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Abstract: Although two thirds of the world’s euphausiid species occur in the Indian Ocean,
environmental factors influencing patterns in their diversity across this atypical ocean basin are
poorly known. Distribution data for 56 species of euphausiids were extracted from existing literature
and, using a geographic information system, spatially-explicit layers of species richness and average
taxonomic distinctness (AveTD) were produced for the Indian Ocean. Species richness was high in
tropical areas of the southern Indian Ocean (0–20◦ S), and this high richness extended southwards
via the Agulhas and Leeuwin boundary currents. In contrast, the land-locked northern Indian
Ocean exhibited lower species richness but higher AveTD, with the presence of the monotypic
family Bentheuphausiidae strongly influencing the latter result. Generalised additive modelling
incorporating environmental variables averaged over 0–300 m depth indicated that low oxygen
concentrations and reduced salinity in the northern Indian Ocean correlated with low species
richness. Depth-averaged temperature and surface chlorophyll a concentration were also significant
in explaining some of the variation in species richness of euphausiids. Overall, this study has
indicated that the patterns in species richness in the Indian Ocean are reflective of its many unusual
oceanographic features, and that patterns in AveTD were not particularly informative because of the
dominance by the family Euphausiidae.
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1. Introduction

Euphausiids are holoplanktonic, pelagic crustaceans inhabiting the world’s oceans from the
surface waters to beyond the bathypelagic realm [1,2]. Globally, there are 86 species of euphausiids,
and they play an important role in the pelagic food web by consuming other plankton and by being
a food source for higher order consumers, such as fishes, seabirds, and whales [3–5]. Euphausiids
have been the subject of broad-scale zoogeographical studies as most extant species are expected to
have been identified, and their distributions are relatively well known across the world’s oceans [6,7].
Euphausiid assemblages have been used to define biogeographical provinces for the South Atlantic [8],
Southeast Asia [9], and Pacific Ocean [1], while species richness has been used to identify patterns
across ocean basins for the world [10], the Pacific Ocean [11] and the Atlantic Ocean [12].

Oceanography plays a key role in influencing the distribution of euphausiids [11–15]. Species
possess different tolerances to environmental variables such as temperature, salinity and dissolved
oxygen, and this can link their distributions with tropical, subtropical or temperate water masses and
geographic areas [9,16,17]. Environmental variables influencing euphausiid species richness have
been investigated for the Pacific Ocean [11] and Atlantic Ocean [12]; sea surface temperature and
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salinity were the main drivers of species richness for the Pacific, and sea surface temperature was
the main environmental driver for the Atlantic Ocean. The broad scale global analysis of marine
biodiversity in [10] included euphausiids as an example taxon and identified sea surface temperature
and primary productivity as important predictors of species richness. Environmental variables
influencing euphausiid zoogeography specifically in the Indian Ocean have yet to be investigated.

Two thirds of the world’s euphausiid species live in the Indian Ocean [7]. However, many features
of the Indian Ocean make it very different to the Pacific and Atlantic Oceans. The northern extent of
the Indian Ocean is landlocked by Asia, and it thereby lacks subtropical and temperate zones. The
northern Indian Ocean experiences a seasonal reversal of currents as a result of monsoonal winds,
which are also linked to large changes in upwelling and downwelling [18–20]. The seasonal reversals
and associated changes in upwelling intensity have significant influences on nutrient [21] and oxygen
concentrations in the northern Indian Ocean [22], which can have impacts throughout trophic levels.
In particular, the northern Indian Ocean is a major open-ocean oxygen minimum zone, where oxygen
concentrations can decline to nearly zero between 100 and 800 m depths [23,24]. Pacific Ocean waters
intrude into the Indian Ocean via the Indonesian Throughflow at a flow rate of 10–15 Sv, and this
plays a significant role by controlling the heat and fresh water budgets between the two oceans [25–28].
Water from the Indonesian Throughflow also helps form the source waters for the poleward-flowing
Leeuwin Current [29,30]. Together with the Agulhas Current along the southeast coast of Africa, the
Indian Ocean is the only ocean to have poleward-flowing boundary currents along both eastern and
western margins.

