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Abstract: The Gulf of Aqaba (GoA), positioned between the Sinai Peninsula and the Saudi Arabian
coast is characterized by its uniquely high saline, oligotrophic waters, and seasonally stratified
hydrography. Despite its geographical significance, information on its zooplankton ecology and
biodiversity is still meager. Hence, the present study was aimed to investigate the detailed diversity
and ecology of the dominant carnivorous zooplankton taxon chaetognath in the pelagic waters of
the GoA during summer. Despite the known water flow exchange between the GoA and the Red
Sea, only five chaetognath species were observed in GoA which is markedly less than the number
earlier recorded in the Red Sea, indicating the role of high saline water mass as an ecophysiological
boundary for the inhabitance of many epipelagic chaetognaths. Euryhaline, Serratosagitta pacifica
formed the dominant species in both the surface water and the upper 200 m water column and was
observed to be the most suitable representative of this high saline environment. Conspicuous diel
variability in the distribution of the different growth stages of chaetognaths in the surface waters
can be attributed to their varied susceptibility to visually oriented predators. The positive relation
observed in the abundance of chaetognaths and their main prey, copepods, and their carbon and
nitrogen contents indicated their significance in the pelagic trophic ecology of the GoA. The present
study, providing the ecology of a major zooplankton taxon of this unique basin will be relevant for
understanding the ecology and trophodynamics of the zooplankton community of the GoA.

Keywords: chaetognath; Serratosagitta pacifica; ecophysiological boundary; diel vertical migration;
trophic link

1. Introduction

Chaetognath is a major carnivorous zooplankton taxon representing 8–27% of the
zooplankton community of the Gulf of Aqaba [1]. Copepods being their major prey,
chaetognaths form a crucial trophic link between the primary consumers and the higher
trophic levels in the pelagic realm [2–4]. The species-specific sensitivity of chaetognaths to
the hydrographic attributes makes their distribution and community structure unique in
the major ocean basins and their marginal seas [5,6]. Furthermore, the association of various
chaetognath species to distinct water masses, based on their preferences and tolerance limits,
makes them ideal indicators of water masses and current systems in the world ocean [7,8].
Hence, comprehensive studies pertaining to their diversity, ecology, behavioral patterns,
and trophodynamics draw significant research attention while elucidating the ecology, and
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biogeography of the oceanic regions [9]. Chaetognaths are also known to exhibit normal
diel vertical migration, which provides them with many adaptive benefits [10,11]. Hence,
along with their spatial distribution, assessment of the diel changes in their habitat is
valuable for a detailed understanding of the ecology of any marine system [12,13].

The Gulf of Aqaba (GoA) geographically located between the Sinai (Et Tih) desert
and the western Arabian (An Nefud) desert is part of the Syrian–African rift valley. It is
connected with the northern Red Sea by a shallow sill (~250 m) at the Strait of Tiran. The
Gulf is 180 km long with an average width of 15 km and is located in an extremely arid
zone with scanty rainfall. The surface water exhibits high temperature during summer
(~26 ◦C) and low during winter (~21 ◦C, [14]). The high evaporation rate exceeding the
average rainfall (average net evaporation of 1 cm day−1, [15]) makes GoA one of the saltiest
ocean basins in the global ocean (salinity > 40, [14,16]. Moreover, the inflow of the less
dense Red Sea water into GoA and the return flow of the dense GoA water to the Red Sea
makes the hydrography and biological processes of the GoA much more complex [17].

The unique characteristics, such as the oligotrophic high salinity waters and the pro-
nounced seasonality in the stratification of the water column of the GoA, have drawn
research attention not only on the physical and chemical attributes of this semi-enclosed
basin [18–21], but also on its biotic components especially the phytoplankton commu-
nity, their seasonal succession patterns, and interactions with the hydrography of the
GoA [22–25]. In the case of the zooplankton community of the GoA, studies pertaining to
their abundance, distribution, and diversity [26–29] as well as information on the dominant
zooplankton taxon, copepods are available [30–32]. However, knowledge pertaining to
the major carnivorous zooplankton taxon chaetognath from GoA is scanty and is mostly
restricted to the studies on their abundance and percentage contribution to the total zoo-
plankton population [1,26].

To fill the lacunae in the understanding of the zooplankton ecology of this unique ocean
basin in the world ocean, the present study was aimed to understand the diversity of the
chaetognath community of GoA, and also to identify the hydrographic and biotic attributes
structuring their distribution, abundance, and community structure. To achieve our aim,
both the surface community (horizontal hauling, 0.5–1 m depth) and the chaetognath
community structure in the upper 200 m (vertical hauling, 200–0 m depth) of GoA were
examined and correlated with biotic and abiotic variables. A detailed evaluation was also
carried out on their maturity stage-wise distribution based on their ovarian development,
their diel behavior, and trophic position to have a better insight on the critical role they
have in the pelagic ecology of the GoA during summer.

