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Abstract Free-living nematodes are sensitive to
most of the disturbances and therefore have ability to
reflect direct structural and functional changes in an
ecosystem. We studied nematode assemblages of
Chilika Lagoon, the largest lagoon of Asia, across
spatio-temporal scales in link with environmental
variables and evaluated nematode assemblages as a
proxy to characterize lagoonal benthic habitat settings.
Our results revealed that nematode communities
showed significant variation spatially and temporally
in terms of mean density (16-854/10 sz) and mean
number of species (7-74). Salinity is the key factor
that controls nematode community structure across
this lagoon and was strongly supported by statistical
analyses. The observed nematode assemblages were
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further used as a proxy to assign benthic habitats of
Chilika into distinct biological, topographical and
hydrological settings. This study showed that nema-
tode assemblages could be effectively used for long
term ecological monitoring of dynamic sedimentary
environment of lagoons globally.
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Environmental variables - Habitat settings - Lagoon

Introduction

Structure and function within an ecosystem is mea-
sured as the integration between physico-chemical
processes including biological diversity and prevailing
geochemistry, which drive and/or sustain its overall
performance as well as its delivery of ecosystem
services (Edwards et al. 2014). In recent years, the
importance of biological components and their role in
ecosystem processes have drawn significant attention
among researchers globally (e.g. Loreau et al. 2001).
Moreover, marine ecosystems are subjected to intense
natural and anthropogenic disturbances leading to
extensive simultaneous effects (Halpern et al. 2008).
Coastal ecosystems such as estuaries, lagoons and
backwaters, are usually rich in nutrients mainly due to
terrigenous inputs (Frontalini et al. 2011). Coastal
lagoons are currently considered as vulnerable ecosys-
tems owing to their unique characters such as shallow
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depth, water intrusion, precipitation and sedimenta-
tion rate (Fabbrocini et al. 2005). Other than that,
increased nutrient inputs may enhance primary pro-
duction with increased organic matter which can
subsequently settle in the sediments and in turn may
lead to alterations in structure and function of biotic
communities (Vanaverbeke et al. 2004, 2011). Benthic
faunal communities play key roles in coastal ecosys-
tems (Coull and Palmer 1984; Semprucci et al. 2010)
and are characteristic of the habitat they occupy. Thus
their sensitivity to natural or anthropogenic changes
means that they can be effectively used to characterize
benthic habitats in coastal environments. Natural
disturbances such as inflow of organic debris (e.g.
macroalgae, plankton), but also anthropogenic distur-
bances such as eutrophication and other forms of
pollution can affect benthic community along tempo-
ral and spatial scales. For example, benthic macro-
fauna generally respond over larger spatial and more
extended temporal scales than meiofauna owing to
latter’s shorter generation time and much smaller body
size, despite the fact that meiofaunal species may be
widespread over a range of habitats (Moens et al. 2013
for review). Therefore, this sensitivity on shorter
spatial and temporal scales renders meiofauna as a
reliable indicator of environmental changes. Among
meiofauna, free-living nematodes are known to be
prevalent across various marine geographical settings
and they are widely considered as excellent indicators
for ecosystem level monitoring (e.g. Alves et al.
2013, 2014; Moens et al. 2013; Semprucci et al.
2014a; Bianchelli et al. 2016). In addition to being
highly abundant (Lambshead 2004) and diverse
(Coomans 2002), they play important role as interme-
diates between microbial communities and larger
organisms (Danovaro et al. 2007). Free-living nema-
todes represent the most complex metazoan form with
many metabolic and developmental processes com-
parable to higher vertebrate taxa; they are also known
to withstand stress and adverse conditions (see Tah-
seen 2012 for review). Their success across various
biotopes (such as lagoon, estuary, inshore, offshore
and deep sea) could be attributed to morphological
plasticity, physiological adaptability and ecological
diversity (see Giere 2009; Moens et al. 2013 for
review). However, structure and function of free-
living nematodes are mostly unknown across various
coastal ecosystems from the Indian subcontinent
(Ansari et al. 2016).
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Benthic environments in the Bay of Bengal region
receive huge inputs of nutrients (Gordon et al. 2002)
and organic matter (Ittekkot et al. 1991) due to
continuous freshwater discharge from major rivers
(e.g. Ganga, Brahmaputra, Meghna, Mahanadi, God-
avari, Krishna, Pennar, Cauvery). This region is also
rich in various types of coastal biotopes such as
lagoons and mangroves (Hirpa et al. 2013). Generally,
lagoonal ecosystems exhibit dynamic environmental
conditions (e.g. variable salinity, wave and wind
actions, sedimentation) and thus organisms present in
the sediment or water become adapted to prevailing
conditions. One of such organismal groups is nema-
todes which are present in the benthic layers of
lagoonal environment and can tolerate changes com-
pared to other benthic fauna (Semprucci et al. 2014a).
Nematode distribution and species diversity have been
extensively investigated from European (Mediter-
ranean) coastal lagoons (Colangelo and Ceccherelli
1994; Guerrini et al. 1998; Gambi et al. 2003;
Fabbrocini et al. 2005; Frontalini et al. 2011; Moreno
et al. 2011; Semprucci et al. 2014a) whereas informa-
tion on nematode assemblages from coastal lagoons
located in Indian Ocean is extremely sparse (Sem-
prucci et al. 2010, 2014b; Ansari et al. 2015).