The first Indian Ocean-wide investigation of euphausiid distributions was conducted during
1962–1965 as part of the first International Indian Ocean Expedition (IIOE) [31], and these records
were included in a later collation of global patterns of euphausiid distributions [7]. Other studies
examining euphausiids have been conducted in the eastern Indian Ocean (e.g., [15,32]), western Indian
Ocean (e.g., [33]), northern Indian Ocean (e.g., [34]) and around southern Africa (e.g., [16]). Accurately
representing euphausiid species richness (i.e., the number of species) in the Indian Ocean from these
collated studies is confounded by differences in survey effort and sampling methods, as well as the
behaviour of euphausiids themselves i.e. net avoidance and diel vertical migration [35,36]. Traditional
measures like species richness fail to capture the full extent of true biodiversity and give an equal
weighting to all species in their contribution to diversity, i.e., five species from one genus are considered
as diverse as five species from five families [37].

Taxonomic distinctness is a measure of the taxonomic relatedness of species comprising the
assemblage in a sample, based on the level of separation through the Linnean classification tree [38].
It is a diversity measure that is growing in application and has been applied to communities in
estuaries and ocean current systems (e.g., [39,40]). Average taxonomic distinctness (AveTD) calculates
an average of all the path lengths in the classification tree between pairs of species, which gives
an indication of the taxonomic breadth of a sample [41]. This measure of biodiversity can be applied
to presence/absence data, is not generally dependent on sampling effort or the number of species
because of averaging of path lengths [41], and is different from conventional diversity measures as it
includes the degree to which species are taxonomically related to each other. This means that historical
data sets, such as those from the IIOE, can be included in analyses.

This study aims to: (1) determine zoogeographic patterns of euphausiids in the Indian Ocean
using species richness and AveTD; and (2) to use generalised additive modelling to determine
environmental variables correlated with euphausiid species richness and AveTD in the Indian Ocean.
It was hypothesized that greater species richness would occur in the tropics, but that the unique
Indian Ocean oceanography, particularly in the northern part of the basin, would disrupt the typical
distribution patterns of high species richness in the tropics.
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2. Materials and Methods

2.1. Study Area and Euphausiid Distributions

Using ArcGIS 10.2.1, a sampling cell design of 2◦ latitude × 3◦ longitude was applied to the Indian
Ocean basin from 30◦ N to 40◦ S and from 20◦ E to 122◦ E, giving a total of 708 sampling cells. The
size of the sampling cells was a trade-off between a manageable data set and a biological meaningful
resolution for euphausiids, and is similar to the cell size used for other studies on euphausiids [11,12].
To populate these cells, presence/absence data for individual euphausiid species throughout the
Indian Ocean were initially obtained from the global collation of records, assembled up until the year
2000 [7]. Although this global collation was quite comprehensive, some additional studies conducted
prior to 2000 were discovered. These and the other pre-2000 data were combined with all published
post-2000 data for use in this study on euphausiid diversity and are listed in Table 1. Presence/absence
data were imported into ArcGIS to produce a polygon of the distribution for each of the 56 species.

2.2. Measures of Diversity

Species richness values were obtained from overlaying individual polygons for species
distributions and calculating the number of species per cell in the Indian Ocean. Those cells that only
contained a single species (n = 5) were excluded from further analyses as taxonomic path lengths could
not be calculated for AveTD.

PRIMER-7 software (Quest Research Limited, Auckland, New Zealand) was used to calculate
AveTD for each cell based on species richness information [42,43]. AveTD calculates the average path
length distance between pairs of species in a cell, based on a classification tree [41]. It is defined as:

AveTD = [∑ ∑i<j ωij]/[s(s−1)/2]

where ω is the branch length between species pairs i and j, and s is the number of species in the sample.
A Linnaean classification tree was used with four taxonomic levels, species, genus, family, and order.
As only two families are represented in the data, and all but one species belong to a single family,
taxonomic branches were weighted for genus level (ω = 75 instead of an equal weighting of ω = 66.6)
to place more importance on the differences across genera [44]. The maximum distance through the
tree was ω = 100. A master list of all euphausiid species recorded from the Indian Ocean was used in
a randomisation test to detect significant departures in AveTD from the expected AveTD for the Indian
Ocean using funnel plots and 95% probability limits.

