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INTRODUCTION

Tintinnids are characterized by the possession of a
lorica, which is thought to protect the cell from pred-
ators, facilitate escape by rapid sinking and assist
 filter feeding (Agatha et al. 2013). Lorica morphol-
ogy not only forms the basis of tintinnid identifica-
tion, but also provides information on the ecology of
the organism. The maximum size of natural prey
ingested and preferred prey size are closely related
to lorica oral diameter (LOD) (Dolan 2010). Much

research has been carried out on the biogeography of
oceanic tintinnids, such as in the tropical Pacific
Ocean (Dolan et al. 2007), the Mediterranean Sea
(Dolan et al. 1999, Dolan 2000, Modigh et al. 2003),
the Arctic Ocean (Feng et al. 2014), the Southern
Ocean (Dolan et al. 2012) and the Atlantic Ocean
(Thompson & Alder 2005). According to a recent
report on tintinnid global biogeography (Dolan &
Pierce 2013), only a few species are recorded in the
eastern Indian Ocean (Modigh et al. 2003, Liu et al.
2012).
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ABSTRACT: Tintinnid community structure was investigated by plankton net (20 µm) sampling in
the water column (0−200 m) at 33 stations during the spring inter-monsoon (10 March to 9 April
2012) in the eastern equatorial Indian Ocean. A total of 126 species belonging to 32 genera were
recorded. Tintinnid abundance and biomass in the range of 193−2983 ind. m−3 and 0.99−14.75 µg
C m−3 were positively related to integrated chlorophyll a (chl a) concentration. Taxonomic and
morphological diversity were not significantly related to integrated chl a concentration and size
diversity, estimated by size-fractionated chl a concentration in the water column of 0−200 m, but
were negatively correlated to the depth of the deep chlorophyll maximum. Species abundance
distributions at most stations (31 of 33) and in the 3 zones—the northern zone of the equator, the
southern zone of the equator (SEQ) and the equator (EQ)— followed a typical lognormal distribu-
tion. The geometric distribution gave the best fit for the distribution of lorica oral diameter size-
classes in the NEQ and SEQ. Our results suggest that the community structure of tintinnids is gov-
erned by the underlying water column environment rather than by the neutral theory of random
colonization from a large species pool.
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Tintinnid ciliates are a common component of
planktonic microzooplankton and occur in all of
the world’s oceans (Pierce & Turner 1992, 1993).
Although only a small proportion of total microzoo-
plankton, tintinnids are much more abundant than
other groups (e.g. foraminifera and radiolarians).
Tintinnids are secondary consumers at the base of
the food web, grazing mainly on nanoplankton, as
well as on picoplankton (Dolan et al. 2006a). As cope-
pods are seldom able to prey directly on the dominat-
ing primary producers in oligotrophic tropical sys-
tems (Calbet & Landry 1999), the microbial food web
performs a crucial role in the transfer of energy up
the food chain.

A species abundance distribution (SAD) was used in
the study. This is one of the most common descriptions
of community structure and describes the abundance
(number of individuals observed) for each species
 encountered within a community (McGill et al. 2007).
The different SAD ecological models can reflect differ-
ent mechanisms regulating the occurrence and abun-
dance of individual species, e.g. species interactions,
random chance or some other factor. A lognormal SAD
is the most common pattern and is described as canon-
ical by pure statistical theory when large assemblages
occur (Magurran 2004). It expresses a community in
which populations are subjected to random variations
or are affected by several interacting factors. The geo-
metric distribution is often thought to be a model in
which each species takes a constant fraction of the
 remaining resources (Whittaker 1972). The log-series
distribution and the metacommunity zero-sum multin-
omial (mZSM) distribution are 2 different models for
the unified neutral theory of biodiversity. The theory
suggests that species actually found in any given com-
munity are the result of stochastic processes of immi-
gration, speciation and local extinction (Hubbell 2001).
The log-series  distribution is a limiting case of mZSM,
and Hubbell’s fundamental biodiversity number, θ,
tends to Fisher’s alpha as the number of individuals in
the sample  increases.

Most research reveals that the tintinnid community
with SAD described by a log-series distribution is
structured by dispersal limitation coherent with the
unified neutral theory in the oligotrophic eastern
Pacific (Dolan et al. 2007) and in the open water of
the Mediterranean Sea (Dolan et al. 2009, 2013,
 Raybaud et al. 2009). In contrast, SAD of tintinnids in
the coastal Mediterranean Sea show a log-normal
pattern, indicating that the community seems to be
shaped by environmental condition rather than neu-
tral processes (Sitran et al. 2009). Such information
is still missing for other ocean areas.