2. Materials and Methods
2.1. Collections

The study is based on the samples collected in the Saudi Arabian coastal water of GoA
(Figure 1) during the summer (18th to 25th August 2016) onboard RV Al Azizi. In the high
saline GoA salinity gradually increases towards the north but with a minor spatial variation
(<1 psu). Hence to have better coverage of the total length of the gulf (180 km), sampling
was conducted at four locations, each separated at a distance of 35–40 km (Figure 1).

An SBE 911 conductivity, temperature, and depth profiler (CTD, Sea-Bird Electronics,
Bellevue, WA, USA) was deployed to obtain the vertical profiles of temperature and salinity.
The instrument was operated down to 200 m depth at each station. The potential density
(σt) was computed from the pressure, temperature, and salinity values obtained from the
CTD. The SBE 43 dissolved oxygen (DO) sensor in the CTD helped to obtain the DO profiles
of the water column.
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rosette samplers (SBE 33). At each depth, 6–10 L of water was filtered through a Whatman 
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Spectrophotometer (Shimadzu, UV-1700, Kyoto, Japan) following the standard proce-
dures [33]. The depth-wise distribution of chlorophyll a was integrated to obtain the phy-
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using a digital flowmeter mounted at the center of the net entrance [35]. Second, to esti-
mate the zooplankton distribution in the vertical water column, a Hydrobios vertical 
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tions. As many zooplankton, including chaetognaths, often avoid the upper surface water 
especially during day, the surface sampling helped to understand their diel variation in 
their abundance in the upper water, whereas the vertical sampling (0–200 m) helped to 
evaluate the total chaetognath community in the 200 m water column. After the collection, 
samples were immediately preserved in absolute ethanol for detailed taxonomical stud-
ies. Copepods and chaetognaths were sorted and enumerated, and the detailed taxonomic 
identification of the chaetognath species was carried out following the standard identifi-
cation protocols [36–38]. Based on ovarian development, the individual chaetognaths 
were categorized into 3 maturity stages [39,40]. The stage I or immature specimens with 
no visible ovaries, stage II or maturing individuals with developing ova, and stage III or 
matured individuals with one or more matured ova. 

Figure 1. Sampling locations in the Saudi Arabian waters of Gulf of Aqaba.

For estimating the phytoplankton biomass (chlorophyll a), water samples were col-
lected from six depths (0, 10, 25, 70, 100, and 200 m) using a carousel deck unit of Niskin
rosette samplers (SBE 33). At each depth, 6–10 L of water was filtered through a Whatman
GF/F filter paper (pore size 0.7 µm). Later the chlorophyll a was estimated using a UV Spec-
trophotometer (Shimadzu, UV-1700, Kyoto, Japan) following the standard procedures [33].
The depth-wise distribution of chlorophyll a was integrated to obtain the phytoplankton
biomass of the water column following [34] as,

Column chlorophyll a (mg m−2) = [(d1 − d0) (a0 + a1)/2 + (d2 − d1) (a1 + a2)/2 + . . . . . . ]

where, d0, d1, d2, etc., are depths sampled and a0, a1, a2 are the respective chlorophyll
a values.

Zooplankton samples were collected with two different methods. First, for the surface
sampling, the Hydrobios net (mesh size 150 µm) was hauled horizontally just below the
surface for 15–20 min, and the volume of water filtered through the net was measured
using a digital flowmeter mounted at the center of the net entrance [35]. Second, to estimate
the zooplankton distribution in the vertical water column, a Hydrobios vertical plankton
net (mesh size 180 µm) was hauled from 200 m depth to the surface. The digital flow
meter helped to estimate the amount of water filtered. In both cases, the sampling was
carried out during both day (between 10 a.m. and 12 noon) and night (between 10 p.m.
and 12 midnight). Thus, a total of 4 samples were collected for each sampling locations. As
many zooplankton, including chaetognaths, often avoid the upper surface water especially
during day, the surface sampling helped to understand their diel variation in their abun-
dance in the upper water, whereas the vertical sampling (0–200 m) helped to evaluate the
total chaetognath community in the 200 m water column. After the collection, samples were
immediately preserved in absolute ethanol for detailed taxonomical studies. Copepods and
chaetognaths were sorted and enumerated, and the detailed taxonomic identification of the
chaetognath species was carried out following the standard identification protocols [36–38].
Based on ovarian development, the individual chaetognaths were categorized into 3 matu-
rity stages [39,40]. The stage I or immature specimens with no visible ovaries, stage II or
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maturing individuals with developing ova, and stage III or matured individuals with one
or more matured ova.

