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The large, tropical oligotrophic gyres of the world’s oceans are understood to be relatively unproductive, with
low phytoplankton and zooplankton biomass, and inefficient food webs, although data are scarce. Here we
investigate changes in the zooplankton assemblage along a 15 ◦ C temperature gradient from 20 stations on the
110◦ E transect as part of the second International Indian Ocean Expedition. To ensure that we reflect most of the
zooplankton biodiversity, we used a 100 μm mesh net to capture the small copepod and microzooplankton
components that are important and often overlooked in tropical systems. Further, to obtain a synoptic view, we
towed the Continuous Plankton Recorder between stations across 30◦ of latitude. We found that copepod as
semblages clustered into four groups, with the most distinct being at the highest latitudes south of the subtropical Front. As the ocean temperature increased from south to north along the transect, zooplankton abun
dance and diversity also increased. The dominant copepod species changed accordingly and were predominantly
those with the ability and/or preference to selectively feed on microzooplankton. Although copepods were the
most abundant taxon, the proportion of microzooplankton, particularly, mixotrophic Rhizaria, was consistently
high. Thus, our study found a highly mixotrophic system supporting secondary production in the oligotrophic
Indian Ocean.

1. Introduction
In the classical view of marine food webs, zooplankton play a pivotal
role in determining the number of trophic levels before carbon reaches
fish (Ryther, 1969). In eutrophic systems, phytoplankton cells dominate,
and the main zooplankton are omnivorous crustaceans such as larger
copepods and euphausiids (Armengol et al., 2019; Lalli and Parsons,
1997), which can feed on these phytoplankton. Eutrophic systems are
relatively efficient at transferring carbon to higher trophic levels
because they have short food chains and, thus, relatively low metabolic
losses, around 10% loss per stage (Armengol et al., 2019; Lalli and
Parsons, 1997). As much of the research on marine food webs has been
conducted in productive shelf, upwelling and temperate systems, we
have a better understanding of zooplankton communities in eutrophic
regions than their oligotrophic counterparts.
Food webs and the principal trophic pathways in oligotrophic sys
tems are more complex. In these systems, nanophytoplankton cells

dominate, and more stages are required, i.e. the microzooplankton,
before prey becomes available to the carnivorous zooplankton who
cannot feed on the nanoplankton directly (Armengol et al., 2019; Lalli
and Parsons, 1997). The microbial loop also becomes more important in
oligotrophic regions, with energy being recycled through bacteria,
heterotrophic flagellates and ciliates. Although this longer food web in
oligotrophic systems has been described as inefficient (Lalli and Parsons,
1997), with low levels of energy transfer through grazing, this view is
shifting. So, for example, Rhizaria (Radiozoa, Foraminifera) can be
highly abundant in the upper 200 m of oligotrophic systems (Biard et al.,
2016) but, due to their small size and fragility, are poorly sampled and
therefore their contribution to carbon budgets has often been over
looked. Further, filter-feeding zooplankton such as pelagic tunicates and
appendicularians, are often abundant and under-sampled. Their ability
to graze on picoplankton and bacteria provides a shorter pathway for
energy transfer to fish (Stukel et al., 2019; Sutherland and Thompson,
2022). There is thus a growing understanding that oligotrophic systems
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might not always be depauperate and these lesser studied components of
the plankton community might provide pathways to enhanced primary
production and carbon transfer through to higher trophic levels
(Armengol et al., 2019; Guidi et al., 2016; Stoecker et al., 2017).
In the current study, we focus on the Indian Ocean, one of the five
major gyres in the world that are generally recognised as oligotrophic. It
has been described, perhaps unfairly, as a biological desert (Polovina
et al., 2008) depleted in nutrients and chlorophyll (Humphrey and Kerr,
1969; Jitts, 1969; Raes et al., 2015; Rochford, 1969, 1977). Repeated
surveys in the Indian Ocean along 110◦ E in the 1960s as part of the first
International Indian Ocean Expedition (IIOE) investigated the ocean
ography, nutrients, primary production, zooplankton and nekton
(Humphrey and Kerr, 1969; Jitts, 1969; Newell, 1969; Rochford, 1969,
1977; Tranter, 1977; Tranter and Kerr, 1969). Tranter (1977) found that
copepod assemblages were driven by hydrological conditions, specif
ically the temperature and salinity of different water masses. Our study
forms part of the second IIOE (Hood et al., 2015) and one of the

objectives was to compare results against those from the early in
vestigations along the original 110◦ E transect. Complicating this com
parison, however, is the fact that Tranter (1977) used 200 μm and 355
μm mesh nets, neither of which is ideal for sampling tropical
zooplankton as they miss smaller individuals and underestimate biodi
versity (Hopcroft et al., 2004; McKinnon et al., 2008; Wu et al., 2011).
Here we describe the zooplankton assemblages of the south eastern
Indian Ocean as part of the second IIOE expedition, nearly 60 years after
the first. We interpreted copepod assemblages in terms of their feeding
strategies and related these to earlier findings of Tranter and Kerr (1969,
1977) and Tranter (1977) from the first IIOE. Our 110◦ E voyage transect
covered 30◦ of latitude over which the surface temperature steadily
increased by over 15 ◦ C from south to north (Phillips et al. this issue).
Temperature was expected to be a dominant driver of variation in the
zooplankton assemblages in our study as it had been in during the first
IIOE (Tranter, 1977). We also hypothesize that the zooplankton
assemblage sampled on this transect will be one adapted to a low prey