Our investigation was carried out in the open
region of the eastern equatorial Indian Ocean
(80−94° E, 6−5° S) during the spring inter-monsoon
period (10 March–9 April 2012). Indian Ocean circu-
lations forced by monsoon winds are very different
from those in other oceans. They generally blow from
the southwest during May to September (summer
monsoon) and from the northeast during November
to February (winter monsoon) over the north Indian
Ocean, March to April and October being transition
months with weak winds (Shankar et al. 2002). There
is no equatorial upwelling in the equatorial Indian
Ocean, which is considered a typical tropical ultra-
oligotrophic ocean and is relatively far from coastal
influences (Schott et al. 2002). The eastward-propa-
gating spring Wyrtki jets are strongest from April to
May (Murtugudde et al. 2000); the main biogeo-
chemical impact of the jets is a depression of the
 thermocline and nitracline on the eastern side of the
basin and a decrease in primary production in May
(Wiggert et al. 2006, Strutton et al. 2015).

Average chlorophyll a (chl a) concentration in the
eastern equatorial Indian Ocean is notably lower than
that in other open oceans (e.g. Pacific Ocean, Medi-
terranean Sea). Inter-monsoon periods represent
 ultra-oligotrophic seasons with low production (Long -
hurst 2007). Examination of tintinnid diversity sug-
gests it may be more closely related to food resource
or its diversity than competitive interactions or preda-
tion (Dolan et al. 2002). Reports of the relationship be-
tween tintinnid diversity and chl a concentration in
oceanic waters are varied: weak or non-significant
(Dolan et al. 2002, 2007, Thompson 2004), showing
negative correlation (Dolan 2000) or showing positive
correlation (Santoferrara & Alder 2012). We expected
to find that tintinnid community diversity was not no-
tably re lated to food resources, that is, chl a concen-
tration. In this study, the following questions were ad-
dressed through basic analysis of community diversity
and water column structure: (1) Is tintinnid diversity
significantly related to chl a concentration and chl a
size diversity, estimated by size-fractionated chl a
concentration? (2) What is the mechanism that regu-
lates the occurrence and abundance of individual
tintinnid species in terms of community SAD?

MATERIALS AND METHODS

Sampling and sample analysis

The study was carried out in the eastern equatorial
Indian Ocean (80−94° E, 6° N−5° S) (Fig. 1) onboard
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RV ‘Shiyan 1’ from 10 March to 9 April 2012. Hydro-
logical data were obtained from an average depth of
200 m from all of the 69 oceanographic stations
located in the 4 transects (see Fig. 2) with a Sea-Bird
SBE-911 Plus V2 conductivity−temperature−depth
(CTD) system. The transects included the equator,
6° N, 80° E and 82.5° E transects. Potential density
anomaly was calculated from temperature, salinity
and depth data in Ocean Data View (https://
odv.awi.de/fileadmin/user_upload/odv/misc/odv4
Guide.pdf). The depth of the deep chlorophyll maxi-
mum (DCM) layer was determined by chlorophyll
fluorescence data. Samples for chl a concentration
were collected at 8 discrete depths, including the
DCM layer, from surface water to 200 m by CTD-
mounted rosette assemblies with twelve 5 l Niskin
bottles (General Oceanic) during the deployment.

A sample of 800 ml seawater from each layer was
filtered through a sequence of 20 µm mesh, 2 µm cel-
lulose filters and Whatman GF/F glass fiber filters for
size-fractionated micro-, nano- and pico-chl a con-
centrations. Total chl a concentration was the sum of

the size-fractionated chl a concentrations.
The filters were preserved at −20°C for the
duration of the cruise. In the laboratory, these
were extracted using 90% aqueous acetone
and maintained at −20°C in the dark for 24 h.
Size-fractionated chl a concentration was de -
termined fluorometrically (Parsons et al.
1984) using a Turner Designs fluorometer.

Tintinnids were sampled with a custom-
made 20 µm mesh plankton net (80 cm mouth
diameter, 0.5 m2 mouth area, total length
280 cm), which was hauled vertically from a
depth of 200 m to the surface at a hauling
speed of 0.5 m s−1 at 33 biological stations
(Table 1). The samples were preserved in
neutralized formaldehyde seawater solution
at a final concentration of approximately 5%
until analyzed in the laboratory. After thor-
ough mixing, a 2.5 cm3 subsample was set-
tled in a sedimentation chamber and exam-
ined under an inverted microscope (MOTIC
AE2000) at magnifications of ×100−400. At
least 200− 300 cells (lorica with protoplast)
were counted, excluding those with empty
lorica because of their occasional ap pear -
ance, and 2−3 replicate subsamples in each
sample were examined for rare species.

Species identification was based on lorica
morphology using taxonomic monographs
(Kofoid & Campbell 1929, 1939, Marshall
1969) and relevant references (Hada 1938,

Bachy et al. 2012). LOD and length of each cell were
measured using Motic Images Advanced 3.2 Soft-
ware; volume was determined by measuring cell
dimensions assuming appro priate geometric shapes
(ellipsoid, cone, cylinder, ball, semi-ellipsoid and
combinations). The carbon biomass of each cell was
estimated using the carbon to lorica volume conver-
sion factor 0.053 pg C µm−3 (Verity & Langdon 1984).
For each station, cell abundance and biomass were
calculated from total cell counts of the sample
divided by filtered seawater volume (100 m3) from
the cylindrical water column at 0−200 m. The cate-
gories of genera geographic dis tribution patterns
were assigned ac cording to Dolan & Pierce (2013).