Chilika lagoon (latitudes 19°28" and 19°54'N and
longitudes 085°05'—085°38'E) is the largest lagoonal
ecosystem in Asia facing the north-west coast of the
Bay of Bengal. It represents a shallow water body
(<2 m water depth) with a large catchment basin
(~3500 km?). In 1981, Chilika lagoon was declared
as a RAMSAR site due to its rich biological diversity
(Mohapatra et al. 2007) and socio-economic impor-
tance (shell and fin fishery resources). This lagoon is
highly influenced by two important factors such as
north-west monsoon (freshwater flow ca.5.09 x 10°
m®) and continuous siltation through littoral drift of
sediments from catchment basin that has resulted in
unremitting shrinkage over the last one century (see
Ansari et al. 2015). Additionally, 52 rivulets empty
their residue into the northern fringes of Chilika
lagoon including from Daya, Nuna and Bhargavi
which are tributaries of Mahanadi River (Ansari et al.
2017). There is also inflow of saline water from the
Bay of Bengal through a narrow artificial mouth
opening (near Satapada) in the lagoon (Panda and
Mohanty 2008). Limited saline water influx and higher
freshwater inflow has resulted in the formation of
distinct salinity gradients and the lagoon represents a
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Fig. 1 Location of sampling stations across the Chilika lagoon studied over a period of 21 months

tropical monsoon-influenced brackish water ecosys-
tem (Ansari et al. 2015); indeed hydrological condi-
tions during monsoon season resemble that of a
freshwater ecosystem (Jeong et al. 2008). Further-
more, Chilika lagoon is also subjected to natural (e.g.
freshwater flow, sedimentation, seagrass bed, massive
growth of macrophytes) and anthropogenic distur-
bances due to high population density residing on its

fringes and from regular fishing activity (Panigrahi
et al. 2009). To date, only a handful of studies have
been undertaken on benthic communities of Chilika
lagoon; most of them are restricted to selective spatial
and seasonal scaling, particularly nematode assem-
blage patterns in link with prevailing abiotic condi-
tions are largely unknown (Ansari et al. 2015 and
references therein).
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Against this backdrop including uncertainty and
knowledge gaps on benthic communities and their
function in lagoonal ecosystems such as Chilika, we
tested the hypothesis ‘does nematode community
reflect habitat heterogeneity in an ecosystem?’ In
doing so, the main aim was to increase our under-
standing of benthic habitat settings of a coastal lagoon
(Chilika) using nematode community as a proxy.
Three key questions were addressed as part of this aim:
(1) how does nematode community structure vary
spatio-temporally within a lagoonal ecosystem? (2)
can nematode communities be used to distinguish
benthic habitats with distinct ecological settings in a
lagoonal ecosystem? and (3) whether environmental
variables influence nematode assemblages in a
lagoonal ecosystem?

Materials and methods
Field sampling and analysis

The present investigation focused on 444 sediment
samples collected from 23 pre-fixed stations on a
monthly basis between June 2013 and February 2015
within the Chilika lagoon (Fig. 1). The basis for
selection of each sampling station has been thoroughly
detailed by us as part of a previous study (see Ansari
et al. 2015, 2017). It was not possible to collect
samples from all the stations during some months; e.g.
during dry season the water level decreased to 0.7 m
and sampling could not be undertaken in some stations
due to logistical constraints.

Water samples (surface and bottom water) were
collected using a Niskin water sampler (5L, General
Oceanic, USA) along with measurements of in situ
environmental parameters like temperature, dissolved
oxygen (DO 6 + meter), salinity (hand held refrac-
tometer, Erma, Japan) and pH (pH meter) from each
station at the time of sampling. A quantitative
sediment sampler, the Ponar grab was used for
sediment sampling across Chilika lagoon owing to
its shallow nature and to ensure collection of undis-
turbed samples (Elliott and Drake 1981; Nalepa et al.
1988). Triplicate sediment samples were collected
using the grab (bite area of 0.025 m?); subsequently
grab was hauled to the deck and two sub-samples
(push-corer: inner diameter—3.5 cm and length of
10 cm) were collected for analysis of free-living

nematode community from each grab and one addi-
tional sub-sample was collected for undertaking
sediment granulometry and total organic matter con-
tent analysis (e.g. Ansari et al. 2016). Rose Bengal
solution (1 gin 1000 ml of distilled water) was added
to sediment sub-samples (e.g. Ansari et al. 2014) and
subsequently fixed using 4% buffered formalin (Heip
et al. 1985). Sediment samples for grain size analysis
were washed with distilled water and dried in an oven
at 80°C for 24-36 h and successively sieved for
20 min through sets of sieves ranging from 1 mm to
0.045 mm mesh size (e.g. Blott and Pye 2001; Ansari
et al. 2016). Sediment fractions were subsequently
weighed in an analytical balance (Symmetry, PA220)
and the weights were converted to percentages.
Sediment fractions were defined according to the
Wentworth size classes (Buchanan 1984). Total
Organic Carbon content (TOC) of sediment was
estimated using a chromic acid oxidation method,
followed by titration with ammonium ferrous sulfate
(Walkley—Black method) as modified by Gaudette
et al. (1974). Additionally, collected water samples
(both surface and bottom) were filtered (0.45 pum
nitrocellulose filter paper) and subsequently analyzed
for dissolved nutrients concentration following pub-
lished methodologies (Strickland and Parsons 1984;
Liddicoat et al. 1975; Finch et al. 1998; Turner et al.
1998) in the laboratory using a UV-Vis spectropho-
tometer (Hitachi-U2900).