Fig. 1. a) Map indicating sample locations with b) the TS diagram indicating mean temperature and salinity of the top 100 m. CPR = x, dot = net. Warm, lower
salinity water = black, Warm, higher salinity water = purple, Cool, higher salinity water = orange, Cold, high nitrate + nitrite water = yellow. Profiles for c)
Temperature, d) Salinity, e) Oxygen and f) Nitrate + Nitrite from surface to 100 m along 110◦ E are shown in the lower panel, blue dashed lines indicating
demarcation between the water bodies as characterised.
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environment and might be dominated by microzooplankton and gelat
inous filter-feeding zooplankton. We sampled using a 100 μm mesh net
to retain smaller species. Our aims were to: 1. Investigate the
zooplankton assemblages present in the sub-tropical and tropical south
eastern Indian Ocean; 2. Assess their key environmental drivers; 3.
Interpret our observations of the sub-tropical and tropical Indian Ocean
zooplankton community in terms of their impact on the productivity of
an oligotrophic system.

from the surface to 100 m to match the depth of the net drops. Underway
surface temperature, salinity and fluorescence were measured continu
ously by a thermosalinograph (Seabird SBE21 TSG) and fluorometer
(Wet Labs Wetstar Fluorometer) aboard the RV Investigator. These
environmental data were then assigned to each net sample and CPR silk
segment and used in statistical models. We included these environ
mental variables in our analysis because zooplankton assemblages often
reflect the oceanography of the region where they occur (Longhurst,
1985; Tranter, 1977). For example, temperature and salinity were found
to be important drivers of copepod communities in the first IIOE
(Tranter, 1977).

2. Methods
2.1. Sampling

2.2. Analysis

A Heron net (60 cm diameter, 100 μm mesh, drop net (Heron, 1982)
was used to sample zooplankton to a depth of 100 m at 20 stations
equally spaced at 1.5◦ of latitude along the 110◦ E transect, from station
1 at 39.5◦ S to station 20 at 11.5◦ S (Fig. 1). Although the ICES
Zooplankton Methodology Manual recommends using a 200 μm mesh
net when sampling zooplankton (Sameoto et al., 2000), we used a 100
μm mesh size in this study. This is because mesh size is best chosen based
on the research questions to be answered (Suthers and Rissik, 2009) and
we were interested here in sampling at least some of the micro
zooplankton community, especially in the tropical oligotrophic regions
where smaller zooplankton dominate (Campbell et al., 2021). By
capturing more smaller zooplankton, finer mesh nets produce higher
abundance and richness estimates, without missing larger species
(Hopcroft et al., 2001, 2004; McKinnon et al., 2008; Wu et al., 2011).
Using a 100 μm mesh net also allowed comparison with observations
from the 13-year-long Integrated Marine Observing System (IMOS)
zooplankton time series in Australia’s shelf waters nearby (Eriksen et al.,
2019). Nets are not the optimal sampling method for collecting Rhizaria
(Biard et al., 2016), due to their delicate nature. However, we consid
ered that a 100 μm mesh net represented a reasonable trade-off – it al
lows us to capture both microzooplankton and larger zooplankton.
All samples were taken on station in the late afternoon, around
16:00 h AWST (08:00 h GMT). The collection method and processing
used followed Eriksen et al. (2019), with the exception that samples
were preserved in 70% ethanol instead of formalin. The Heron net
samples on the downward drop and the net is closed when tension is
applied to the line. The net falls at 1 ms− 1 and so after 100 s, which is
~100 m, the line was stopped from free-flowing and the net retrieved.
The net is closed and is not sampling on the upward haul. Once in the lab
the samples were concentrated to 100 ml and a 1 ml sub-sample was
selected with a stempel pipette. The subsample was counted using a
Leica M165C microscope in a Bogorov tray. The target was to identify
100 adult copepods and 250 individuals for each sample, if these were
not met from the first subsample, subsequent subsamples were counted.
All taxa were identified to species where possible using widely available
taxonomic guides (Boltovskoy, 1999; Bradford-Grieve et al., 1999;
Conway, 2005; Razouls et al., 2005–2021).
The Continuous Plankton Recorder (CPR) (Richardson et al., 2006)
was towed during the 90 nautical mile transit between stations at night
from ~22:00 to 06:00 AWST (14:00 to 22:00 GMT). Sampling depth is
~10 m and the mesh size is nominally 270 μm (Richardson et al., 2006).
Back in the laboratory, CPR silks were measured and cut into samples
representing 5 nautical miles of tow distance based on the position and
time data from the ship’s track. From each fixed sampling station, the
CPR was towed to the next fixed station, and every fourth 5 nautical mile
sample was counted, starting with the first at the initial fixed station
(Fig. 1). Phytoplankton and zooplankton on CPR silks were counted as
described in Richardson et al. (2006). Zooplankton was washed off the
silk and counted in a Bogorov tray. The complete sample was counted.
Whilst still on station CTD and Niskin bottle casts were performed at
20:00 AWST (12:00 GMT), and the resulting temperature, salinity and
nutrient data were used as environmental variables in the analysis
(unless stated otherwise). We used the mean value for each variable