Data analysis

Species richness was the total number of species
found at each station. Tintinnid community diversity
was estimated by taxonomic and morphological di -
versity. Taxonomic diversity comprised species rich -
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Fig. 1. Study area in the eastern equatorial Indian Ocean showing sam-
pling stations. Labels denote the tintinnid trawling stations (circled 

points); water depth increases from light to dark
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ness, the Shannon-Wiener index (Magurran 2004,
ln-based expression) and Fisher’s alpha. Lorica di -
mensions comprised LOD, lorica length and lorica
volume. Intervals of 4 µm were used as the LOD size-
classes and lorica length from the smallest to the
maximum value, respectively (Dolan 2010). Morpho-
logical diversity comprised LOD measurements (in
4 µm size-classes) and the Shannon-Wiener index of
LODs (LOD-H ’) (Magurran 2004, Dolan et al. 2007).
LOD size-class as a substitute for species was calcu-
lated to evaluate the LOD Shannon-Wiener index.

Integrated total chl a concentration and chlorophyll
of pico-, nano- and micro-size in the water column
(0−200 m) were calculated according to the trapezoidal
method. Chl a size-class diversity was evaluated by
calculating the Shannon-Wiener index (chl a-H ’)
considering integrated water column concentration
of pico-, nano- and micro-chlorophyll as 3 size frac-
tions (Dolan et al. 2002, Dolan et al. 2007).

Pearson correlation was used to assess linear rela-
tionships between tintinnid abundance, biomass,
species richness and integrated chl a concentration
using SPSS 19.3 (IBM). Monotonic relationships
among the metrics of tintinnid diversity, abundance
and chl a concentration characteristics were evalu-
ated by nonparametric Spearman’s rank order corre-
lation coefficients, based on the ranked values for
each variable rather than on the raw data.

SADs were used to describe the variation of abun-
dance for each species with species rank from high-
est to lowest, which was visualized in a rank−
abundance diagram. SADs were fitted using 4 com-
mon distribution models by the maximum likelihood
method with the following numerical optimization:
geometric, log-normal, log-series and mZSM distri-
bution. Fitting of the models was carried out and
 natural logarithm of maximum likelihood estimators
(log-likelihood) were calculated using the sads pack-
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Station Longitude Latitude Date No. Abundance Biomass DCM chl a Integrated chl a
sampled species (cells m–3) (µg C m–3) (mg m–3) (mg m–3)

I104A 90° 29.5’ E 6° 0.3’ N 10 Mar 43 207 1.35 0.333 27.72
I106A 89° 29.8’ E 6° 0.1’ N 11 Mar 59 2983 14.58 0.590 35.42
I202 88° 30.2’ E 6° 0.0’ N 12 Mar 55 707 3.51 0.581 35.23
I204 87° 30.1’ E 6° 0.0’ N 13 Mar 61 657 6.01 0.519 32.07
I206 86° 30.0’ E 6° 0.0’ N 14 Mar 47 193 0.99 0.290 26.51
I208 85° 30.0’ E 6° 0.0’ N 14 Mar 57 698 4.34 0.528 25.33
I210 84° 30.0’ E 6° 0.0’ N 15 Mar 54 761 5.94 0.739 43.21
I214 83° 30.0’ E 6° 0.1’ N 16 Mar 50 226 1.54 0.239 18.70
I712 82° 30.2’ E 4° 0.3’ N 17 Mar 62 2411 14.75 0.322 29.33
I714 82° 30.1’ E 2° 0.0’ N 18 Mar 62 1351 9.18 0.507 42.89
I701 82° 30.0’ E 0° 30.0’ S 19 Mar 48 368 2.00 0.428 30.07
I705 82° 30.0’ E 2° 30.0’ S 20 Mar 53 377 2.20 0.415 33.27
I709 82° 30.3’ E 4° 30.0’ S 21 Mar 48 1390 7.26 0.391 30.18
I320 80° 0.0’ E 5° 0.0’ S 22 Mar 61 948 5.98 0.448 37.01
I316 80° 0.8’ E 3° 0.0’ S 23 Mar 52 1799 9.23 0.389 33.83
I312 80° 0.0’ E 1° 0.0’ S 24 Mar 44 342 1.66 0.338 29.69
I307 80° 0.0’ E 2° 0.0’ N 26 Mar 58 665 3.38 0.580 35.02
I303 80° 0.0’ E 4° 0.2’ N 1 Apr 53 979 5.25 0.493 37.51
I401 80° 0.0’ E 0° 0.0’ N 25 Mar 47 1107 7.16 0.590 43.92
I402 81° 0.0’ E 0° 0.0’ N 3 Apr 49 265 2.43 0.568 36.14
I403 82° 0.0’ E 0° 0.0’ N 3 Apr 51 759 3.77 0.422 37.18
I404 83° 0.0’ E 0° 0.0’ N 4 Apr 51 1158 6.34 0.565 37.08
I405 84° 0.0’ E 0° 0.0’ N 4 Apr 48 505 2.55 0.523 32.83
I406 85° 0.0’ E 0° 0.0’ N 5 Apr 39 210 1.80 0.516 35.73
I407 86° 0.2’ E 0° 0.0’ N 5 Apr 43 1379 9.67 0.453 33.34
I408 87° 0.3’ E 0° 0.0’ N 6 Apr 47 1025 7.32 0.340 28.56
I409 88° 0.0’ E 0° 0.0’ N 7 Apr 42 1045 5.69 0.372 26.90
I410 89° 0.0’ E 0° 0.0’ N 7 Apr 56 1160 5.85 0.513 33.35
I411 90° 0.2’ E 0° 0.0’ N 7 Apr 49 1172 7.76 0.733 42.44
I412 91° 0.5’ E 0° 0.0’ N 8 Apr 46 1309 9.07 0.680 41.62
I413 92° 0.4’ E 0° 0.0’ N 8 Apr 49 682 3.67 0.645 39.40
I414 93° 0.0’ E 0° 0.0’ N 9 Apr 50 431 2.57 0.325 25.61
I415 94° 00’ E 0° 0.0’ N 9 Apr 52 593 3.03 0.545 46.46