Nematode extraction

In the laboratory for extraction of free-living nema-
todes, replicate core samples were subsequently
processed separately and samples were rinsed with a
gentle jet of freshwater through a 0.5 mm sieve to
separate larger organisms (macrobenthos) and resi-
dues were collected from 0.063 mm mesh (Pfann-
kuche and Thiel 1988). The residual sediments were
decanted more than five times for sorting nematodes
following flotation technique which gives an accuracy
of 95% (e.g. Armenteros et al. 2008). Sorted samples
were enumerated under a stereo-zoom microscope
(ZEISS-StemiDV4) and mounted onto glass slides
following formalin-ethanol-glycerol technique of
Seinhorst (1959). Subsequently, taxonomic identifica-
tion to putative species level was undertaken under a
compound microscope containing CCD camera
(Olympus BX 53 under higher magnification of

@ Springer
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Fig. 2 Distribution of biotic and environmental variables across the Chilika lagoon a salinity; b sand content; ¢ silt/clay content; d total
organic carbon; e nematode mean abundance (NMA); f Shannon—Wiener diversity index (H')
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Fig. 3 Temporal variations of nematode community and salinity in this study area a mean abundance; b mean species composition;
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1000x) and photo-vouchered (with the help of
CellSens standard software) based on standard picto-
rial keys (e.g. Platt and Warwick 1983, 1988; Warwick
et al. 1998; Vanaverbeke et al. 2015). Trophic status of
each nematode species was determined according to
Wieser’s classification (1953): 1A—selective deposit
feeders, 1B—non-selective deposit feeders, 2A—
epistratum feeders and 2B—predators/omnivorous.

Data analyses

Spatio-temporal variation of nematode assemblages
was analyzed using univariate (Shannon-Weiner
diversity—H'; Margalef’s richness—d) and multivari-
ate approaches (PCA, nMDS, SIMPER) in PRIMER
v6.0.2 and PERMANOVA (Clarke and Gorley 2006;
Anderson et al. 2008). Redundancy analysis (RDA)
was performed using CANOCO v4.53 (ter Braak
1986; ter Braak and Smilauer 2002) to evaluate

possible linear combinations between nematode
assemblages (response variables) and environmental
variables (explanatory variables) along spatio-tempo-
ral scales following a form of stepwise regression. To
differentiate the sampling stations into distinct settings
based on environmental variables, Principal Compo-
nent Analysis (PCA) was used. Secondly, the signif-
icance of species-environment relationships was
determined by Monte Carlo permutation test (unre-
stricted). All the multivariate analyses were under-
taken following square-root transformation of data
prior to construction of Bray-Curtis similarity matrix
and Euclidean distance matrix (Clarke et al. 2006).
Free-living nematode community assemblage from
the study area was used as a matrix and subsequently
subjected to hierarchal agglomerative method using
group-average linking two-dimensional ordinations
plot and non-metric multidimensional scaling (nMDS)
along with their relative abundance. Observed
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differences in individual species contribution were
calculated using similarity percentage (SIMPER—
75% cut-off) analysis. The obtained nematode species
and their relative abundance data with measured
environmental variables (without transformation of
data) were used to construct relationship between
biotic and environmental variables with the help of
RDA ordination plot (CANOCO v4.53). Spatial
representation of biotic and environmental variables
was carried using ArcGIS (www.arcgis.com).

Results
Environmental variables

The mean values of measured environmental variables
of the study area have been detailed in Table 1. For
example, salinity showed spatial (average: 6.50;
minimum: 0.87-maximum: 9.38) (Fig. 2a) and tem-
poral (average: 6.98; 1.92-20.94) variability across
the lagoon whereas variability was much lesser within
seasons and between years (Fig. 3). Highest salinity
values were encountered in stations close to the outer
channel (e.g. CNS 13 and CNS 14), while lowest
values were recorded at stations in close proximity to
freshwater inflow (e.g. CNS 20 and CNS 22) (see
Fig. 2a; Table 1). Salinity values reached peak during
end of the pre-monsoon season (e.g. June) while there
was a decreasing trend during monsoon (e.g. Septem-
ber) and gradually increased during post monsoon (see
Fig. 3). Sediment texture values were generally
homogenous across temporal and spatial scales in
the studied lagoon (Table 1). Sediment nature was
predominantly sandy (average: 94.21%; range:
89.6-97.3%) and silt/clay content was low (average:
5.79%; 2.7-10.4%) (Fig. 2b, c). On the other hand,
total organic carbon (TOC) content showed significant
variability; highest value (4.9 mg/g) was observed in
stations with less freshwater water influx (e.g. CNS 2;
average depth: 335.1 cm) while lowest value (1.2 mg/
g) was found in stations with frequent freshwater
influx (e.g. CNS 20) (Fig. 2d). No marked variation in
environmental variables such as temperature, dis-
solved oxygen (DO), dissolved nitrate (NO3;™), dis-
solved ortho-phosphate (PO,3), dissolved silicate
(Si0427) and dissolved ammonium (NH4T) were
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found between surface and bottom water both spatially
and temporally in the lagoon (Table 1).

Nematode distribution patterns

A total of 6364 specimens belonging to 76 species, 32
genera and 17 families were encountered as part of this
study. The Order Chromadorida were predominant
both in terms of abundance (2702 specimens) and
species number (32 species), followed by Monhys-
terida (1752 specimens; 20 species) and Enoplida
(1562 specimens; 16 species), and remaining 348
specimens were represented by 8 unidentified taxa.
Spatially, significant variation was found in terms of
nematode mean abundance (NMA) (2 to 1236 ind/
10 cm?) and also in nematode species number (NS) (1
to 68 species). The NMA and NS values were highest
close to the outer channel stations (CNS 13 and CNS
14) while lowest in stations located close to the
Mahanadi tributaries (e.g. CNS 19 and CNS 22)
(Fig. 2e, f). Significant variations were also noticed
temporally and considerable differences were found
between sampled months [in terms of mean abundance
(16-854 ind./10 cm?) and mean species richness
(7-74)]; while differences for H' and d values were
lesser although exceptions were encountered in some
months (Fig. 3).