Plankton counts from the net and CPR analysis were converted to
abundances using the volume of water sampled; 28 m3 for net samples,
1.5m3 for each 5 nautical mile CPR segment. The overall abundance for
each sample was calculated, and the relative proportion of each major
group assessed.
To assess whether there were discrete zooplankton communities
along the transect, we performed a hierarchical cluster analysis on the
copepod assemblages at each station for the net and CPR samples.
Abundance data were log transformed to minimise the impact of very
abundant species. We used the Bray-Curtis distance measure to generate
a dissimilarity matrix and the ‘complete’ clustering method to find
compact clusters. Only copepods were used for this analysis, as they are
identified to species level more than other zooplankton groups and they
typically represent 70–80 % of the zooplankton by abundance (Brandão
et al., 2021). For the clustering, CPR samples were allocated to the
nearest station. The cluster analysis was undertaken in R using the stats
package (R Core Team).
To investigate how zooplankton communities changed along the
transect and with respect to our defined clusters, we calculated a suite of
metrics; zooplankton abundance and diversity, mean copepod size, and
the omnivore to carnivore ratio of copepods. We used the Shannon di
versity index (Hill, 1973) based on all zooplankton identified to species.
We expected plankton diversity to increase with temperature (Brown,
2014; Chaudhary et al., 2021; Hillebrand, 2004). We also expected a
decline in the size of copepod species with increasing temperature
(Beaugrand et al., 2010; Campbell et al., 2021). We included the
omnivore to carnivore ratio of copepods because we were expecting
more carnivorous species in waters with lower chlorophyll.
Values of total body length from the literature were averaged for
each copepod species (Supplementary Table 1). The mean copepod size
for each sample was calculated by summing the abundance of each
species weighted by their size and dividing this by the sum of the species
abundances in the sample (Campbell et al., 2021). We used the literature
to ascertain the dominant feeding preference of each copepod species,
with herbivores, omnivores and detritivores all included as omnivores.
The ratio was calculated as number of omnivores divided by the total
number of copepods. Copepod size and feeding preferences were ob
tained from the Marine Planktonic Copepods website (Razouls et al.,
2005–2021) and other literature sources (Bradford-Grieve et al., 1999;
Conway, 2005). Supplementary Table 1 has been included with details
of diet, size and references for each species in the analysis.
To test the relationship of the metrics (response variable) to the
environmental drivers (predictors), we used a linear model. A step
model selection function using Akaike’s Information Criterion (AIC) was
used to determine the most parsimonious model. The net and CPR are
very different methods for collecting plankton and comparisons should
not be drawn between the relative compositions. This difference is
compounded by the fact that the net samples were taken during the day
and the CPR samples at night, so we can infer no conclusions about time
of day from these samples. Survey type (CPR or net as levels) was
included as a factor in each model to remove the variation associated
with sampling technique. For the combined CPR and net models, only
3
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surface temperature, salinity and fluorometry data were available from
underway measurements. Thus, to understand if other variables were
important in driving the response metrics, the statistical models were
repeated using only net samples and the environmental variables from
the CTD casts and Niskin bottles. Temperature, salinity, nitrate + nitrite,
silicate and fluorescence were included as environmental predictors in
the model. Oxygen was not used, as it was highly correlated with tem
perature; and phosphate, nitrite and ammonia were dropped as they
were highly correlated with nitrate + nitrite.
To determine which environmental variables were driving changes
in copepod assemblages (i.e. their diversity and abundance of all the
copepod species) and whether they were driven by oceanographic
conditions, we used a constrained ordination technique, RDA, from the
vegan package in R (Oksanen et al., 2020). Constrained ordination es
timates the amount of variation of an assemblage that can be ascribed to
each environmental variable. We tested the significance of model pre
dictors and axes using a canonical ANOVA. Here we used the CTD casts
and Niskin data for the environmental variables for the net samples and
the underway temperature, salinity and fluorescence for the CPR
samples.
To determine which species defined the copepod assemblages within
each cluster we used indval, based on the Dufrene-Legendre Indicator
Species Analysis, from the labsdsv package in R (Dufrêne and Legendre,
1997; Roberts, 2019). The indicator value (Indvalij) is given by:

3.2. Zooplankton counts
The count data of the samples is supplied as Supplementary Table 2.
Across our study, 109 copepods were identified to species, 23 species of
which were seen only once. Copepods were the most common group in
the samples, followed by Rhizaria; this is further discussed in section
3.4.
3.3. Copepod cluster analysis
The cluster analysis of copepod abundance data for the net and CPR
samples resulted in similar groups for both sampling types. The southern
three stations split at 94% dissimilarity for the net samples and stations
2–4 at 86% for the CPR. North of station 10 the stations become more
similar for both net and CPR samples. This corresponds to the region of
stratification seen in Fig. 1c–f. Whilst the CPR is a robust method for
detecting trends in plankton over large spatial and temporal scales it is
described as a semi-quantitative method. Plankton abundance is
underestimated due to the relatively small opening coupled with active
avoidance and as it samples at a constant depth it does not capture the
diversity of the water column (Richardson et al., 2006). Therefore, as the
net captures a more diverse range of species, we used the clusters as
defined by these samples to further investigate the drivers of variation.
Station 1 is missing for the CPR samples as no copepods were identified
to species (see Fig. 2).
Based on a dissimilarity cut-off of 60%, we defined four clusters
(Table 1). The three southern stations were colder (12.2–15.3 ◦ C) with
higher nitrate + nitrite concentrations (8–4.3 mgL− 1; Fig. 1f). Stations
10 to 20, the northern stations were indicative of the more stratified,
warmer (22.5–27.6 ◦ C), lower salinity waters (35.4–34.2). The middle of
the transect was indicative of higher salinity water with the cooler sta
tions 4–6 (17.6–19.2 ◦ C), separating from the warmer stations 7–9
(20.3–21.3 ◦ C).