In marine ecosystems, zooplankton plays a vital role in transferring the macronutrients
like carbon (C) and nitrogen (N) from primary producers to higher trophic levels. As
copepod is considered to be the major prey of chaetognath [4], for estimating the trophic
link between the copepods and chaetognaths, their C and N content per unit volume of
water were estimated as per the elemental analysis data of zooplankton in the Red Sea
by [41]. Based on the published information of copepod species composition and abundance
during this study [29], the dry weight of different copepod genera was first estimated using
the information in table 2 in [42]. Then, based on the genus-specific percentage contribution
of C and N in the dry weight [42], their C and N content was estimated. The addition of the
C and N content of all individual genera helped to estimate the total C and N content of
the copepod community per unit volume of water. For chaetognaths, the C and N content
per unit volume of water was carried out in a similar manner. The ratio (in the percentage
format) of both the C and N content of the chaetognath and copepod communities was
used as a proxy of the trophic link between these zooplankton taxa.

2.2. Data Analyses

The variation in the chaetognath abundances along the diel scale was analyzed using
a t-test (95% confidence intervals and two-tailed p values, Graphpad prism version 5.01)
for both horizontal and vertical sampling. In addition, the t-test was also done to assess the
variation in chaetognath abundance between the horizontal and vertical sampling.

The relationship between the abundance of copepods and chaetognaths was estimated
using the Pearson correlation with 95% confidence intervals and two-tailed p values. The
correlation was carried out separately for the day and night samples of the horizontal and
vertical hauling. The species evenness (J′) was calculated as J′ = H′

ln(S) (H′ is Shannon
Weiner diversity and S is the total number of species) using PRIMER 6 to assess how well
distributed the chaetognath community is among the sampling locations [43].

A non-metric multi-dimensional scaling (n-MDS) analysis was carried out for both
vertical and surface samplings to identify the similarity in the community structure of
chaetognaths along with the sampling locations during the day and night period. The
n-MDS plot was based on the Bray–Curtis similarity of the fourth root abundance of the
species of chaetognaths using PRIMER 6, as the fourth root transformation was found
to be suitable to achieve the Gaussian distribution of the abundance data. The plot was
overlayed with cluster based on 70% similarity.

Multivariate Canonical Correspondence Analysis (CCA) was carried out to elucidate
the relationship between the chaetognath species and their environment. Monte Carlo
simulation was simultaneously done to understand the statistical significance of the CCA
plot. As the habitat preferences of organisms are often a unimodal function of the dependent
variables, the constrained CCA is the best suitable to describe their interrelationship, as the
CCA plot gives a better visualization of their preferred environment [44]. To achieve the
output from the 200 m water column, the abundance data of the vertical sampling of the
copepods and chaetognaths were used. As the zooplankton samples were collected during
both day and night periods, the average abundance data was used for the analysis. In the
case of each abiotic variable, the average value of the 200 m water column for each location
was calculated and used for the analysis.

3. Results
3.1. Physico-Chemical Environment

Sea surface temperature (1 m) ranged between 25.6 ◦C and 26.4 ◦C and had a decreas-
ing trend towards the north (Figure 2a). The gradient in the vertical water temperature
was prominent, especially up to the 100–125 m depth. There was an uplifting of the iso-
lines of temperature from 50 m depth towards the surface at St 4. The sea surface salinity
also exhibited marginal latitudinal variation with higher salinity towards the north (41.1
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at St 4). The vertical profile of salinity exhibited near-homogeneous high saline water
(salinity > 40.6) in the 200 m water column (Figure 2b). Similar to the sea surface temper-
ature, the potential density of the surface water gradually increased towards the north
(Figure 2c). However, unlike temperature, along the vertical scale, the potential density
gradually increased towards the depth with a prominent gradient up to 100–125 m. An
uplifting of the isolines of density was observed at St 4. The surface DO varied between
4.5 and 6.8 mL L−1 (average ± SD: 5.8 ± 1.2 mL L−1, N = 4). Although there was a sharp
gradient in DO just below the surface, the DO never reached below 2.2 mL L−1 in the 200 m
water column (Figure 2d).
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oxygen (mL L−1), in the upper 200 m of the Gulf of Aqaba during summer.