Table 1. Sampling and tintinnid community data for each station. Chl a concentration at the depth of the deep chlorophyll 
maximum (DCM) and integrated chl a concentration throughout trawling of the water column of 0−200 m are also given
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age (Prado & Miranda 2015) in the R program.
Akaike’s information criterion (AIC) was determined
as log-likelihood multiplication by the constant (−2),
plus the bias-correction term: (S + K) / (S − K − 2)
where S is the number of species and K is the num-
ber of estimable parameters (1 for geometric and 2
each for log-normal, log-series and mZSM distribu-
tion) (Burnham & Anderson 2002, Dolan et al. 2007).
AIC of fit test was used for selecting the best model:
the smaller the AIC, the better the fit. As the scale of
the investigation area was limited, 3 geographic
zones were designated to simplify redundant data at
different stations. The 3 zones were divided by the
boundary of the equator: the equator (EQ), the north-
ern zone of the equator (NEQ) and the southern zone
of the equator (SEQ).

RESULTS

Hydrographic features and chlorophyll

There was a thermo-/pycnocline between 50 and
100 m, according to the vertical measurements of
temperature, salinity and potential density in the
equator and 6° N transects (Fig. 2). Correspondingly,
the DCM layer occurred at a depth of 100 m at Stns
I407−I415. However, the thermocline and halocline
weakened, and the depth of the upper mixed layer
decreased to less than 100 m in the 80°E and 82.5°E
transects, where the DCM layers were mainly found
at either 50 or 75 m. Chl a concentration in the
DCM layer ranged from 0.239 mg m−3 at Stn I214 to
0.739 mg m−3 at Stn I210. Average chl a concentration
in all water layers was 0.17 mg m−3 (0.007−0.739 mg
m−3). Integrated chl a concentration in the 200 m
water column ranged from 18.70 mg m−2 (Stn I214) to
46.46 mg m−2 (Stn I415). Examination of the size frac-
tion of integrated chl a concentration in the water
column (0−200 m) showed that pico-chl a repre-
sented on average 74.1% of the total chl a concen -
tration, followed by nano-chl a at 22.2%.

Taxonomic composition

A total of 126 tintinnid species belonging to 32 gen-
era were found, of which only 1 was not identified to
species level (see Table S1 in the Supplement at
www.int-res.com/articles/suppl/b026p087_ supp. pdf).
Species composition was dominated by those with a
hyaline lorica rather than those with an agglutinated
lorica. According to previously reported biogeographic

distribution patterns of common tintinnid genera, 12
belonged to cosmopolitan genera, including hyaline
and agglutinating species, which are quite wide-
spread in the world’s oceans. A total of 17 warm-
water genera with hyaline lorica were identified,
of which Brandtiella, Xystonellopsis, Codonaria and
Climacocylis are unique to tropical and subtropical
waters. Tintinnopsis and Stenosemella, which were
recorded at 13 stations, are neritic genera composed
of species with agglutinated lorica.

LOD ranged from 8 to 117 µm. A total of 15 LOD
size-classes were occupied and species in the size-
classes 28−32, 33−37 and 58−62 µm were most nu-
merous (>17) (Fig. 3A). Lorica lengths of most  species
were in the range of 39−123 µm, which accounted for
62.6% of the total species number (Fig. 3B). Salpinga-
cantha ampla had the longest  lorica of 403 µm on
 average, followed by Xystonella treforti with a lorica
length of 394 µm at all stations. Lorica volume of 83%
species was distributed in the range of 2.2 × 104− 3.9 ×
105 µm3. Among the 126 species we recorded in the
eastern equatorial Indian Ocean, 22 rare species were
found at only 1 or 2  stations, with most species occur-
ring at 3 to 6 stations. A total of 16 species were found
at 31 to 33  stations (Fig. 3D).

