubiquitous distribution across nearshore
environments (Hayward et al. 2004, Dimiza et al.
2016a,b). Al-Zamel & Cherif (1998), in a study of the
live sub-tidal assemblage from the Shatt Al-Arab
delta, Kuwait, identified Ammonia T2 syn. aberdovey -
ensis as inhabiting brackish creek environments with
lowered abundance in open marine regions. Another
observed species, Ammonia T6 syn. aomoriensis, has
been also known to characterize brackish water envi-
ronments (Haynert et al. 2011, Haynert & Schönfeld
2014). In particular, the closely related Ammonia tep-
ida is commonly reported as opportunistic, tolerant to
lower salinities and/or salinity fluctuations in shallow
marine, lagoonal and deltaic environments (Almogi−
Labin et al. 1992, Yanko et al. 1998; Debenay et al.
2005, Frontalini et al. 2009, Koukousioura et al. 2012,
Martins et al. 2013, Dimiza et al. 2016a,b). 

Observed low values in DO during the pre-
 monsoon, coupled with increased nutrient loading
during monsoon, may act as inducers of stress in this
shallow coastal lagoon. Previous studies from Chilika
have reported the occurrence of phytoplankton
blooms during pre-monsoon, highlighting the threat
of eutrophication faced by the lagoon (Panigrahi et
al. 2009). The dominance of Ammonia in the live
assemblage throughout the study and across the
studied sediment depth also supports the potential
threats from eutrophication, as Ammonia T2 dis-
played a significant positive correlation with dis-
solved NO3

−. The dominance of members from a sin-
gle genus is also reflected in Simpson’s evenness
values, which were mostly low (<0.5) during the
study period. Similar dominance of Ammonia in the
living assemblage has been previously reported from
Venice lagoon, Italy (Donnici et al. 1997), and from
Ria de Aveiro lagoon, Portugal (Martins et al. 2013),
both of which are highly influenced by tidal influx.
However, similar dominance has also been reported
from Araruama lagoon, Brazil (Debenay et al. 2001),
Lake Varano lagoon, Italy (Frontalini et al. 2011), and

Aegean coastal lagoons (Koukousioura et al. 2012,
Dimiza et al. 2016a,b), which have limited tidal influ-
ence, similar to the present study. The dominance of
Ammonia therefore appears to be independent of
tidal regime. Debenay et al. (2001) relate this domi-
nance to the seasonal lowering of salinity coupled
with increased nutrient loading, while Martins et al.
(2013) and Dimiza et al. (2016b) postulate that the
dominance of Ammonia is also due to their greater
tolerance of pollutants under coastal settings. Sea-
sonal variation in the living assemblage was most
pronounced in the case of Ammomarginulina sp.:
along with their restricted occurrence in the sub-sur-
face 2−4 cm  fraction, they formed an entirely sepa-
rate cluster (Cluster I). Limited occurrence of this
species in the live assemblage during pre-monsoon
(Fig. 8) may reflect its stress-sensitive nature and
during this period lowest DO concentrations, along
with increased salinity, also showed significant posi-
tive correlation with the above species across both
depths. However, such depth-specific microhabitats
are not known to exist globally (Murray 2006).

Other than the temporal and vertical distributional
dynamics, living benthic foraminiferal assemblages
are known to exhibit patchiness laterally. Murray
& Alve (2000) reported a difference in benthic fora -
miniferal assemblages separated by a few centi -
meters. Vertical distribution of foraminifera in mar-
ginal habitats has often being linked with the
presence and absence of bioturbating agents (Saf-
fert & Thomas 1998, Alve & Murray 2001). Alve &
Murray (2001) studied the intertidal foraminiferal
assemblage at Hamble Estuary, UK, and concluded
that the observed restriction of the majority of the
assemblage to the upper 1 cm was due to absence
of bioturbation. Presence of overlying vegetation
can also play a major role in determining the depth
of the foraminiferal assemblage. Duchemin et al.
(2005), studying the marsh foraminiferal assemblage
from the Gulf of Morbihan, France, found a greater
number of living specimens up to a depth of 9 cm in
vegetated zones as compared with unvegetated
areas. In the present study area, the presence of
bio turbating agents such as macrofauna in the sedi-
ment, along with the presence of rooted macro-
phytes, has been linked with seasonal variations in
water quality (Mahapatro et al. 2009, Jaikumar et
al. 2011). In the present study, Ammomarginulina
sp., which dominated the subsurface assemblage in
the pre-monsoon months, displayed significant cor-
relation with dissolved SiO4