IndValij = Specificityij ∗ Fidelityij ∗ 100
where Specificityij is the proportion of samples in cluster j with species i
present, and Fidelityij is the proportion of total number of individuals of
species i that are found in samples of cluster j. Thus, a species with a high
indicator value for a particular cluster means that it has high Specificity
and Fidelity, the species is predominantly found in that cluster and is
reasonably abundant in those samples. This index has a maximum of 1
when all individuals of a species are found in a single group of stations
and when the species occurs in all stations of that group.

3.4. Zooplankton metrics

3. Results

Zooplankton abundance, taxonomic richness and Shannon diversity
index generally increased from the cold to the warm water for both sets
of samples (Table 2). Although the net samples have much higher
abundances than CPR samples, the trends in abundance, richness and
diversity were similar. Zooplankton diversity cannot be calculated for
the first CPR station as no taxa were identifiable to species.
Copepods dominated the net samples, always constituting >58% of
the zooplankton abundance and up to 70% of the abundance in the cold,
high nitrate + nitrite waters (Fig. 3). The second-most dominant taxon
in the net samples was Rhizaria (Radiolarians and Foraminifera), which
contributed 19–34% of the abundance in each cluster. CPR samples were
more mixed, although copepods were still the dominant taxon
(40–50%), with carnivorous chaetognaths the next most dominant
(22–45%), and appendicularians (5–23%) were also relatively abundant
especially in warmer water. Notably, high numbers of molluscs, spe
cifically veliger larvae of the family Cavoliniidae, were found in the
cold, high nitrate + nitrite region.

3.1. Oceanographic variables
Our study section along 110◦ E was characterised by increasing
temperature (12.2–27.6 ◦ C) from South to North (Fig. 1a), with a region
of higher salinity in the middle and lower salinity at each end (Fig. 1b).
In the top 100 m Nitrate + nitrite and oxygen levels were notably higher
in the southern three stations than the rest of the transect. The tem
perature, salinity and nitrate + nitrite figures indicate stratification in
the northern half of the transect, stations 10–20, ~25–11.5◦ S.

Table 1
Oceanographic conditions for station groups along 110◦ E as defined by net
sample cluster analysis.
Station

Latitude
(oS)

Temperature
(oC)

Salinty

Colour

Cluster

1–3

39.5–36.5

12.2–15.3

34.7–35.5

Yellow

4–6

35.0–32.0

17.6–19.2

35.8–36.0

Orange

7–9

30.5–27.5

20.3–21.3

35.7–35.2

Purple

10–20

26.0–11.5

22.5–27.6

35.4–34.2

Black

(1) Cold, high
nitrate +
nitrite
(2) Cool,
higher salinity
water
(3) Warm,
higher salinity
water
(4) Warmer,
lower salinity
water

3.5. Environmental drivers of zooplankton assemblages
The linear model showed that zooplankton abundance increased
significantly with temperature (p < 0.000001), with the abundance in
net samples significantly higher than in CPR samples (Fig. 4a). There
was a weaker, but significant, increase in zooplankton diversity with
temperature (p < 0.0001), with diversity significant higher in net than
CPR samples (Fig. 4b). Diversity was especially low in some of the
southernmost samples (cluster 1). Nitrate + nitrite, silicate and fluo
rescence were not significant when tested with net samples for abun
dance or diversity.
The omnivore to carnivore ratio decreased significantly with
4
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Table 2
Zooplankton assemblage information for CPR and net samples at each station along 110◦ E. Richness = Species Richness, Diversity = Shannon Index.
Station

Cluster

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

1
1
1
2
2
2
3
3
3
4
4
4
4
4
4
4
4
4
4
4

Abundance m−
310.41
1350.87
369.04
947.73
700.19
769.15
1372.09
1043.21
1149.30
1619.63
2220.81
1121.01
1538.30
859.32
2436.52
1471.11
2178.37
3207.44
1966.19
2143.01

3

Net
Richness
7
15
20
22
19
23
30
21
26
31
29
28
33
31
28
32
33
39
25
30

Diversity

Abundance m−

1.27
1.99
2.60
2.65
2.45
2.71
3.17
2.68
2.87
3.11
3.01
3.07
3.05
3.19
3.04
3.00
2.92
2.61
2.78
3.2

18.67
32.67
57.33
142.00
91.33
89.33
129.33
149.33
253.33
150.67
196.67
158.67
190.00
212.00
256.00
129.34
141.33
252.00
244.67
93.33

3

CPR
Richness
0
1
12
11
9
12
14
7
19
13
20
14
14
18
25
22
18
22
24
7

Diversity
*
0.00
2.39
2.27
1.87
2.27
2.36
1.95
2.54
2.48
2.66
2.42
2.36
2.57
2.79
2.94
2.76
2.69
2.72
1.71

* no diversity calculated as no zooplankton were identified to species.