2.3. Environmental Explanatory Variables

As euphausiid records span back to the IIOE of the 1960s, long-term climatologies and data
sets were sourced. Environmental data were obtained from the Commonwealth Scientific and
Industrial Research Organisation (CSIRO) Atlas of Regional Seas and National Aeronautics and
Space Administration (NASA) OceanColor online databases (Table 2). The environmental variables
included in the models were temperature, dissolved oxygen, salinity and surface chlorophyll a. Data
for temperature, salinity and oxygen were obtained from a number of depths (0, 50, 100, 150, 200, 300 m;
Appendix A), and then averaged to give one mean value for the 300-m water column. A maximum
depth of 300 m was chosen because euphausiids migrate through the water column, and most of the
studies included in this analysis collected euphausiids within this range, particularly data from the
IIOE (0–200 m sampling depths). All explanatory variables were chosen in order to find the most
parsimonious and biologically relevant model for euphausiids.
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Table 1. Published records of euphausiid occurrence and distribution used to produce the species richness map for the Indian Ocean.

Published Source Indian Ocean Region Sampling Net; Mesh Size Depth Range (m) # Samples

[45] Taniguchi 1974 Indo-Australian Basin
Indian Ocean standard net * (1 m2); 0.33 mm

0–2976 164Norpac net (50 cm and 56cm diameter)

[46] Cassanova 1980 Western Indian Ocean
Indian Ocean standard net * (1 m2); 0.33 mm

0–4000 88200 cm long net (44–48.5 cm diameter); 0.30 mm
[47] Nair et al. 1981 Bay of Bengal Indian Ocean standard net * (1 m2); 0.33 mm 0–200 22
[48] Mathew 1985 Arabian Sea Indian Ocean standard net * (1 m2); 0.33 mm 0–150 182

[49] Silas and Mathew 1986 Arabian Sea
Indian Ocean standard net * (1 m2); 0.33 mm

0–1300 312Isaacs Kidd Mid-water Trawl
[50] Fatima 1987 Somalia, Gulf of Aden Indian Ocean standard net * (1m2); 0.33 mm Unknown 9
[51] Hirota 1987 Eastern Indian Ocean Multi-depth sampling (MTD) net (56 cm diameter); 0.10 mm, 0.33 mm, 0.68 mm 0–1000 52
[16] Gibbons et al. 1995 # Southern Africa Several net types Various Various

[7] Brinton et al. 2000 # Whole basin
Indian Ocean standard net * (1 m2); 0.33 mm 0–200

1231Several net types Various
[52] Hitchcock et al. 2002 Arabian Sea MOCNESS (1 m2); 0.153 mm 0–1200 6
[53] Mathew et al. 2003 Arabian Sea Bongo net (60 cm diameter); 0.33 mm 0–150 493
[32] Wilson et al. 2003 Eastern Indian Ocean, NW shelf Australia Light traps 0–75 426
[33] Galliene et al. 2004 Southwest Indian Ocean Conical net (40 cm diameter); 0.125 mm 0–50 36
[54] Holliday et al. 2011 Kimberley, eastern Indian Ocean Bongo net (50 cm diameter); 0.35 mm 0–150 72
[34] Jayalakshmi et al. 2011 Arabian Sea Multiple Plankton Net Sampler (0.25 m2); 0.20 mm Mixed layer/thermocline 9
[15] Sutton et al. 2015 Southeast Indian Ocean EZ net (1 m2); 0.335 mm 0–200 36
[55] Sutton and Beckley 2016 Southeast Indian Ocean Bongo net (50 cm diameter); 0.355 mm 0–150 26
[56] Sutton and Beckley 2017 Indo-Australian Basin Bongo net (50 cm diameter); 0.355 mm 0–150 108

* Most samples collected used Indian Ocean standard net; # presented data from a collection of published studies; MTD = Motoda net, MOCNESS = Multiple opening/closing net and
environmental sensing system, EZ = Multiple opening/closing plankton net system.