−, a nutrient that is
known to support phytal production in the lagoon
(Panigrahi et al. 2009).
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The present study also recorded significant differ-
ences on the horizontal plane with respect to study
sites based on ANOSIM analysis. The presence of
spatial variation among the living assemblage com-
plicates interpretations of hypotheses investigating
temporal and horizontal changes. The different
sources of influx, as outlined in Table 1, also had
effects on the conditions prevailing at the time of col-
lection, as well as the underlying assemblage struc-
ture. However, the variation in foraminiferal assem-
blage due to spatial patchiness was close to being
uniform throughout the study period and did not
result in any separate clustering of samples in the
cluster analysis. The impact of seasonally varying
environmental factors on shaping the assemblage
was not pronounced, as seen from the correlation
analysis. While certain environmental parameters
were correlated with certain species, no single
parameter could be identified as the major driving
force shaping the overall assemblage in the lagoon.
Seasonal influx of certain dissolved nutrients (NO3

−,
SiO4

−, NH4
+) may influence the productivity of the

lagoon, which in turn may shape the structure of
 bottom-dwelling foraminifera. Environmental moni-
toring utilizing fora miniferal proxies in nearshore
environments are known to provide an economic
tool for environmental assessment (Hallock 2012).
Recently, Dimiza et al. (2016b) have introduced the
Foram Stress Index for classifying soft-bottom envi-
ronments, where high input of nutrients coupled with
anthropogenic stressors can lead to the development
of assemblages dominated by stress-tolerant taxa
such as Ammonia and Textularia agglutinans. The
low diversity ob served in the present study can thus
be interpreted to stem from seasonal nutrient loading
in the system. Correlations observed between nu -
trients and stress-tolerant taxa such as Ammonia
can thus further improve environmental monitoring
using foraminiferal proxies.

CONCLUSIONS

The objectives of the present study were to charac-
terize the live assemblage from a tropical monsoon-
influenced coastal lagoon in Chilika, India, and study
the seasonal variation observed across the vertical
sediment profile from this shallow water body over a
period of 1 yr. The study revealed the live as sem -
blage to be composed of a low-diversity benthic fora -
miniferal population mostly dominated by members
of the genus Ammonia. The species observed mostly
were agglutinated in nature, apart from Ammonia

spp. and Quinqueloculina semi nu lum. The live as-
semblage was found to be restricted to the upper
4 cm of the sediment, with the majority of foraminif-
era occurring in the surface 2 cm fraction. ANOSIM
analysis revealed the existence of significant differ-
ences in the assemblage composition between the
depth profiles studied, and also among the stations.
Cluster analysis of collected samples reflected sea-
sonal variations in the assemblage with respect to ag-
glutinated species of Ammomarginulina sp. and Mil-
iammina obliqua, but the dominant calcareous
specimens of Ammonia spp. did not exhibit temporal
variation. Incorporation of seasonal variations in such
proxies may generate wider application and better
understanding of present estimates with respect to
tropical and sub-tropical marginal marine environ-
ments. Overall, the benthic foraminifer dataset gen-
erated as part of this study could be used not only for
long-term ecological monitoring of Chilika lagoon,
but also to investigate biogeographic patterns of
foraminifer communities in other coastal ecosystems.
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