Fig. 2. Cluster analysis of: a) the copepod assemblages by net samples b) the copepod assemblage by CPR samples. Both are coloured by water characteristics
(Warmer, lower salinity water = black, Warm, higher salinity water = purple, Cool, higher salinity water = orange, Cold, high nitrate + nitrite water = yellow).
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Fig. 3. Mean zooplankton composition (number m− 3) for major taxa in net and CPR samples along 110◦ E in the south-east Indian Ocean.

temperature (p = 0.0301) and was lower in the CPR (0.84) compared to
the net samples (0.93) (Fig. 4c). The CPR samples therefore contained a
higher proportion of carnivorous copepods (0.16) as opposed to net
samples (0.07). The proportion of carnivorous copepods increased with
temperature with most carnivores being sampled by the CPR in the
warmer, more tropical water.
The copepod mean size unexpectedly increased with increasing
temperature (p = 0.005) and chlorophyll a (fluorescence) (p = 0.02).
Copepod mean size was significantly greater at night in the CPR samples
(1.35 ± 0.05 mm CPR, 1.00 ± 0.02 mm net) as more larger, carnivorous
copepods were sampled.
In the RDA analysis, temperature was again the strongest driver (p =
0.005) for the net samples followed by salinity (p = 0.015) with RDA1
and RDA2 both significant (p = 0.001 and p = 0.05) (Fig. 5). These two
variables explain 28.8% of the variation in the sampled copepod as
semblages and there was a clear distinction as the samples separated
into the defined groups with increasing temperature and decreasing
salinity along RDA1. Other environmental variables (nitrate, fluores
cence, silicate) were tested in the model, but none were significant.
Oithona simplex, Farranula gibbula and Delibus nudus drove the separation
in the warm-water samples, and Oithona similis and Oncaea zernovi fav
oured colder water with lower salinity. Oncaea media and Lubbockia
squillimama were most abundant in higher salinity regions.
For the CPR samples, again only temperature and salinity were sig
nificant in the RDA (p = 0.005 and p = 0.015, respectively), but less
variation (10.7%) was explained and only RDA1 was significant (p =
0.001). Temperature, the strongest driver, did separate samples based
on the defined groups, but to a lesser extent than net samples. Greater
separation was seen amongst the warmer stations. Oithona plumifera and
Oncaea venusta were influential in the warm water and Clausocalanus
ingens, C. brevipes and C. arcuicornis in the cooler, higher salinity water.
Dufrene-Legendre Indicator Species Analysis (Indval) identified 10
indicator species from cluster 4, four each from clusters 2 and 3 and none

from cluster 1 (Table 3). Farranula gibbula was the strongest indicator of
any group (cluster 4) being confined to, and seen, in every sample, in the
northern warm, lower salinity region. Farranula rostrata was common in
the southern half of the transect, but was replaced by F. gibbula, and, to a
lesser degree, F. concinna and F. curta towards the north. Other genera of
Corycaeidae were abundant throughout the transect, with Agetus lim
batus being an indicator species for the cool, higher salinity region,
cluster 2.
Oithona simplex and O. plumifera were also both strong indicators of
the warm, low salinity region (cluster 4). O. simplex was especially
important in the net samples, with O. plumifera mostly influential in the
CPR samples. Both species were present in all regions except the furthest
south stations, cluster 1.
The smaller tropical species Delibus nudus and Clausocalanus furcatus
increased in abundance with temperature and were not present in
southern stations, cluster 1; they were significant indicators of warmer,
low salinity waters. Bestiolina similis, another small tropical species, was
identified as an indicator of the warm, higher salinity water, but with a
lower indicator value as it was also abundant in the warm, lower salinity
region.
Although not defined as an indicator species, Clausocalanus was
notable as a genus making more of a contribution to the abundances in
the CPR samples than the net. Three species, Clausocalanus brevipes, C.
ingens and C. pergens were abundant in the cool, higher salinity water.
Pleuromamma species were abundant in the CPR samples with
different species co-occurring. Only P. gracilis showed any affinity to a
particular region by being most abundant in the warm, low salinity
water (cluster 4). Some of the larger, more carnivorous copepods, e.g.,
Candacia, were also more abundant in the CPR samples. Candacia trun
cata was restricted to the warm, low salinity water and abundant in the
net and CPR samples, but other species such as C. bipinata and
C. ethiopica were present north of the sub-tropical front, whilst
C. bispinosa was confined to the warm, higher salinity region. Euchaeta
6

C.H. Davies et al.

Deep-Sea Research Part II xxx (xxxx) xxx

Fig. 4. Model output for a) zooplankton abundance, b) zooplankton diversity, c) copepod mean size and d) copepod omnivore to carnivore ratio, coloured by water
characteristics (Warmer, low salinity water = black, Warm, higher salinity water = purple, Cool, higher salinity water = orange, Cold, high nitrate + nitrite water
= yellow).

species also became more abundant with increasing temperature.
The warm, higher salinity water region has a narrow temperature
range but Lubbockia squillimana and Agetus limbatus, were identified as
strong indicators. This suggests they may have smaller, more defined
ecological niches.