Distribution and diversity patterns

Tintinnid abundance ranged from 193 ind. m−3

(Stn I206) to 2983 ind. m−3 (Stn I106A), and biomass
from 0.99 µg C m−3 (Stn I206) to 14.75 µg C m−3

(Stn I712). Tintinnid species spatial distribution, as a
percentage of sampling stations occupied, was posi-
tively correlated with overall average species abun-
dance (Pearson’s r = 0.82, p < 0.01, n = 126; Fig. 4A).
LOD size and occurrence rate as a percentage of
 stations occupied were not correlated (Fig. 4B). The
most widespread LOD sizes fell within the narrow
range of 20−70 µm.

After log transformation, tintinnid abundance and
biomass were significantly correlated with integrated
chl a concentration (Pearson correlation coefficients,
r = 0.39, p = 0.02; r = 0.42, p = 0.01; Fig. 5A,B). There
was no relationship between species richness and
integrated chl a concentration (r = 0.14, p = 0.45;
Fig. 5C, Table 2).

From the Spearman’s rank correlation coefficients
among diversity indexes, abundance and chl a concen-
trations, only Fisher’s alpha was significantly
 correlated to log10(abundance) (ρ = −0.81, p < 0.01;
Table 2). However, log10(abundance) and species rich-
ness followed a normal distribution according to
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Fig. 2. Vertical distributions of temperature, salinity, potential density and chl a concentration in the 4 transects. EQ: equator; 
NEQ: northern zone; SEQ: southern zone
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 Kolmogorov-Smirnov and Shapiro-Wilks tests (p >
0.05); species richness was significantly positively and
linearly correlated with log10(abundance)  (Pearson
correlation r = 0.43, p = 0.01), with the function of the re-
lationship as species richness = 8.45 log10 (abundance)
+ 26.9, R2 = 0.16, p < 0.05 (Fig. 5D). There were no sig-

nificant correlations between the diversity metrics and
either integrated chl a concentration or chl a-H ’, but all
diversity parameters were negatively significantly cor-
related with DCM depth (Table 2). Additionally, mor-
phological diversity metrics were significantly posi-
tively correlated with species richness (p < 0.05).
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We presented our data as a rank−abun-
dance distribution with different models
associated with different assumptions. SAD
was fitted to the geometric, log-normal,
log-series and mZSM distributions for 33
stations by the AIC statistic. The mZSM dis -
tribution provided the best fit at Stn I206,
with the best fit given by geometric dis -
tribution at Stn I705 (see Fig. S1 in the
 Supplement at www.int-res.com/ articles/
suppl/ b026 p087_supp.pdf). The log-normal
distribution gave the best fit compared
with the other models at the other 31 sta-
tions. The tintinnid distributions in the 3
zones best fitted the log-normal distribution
(Fig. 6, Table 3). Replacing the species rank
with LOD size-class, the geometric distri-
bution gave the best fit in the NEQ and
SEQ zones. However, the LOD size-class
distributions in the EQ zone best fitted the
log-normal distribution (Table 3, Fig.7).

94

Species H ’ Fisher’s LOD s-c LOD-H ’
richness alpha

Log10(abundance) 0.29 0.089 −0.81** 0.20 −0.09
Integrated chl a 0.14 −0.04 −0.27 0.26 0.09
Chl a-H ’ (n = 26) −0.09 0.03 0.20 −0.23 −0.06
Depth of DCM −0.46** −0.43* −0.46** −0.43* −0.50**

Species richness 0.73** 0.24 0.52** 0.42*
H ’ 0.73** 0.33 0.31 0.54**
Fisher’s alpha 0.24 0.33 0.14 0.41*
LOD s-c 0.52** 0.31 0.14 0.34
LOD-H ’ 0.42* 0.54** 0.41* 0.34

Table 2. Spearman’s rank correlation coefficients among metrics of
diversity of tintinnids, their abundance and characteristics of chl a. Char-
acteristics of chl a concentration included integrated chl a concentration,
Shannon-Wiener index of chl a size-class concentration in the water col-
umn of 0−200 m (chl a-H ’) and the depth of the deep chlorophyll maxi-
mum (DCM) layer. Taxonomic metrics were species richness (numbers of
species), the Shannon-Wiener index (H ’) and Fisher’s alpha. Morpholog-
ical metrics were  numbers of lorica oral diameters (in 4 µm size-classes,
LOD s-c) and the Shannon-Wiener index of LOD (LOD-H ’). For all pairs,
n = 33, except chl a-H ’ where n = 26. *p < 0.01, **p < 0.05