The nematode family Comesomatidae was pre-
dominant in terms of abundance (1006 specimens) and
represented by 4 genera and 11 species, followed by
Oncholaimidae (886 specimens; 5 genera and 10
species) and Linhomoeidae (866 specimens; 3 genera
and 7 species). Few of the nematode species were
found to be widely distributed across the lagoon; for
example, Viscosia sp. (19 stations), Terschellingia
longicaudata (18 stations), Daptonema normandicum
and Metalinhomoeus filiformis (17 stations each),
Viscosia viscosa and Paralongicyatholaimus sp. (16
stations each) were also abundant. In contrast, Oxys-
tomina sp. and Rhynchonema sp. were found only in 3
stations which are located in close proximity to saline
water inputs. At the temporal scale, species such as
Viscosia viscosa, Paralongicyatholaimus sp. and Me-
talinhomeous filiformis were encountered in all
months except in October 2013. However, based on
trophic status (functional attribute) of nematode
communities, there was domination of non-selective
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Table 2 Descriptors of biotic and environmental variables used for classification of different benthic habitat settings
Settings Biological settings Topographical settings Hydrological settings
UvsS PVS VS CR MR SR SoS CeS NoS
Depth (cm) 241.93 152.76 137.74 198.84 199.35 146.38 264.17 174.48 140.76
Transparency (cm) 70.12 47.96 41.88 63.01 53.04 46.74 80.71 55.96 34.90
Salinity 8.07 7.88 2.29 6.27 597 7.81 8.43 7.71 3.04
Temperature (°C) SW 27.74 28.39 28.21 27.94 28.17 28.14 28.16 27.89 28.22
BW 26.84 26.84 26.95 26.94 26.72 26.97 26.98 26.91 26.72
DO (mg/l) SW 5.63 5.62 5.32 5.50 5.56 5.60 5.75 5.53 5.40
BW 4.98 5.08 4.84 4.89 491 5.24 5.32 4.73 5.03
NO;~ (pg/h) SW 31.10 35.25 45.85 36.72 36.09 35.40 30.49 34.14 44.08
BW 32.29 35.68 45.24 37.61 36.96 34.45 31.50 36.01 42.14
PO, (ug/l) SW 1.47 2.04 1.81 1.41 1.75 2.34 1.08 1.79 2.19
BW 1.50 2.18 1.76 1.79 1.38 2.38 1.26 1.62 2.43
Si04> (ug/) SW 64.59 89.19 113.17 80.49 85.34 92.34 58.36 70.15 128.23
BW 64.38 94.21 116.30 79.32 87.82 101.09 58.12 71.37 134.10
NH4* (ng/l) SW 1.93 2.74 3.74 2.66 2.40 3.01 1.73 2.36 3.85
BW 1.81 2.63 2.87 2.20 2.84 1.81 1.68 2.49 2.68
Sand (%) 93.88 95.08 93.75 94.31 93.32 95.44 93.92 94.64 93.85
Silt/clay (%) 6.12 491 6.26 5.69 6.68 4.55 6.09 5.36 6.14
TOC (mg/g) 3.06 2.95 1.85 2.29 2.87 3.31 5.99 2.47 1.97
NA 142 336 47 139 72 425 112 181 101
NS 37 55 9 27 21 61 30 38 21
H 2.72 3.65 1.35 2.58 2.53 3.74 3.15 3.28 1.87

SD secchi depth, DO dissolved oxygen, NO3~ dissolved nitrate, PO4*~ dissolved phosphate, Si0,%~ dissolved silicate, NH4 "
dissolved ammonium, 7OC total organic carbon, UVS unvegetated sediments, PVS partially vegetated sediments, VS vegetated
sediments, CR continental region, MR middle region, SR shore region, SoS southern sector, CeS central sector, NoS northern sector

deposit feeders—I1B (32.66%), followed by epistra-
tum feeders—2A (26.98%), selective deposit feed-
ers—1A (20.20%) and predators—2B (20.16%).
Similar patterns were also encountered at the temporal
scale during this study (Fig. S1).

Nematode distributions supporting environmental
discrimination of sampling stations

For visualization of the observed nematode pattern,
results distinguished sampling stations into three
important habitat settings within the lagoon namely,
biological setting (based on presence of macrophytes
and seagrasses across sampling stations—vegetation),
topographical setting (based on stations situated across
lagoon-region) and hydrological setting (based on
freshwater inflow across lagoon-sector) (Fig. S2). This
similar pattern has been also visualized by observed

environmental variables, which are also clearly dis-
criminated different settings across lagoon in spatial
scale (Table 2). The observed environmental variables
have been further validated using PCA approach. The
PCA plot showed a clear distinction in environmental
variables between sampling stations which is also in
agreement with the separation of habitat settings
within the lagoon (Fig. 4). In PCA plot, the eigenvec-
tor values indicated that all environmental variables
showed equal contribution to component 1 (explaining
58.6% of total variation), which marked the separation
between lagoonal settings targeted as part of this
study. Dissolved nutrients such as ammonium (0.328),
silicate (0.327) and nitrate (0.325) along with water
transparency (—0.320), water depth (—0.309) and
salinity (—0.303) were the most important contribu-
tors to principal component 1 whereas sand (0.498),
silt/clay  (—0.487), dissolved ortho-phosphate
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Fig. 4 Principal component analysis (PCA) to visualize pat-
terns in response to whole set of environmental variables
representing 23 stations

(—0.313) and dissolved oxygen (—0.268) contributed
to component 2 and was also explained 21% of total
variation.