4.1. Zooplankton composition
Copepods often numerically constitute 70–80% of zooplankton in net
samples (Brandão et al., 2021), which is higher than we found along
110◦ E. The primary reason for this in the net samples was the high
percentage (24 ± 2.5%) of unicellular eukaryotes, Rhizaria, which is
remarkable in that net sampling is known to damage cells and under
estimate their abundance (Biard et al., 2016). The Rhizaria were not
sampled well by the CPR due to their more delicate nature and are most
likely severely underrepresented in the CPR counts. The large bloom of
Cavolinidae veliger larvae found in CPR samples in cluster 1 (i.e., the
cool, lower salinity water from 39.5 to 37.5◦ S) are of interest, and whilst
also seen in the net samples, they were more abundant in the CPR. The
first IIOE recorded nine species from the Cavolinidae family in their
sampling between 9 - 32◦ S, many of which were more abundant at night
than day. Only Creseis species were common around May to June 1963
corresponding to the same season as our voyage (Sakthivel, 1977).
The most common copepods in abundance and species richness
belonged to the Oithonidae, Oncaeidae and Corycaeidae, notably all
cyclopoids. The most frequent calanoids were of the genera

4. Discussion
The copepod assemblages along 110◦ E are associated with distinct
oceanographic conditions and are strongly influenced by the water
temperature in the epipelagic domain. Salinity was also a significant
influence, but weaker. The oligotrophic conditions in the Indian Ocean
drive a zooplankton composition with a relatively high abundance of
mixotrophic microzooplankton and specialised copepods with the abil
ity to feed in this environment. We found few pelagic tunicates but
Rhizaria, and to a lesser extent appendicularians, were abundant
throughout the transect.
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Fig. 5. Results of RDA1 plotted against RDA2 for a) net and b) CPR samples. Stations are coloured by water characteristics (Warmer, low salinity water = black,
Warm, higher salinity water = purple, Cool, higher salinity water = orange, Cold, high nitrate + nitrite water = yellow). Species are indicated in grey with influential
species labelled.

RDA show these increases were primarily associated with temperature,
and to a lesser degree salinity. Cluster 4, the warm, low salinity waters
(20 - 11.5◦ S) had the highest diversity and abundance and also the
highest number of species (10) defined as indicators, the strongest in
dicator being Farranula gibbula. The higher salinity regions (27.5–35◦ S)
had fewer indicator species identified, as many of the copepods found in
this region were cosmopolitan. Those identified, Lubbockia squillimana
and Agetus limbatus from clusters 3 and 2, respectively, had higher in
dicator values and are possibly more indicative of more-defined
ecological niches. The cold, high nitrate + nitrite water, cluster 1, was
the most strongly defined group in the analysis, being characterised by
the low diversity and low abundance of species and no identifiable in
dicator species.
From the same voyage, Landry et al. (2020) sampled zooplankton in
the euphotic zone with a 200 μm mesh net and found mesozooplankton
biomass increased 3-fold with temperature from south to north. Olivar
and Beckley (this issue), sampled to 500 m for larval fish and found four
fish larval assemblages that roughly overlap with our zooplankton as
semblages. They found that larval fish species richness, diversity and
abundance all increased from the southern, cold water to warmer, more
tropical waters in the north and concluded that temperature and salinity
were the important drivers. Oxygen also played a role for mesopelagic
fishes because their sampling and parameters used in the analyses
extended to 500 m depth. Temperature was also the strongest driver for
zooplankton samples collected at the surface during the day-time at the
same 20 stations using the small Cruising Speed Net with the species
identified using metagenomics (von Ammon et al., 2020). They also
noted similar patterns in the dominant copepods; Oithona similis being
characteristic of the southern part of the transect, Clausocalanus furcatus
common in the mid-section and Delibus nudus and Acrocalanus gracilis
dominating in the north.
Whilst the CPR captured more carnivorous copepods than net sam
ples as demonstrated by the lower omnivore:carnivore ratios for these
samples, this could be because CPR samples were collected at night or
because CPR samples were collected near the surface. Carnivorous co
pepods increased in abundance with temperature and towards the north
of the transect, with one species of large, carnivorous copepod, Euchaeta
rimana, particularly abundant in tropical CPR samples. However, it
should be acknowledged that as carnivorous copepods are generally

Table 3
Indicator copepod species from the net samples for each cluster along 110◦ E
from the output of the indval function (* indicates that these species were also
indicator species in the CPR samples).
Indicator copepod species

Cluster

Indicator value

probability

Farranula gibbula
Cosmocalanus darwinii*
Delibus nudus
Oithona simplex
Clausocalanus furcatus
Oithona plumifera*
Pleuromamma gracilis
Calocalanus styliremis
Oncaea venusta typica*
Oithona nana
Lubbockia squillimana
Mesocalanus tenuicornis
Bestiolina similis
Mecynocera clausi
Agetus limbatus
Oculosetella gracilis
Aetideus acutus
Oncaea media

4
4
4
4
4
4
4
4
4
4
3
3
3
3
2
2
2
2

1.0000
0.8889
0.8750
0.8261
0.7314
0.5651
0.5580
0.5456
0.5389
0.5129
0.9345
0.7216
0.6000
0.5884
0.9706
0.6667
0.6667
0.5487