Fig. 5. Relationship between tintinnid (A) abundance, (B) biomass, (C) species richness and integrated chl a concentration, 
and (D) between species richness and tintinnid abundance

http://www.int-res.com/articles/suppl/b026p087_supp.pdf
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DISCUSSION

Relationship between community  diversity and
chl a concentration

Our research area in the eastern equatorial Indian
Ocean covered ~1500 km in longitude and >1200 km
in latitude. Species distribution conformed to the gen-
eral pattern of abundant species being more wide-
spread than rare or less abundant species, similar to
that in the southeast tropical Pacific Ocean (Dolan et
al. 2007) and the sub-polar Strait of Magellan (Fonda
Umani et al. 2011). Seven of the 20 tin tinnid species
found in the Bay of Bengal (Liu et al. 2012) and 23 of
the 45 species found in the neighboring Indian Ocean
(Modigh et al. 2003) were recorded in the present
study. Compared with other oceanic waters, except
for the tropical Pacific Ocean and Southern Ocean,
higher tintinnid species richness and lower abundance
and biomass were found in the eastern equatorial In-
dian Ocean (Table 4), although methodological and
geographical differences may have led to the dif -
ference in results. Low chl a concentration did not re-
duce tintinnid species richness but may serve as the
cause of low abundance and biomass. Tintinnid abun-
dance and biomass showed significant and positive
linear correlation with integrated chl a concentration
(Fig. 5A,B), supporting this suggestion.

Positive correlation and co-variation between food
concentration (chl a) and tintinnid stocks are re ported
in many studies (Godhantaraman 2002, Dolan et al.
2006a,b, 2007). Variability in abundance (12%) and
biomass (15%) explained by integrated chl a from the
positive linear relationships, as well as 16% variability
in species richness explained by abundance from the
linear regression model, were slightly lower than re-
sults in the oceanic water of the southwest Atlantic
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Fig. 6. The species abundance distribution best fitted by the
log-normal distribution in the EQ, NEQ and SEQ regions.
Actual observed abundances are shown (circles); lines are
the expected abundances from 4 theoretical distributions.
Dotted lines for mZSM distribution are used to differentiate
from the log-series distribution. EQ: equator; NEQ: northern
zone of the equator; SEQ: southern zone of the equator; 

mZSM: meta-community zero-sum multinominal

Zone No. of Species AIC value
stns richness Geo- Log- Log- mZSM

metric normal series

SAD fits
EQ 15 106 1228.84 1197.00 1246.98 1246.44
NEQ 12 105 1202.28 1176.84 1223.50 1222.92
SEQ 6 91 918.37 902.31 941.43 940.93

LOD abundance distribution fits
EQ 15 14 220.34 218.28 222.64 222.74
NEQ 12 14 218.08 220.26 229.80 228.90
SEQ 6 11 159.08 159.56 176.32 175.40

Table 3. Results of the analysis of tintinnid species abundance
distribution (SAD) and LOD size-class abundance distribution.
LOD: lorica oral diameter; AIC: Akaike’s information criterion;
EQ: equator; NEQ: northern zone of the equator; SEQ: southern
zone of the equator; mZSM: meta-community zero-sum multi-

nominal. Bold: lowest AIC value, indicating the closest fits
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(Santoferrara & Alder 2012). Many  studies reveal that
resources appear to have a direct influence on diver-
sity. No significant correlation be tween species rich-
ness and chl a concentration was found in this study,
corresponding to Dolan et al. (2007), and differing
from the positive correlation (Dolan et al. 2006a,
Santoferrara & Alder 2012) and negative correlation
(Dolan 2000, Thompson 2004) found in other studies.

Most ecological models predict that the diversity−
productivity relationship should have a unimodal
pattern, with maximal diversity at intermediate
 levels of productivity (Waide et al. 1999, Mittelbach

et al. 2001). Furthermore, considering the regional
spatial scale (Chase & Leibold 2002) and low produc-
tivity in the equatorial Indian Ocean, species richness
should increase with productivity. The above dis-
crepancy may have 2 explanations: (1) the sampling
methods or data processing were different. Chl a
concentrations at different water depths varied as
much within stations as between stations. As tin -
tinnids were sampled over the integrated 0−200 m
water column, chl a concentration from several water
layers in one station were integrated by the trape-
zoidal method to correspond to the tintinnid commu-

Study area Sampling No. of Abundance Biomass Chl a Reference
method species (ind. dm−3) (µg C dm−3) (mg m−3)

Indian Ocean (42° N−43° S) Surface (20 µm) 86 10 – <0.5 Modigh et al. (2003)
SE tropical Pacific Ocean Pooling data 149 2−40 – 0.07−2 Dolan et al. (2007)
Kongsfjorden, Svalbard Bottle 8 <1−2435 0−6.33 0.07−0.43 Feng et al. (2014)
(Arctic)