Diversity 2017, 9, 23 5 of 16

Table 2. The explanatory environmental variables sourced from online databases to investigate
correlations with euphausiid species richness and taxonomic distinctness in the Indian Ocean using
generalised additive models.

Variable Unit Source Time Period Resolution/Average

Average temperature
(0–300 m)

◦C www.marine.csiro.au/atlas/ 1950–2009 0.5◦ × 0.5◦/annually

Average salinity
(0–300 m) psu www.marine.csiro.au/atlas/ 1950–2009 0.5◦ × 0.5◦/annually

Average oxygen
(0–300 m) ml L−1 www.marine.csiro.au/atlas/ 1950–2009 0.5◦ × 0.5◦/annually

Average surface
chlorophyll a mg m−3 https://oceancolor.gsfc.nasa.gov 2002–2013 1◦/annually

2.4. Statistical Modelling

Data exploration was carried out using R v3.1.1 software (R Foundation for Statistical Computing,
Vienna, Austria) and data were inspected for independence, outliers, normality and collinearity of
variables, following [57]. Cleveland dot plots and box plots were used to identify any outliers, and
histograms were used to assess normality. Collinearity between two variables was assessed using
scatterplots and the Pearson correlation coefficient, and if the correlation was >0.7, the variable most
appropriate in relation to euphausiids was kept. A generalised additive model (GAM) was used to
investigate the relationships between environmental variables and euphausiid species richness and
AveTD. A GAM was chosen for its ability to describe non-linear data [58]. Models were constructed
using the mgcv package in R v3.1.1 [59]. A Poisson distribution with a log link was chosen for
species richness and a Gaussian distribution with identity link to improve residuals was chosen for
AveTD. Thin plate regression spline smoothers were applied to any non-linear variables included
in the GAM model, as justified by the estimated degrees of freedom being >1 [60]. The estimated
degrees of freedom were restricted to four for all models to avoid over-fitting of the data. Manual
forward and backward stepwise selection after the GAM procedure was also performed to validate this
selection based on minimisation of the Akaike information criteria (AIC) [61]. The importance of each
explanatory variable in the models was determined by calculating the pseudo-R2 after sequentially
removing one explanatory variable at a time from the model and comparing the change in the residual
deviance from the full model. Model validation was assessed using scatter plots of residuals vs fitted
values (equal variances), as well as residual histograms and quantile-quantile plots (normality) to
identify any violations of the assumptions of the GAM.

3. Results

3.1. Euphausiid Species Richness in the Indian Ocean

Fifty-six species of euphausiids occur within the Indian Ocean study area (Appendix B). These
include species from two families (Figure 1a), Bentheuphausiidae and Euphausiidae, and nine genera
(Figure 1b) namely, Bentheuphausia, Euphausia, Nematoscelis, Nematobrachion, Nyctiphanes, Pseudeuphausia,
Stylocheiron, Thysanoessa and Thysanopoda. Euphausia, Stylocheiron and Thysanopoda are the euphausiid
genera with the most number of species, and these were well represented in the Indian Ocean, together
accounting for 77% of the species recorded.

Species richness ranged between 2 and 34 species per cell (Figure 1c). Overall, there was a
general decrease in species richness with increasing latitude, although there was an extension of high
species richness in the southern hemisphere boundary currents i.e. Agulhas and Leeuwin Currents
(Figure 1c). Species richness declined more rapidly with increasing latitude in the northern Indian
Ocean, compared with the southern Indian Ocean. Areas with the highest species richness occurred
within the Agulhas Current, Leeuwin Current, Indo-Australian basin and over the Mascarene Plateau.
Areas of low species richness occurred in the northern Indian Ocean, most notably in the Arabian Sea,

www.marine.csiro.au/atlas/
www.marine.csiro.au/atlas/
www.marine.csiro.au/atlas/
https://oceancolor.gsfc.nasa.gov