0.001
0.001
0.001
0.001
0.001
0.050
0.047
0.032
0.012
0.029
0.001
0.015
0.040
0.032
0.007
0.029
0.035
0.001

Clausocalanus and Pleuromamma (especially at night), Calocalanus and
Paracalanus. Similar compositions of copepods were noted in other
studies in oligotrophic regions of the Indian Ocean from the NW Cape
area of Australia (McKinnon et al., 2008) and south of Madagascar
(Cedras and Gibbons, 2021).
4.2. Zooplankton drivers
The zooplankton abundance and diversity in this study was much
higher in the samples collected by net (day) than by the CPR (night)
(Table 2). This is expected as the CPR, although consistent, is known to
underestimate abundance because of the small opening, and diversity
due to avoidance behaviours and being restricted to a single depth in the
surface waters (Richardson et al., 2006). Nevertheless, the zooplankton
abundance, richness and Shannon diversity increased significantly along
the transect from south to north in both net and CPR samples, and the
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larger, and thus more motile, they may have a greater ability to avoid
the CPR and thus our samples may not be completely representative of
the surface copepod community along the transect.
Overall, more larger copepods were sampled by the CPR than Heron
net samples (Fig. 3c). Larger copepods generally display greater diel
vertical migration and are often more common in night-time samples
(Hays et al., 1994). Chaetognaths, which are highly predatory and also
vertically migrate (Lie et al., 2012) were more abundant in the CPR
samples. However, lack of day-time CPR samples mean that this could
not be tested in this study.
The mean copepod size for each sample increased with increasing
temperature and chlorophyll (Fig. 3). Whilst the relationship with
chlorophyll might have been expected, the increase in size with tem
perature was not (Campbell et al., 2021). Again, the high abundance of
E. rimana was the main reason for the larger overall copepod mean size
in the warm waters. Landry et al. (2020) also noted that no change in
size spectrum was observed from size fractionated mesoplankton
biomass samples for this voyage. Although the size of copepods gener
ally decreases with increased temperature and lower productivity in
global studies and is also predicted by Bergman’s Rule (Campbell et al.,
2021), the exact relationships are complex and can be difficult to
quantify in field samples. Bergmann’s Rule posits that the size of
members of the same clade generally decreases with warmer tempera
tures, and a recent global analysis has shown that there are smaller
copepod species in warmer waters (Campbell et al., 2021). Other
possible influential factors for body size include food chain length and
size-selective predation (Brandão et al., 2021; Brun et al., 2016). Smaller
body size can be an adaptation to lower oxygen levels (Brandão et al.,
2021) which were found in the in deeper water at the northern end of
the transect (Olivar & Beckley, this issue). But as temperature and ox
ygen were highly correlated in the surface 100 m of the water column,
we could not test this. Another study of copepod assemblages in the SW
Indian Ocean also found that copepod size was greater in warmer water
(Cedras and Gibbons, 2021). They also used literature values for each
species, which hides intra-species changes in size with temperature
(Atkinson, 1994). However, many of the larger, more predatory co
pepods may have avoided the CPR and so they may not be truly repre
sented in our samples.

more abundant Euchaeta rimana, neither were defined as indicator
species. These genera were mostly represented by juveniles in our
samples and so could not be speciated, so their capacity as indicator
species may not be fully realised.
Diurnal behaviour was demonstrated in the Tranter (1977) study by
the same suite of genera in the CPR samples, viz. Pleuromamma domi
nating, with Eucaheta and Candacia also present. Tranter (1977) found
P. xiphias was dominant at the northern and southern ends of his sam
pling range, with P. borealis in the middle region. In the CPR samples,
only P. gracilis showed an affinity to oceanographic conditions, cluster 4,
preferring the warmer, low salinity waters in the north.
4.4. Trophodynamics in oligotrophic waters
A notable feature of the samples collected along the 110◦ E transect
was the abundance of microzooplankton, specifically Rhizaria (Fora
minifera and Radiozoa). The ratio of Rhizaria to other zooplankton was
as high as 46% in some samples in the warmer water, and consistently
~20–25%. Whilst this is lower than may be expected in an oligotrophic
system when using methods more suitable to sampling Rhizaria (Biard
et al., 2016), it is high when compared to samples taken at the IMOS
National Reference Stations around the coast of Australia where the
method of collection is identical in all but the preservative. The nine
National Reference Stations are situated around Australia’s coastline in
more productive shelf waters, and the mean proportional abundance of
microzooplankton in these coastal samples is only 0.3%, with a
maximum of 20% (NRS data freely available at https://portal.aodn.org.
au/).
Whilst we did not speciate the Rhizaria, molecular analysis on other
samples taken on the voyage confirm the most abundant Rhizaria were
the low silicate, colony forming Polycystinea which appeared in high
numbers in sampling stations 6, 10 and 11 (O’Rorke et al., this issue).
Other Rhizaria were the strontium-sulfate, rather than silicate, skele
toned Acantharea. These families were also among those described in a
study in the Eastern Indian Ocean, who sampled throughout the
euphotic zone north of our survey area. They counted 168 taxa across
their study from the major radiolarian groups: Polycystinea, Acantharea,
Collodaria, Taxopodida and Phaeodaria. They found that highest
abundances were south of the equator and were mainly driven by sili
cate levels. Another study in a cold core eddy close to 110◦ E and at 31◦ S,
found small phytoplankton dominated as in a typical oligotrophic sys
tem, but these were grazed predominantly by ciliates, and radiolarians
and foraminifera were sparse (Munir et al., 2020; Paterson et al., 2007).
Rhizaria are generally considered specialist mixotrophs as, in addi
tion to phagotrophy, they obtain nutrition from single species, or closely
related species, of algal endosymbionts (Mitra et al., 2016). As we found
in our study, Rhizaria can be conspicuous in plankton samples from
oligotrophic oceans (Caron et al., 1995; Stoecker et al., 2017) where
they are important grazers and can enhance primary productivity due to
the success of their symbionts. This acquired phototrophy is a major
contributor to primary production in oligotrophic waters (Caron et al.,
1995). Symbionts in Rhizaria may also increase growth efficiency of
their host via the transfer of carbon supplements (Mitra et al., 2016;
Stoecker et al., 2017). Mixotrophy can increase the efficiency of the
carbon pump by retaining more nutrients in shallow waters through
recycling and transferring carbon by predation to higher trophic levels
more efficiently (Stoecker et al., 2017). Spiny Foraminifera, one of the
more common taxa in our samples, are typically the dominant form in
oligotrophic waters, with their ability to carnivorously feed on co
pepods, chaetognaths and ciliates allowing them to be successful in low
phytoplankton environments (Grigoratou et al., 2021). The spines are
also associated with photosynthetic algae with all but one species of
spiny Foraminifera considered symbiont-obligate in their latter devel
opmental stages. The symbionts transfer carbon to the Foraminifera host
possibly helping to sustain these populations in regions of low nutrients
(LeKieffre et al., 2018).