The PCA analysis of environmental variables and
classification (cluster) and ordination (nMDS) analy-
ses of nematode assemblages were undertaken at the
spatial level. Nematode abundance data has been
applied into square root transformation followed by
normalization to find out the marked variation
between lagoonal habitat settings targeted as part of
this study.

Biological settings

Similar to environmental variables (see Fig. 5),
nematode community assemblage was also applied
for distinguishing sampling stations representing the
study area. The ordination plot (nMDS) showed clear
classification of sampling stations based on biological
setting (non-nematode group) using nematode assem-
blages from the lagoon (Fig. 5a). They were divided
into three groups such as vegetated stations designated
as VS (dominated by macrophytes), partially vege-
tated stations as PVS (dominated by seagrasses) and
unvegetated bare sediment stations as UVS. Higher
nematode assemblages (similarity level of ~53%)
clearly split PVS (CNS 3, CNS 11, CNS 13—CNS 15,

@ Springer

CNS 21 and CNS 23) from the other two clusters.
However, UVS (CNS 1, CNS 2, CNS 4—CNS 10 and
CNS 12) showed moderate nematode density (simi-
larity of ~46%) and comparatively lesser nematode
density (similarity level of ~30%) was observed in
VS (CNS 16—CNS 20 and CNS 22) with the
exception of station CNS 19 where only one specimen
was recorded (see Fig. 5a). Moreover, the seagrasses
dominated PVS group was found to be inhabited by 55
nematode species with mean density of 336 ind./
10 cm? and also had relatively coarse to medium sand,
moderate TOC and DO concentrations. PERMA-
NOVA results showed significant differences between
biological habitat settings with respect to nematode
assemblages and univariate descriptors (see Table S1).
However, least variation was observed between UVS
and PVS in terms of Shannon-Wiener index and
Margalef’s richness. Furthermore, nematode tropic
status also exhibited similar variations between bio-
logical habitat settings (see Table S2). On other hand,
some nematode species such as Metachromadora
suecica, Neochromadora pseilosomoides, Desmodora
sanguinea and Rhynchonema sp. were found to be
restricted in PVS group. The UVS group was charac-
terized as having higher water depth with presence of
fine sand to coarse silt, relatively high organic carbon
and lesser dissolved nutrient concentrations along with
lowest nematode abundance (142 ind./10 cm?) and
diversity (37 species). Correlation between silt/clay
and TOC content of UVS group showed clear
agreement with dominance of selective deposit feed-
ing nematodes (e.g. Halalaimus longicaudata). On the
other hand, macrophytes dominated VS group showed
least nematode abundance compared to UVS (>3 fold)
and PVS (>5 fold); similar patterns were also
observed in nematode diversity (see Table 2). The
observed environmental variables of VS group can be
explained mainly by lower salinity, TOC and water
depth along with higher concentration of dissolved
nitrate concentration. However, the epiphytic nema-
tode Hopperia sp. was found to be dominant (24.45%)
and restricted in VS group, which confirms the
dominance of freshwater macrophytes.

Topographical setting

The nMDS ordination plot also classified sampling
stations based on topographical setting (Fig. 5b) such
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Fig. 5 Characterization of benthic habitat settings using
ordination plot (nMDS) based on relative density of nematode
community: a biological settings [UVS—unvegetated sediment;
PVS—partially vegetated sediments; VS—vegetated]; b topo-
graphical settings [SR—shore regions; MR—middle region;
CR—continental region]; ¢ hydrological settings [SoS—south-
ern sector; CeS—central sector; NoS—north sector]

as those situated (CNS 3, CNS 13, CNS 14, CNS 21,
CNS 23) in close proximity to Bay of Bengal (shore
region-SR), comprising of high nematodes assem-
blages (similarity ~63%) and clustered together.
Other stations (CNS 1, CNS 4, CNS 6—CNS 10, CNS
17—CNS 19) located in the catchment area (conti-
nental region —CR with ~42% similarity) and in
middle (CNS 2, CNS 5, CNS 11, CNS 12, CNS 15,
CNS 16, CNS 20, CNS 22) of the lagoon (middle
region -MR with ~30% similarity) formed two sub-
clusters between themselves. There were some

exceptions such as closely related stations located in
the middle of the lagoon (e.g. CNS 11, CNS 15) which
did not cluster with other stations primarily due to
higher nematode abundance and diversity (Fig. 5b).
The stations represented by shore region (SR) had
relatively higher nematode abundance (425 ind./
10 cm?) and diversity (61 species) compared to
continental region (CR) and middle region (MR)
(see Table 2). The SR group was characterized by
salinity dependent nematode species such as Odon-
tophora longisetosa, Desmodora sanguinae, Rhyn-
chonema sp. and Sabatieria praedatrix along with
higher values of salinity, TOC, sand content and
moderate concentration of dissolved nutrient concen-
trations. The stations representing CR group was
characterized by moderate concentration of dissolved
nutrients along with continuous freshwater flow from
surrounding rivers. Hence, TOC values were less
which resulted in the dominance of deposit feeding
species such as Halalaimus longicaudatus and Ter-
schellingia longicaudata. Similarly, stations repre-
sented by MR group was characterized by increased
mixing in the water column, relatively high silt, less
salinity and moderate TOC values which resulted in
the dominance of epistratum feeders such as Pry-
cholaimellus sp. and Hopperia sp. Nematode abun-
dance and species composition displayed significant
differences (PERMANOVA, p < 0.05) between topo-
graphically different habitat settings of Chilika
whereas univariate descriptors (H', d) did not vary
significantly (see Table S1). Similarly large variations
were also noticed in terms of trophic status of
nematode community between topographical settings
of Chilika, except in deposit feeders (1A + 1B)
representing CR and SR (see results of PERMA-
NOVA in Table S2).