Diversity 2017, 9, 23 6 of 16

Bay of Bengal, Red Sea and the Persian Gulf. Relatively lower species richness also occurred off the
southern coast of Australia.
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Figure 1. Euphausiid diversity showing (a) number of families, (b) number of genera, (c) species
richness and (d) average taxonomic distinctness (AveTD) for each sampling cell in the Indian Ocean,
collated from published euphausiid records.
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3.2. Taxonomic Distinctness of Euphausiids in the Indian Ocean

AveTD ranged between 62 and 68 for most of the Indian Ocean (Figure 1d). A lower AveTD
occurred across the tropics in comparison to the subtropical and temperate middle ocean basin of the
southern Indian Ocean. The highest AveTD of euphausiids occurred where there was lowest species
richness. The centre of the Bay of Bengal attained values between 71 and 75 and this was largely
due to the presence of Benthueuphausia amblyops, from the monotypic family Bentheuphausiidae, and
Pseudeuphausia latifrons, which is the only species of this genus found in the Indian Ocean. Additional
areas of higher distinctness occurred in the Gulf of Oman and the northern extent of the Bay of
Bengal. These localities were somewhat anomalous as only P. latifrons and Euphausia sibogae were
recorded there, and the path length between these two species returned a relatively higher AveTD.
The lowest AveTD occurred in the Red Sea (~56–62), and to the northeast of the Arabian Sea (~50–62).
A randomisation test showed that all values of AveTD fell within the 95% probability limits of the
expected mean for AveTD, which indicated that the euphausiid species sampled were representative
of the Indian Ocean species pool.

3.3. The Indian Ocean Environment

The four environmental explanatory variables that were correlated with euphausiid diversity are
shown in Figure 2. There is a very clear gradient in average oxygen concentrations, from relatively low
(1.5 ml L−1) in the northern Indian Ocean, to relatively high (5.9 ml L−1) in the southern Indian Ocean
(Figure 2a). Average salinity was lowest in the Bay of Bengal (33.4 psu) and highest in the Red Sea,
reaching a maximum of 40.4 psu (Figure 2b). Much of the Indian Ocean had average temperatures
ranging between 19 and 21 ◦C, with a warmer band occurring around 20◦ S (Figure 2c), and a cooler
band occurring between 0 and 10◦ S. The Red Sea had the highest average temperatures (> 23 ◦C), while
cooler water was evident across the temperate zones of the southern Indian Ocean (< 14 ◦C). Average
chlorophyll a was relatively low and ranged between 0.04–0.9 mg m−3 for most of the Indian Ocean
(Figure 2d), with higher concentrations occurring along the coastlines, particularly in the Arabian
Sea and Bay of Bengal (up to 4.52 mg m−3). The environmental data from cells in the Red Sea were
removed from the GAMs due to being identified as outliers in the data set (n = 7).

3.4. Environmental Explanations of Euphausiid Zoogeography

3.4.1. Species Richness

The GAM explained 78% of the variation in species richness (r2 = 0.783, p < 0.001, n = 701)
(Table 3), and included all four explanatory variables (average temperature, salinity, dissolved oxygen
and chlorophyll a). All variables were significant in the model (p < 0.001) (Table 4). All variables, except
chlorophyll a, required the inclusion of a thin plate regression spline smoothing term. Chlorophyll
a had a negative linear relationship with species richness (df = 1). Oxygen was the most important
variable explaining the variance in species richness (Table 4). Species richness increased with greater
oxygen levels until ~3.5 ml L−1 (Figure 3), thereafter richness remained relatively high and constant
with any further rise in oxygen. Species richness increased with increasing salinity, with a clear peak
occurring ~35 psu, after which species richness started to decline. Temperature had a similar effect,
where richness increased until a temperature of ~19 ◦C, thereafter decreasing with further increases
in temperature. The more linear relationship between species richness and chlorophyll a showed
a decrease in richness with increasing chlorophyll a.
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additive model (GAM) for species richness of euphausiids in the Indian Ocean. The estimated degrees 
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variable was removed from the full model are also shown. 
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Explained 
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Temperature 2.8 144.4 <0.001 4.7 
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Figure 2. Mean values (0–300 m depth) used in generalised additive models for species richness and
average taxonomic distinctness, extracted to each sampling cell for the Indian Ocean: (a) oxygen
(ml L−1), (b) salinity (psu), (c) temperature (◦C) and (d) chlorophyll a (mg m−3).