3.2. Phytoplankton Biomass (Chlorophyll a)

Surface chlorophyll a varied between 0.07 and 0.21 mg m−3 (average: 0.11± 0.07 mg m−3,
N = 4) with the highest biomass in the northernmost location (St 4, Figure 3). In the vertical
profile, the subsurface chlorophyll a maxima were observed at 70 m depth in most of the
sampling locations with a maximum value of 0.27 mg m−3 at St 3 (Figure 3). The column
chlorophyll a in the upper 200 m water column ranged between 13.4 and 19.4 mg m−2

(average: 16.4 ± 2.8 mg m−2, N = 4). Although the surface chlorophyll a was higher at St 4,
the column chlorophyll a was higher at St 3 (Figure 3).
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3.3. Abundance of Copepod

In the vertical sampling (0–200 m), the copepod abundance varied between 141 and
271 ind m−3 (average: 211 ± 68 ind m−3, N = 4) during day (Figure 4a). At night, the abun-
dance was higher and ranged between 301 and 517 ind m−3 (average: 376 ± 96 ind m−3,
N = 4) exhibiting a statistically significant diel variation (p < 0.05). In the horizontal sur-
face sampling, although the copepod abundance was markedly lower compared to that
of vertical sampling, the trend in the diel distribution was similar to that of the vertical
sampling (Figure 4c). The day abundance varied between 1.3 and 3.8 ind m−3 (aver-
age: 2.7 ± 1.1 ind m−3, N = 4) whereas the night abundance ranged between 11.2 and
17.4 ind m−3 (average: 15.2 ± 2.8 ind m−3, N = 4) with a significant diel variation (p < 0.05).
In both the vertical and horizontal surface sampling, spatially, the abundance was max-
imum at St 3 (average: 394 ± 174, and 10.3 ± 10.1 ind m−3, respectively, N = 2) and
minimum at St 1 in the southern part of GoA (average: 221 ± 113, and 7.5 ± 5.2 ind m−3,
respectively, N = 2).
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3.4. Composition and Abundance of Chaetognath

Although the average night abundance (average: 56.7 ± 42.2 ind m−3, range:
19.8–116.6 ind m−3, N = 4) in the vertical sampling was 1.88 times higher than that of day
(average: 30.2 ± 24.3 ind m−3, range: 13.2–65.7 ind m−3, N = 4), the diel variation was
statistically insignificant (p > 0.05) (Figure 4b). In the horizontal surface sampling, the
abundance was significantly lower than that of the vertical sampling (p < 0.05). In the diel
scale, the night abundance (average: 0.49 ± 0.29 ind m−3, range: 0.22–0.77 ind m−3, N = 4)
was significantly higher (12.3 times, p < 0.05) than that of day (average: 0.04 ± 0.03 ind m−3,
range: 0.01–0.08 ind m−3, N = 4). In the vertical sampling, the spatial abundance was
relatively higher at St 3, whereas in the horizontal surface sampling, it was relatively higher
at St 2 and 4 (Figure 4d).

A total of five chaetognath species were observed during the study and the species,
Serratosagitta pacifica dominated during both day and night in the vertical (57.3% and
59.8%, respectively) and the horizontal surface samplings (58.9% and 59%, respectively).
Aidanosagitta regularis formed the next abundant species in all day and night samplings.
The other species which had relatively less contribution (<10%) to the total chaetognath
population were Decipisagitta decipiens, Flaccisagitta enflata, and Flaccisagitta hexaptera. All
these five species contributed to both the day and night community of the vertical samples
and their percentage contribution to the total chaetognath population did not show much
diel variation. In horizontal surface samplings, F. hexaptera was present only in the night
samples, F. enflata had a higher contribution at night (day 4.6%, night 7.8%) and D. decipiens
had a higher contribution to the total population during day (day 9.3%, night 4.6%).

Although the percentage contribution of the chaetognath species did not show much
diel variation in the vertical sampling, the abundance of the individuals of all the species
was higher during night (1.8, 1.9, 1.5, 1.6, and 1.9 times in A. regularis, D. decipiens, F. enflata,
F. hexaptera, and, S. pacifica, respectively) (Figure 5a). Except, F. enflata, all other species
had a higher abundance at St 3 (Table 1). The abundance of all chaetognath species in
the horizontal surface sampling was significantly lower than that observed in the vertical
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sampling (Figure 5b). In the diel scale, the chaetognath species either exhibited markedly
higher abundance at night compared to the day (12.7, 6.1, 20.6, and 12.3 times in A. regularis,
D. decipiens, F. enflata, and, S. pacifica, respectively) or were present only during night
(F. hexaptera).
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Table 1. The spatial abundance (ind m−3) of the chaetognath species in the vertical and horizontal
surface sampling. The average abundance of the diel sampling was used for the table (ave ± 1 SD).