Hydrological setting

The nMDS ordination plot also showed groups of
stations based on hydrological settings (Fig. 5c). The
sampling stations could be clustered into two major
groups: high freshwater influenced stations (northern
sector—NoS: CNS 17—CNS 23) and low freshwater
influenced stations (CNS 1—CNS 16). The cluster
consisting of low freshwater influenced stations can be
further sub divided into two sub-clusters, namely
moderate (central sector—CeS: CNS 7—CNS 16) and
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very low (southern sector—SoS: CNS 1—CNS 6)
freshwater influenced stations. Higher nematode
assemblages were noticed in SoS (~60%) and CeS
(~54%) sectors, whereas lower nematode assem-
blages were found in NoS sector (~30%). Similar
patterns of nematode assemblages of SoS and CeS
groups can be mainly explained by higher salinity,
TOC values and water depth compared to stations
constituting the northern sector (NoS) group which
had higher concentration of dissolved nutrients and
relatively low salinity and water depth. However,
stations such as CNS21 and CNS23 of NoS showed
relatively higher nematode abundance and diversity
(see Fig. 5c). Nematode species composition also
showed significant relationship with salinity. Genera
such as Viscosia, Sabatieria, Halalaimus, Daptonema
and Terschellingia were observed mostly in high
salinity stations whereas genera such as Hopperia and
Dorylaimopsis were found in low salinity stations. The
sectoral distribution (hydrological settings) of nema-
tode assemblages (e.g. abundance, species composi-
tion) showed considerable variations
(PERMANOVA, p < 0.05) while H' and d did not
display any significant variation (see Table S1).
Nematode trophic status also showed large variations
(PERMANOVA, p < 0.05) between hydrological
settings of Chilika (see Table S2).

Stations classified based on nematode density at the
species level were pooled together and analyzed using
SIMPER (similarity percentage—75% cut-off) analy-
sis. The obtained nematode species composition was
calculated as relative abundance to investigate the
importance of nematode species-wise contribution for
observed spatial patterns in different habitat settings of
studied lagoon. Out of 76 species, 26 species separated
the stations based on biological settings, whereas 9
species and 8 species separated stations based on
topographical and hydrological settings respectively
(Table 3). In total, 37 nematode species were identi-
fied as important species for explaining habitat
settings across the lagoon based on SIMPER analysis
(see Table 3). The RDA ordination plot (Fig. 6)
clearly showed that first two main axes explained
69.3% of observed variations between nematode
assemblage and environmental variables and was also
confirmed using Monte Carlo permutation (forward
selection) tests (p < 0.001).

@ Springer

Discussion

Benthic organisms play vital role in mediating coastal
ecosystem processes (Carrico et al. 2013); in particular
free-living nematodes are considered as a key com-
ponent owing to their high abundance, diversity and
rapid turnover rates (Schratzberger and Ingels 2017 for
review). In the present study, nematodes contributed
89.2% of total meiofaunal density, and rest were
represented by other meiofaunal groups such as
Harpacticoid copepoda, Ostracoda, Kinorhyncha and
live Foraminifera (data not shown). The results clearly
show the importance of nematodes and their contri-
bution within the meiofaunal community of Chilika
lagoon as reported by other studies conducted in
lagoons globally (e.g. Colangelo and Ceccherelli
1994; Gambi et al. 2003; Cibic et al. 2012; Semprucci
et al. 2014a). However, numerical mean abundance of
nematodes encountered in Chilika lagoon was lower
(2-1236 ind/10 cm?) compared to other lagoonal
environments and the observed value could be also
due to sampling efforts/methods adopted as part of our
study (e.g., number of samples collected, sampling
periods, type of grabs used such as Ponar grab).
Similar trends in nematode abundance based on
sampling methodology (e.g. type of grab) have been
reported in other ecosystems (e.g. Vanreusel et al.
2010; Ansari et al. 2015, 2017).

Results obtained from our study showed significant
heterogeneity in nematode abundance and diversity
both spatially and temporally across the lagoon and
thereby confirming the patchy distribution patterns
and colonization of nematode community as recorded
across different marine habitats (Ansari et al. 2016
reference within). In total, 76 species of nematodes
were recorded in this study and there was dominance
of families namely, Comesomatidae, Oncholaimidae,
Linhomoeidae and Chromadoridae. These families
have been also found to dominate in lagoons located in
the Mediterranean region (e.g. Boufahja et al. 2014;
Semprucci et al. 2014b; Jouili et al. 2017) as well as in
other coastal habitats (see Moens et al. 2013 for
review). The dominance of brackish water nematode
genera such as Viscosia, Daptonema and Ter-
schellingia were observed across the Chilika; it could
be attributed due to their large size (Fleeger and
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Topographical settings Hydrological settings
VS SR CR MR SoS CeS NoS

PVS

Biological settings

(A

Feeding types

Abbreviations

Table 3 continued
Nematode species
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0.99
4.96
3.97
241
2.27
3.40

0.22
4.99
4.38

0.45
5.06
4.61

0.28
2.26
3.95
2.26
1.98
3.39

0.43
6.24
4.68
4.40
3.40
2.98

0.47
5.04
4.29
2.97
3.82
3.77

1.82
1.82
1.82
1.82
1.82
3.64

0.42
4.80
4.25
2.89
3.53
3.78

0.39
5.82
4.79
4.27
3.62
2.85

1B
1B
1B
2A
2A

Saba.sp.2

Sabatieria sp.2

Ter.longi.