Table 3. The generalised additive models (GAMs) used to explain euphausiid species richness and
average taxonomic distinctness (AveTD) in the Indian Ocean. The most parsimonious model is shown
for each diversity measure along with the deviance explained, adjusted r2, the significance of the model
(p value) and the number of sampling cells included in the analysis. The s before parentheses indicates
a smoothing term was used.

GAM Model % Deviance Explained Adjusted r2 p Value n

Species richness ~s(oxygen) + s(salinity) +
s(temperature) + chlorophyll a 78.3 0.783 <0.001 701

AveTD ~s(oxygen) + s(salinity) +
s(chlorophyll a) 20.4 0.194 <0.001 701

Table 4. The significance of each environmental explanatory variable included in the generalised
additive model (GAM) for species richness of euphausiids in the Indian Ocean. The estimated degrees
of freedom (EDF), chi-squared value and the difference in the % deviance explained when each variable
was removed from the full model are also shown.

Variable EDF Chi-Squared p Value Difference in %
Deviance Explained

Oxygen 2.6 468.9 <0.001 13.4
Salinity 2.8 140.3 <0.001 4.4

Temperature 2.8 144.4 <0.001 4.7
Chlorophyll a 1.0 <0.001 0.8
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Figure 3. Smoothed additive effects of average oxygen concentration, salinity and temperature on
euphausiid species richness in the Indian Ocean. Zero on the vertical axis corresponds to no effect of
the explanatory variable. Dotted lines indicate the 95% confidence limits and the vertical dashes at the
bottom of the plots show the distribution of points included in the model.

3.4.2. Average Taxonomic Distinctness

The GAM only explained 20% of the variation in AveTD of euphausiids (r2 = 0.19, p < 0.001,
n = 701) (Table 3) and included the explanatory variables of average salinity, oxygen and chlorophyll a.
Given this low explanatory power of the AveTD model, further exploration of the explanatory variables
was not considered.

4. Discussion

Species richness and average taxonomic distinctness (AveTD) provided different perspectives on
euphausiid diversity across the Indian Ocean. Species richness was generally higher in the tropics, and
was extended southwards by boundary currents [55,62,63]. Conversely, AveTD was relatively uniform
across the basin, reflecting the dominance by a single euphausiid family and a few genera. The unique
environment of the northern Indian Ocean, most notably the low dissolved oxygen and salinity, were
significantly correlated with the patterns observed for species richness.

The number of species occurring in the Indian Ocean (56) is less compared to values for the
Atlantic Ocean (> 60) and Pacific Ocean (~81) [1,7,8,11,12]. There has been speculation that the high
number of euphausiid species in the Pacific may be attributable to the older age and larger area
encompassed by this ocean [11], some 32% of the earth’s surface. The Indian Ocean contains about
65% of the world’s species of euphausiids and this may be attributable, in part, to species entering the
Indian Ocean from the more species rich Pacific Ocean via the Indonesian Throughflow [1,9].

Euphausiids are very low in diversity, in terms of total known species (86), compared to other
orders from the class Malacostraca, such as Decapoda (>14,500 extant species) [64]. Most euphausiid
species and their distributions are known [1,7,9,11,12,31], which would lessen the issue of sampling
effort in comparison to more species-rich taxa that are relatively unknown. While future genetic
differentiation of euphausiids may increase the number of species currently known [65], differentiation
at the family level seems less likely. All but one species of euphausiid are attributed to the family
Euphausiidae [6]. Any new species discovered would likely belong to this dominant family thus the
pathway lengths would not be increased and taxonomic distinctness of euphausiids would remain
similar. Bentheuphausia amblyops is from the monotypic family Bentheuphausiidae, and although AveTD
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converges on an average of all species pairs in the sample, the presence of B. amblyops in a sample
increased the AveTD due to a longer path length through the classification tree. Bentheuphausia amblyops
has a wide distribution throughout the Pacific and Atlantic Oceans, and thus, it is likely that this
species occurs more widely in the Indian Ocean. However, due to its deep vertical distribution range
(500–2000+ m) [7], the collection of this euphausiid may prove more difficult.