Southern Ocean Net 192 – – – Dolan et al. (2012)
SW Atlantic Bottle (10 µm) 60 76 0.14 1−2.4 Thompson & Alder 

(2005)
Mediterranean Pooling data 90 25 – 0.1−0.45 Dolan (2000)
Bay of Bengal Bottle 20 <40 – – Liu et al. (2012)
Eastern India Ocean Net (20 µm) 126 <1−3 <0.001−0.014 0.17 This study

Table 4. Comparison of species composition of tintinnid communities. Pooling data: data pooled for all samples (20 µm mesh) 
from all discrete depths of 1 station; bottle: bottle sampling
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nity (2) The quality of the available resources may
have affected the trophic differences of tintinnids in
the different areas. Besides phytoplankton, they may
feed on the heterotrophic nanoflagellate and organic
matter content with suitable size (Sitran et al. 2009).

Water column stratification and tintinnid diversity

Underlying water column features are reported to
be very relevant to tintinnid species diversity and
distribution patterns (Thompson et al. 1999, Sitran et
al. 2009). Possible shifts in species within a tintinnid
community have also been at tributed to changes in
environmental conditions (Gavrilova & Dolan 2007).

Eastward wind stresses during the spring inter-
monsoon lead to convergence on the equator (Schott
et al. 2002). Shallow mixed layers resulting from stir-
ring by weak winds and increased solar  heating are
a characteristic feature of the spring inter-monsoon
(Wiggert et al. 2006, Longhurst 2007). As a result of
the freshwater input from rivers and from precipita-
tion, the surface salinity clearly decreased. Surface
chl a concentrations were relatively higher in the
NEQ than in other zones, particularly in the 6°N
transect and at Stns I301−I303 and I711−I712 near Sri
Lanka (Fig. 2). The mixed layer was found to be thin-
ner in the NEQ and SEQ than in the EQ zone. Strong
stratification of surface waters because of freshwater
effects curtails nutrient entrainment from deeper
waters, leading to weak productivity associated with
subsurface DCM when surface nutrients are de -
pleted (Unger & Jennerjahn 2009). The average inte-
grated chl a concentration in the NEQ and SEQ
zones was less than that in the EQ zone, and the per-
centage of nano-chl a in the total chl a concentration
in the NEQ and SEQ zones was, on average, higher
than in the EQ zone (25 versus 16%).

Some previous research reveals that tintinnid
diversity is positively related to the depth of the DCM
layer (Dolan 2000, Dolan et al. 2007), whereas other
research finds no particular relationship between
these variables (Dolan et al. 2002). We found that tax-
onomic and morphological diversity were negatively
correlated to the depth of the DCM layer (Table 2).
Annual sea surface temperature, as a proxy measure
of depth of the surface layer, probably reflects the
number of niches available with depth (Rutherford et
al. 1999). Planktonic diversity does not show a simple
relationship with water column structure (Dolan et
al. 2006b); thus, it is still uncertain how depth of
the DCM representing water column structure can
 influence diversity.

Taxonomic and morphological diversity

The maximal prey size ingested by tintinnids is
~45% of the LOD and preferred prey size is ~25% of
the LOD (Heinbokel 1978, Dolan et al. 2002). More
than 70% of total species (98 of 126) occurred in 6 of
the 15 LOD size-classes, and this plays an important
role in structuring the community. The top 10 numer-
ically dominant species, including Acanthostomella
minutissima, Steenstrupiella gracilis, Amphorides
quadri lineata, Protorhabdonella simplex, S. intume -
scens, S. steenstrupii, Salpingella minutissima,
Dadayiella ganymedes, D. acutiformis, Eutintinnus
lusus-undae exhibited similar LOD sizes ranging
from 22 to 48 µm. These species prey most efficiently
on nano-food within the narrow range of 5.5−12 µm
diameter. A close relationship between taxonomic di -
versity and morphological diversity was confirmed in
our study. Across the stations, the number of tintinnid
species was positively related to numbers of distinct
LOD size-classes (n = 33, ρ = 0.52, p = 0.002) and the
Shannon-Wiener index of LOD (n = 33, ρ = 0.42, p =
0.015) (Table 2, Fig. 8A). In terms of high species
richness at different stations, per-LOD size-class was
occupied by an average of 4 to 6 species.

As a conservative and relatively reliable species
characteristic, LOD not only explains the large mor-
phological variety displayed by the group but also re -
flects adaptation to distinct ecological niches (Dolan
2010). Geometric distribution based on an assump-
tion of niche partitioning has been used to describe
distribution of LOD size-class abundance in the
Mediterranean gyre (Dolan et al. 2013) and the SAD
of total planktonic ciliates in the Gulf of Aqaba
(Claessens et al. 2010) and in Antarctic waters (Wick-
ham et al. 2011). Geometric distribution is always
 re levant to species-poor and/or harsh environments
where relatively few factors determine the niche
(Magurran 1988). A geometric distribution of LOD
size-classes in the NEQ and SEQ zones and the log-
normal distribution in the EQ zone (Fig. 7, Table 3)
were related to resource partitioning and the avail-
ability of prey concentration and size. This suggests
heterogeneous environmental conditions in the 3
zones.