Chaetognaths St 1
Vertical

St 2
Vertical

St 3
Vertical

St 4
Vertical

St 1
Surface

St 2
Surface

St 3
Surface

St 4
Surface

Aidanosagitta regularis 5.1 ± 2 14 ± 12.3 20.7 ± 2.4 3.2 ± 1.1 0.051 ± 0.054 0.071 ± 0.094 0.112 ± 0.133 0.061 ± 0.076

Decipisagitta decipiens 0.6 ± 0.1 2.9 ± 3 9.1 ± 2.3 1.2 ± 1.1 0.009 ± 0.003 0.006 ± 0.007 0.005 ± 0.002 0.033 ± 0.047

Flaccisagitta enflata 2 ± 0.3 1.3 ± 1 3.8 ± 2.9 6 ± 0.2 0.003 ± 0.0004 0.032 ± 0.045 0.001 ± 0.001 0.043 ± 0.055

Flaccisagitta hexaptera 0.4 ± 0.2 0.04 ± 0.1 0.8 ± 0.3 0.3 ± 0.5 0.002 ± 0.002 – – 0.004 ± 0.006

Serratosagitta pacifica 9.7 ± 1.5 14.8 ± 11.9 56.8 ± 28.2 21.1 ± 5.3 0.106 ± 0.069 0.283 ± 0.394 0.012 ± 0.006 0.222 ± 0.292

3.5. Maturity Stage-Wise Distribution

Among the maturity stages of the chaetognath species, the immature (stage I) individu-
als dominated in both the vertical and surface samplings (Figure 6). In the vertical sampling,
the percentage contribution of the three maturity stages of the chaetognath species did
not exhibit much diel scale variation. However, in the case of the surface sampling, the
maturing (stage II) and the matured (stage III) population had relatively higher percentage
contribution at night in the majority of the species (Figure 6).
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3.6. Copepod–Chaetognath Interrelation

In the vertical sampling, the copepod to chaetognath abundance ratio varied between
4.1 and 12.4 (median 9.6) during day and between 4.4 and 15.2 (median 7.8) during night
(Figure 7a). Interestingly, this ratio was in general much higher in the surface sampling
(day: range 45–126, median 88.1; night: range 20.2–78.5, median 33.6). A positive relation
was observed between the abundances of copepod and chaetognath in both day (r = 0.7496,
p > 0.05) and night (r = 0.9867, p < 0.05) vertical sampling, and also in the day (r = 0.8933,
p > 0.05) and night (r = 0.3203, p > 0.05) of surface horizontal sampling.

Based on the average abundance of copepods and chaetognaths in GoA, the C and
N content of copepods was 5.164 and 1.182 mg m−3 during day whereas at night it was
9.508 and 2.209 mg m−3 in the vertical sampling (Figure 7b). In the case of chaetognaths,
the C and N content in the vertical sampling was a little higher during the night (6.468
and 1.723 mg m−3 for C and N, respectively) than the day (3.447 and 0.918 mg m−3 for
C and N, respectively). The total amount of C in chaetognaths was 66.7 (day) and 68%
(night) to the total C content of copepods, and, in the case of N content, it was 77.7 and
77.8%, respectively.
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3.7. Species Evenness

The species evenness (J′) did not show much variation between the vertical and surface
samplings (0.67 ± 0.05, and 0.64 ± 0.05, respectively). Although J′ did not exhibit diel
variation in the vertical sampling (0.68 ± 0.04, and 0.67 ± 0.07, day and night, respectively),
it was higher during day in the surface sampling (0.77 ± 0.1, and 0.51 ± 0.2, day and
night, respectively).

3.8. n-MDS Analysis

The n-MDS plot based on the abundance of the chaetognath species did not form
separate groups between the day and night periods in the vertical sampling (Figure 8a).
However, in the surface sampling, two distinct groups of the day and night-time sampling
periods were observed (Figure 8b).