Terschellingia longicaudata

Dapto.nor.

Daptonema normandicum

3.05
3.66
3.60

4.46
4.46
3.57

Dory.pun.

Dorylaimopsis punctata

Paralo.sp.
Metal fil.

Paralongicyatholaimus sp.

1B

Metalinhomoeus filiformis

UVS unvegetated sediments, PVS partially vegetated sediments, VS vegetated sediments, CR continental region, MR middle region, SR shore region, SoS southern sector, CeS

central sector, NoS northern sector

Carman 2011), faster locomotion (Heip et al. 1985)
and also because of habitat preference mainly sandy
sediments (see Tahseen 2012 for review; Losi et al.
2013; Netto and Fonseca 2017). At the same time,
observation of nematode genera such as Hopperia and
Camacolaimus indicate possible association with
aquatic macrophytes (e.g. Potamageton) which are
found in plentiful in the northen sector of Chilika
lagoon. Such association has been also reported in
other coastal ecosystems (Colangelo and Ceccherelli
1994; Netto and Fonseca 2017). Nematode species
identified in this study clearly showed patterns similar
to global trends and more specifically in relation to
environmental variations such as salinity, sediment
nature and anthropogenic inputs (Colangelo and
Ceccherelli 1994; Cibic et al. 2012; Semprucci et al.
2014a; Boufahja et al. 2015; Netto and Fonseca 2017).

Characterization of benthic habitat settings using
nematode communities and associated
environmental variables

Chilika lagoon has been relatively well studied in
many aspects especially in terms of water quality,
phytoplankton, macrophytes and benthic community
(e.g. Panda and Mohanty 2008; Panigrahi et al. 2009;
Srichandan et al. 2015a, b; Ansari et al. 2015, 2017;
Mohanty et al. 2016; Barik et al. 2017). However, to
the best of our knowledge sectoral level differences in
Chilika lagoon have not been investigated mainly
using biotic communities. A recent study undertaken
by us showed patchiness of macrofaunal communities
in multiple scales throughout Chilika lagoon (Ansari
et al. 2017). Based on this broad background, the
present study has been undertaken to evaluate the
effectiveness of free-living nematodes as proxy for
characterizing sampling stations of Chilika lagoon
into different habitat settings in link with environ-
mental variables. Statistical analyses (classification,
ordination and PERMANOVA) undertaken in our
study support our observation (both nematode and
environmental variables) and clearly explained habitat
settings namely, biological (vegetation), topographi-
cal (region) and hydrological (sector) settings across
Chilika lagoon (see Figs. 5; Supplementary Material
S2).

The patchy distribution pattern of nematode com-
munity structure within lagoonal systems was sup-
ported by ordination plot (nMDS) with clear
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Fig. 6 Redundancy analyses (RDA) for selected nematode
species (obtained from SIMPER analysis) and environmental
variables across the Chilika lagoon. (species abbreviation—see
in Table 3; S & B—surface and bottom water of each parameter;
WT—water temperature; DO—dissolved oxygen; TOC—total
organic carbon; N—dissolved nitrate; P—dissolved ortho-
phosphate; S—dissolved silicate; A—dissolved ammonium)

separation of sampling stations (Fig. 5). The seagrass
dominated partially vegetated stations (PVS) of Chi-
lika lagoon clearly separated due to higher nematode
density and diversity and represented by relatively
coarse to medium sand as well as moderate TOC and
DO concentrations. On the contrary freshwater macro-
phyte dominated vegetated stations (VS) and bare
sediment stations (UVS) contributed to low nematode
density and diversity. The patchy distribution of
nematode community structure across Chilika was
initially reported before (Ansari et al. 2015); never-
theless the importance of vegetation in influencing the
observed nematode assemblages has been reported for
the first time as part of this study. Similarly, Gambi
et al. (2009) and Liao et al. (2015) reported higher
nematode abundance in seagrass meadows compared
to bare sediments and the authors stated that seagrass
meadows can enhance organic matter content in the
sediment which can ultimately end up in the deeper
layers. This in turn can promote higher abundance of
nematodes, in particular, deposit feeders (1A + 1B)in
deeper layers and epistratum feeders (2A) in upper
layers (Gambi et al. 2009; Liao et al. 2015). Interest-
ingly, in our study some of the nematode species