Compared with the EQ zone, the NEQ and SEQ
zones displayed a shallower mixed layer and lower
average integrated chl a concentration. As the SEQ
zone comprised only 6 stations, we combined the
SEQ and NEQ zones when considering the relation-
ship between the number of species and the number
of LOD size-classes. In the EQ zone, the number of
species was not correlated with the number of LOD
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size-classes, but there was positive correlation (n =
18, Spearman’s ρ = 0.73, p <0.01) between them in
the SEQ and NEQ zones. The relationship was repre-
sented by the linear regression (R2 = 0.2, p <0.01;
Fig. 8B).

Mechanism governing community diversity

Most studies show that SAD for tintinnid ciliates
generally matches a log-series distribution across the
southeastern Pacific Ocean (Dolan et al. 2007), in the
northwestern Mediterranean Sea (Dolan et al. 2009,
Raybaud et al. 2009) and in the California Current
(Dolan et al. 2013), coherent with the neutral theory
of community. Log-series, like SADs of marine or -
ganisms such as diatoms, follows from neutral mod-
els of biodiversity and reveals near ecological equiv-
alence among species (Pueyo 2006). The unified
neutral  theory suggests that relative abundance of
taxa in the community is determined by stochastic
random immigration, births and deaths (Hubbell
2001, McGill et al. 2007). In contrast, tintinnid com-
munities in the coastal Mediterranean Sea (Sitran et
al. 2009) and in this study revealed log-normal SADs.

A log-normal SAD predicts a more even distribu-
tion of resources, typically when the niche is multi-
dimensional or the abundance of each species in a
community is determined by largely independent
factors acting multiplicatively on each species
(Magurran 1988). The number of species at different
stations was in the range of 39−62, in accord with an
assumption of a large community with >30 species in
the model of lognormal distribution.

The size structure of phytoplankton dominated by
pico- (74.1%) and nano-phytoplankton (22.2%) may
play a leading role in the range of LOD. The LOD of
more than 70% of the species, limited to 6 size-
classes, seemed to imply an immense amount of
niche overlap. Geometric distribution of LOD size-
classes in the NEQ and SEQ zones, however, re -
vealed the dominant role of partially available re -
sources or niche spaces for species with different
LOD size-classes, with a tight correlation between
the number of species and the number of LOD size-
classes. Distribution of LOD size-classes in the EQ
zone exhibited the typical lognormal distribution for
most natural assemblages. While phytoplankton bio-
mass was lower during the inter-monsoon compared
with monsoon seasons, bacterial production was
highest in the Indian Ocean (Ramaiah et al. 2009).
High bacterial extracellular enzymatic activities
(Caru so et al. 2004) enabled a trophic difference in
available resources (e.g. heterotrophic nanoplankton
and particulate organic matter) among tintinnids in
microbial food webs of oceanic waters. Interacting
tintinnid species are, apparently, not ecologically
equivalent, a central assumption of neutral theory.

According to the procedure described in Magurran
& Henderson (2003), 98 core tintinnid species ac -
counted for 99% of total abundance; the rest com-
prised 28 rare species, contributing only 1% of total
abundance. There are distinct predictions about the
proportions of very rare species between log-normal
and log-series distribution, high in log-series, low in
log-normal (McGill et al. 2007). It was shown that the
percentage of rare species in the tintinnid assem-
blage of the eastern Indian Ocean was lower than in
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Fig. 8. Relationships between (A) the number of species versus numbers of LOD size-classes and LOD-H , and (B) between the
number of species and the number of LOD size-classes in the EQ, NEQ and SEQ regions. Regression line is shown for the NEQ 

and SEQ. See Table 3 for abbreviations
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the open water of the Mediterranean Sea (22.2 vs.
81.7%) (Dolan et al. 2009)

Analysis of water stratification showed different
hydrographic conditions among the EQ, NEQ and
SEQ zones. In the EQ zone, the thermocline and
halocline tended to be horizontally steadier and the
DCM layer deeper,  relative to the 2 other zones.
Changes in mixed-layer depths in the NEQ and SEQ
related to nutrient state and decreased phytoplank-
ton biomass. Tintinnid as semblages were influenced
by the resource partitioning through the close rela-
tionship between LOD size and prey exploited.
Moreover, taxonomic and morphological diversity of
all stations decreased with the depth of the DCM
layer. Under the heterogeneous environmental con-
ditions, the community is driven by non-neutral pro-
cesses such as competition and niche partitioning
(Sitran et al. 2009). The tintinnid community in the
eastern Indian Ocean can, therefore, be described as
having a log-normal pattern driven by water-column
environmental factors such as competition and niche
partitioning, rather than by neutral dispersal of  species.
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