3.9. Canonical Correspondence Analysis (CCA)

The CCA plot exhibited the preferred environment for the chaetognath species in the
upper 200 m water column of GoA while the Monte Carlo simulation (p < 0.05) affirmed
the influence of the independent variables on chaetognath distribution (Figure 9). The
cumulative percentage of variance for the species-environmental relation was 64.2 for these
two axes. The copepod abundance had an important role in chaetognath abundance. Both
F. hexaptera and D. decipiens exhibited a positive correlation with the copepod abundance.
The dominant species, S. pacifica was strongly correlated with salinity, whereas F. enflata
and F. hexaptera were positively correlated with DO (Figure 9).
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4. Discussion
4.1. Role of Hydrography

The hydrographic attributes of the GoA during summer formed the prime determinant
in shaping the distribution and ecology of the chaetognath community of this gulf. The
gradients in the vertical profile of temperature indicated summer stratification and were
in accordance with the earlier observation and modeling studies [45]. The stratification
begins with surface warming during spring and early summer, intensifies by late summer,
and dissipates in the fall inter monsoon [21]. In the case of salinity, the variation was
less, and the vertical gradient was mostly absent, but the presence of very high saline
waters (>41) throughout the water column in the northernmost station indicated a different
abiotic environment from the other locations. The gradients observed in the density profile
affirmed the presence of stratified water mass in this basin. Compared to salinity, the
temperature is considered as a suitable representative governing the density distribution
in the GoA, as the relatively warm water makes the seawater density more sensitive to
changes in temperature than that of salinity [20,21,46]. The observation in the present
study with stronger gradients in temperature compared to salinity affirms the view. The
wind-driven circulation helps in the formation of a cyclonic gyre during summer in the
northern part of the GoA [47] and the uplifting of the isolines of temperature and density
at St 4 in the present study might be due to the occurrence of this physical process in the
northern part.

The surface chlorophyll a observed during the study was low (average: 0.11± 0.07 mg m−3,
N = 4) and might have occurred due to the limited nutrient supply resulting from the
stratification of the water column. In this oligotrophic environment of summer, the lower
phytoplankton biomass is generally contributed by the smaller sized phytoplankton (<8 µm)
among which Prochlorococcus often forms the most significant contributor [22,48]. Along
with photoinhibition, the restriction in the nutrient entrainment from the subsurface and
deeper waters due to the intense summer stratification might have resulted in the prominent
variation in the chlorophyll a between the surface and the subsurface depth (70 m). This
contrasts with the chlorophyll a distribution of the winter season, where the convective
winter mixing helps in the formation of a mixed water column with fairly constant inputs
of nutrients from deeper regions [22]. However, at St 4, the surface chlorophyll a was higher
than the sub-surface values. Based on the temperature and density profile, the uplifting of
subsurface water mass was seen at St 4 and this surfacing of the nutrient-rich sub-surface
waters in the northern part might have helped in the sustenance of the higher surface
chlorophyll a at this location.

4.2. Trophic Relationship

The distribution of chlorophyll a with low concentration in the surface water and
relatively high concentration in the subsurface waters might be the reason behind the
lower copepod abundance in the surface (as observed in surface sampling) compared to the
subsurface waters (as observed in vertical sampling from 200 m depth to surface). In the
present study, dominant copepods were from the family Clausocalanidae, Mecyoceridae,
Paracalanidae, Acartiidae, and Lucicutiidae [29], which are mostly herbivorous or omnivo-
rous [49], and hence their abundance and distribution can be positively correlated with the
phytoplankton biomass. The synchronized distribution of high copepod abundance with
the highest column chlorophyll a at St 3 corroborates this view. Interestingly, the northern-
most St 4 exhibited relatively high surface chlorophyll a compared to other locations, and
the corresponding higher copepod abundance in the surface sample of this station further
signifies higher phytoplankton biomass sustaining the copepod population. Chaetognaths
are primarily carnivorous, and despite their species-specific preferences, copepods have
been found to be their major diet component in the marine ecosystems [4,50,51]. Hence, the
higher abundance of chaetognaths at St 3 in the vertical sampling and their higher abun-
dances at St 4 in the horizontal surface sampling justify the role of copepods in supporting
the chaetognath population. The positive correlation observed between the abundance
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of copepod and chaetognath in both the vertical and horizontal samplings during both
day and night evidently reinforces the importance of copepod in the sustenance of the
chaetognath community. This observation is in accordance with our earlier findings from
the Indian Ocean and the Red Sea [6,52].

The less variation in copepod to chaetognath abundance ratio between day (median 9.6)
and night (median 7.8) in the vertical sampling indicates similar chances of prey encounters
along the diel scale. The ratio was similar to the earlier observation in the Red Sea (median
7.8, and 13.9, in 0–100 m, and 100–200 m, respectively [42]). However, the markedly
higher copepod to chaetognath abundance ratio in the horizontal surface sampling (33.6
and 88.1, during day and night, respectively) can be attributable to the differences in the
habitat preferences between these two prey-predator groups. Although both copepods
and chaetognaths are observed in the upper layers, the data suggests that chaetognaths
exhibited less preference to inhabit the top surface layer compared to copepods. Their lower
inclination to inhabit the surface waters during day might be due to their predator evasion
strategy, as their larger size relative to the copepod species makes them more susceptible to
visually oriented predators than copepods.