4.3. Comparison with the first IIOE
Similar temperature and salinity conditions were observed on the
first IIOE voyage during the May to June period in 1963 (Rochford,
1969, 1977), when Tranter and Kerr (1969, 1977) examined the
zooplankton, particularly the copepods. Tranter (1977) also found that
copepod distribution corresponded closely with hydrological properties
along 110◦ E. Similarly, he recorded the maximum copepod diversity at
latitudes 23 - 14◦ S. In his most southerly samples, 32◦ S, Tranter (1977)
found that the discreteness of this region stemmed from the relatively
low abundances in the samples.
Due to the nature of the sampling (IIOE, 200/355 μm net versus IIOE2, 100 μm net and the CPR), the species assemblages that we observed in
each group were different to those defined by Tranter (1977) because
the larger mesh net he used did not retain many smaller copepods and
thus underestimated copepod diversity. The assemblages from the first
IIOE voyage were based on much larger copepods, including the families
Eucalanidae, Calanidae, (herbivores) Candaciidae, Euchaetidae (carni
vores), Metridiidae (omnivores), and Sapphirinidae (scavengers)
because of the larger mesh size used that missed smaller species. These
taxa were also present in our net and CPR samples, but were in low
abundances and predominantly as juveniles, compared with the much
more abundant smaller copepod taxa.
In June 1963, the best indicator species for tropical water were
Candacia pachydactyla and Eucheata wolfendeni and E. longicornis in
higher salinity regions (Tranter 1977). In our survey, although we
observed Candacia truncata frequently in tropical water along with the
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Functional traits, such as feeding behaviours, have a strong influence
on the zooplankton composition in different environments (Barton et al.,
2013; Brun et al., 2016), and copepods that can selectively feed on
microzooplankton and vary their diets to suit prey availability typically
do better in oligotrophic systems (Jagadeesan et al., 2017). Passive
feeders are uncommon in oligotrophic regions with low prey concen
trations. Based on feeding experiments, copepod genera such as Para
calanus, Acrocalanus, Clausocalanus, Acartia, Corycaeus, Oithona and
Centropages can actively select for microzooplankton as prey (Jagadee
san et al., 2017; Paffenhofer and Mazzocchi, 2002; Wiadnyana and
Fereidoun, 1989; Zamora-Terol et al., 2014) and these genera were
common in our study, especially Oithona, Corycaeus and Clausocalanus.
Oithona plumifera and Clausocalanaus furcatus, are successful species
in oligotrophic waters, but they have different feeding strategies.
O. plumifera prefers to target motile particles, such as microzooplankton,
and along with O. nana and O. similis, are ambush hunters (Paffenhofer
and Mazzocchi, 2002). Many other copepods have similar, long caudal
seta that are potentially used for mechano-sensory detection of motile
prey. Clausocalanus furcatus uses chemo-sensors to detect prey, moves
constantly and at speed, searching the water and targets a range of prey,
diatoms, coccolithophorids to large ciliates (Paffenhofer and Mazzocchi,
2002). Despite these differences in feeding strategy, both are clearly
successful in oligotrophic conditions. The high abundance of specialist
mixotrophs, combined with zooplankton known to feed on, and even
select for, microzooplankton in the samples of this study along 110◦ E
supports the hypothesis of Landry et al. (2020) that mixotrophy, and the
microzooplankton, play an important role in the trophic food web by
enhancing the coupling efficiency in this region.
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