The northern Indian Ocean, particularly the Arabian Sea and Bay of Bengal, was different from
the rest of the Indian Ocean in terms of species richness and environmental variables. These regions are
known oxygen minimum zones [23,24,66], and as evident in the GAM, contributed to low euphausiid
species richness. Similarly, a lower species richness of euphausiids occurs in the eastern Pacific
Ocean [11], which has well-known oxygen minimum zones [67]. Bentheuphausia amblyops is usually
found below 500 m [7], and has been found at the lower oxyclines in the Costa Rica Dome [68].
Euphausia sibogae has also been reported to tolerate oxygen minimum zones in the northern Indian
Ocean, typically occurring around 300–400 m during the day, but migrating to the surface waters
at night [7,9]. This behaviour is likely in response to such factors as predator avoidance, metabolic
advantage and/or niche partitioning [23,69,70].

Salinity was also an important variable explaining some of the variation in species richness
across the Indian Ocean. The lowest salinity was recorded from the Bay of Bengal, which receives
a large freshwater influx from the rivers draining the Indian subcontinent and Southeast Asia [71],
and this area corresponded with the lowest species richness of euphausiids. Euphausiid species
richness modelled from the Pacific Ocean also found salinity to be a significant explanatory variable
with high salinity correlated with high euphausiid richness, particularly in the subtropical gyres [11].
Species richness was highest for salinities of ~35 psu, which occurred across the majority of the Indian
Ocean basin.

A latitudinal gradient in species richness is a widely observed pattern for a number of marine
taxa [72,73], and is often strongly correlated with surface temperature [10,74]. For the Indian Ocean,
high species richness of euphausiids was found in the tropics south of the equator (0–20◦ S) and was
extended further south along the boundaries by transport in the Agulhas and Leeuwin Currents.
However, in this study, the correlation between temperature and species richness, although significant,
was relatively weak. The strength of the temperature and species richness relationship was likely
inhibited by the confounding effect of the oxygen minimum zones in the northern Indian Ocean,
creating lower species richness than would usually occur at tropical latitudes, due to the intolerance
to low oxygen by many species [75]. Further, the presence of the cooler temperatures across the
Seychelles–Chagos thermocline ridge (0–10◦ S) possibly contributed to the overall weakness of this
relationship [76]. In contrast, the latitudinal gradients in euphausiids are clearly evident in the Atlantic
Ocean [12] and Pacific Ocean [11], although gradients were investigated over a wider latitudinal range
(60◦ S–60◦ N) than in this Indian Ocean study.

Chlorophyll a was a significant variable in the model for species richness and was highest
where chlorophyll a concentrations were low. A negative relationship between chlorophyll a and
species richness was also observed for the Atlantic Ocean [12] and it was suggested that a unimodal
relationship existed between zooplankton and phytoplankton [77]. Contributing to this negative
relationship in the Indian Ocean is the occurrence of high chlorophyll a in the Arabian Sea and Bay of
Bengal, where oxygen minimum zones exist and fewer euphausiid species occur. Although a unimodal
relationship could be occurring in the Indian Ocean as well, the effect of the oxygen minimum zones
confounds the relationship between chlorophyll a and the species richness of euphausiids.