In the upper 200 m, the C and N content in the chaetognaths varied between 66.7
and 77.8% of the total C and N content of copepods which indicates the significant role
of this carnivorous taxon in trophic energy transfer. This value was higher than the
observation of [42] in the upper 100 m of the Red Sea (26.4% and 30.7%, for C and N) and
thus indicates a more crucial role of chaetognaths in the trophic energy transfer of this
gulf compared to the Red Sea. Interestingly, in this 200 m water column, the abundance
of chaetognaths was only 14.3% (day) and 15% (night) compared to the abundance of
copepods. The individuals of chaetognaths are generally larger compared to the copepods
thus resulting in a higher average dry weight (0.33452 mg ind −1) than the individual of
copepods (0.07369 mg ind −1) [41]. The variation in the size and dry weight of copepods
and chaetognaths led to the observed asymmetry between the percentage contribution of
their abundance and the trophic energy transfer in this ocean basin.

Considering the small length of the GoA (180 km), the sampling of environmental
variables and the plankton community was restricted to four stations each of which was
separated by a distance of 35–40 km. Although the number of sampling locations might
appear as a limitation in understanding the chaetognath ecology in GoA, the diel sampling
along both the horizontal and vertical scales helped to minimize this shortfall in the study
region. Moreover, considering the knowledge gap in the plankton ecology of this important
marginal sea, the information generated from the present study can provide baseline
information for future studies on the pelagic trophodynamics in the GoA.

4.3. Distinct Nature of Chaetognath Community in the GoA and Their Ecology

It was important to assess both the distinctness in the chaetognath community struc-
ture of this gulf from the Red Sea, and also the ecohydrographic determinants governing
the chaetognath population in the GoA. The limited number of chaetognath species (5)
observed in the upper 200 m of GoA during summer compared to the 16 species in the
upper 200 m of the Red Sea [5,6,42] clearly indicates the discrete chaetognath community
structure of this high saline basin. Although the Red Sea is also a high saline ocean basin,
the dominant epipelagic chaetognath in the upper 200 m was F. enflata [42], which is in
accordance with the observation in the northern Indian Ocean [53–55]. In contrast, S. pacifica
dominated the chaetognath community of GoA and F. enflata contributed only 7.5% of the
total chaetognath population in both the vertical and surface sampling. Chaetognaths,
being highly sensitive to the hydrographic attributes of their habitat are found in close
association with distinct water masses of the world ocean and hence are considered as
good indicators of different water masses [7,56]. In the Red Sea, salinity distribution occurs
over a relatively wide range (36–41) [57] as the inflow of the relatively low saline Indian
Ocean water into the Red Sea through the shallow sill of the Bab-al-Mandab contributes in
maintaining the wide salinity ranges of this basin. This, in turn, helps in the sustenance of
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the higher number of epipelagic species in the Red Sea. On the contrary, only a high saline
environment was observed in the upper 200 m of the GoA (40.64–41.2, Figure 2), which
might have restricted the occurrence of the majority of the Red Sea epipelagic chaetognath
species in GoA further indicating the role of hydrography in their distribution.

It was a prerequisite to assess the influence of the Straits of Tiran, the shallow sill
connecting GoA with the Red Sea on the chaetognath distribution and diversity of GoA as
these shallow sills are often found to restrict the dispersion of the planktonic communities
in the marginal seas from their major ocean basins as observed in the Persian Gulf and
the Mediterranean Sea [5,58,59]. Considering, the depth of the Strait of Tiran (~265 m),
the possible intrusion of the epipelagic species from the Red Sea to GoA with the inflow
waters cannot be overruled as the water exchanges occurring between the Red Sea and
GoA have been well documented during both the summer and winter periods [60]. Based
on the density distribution, inflows of the upper warmer and lighter Red Sea water into
GoA along the density slope, and during summer an additional, transient inflow into the
GoA over the sill, have been observed [17,60]. Hence, the salinity might have formed an
ecophysiological barrier in the widening of the habitat of many epipelagic chaetognath
species, thus restricting their number of species in the GoA.

Although S. pacifica was present in all station locations the percentage contribution
of it was highest (66.4%) in the northernmost station which had higher salinity than other
sampling locations, indicating S. pacifica as the most suitable inhabitant of this high saline
environment. Furthermore, the positive correlation of this species with salinity in the CCA
plot corroborates their high saline preferences. S. pacifica is a euryhaline species and is
found in the Arabian Sea and Bay of Bengal of the northern Indian ocean but having a
contribution of less than 10% of the total chaetognath community [33,54,55,61]. However,
it has been found to exhibit a preference for the high saline environment compared to other
common Indo-Pacific euryhaline chaetognath species [62] and hence might have obtained
advantages in this high saline environment over other species.