which are deposit feeders such as Metachromadora
suecica, Neochromadora pseilosomoides, Desmodora
sanguinea and Rhynchonema sp. were found to be
restricted in seagrass habitats of Chilika lagoon (see
Table 3). Although, the bare sediments stations were
also rich in organic matter and relatively higher
silt/clay content but nematode density and diversity
were moderate. There was dominance of selective
deposit feeders (e.g. Halalaimus longicaudata) in
these stations and the morphological characteristics of
this species include elongated body shape and long
tail. PERMANOVA results on nematode trophic status
clearly supported the observed large variation found
between biological settings (see Table S2). Interest-
ingly, in some of the bare sediment stations, dissolved
oxygen concentration was found to be low although
TOC was high and as a result nematode abundance and
diversity was lowest. Such abiotic conditions can
facilitate production of hydrogen sulphide which can
ultimately lead to sedimentary hypoxia/anoxia in
shallow coastal ecosystems (Guerrini et al. 1998;
Khan et al. 2012). However, nematode communities
are known to be highly tolerant to hypoxic/anoxic
conditions compared to other meiofaunal groups
(Cook et al. 2000; Vanaverbeke et al. 2004; Gambi
et al. 2009; Bhadury and Austen 2010; Urkmez et al.
2015). Freshwater macrophyte dominated stations
showed very low nematode density and diversity.
Liao et al. (2015) reported that huge amount of
freshwater flow can possibly trigger dominance of
freshwater nematode community than their marine
counterparts. Our results also showed low salinity and
huge sedimentation can promote lush growth of
freshwater macrophytes with dominance of epiphytic
nematode genus Hopperia (24.45%) along with the
persistence of freshwater nematode taxa (e.g. Order
Dorylaimida; data not included in this study) in
vegetated part of Chilika (see Table 3). Generally, in
vegetated ecosystems epiphytic nematode communi-
ties can dominate compared to sedimentary free-living
forms (Jensen 1984; Da Rocha et al. 2006; Addo et al.
2009; Ansari et al. 2015; Pérez-Garcia et al. 2015).
Our results further showed another important
habitat setting based on topographical nature of
lagoon. The ordination plot (nMDS) clearly separated
sampling stations (shore region—SR) which had
higher nematode density and diversity with the
prevalence of salinity dependent nematode species

such as Odontophora longisetosa, Desmodora
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sanguinae, Rhynchonema sp. and Sabatieria praeda-
trix. Moreover, in these stations TOC and dissolved
nutrient concentrations were found to be higher. These
conditions provide a unique habitat for observed
nematode communities to flourish as reported by
others (Mahmoudi et al. 2005; Moreno et al. 2011).
The higher abundance and diversity of nematodes
could be due to intrusion of fresh and saline water
which brings both marine and brackish water nema-
tode community (Adao et al. 2009). Nevertheless, the
inner part of lagoon also showed unique nematode
community patterns representing both continental
(CR) and middle (MR) regions (e.g. Odontophora
longisetosa, Rhynchonema sp.). The observed envi-
ronmental variables also supported the habitats set-
tings with moderate concentration of dissolved
nutrients and TOC thereby promoting the dominance
of deposit feeding nematodes (e.g. Halalaimus long-
icaudatus and Terschellingia longicaudata-). Similar
trends of nematode composition have been also
reported from other lagoons globally (e.g. Beyrem
et al. 2011; Semprucci et al. 2011).

We found relevant interaction of nematode com-
munity assemblages within sectoral settings of Chilika
lagoon (Srichandan et al. 2015a, b; Mohanty et al.
2016; Ansari et al. 2017; Barik et al. 2017). Sector-
wise distribution of nematode community assem-
blages could be clearly distinguished by nMDS plot
(see Fig. 4c). However, some level of overlapping was
observed between southern (SoS) and central sectors
(CeS). Salinity is the factor which played an important
role in influencing the observed pattern of nematode
community in SoS and CeS, as evident by the
dominance of brackish water nematodes (Viscosia,
Sabatieria, Halalaimus, Daptonema and Ter-
schellingia) in our studied lagoon. However, in NoS
there was dominance of freshwater nematode genera
such as Hopperia and Dorylaimopsis (Netto and
Fonseca 2017) whereas CNS21 and CNS23 stations
showed the presence of brackish water to marine
nematodes. The observed pattern could have been due
to the artificially dredged channel which brings
enormous amount of sea water into the Chilika lagoon
(Panigrahi et al. 2009; Ansari et al. 2015; Srichandan
et al. 2015a). Such variations in nematode community
distribution have been widely documented in global
lagoonal ecosystems (Gambi et al. 2003; Beyrem et al.
2011; Boufahja et al. 2014; Semprucci et al. 2014a;
Majdi and Traunspurger 2015). Moreover, species
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such as Terschellingia longicaudata, which is usually
considered as a cosmopolitan species (Bhadury et al.
2008), was found to be prevalent (in terms of
abundance) in the Chilika lagoon as also reported by
us previously (Ansari et al. 2015).

The observed habitat settings of Chilika lagoon
based on nematode community structure also showed
link with prevailing environmental variables. We
observed clear discrimination between the spatial
stations based on environmental variables using
principal component analysis (PCA) (Fig. 4) and
some of these patterns have discussed in a recent
publication (see Fig. S1 of Ansari et al. 2017). The
overwhelming dominance of marine nematodes
clearly indicates salinity is an important environmen-
tal variable which controls the structure and function-
ing of nematodes across the studied lagoon. It also
provides detailed insight to investigation of nematode
community as a tool for ecosystem monitoring mainly
in salinity dependent environments including lagoons
and estuaries.

Conclusion

As part of this study we undertook extensive sampling
based on specific lagoonal habitat settings across
space and time. We observed that different habitat
settings mutually provide various biological commu-
nity patterns including that of nematodes along with
associated environmental variables and observed
patterns can be successfully applied to characterize a
lagoon into three major settings (biological, topo-
graphical and hydrological). Chilika lagoon is strongly
influenced by natural and anthropogenic factors and
these are known to influence biotic and abiotic
changes as observed in our study. Statistical analysis
undertaken in our study showed that prevailing
salinity provided key insight in terms of distribution
and diversity of nematodes, many of which are largely
dependent on salinity compared to freshwater coun-
terparts. Overall this study clearly show that nematode
communities could be used to assign benthic habitat
settings within a lagoon and can prove to be a key tool
for long term ecological monitoring of coastal ecosys-
tems globally including Chilika lagoon.
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