Patterns in species richness and taxonomic distinctness across the Indian Ocean are also a reflection
of the holoplanktonic nature of euphausiids and ocean connectivity, with their distribution assisted
via transport in currents [55,62,63]. One of the unique features of the Indian Ocean is its connectivity
with the Pacific Ocean via the Indonesian Throughflow. The Indo-Australia Basin is a region with
relatively high euphausiid species richness, which would be contributed to by the transport of species
from the Pacific Ocean [9]. High species richness extended across the middle of the ocean basin in line
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with the South Equatorial Current, and this high species richness was extended southwards from the
tropics via the Agulhas Current and Leeuwin Current. The Leeuwin Current attained richness values
of up to 34 species in some cells and 37% of the world’s euphausiid species have been recorded in
its waters [15,55,56]. Tropical species are also found as far south as 34◦ S, highlighting the Leeuwin
Current as an effective transport route for euphausiids [55]. This is similar for the Agulhas Current,
which contains ~45% of the world’s species. The species found in both current systems span eight
genera from the Euphausiidae family, and most species are from the Euphausia, Stylocheiron and
Thysanopoda genera. Given this, AveTD was not high, and is similar to the rest of the Indian Ocean.

5. Conclusion

This study has updated information on species richness and zoogeography for euphausiids in the
Indian Ocean. It is the first study to apply taxonomic distinctness as a diversity measure across an
entire ocean basin, but patterns in AveTD were not found to be particularly informative because of the
dominance by one family (Euphausiidae). The results of this study suggest that oxygen and salinity
are the most significant environmental variables influencing euphausiid species richness in the Indian
Ocean, and reflects the unique oceanographic environment of the northern part of the basin.
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Figure A1. Derived environmental data from depths 0, 50, 100, 150, 200, 300 m that were used to obtain
averages for oxygen (0–300 m), salinity (0–300 m), and temperature (0–300 m). Data was accessed from
the Commonwealth Scientific and Industrial Research Organisation (CSIRO) Atlas of Regional Seas
and represents annual means between 1950–2009.
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Appendix B

List of the euphausiid species included in this study that had distribution records in the Indian
Ocean between 30◦ N–40◦ S. Their frequency of occurrence in the 708 sampling cells is given as
a percentage (in brackets).

Euphausiid Species

Bentheuphausia amblyops (4%) Nematobrachion flexipes (86%) Stylocheiron microphthalma (47%)
Euphausia brevis (71%) Nematobrachion sexspinosum (44%) Stylocheiron robustum (34%)

Euphausia diomedae (65%) Nematoscelis atlantica (55%) Stylocheiron suhmi (58%)
Euphausia fallax (3%) Nematoscelis gracilis (65%) Thysanoessa gregaria (36%)

Euphausia hemigibba (69%) Nematoscelis megalops (30%) Thysanopoda acutifrons (15%)
Euphausia longirostris (1%) Nematoscelis microps (75%) Thysanopoda aequalis (59%)

Euphausia lucens (14%) Nematoscelis tenella (87%) Thysanopoda astylata (22%)
Euphausia mutica (65%) Nyctiphanes australis (1%) Thysanopoda cornuta (8%)

Euphausia paragibba (38%) Nyctiphanes capensis (1%) Thysanopoda cristata (58%)
Euphausia pseudogibba (15%) Pseudeuphausia latifrons (31%) Thysanopoda egregia (6%)

Euphausia recurva (40%) Stylocheiron abbreviatum (91%) Thysanopoda microphthalma (<1%)
Euphausia sanzoi (19%) Stylocheiron affine (89%) Thysanopoda minyops (1%)
Euphausia sibogae (32%) Stylocheiron armatum (5%) Thysanopoda monocantha (60%)
Euphausia similis (54%) Stylocheiron carinatum (95%) Thysanopoda obtusifrons (54%)

Euphausia similisarmata (16%) Stylocheiron elongatum (85%) Thysanopoda orientalis (76%)
Euphausia spinifera (25%) Stylocheiron indicum (1%) Thysanopoda pectinata (86%)

Euphausia tenera (61%) Stylocheiron insulare (3%) Thysanopoda spinicaudata (1%)
Euphausia vallentini (1%) Stylocheiron longicorne (95%) Thysanopoda tricuspidata (63%)

Nematobrachion boopis (89%) Stylocheiron maximum (91%)
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