The CCA plot also helped to identify the preferred environment of all the other
chaetognath species. The second abundant species, A. regularis preferred a relatively less
saline environment. F. enflata and F. hexaptera had a positive correlation with DO and
the preference of F. enflata towards the well-oxygenated environment observed in the
earlier study [54], based on long-term datasets in the northern Indian Ocean, strengthens
the present observation. However, other chaetognath species did not show any direct
relation with DO. Unlike the northern Indian Ocean, in GoA, the oxygen minimum zone
(<0.5 mL L−1) was not evident in the upper 200 m, hence the presence of this relatively
well-oxygenated environment (>2.2 mL L−1) might have contributed to the observed
relationship of the other chaetognath species with DO.

4.4. Diel Variability

The diel variability in the abundance and distribution of the zooplankton taxa includ-
ing chaetognaths has been documented from estuaries and marginal seas to major oceans.
The diel distribution becomes crucial in delineating the spatio-temporal ecology of the zoo-
plankton community [63–65]. The markedly higher night abundance of all the chaetognath
species in the surface sampling might have been concurrent with the higher abundance
of their major prey, copepods. The distinct groups of the majority of the day and night
samplings in the n-MDS plot of the horizontal surface sampling (Figure 8) resulted from
the significant diel variation in the chaetognath species abundance. The observation was in
accordance with the earlier study [66] stating the vertical migration of chaetognath towards
the copepod-rich surface layers for foraging at night. Although in vertical sampling, the
night abundance was higher, the variation was less conspicuous compared to that of the
surface sampling, exhibiting their preferred temporal scale habitat in the water column
(Figure 4).

The maturity stage-wise day-night distribution of chaetognath species helped for a
better understanding of their diel behavior. In general, the dominance of the immature
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population of all the species in both vertical and surface sampling was in accordance with
both the Red Sea [6] and the northern Indian Ocean [52]. Although, in vertical sampling, the
percentage contribution of the maturity stages of all species did not show any significant
variation, in the surface sampling, the maturing and matured population was present
mostly at night. As the matured and maturing populations are relatively larger in size
than the immature ones, they might have evaded the sun-lit surface waters during the
day to avoid being preyed upon by the visually oriented predators. Predator avoidance
is considered as one of the major cues behind the diel vertical migration behavior among
many zooplankton taxa in the global ocean [67] and it is expected that the larger sized
maturing and matured chaetognath population will be more susceptible to the visual
predators in the surface water than the immature ones. Hence, as a predator avoidance
strategy, they might have taken refuge in the sub-surface waters during daytime and
surfaced for feeding only at night.

The similar evenness values during both day and night in the vertical sampling are
justifiable, as the species composition and the percentage contribution of each species to
the total chaetognath population remained mostly similar in the 200 m water column. In
contrast, in the surface sampling, the relatively less species evenness at night (0.51 ± 0.2)
compared to the day (0.77 ± 0.1) was mostly due to the low J′ in Station 3 at night (0.23),
where A. regularis dominated the chaetognath community.

5. Conclusions

The ecohydrography of GoA has helped in maintaining its distinct chaetognath com-
munity structure from its adjacent ocean basin, the Red Sea. Despite the limited sampling
locations, the output generated from both the horizontal and vertical samplings along
the diel scale at each location aided in filling the knowledge gap on the ecology of this
important carnivorous zooplankton taxon of this less studied marginal sea. The summer
stratification leading to low surface chlorophyll a and subsurface chlorophyll maxima
contributed to distinct variation in the copepod and chaetognath abundances between
the horizontal surface and vertical samplings. The strong trophic link evident between
the chaetognaths and their main prey, copepods and their carbon and nitrogen contents
indicated their significance in the pelagic trophic ecology of the GoA. The high saline water
(40.64–41.2) in the upper 200 m, formed an ecophysiological boundary for many epipelagic
chaetognath species thus limiting the species number to five. S. pacifica forming the predom-
inant species in GoA, in contrast to F. enflata, the dominant species in the tropical Indian
Ocean. The marked diel variation in the abundance of both copepod and chaetognath
species emphasizes their behavioral adaptation of surfacing to prey-rich surface waters
at night. Moreover, the diel variability in the abundance of different growth stages of
chaetognaths might be due to the predator evasion strategy of the more susceptible larger
maturing and matured individuals of chaetognaths to visually oriented predators in the
surface ocean.
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