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Abstract

The northern Andaman Sea off Myanmar is one of the relatively high productive regions in the Indian Ocean. The
abundance, biomass and species composition of mesozooplankton and their relationships with environmental
variables in the epipelagic zone (~200 m) were studied for the first time during the Sino-Myanmar joint cruise
(February 2020). The mean abundance and biomass of mesozooplankton were (1 916.7+1 192.9) ind./m3 and
(17.8+£7.9) mg/m3, respectively. A total of 213 species (taxa) were identified from all samples. The omnivorous
Cyclopoida Oncaea venusta and Oithona spp. were the top two dominant taxa. Three mesozooplankton
communities were determined via cluster analysis: the open ocean in the Andaman Sea and the Bay of Bengal
(Group A), the transition zone across the Preparis Channel (Group B), and nearshore water off the Ayeyarwady
Delta and along the Tanintharyi Coast (Group C). Variation partitioning analysis revealed that the interaction of
physical and biological factors explained 98.8% of mesozooplankton community spatial variation, and
redundancy analysis revealed that column mean chlorophyll a concentration (CMCHLA) was the most important
explanatory variable (43.1%). The abundance and biomass were significantly higher in Group C, the same as
CMCHLA and column mean temperature (CMT) and in contrast to salinity, and CMT was the dominant factor.
Significant taxon spatial variations were controlled by CMCHLA, salinity and temperature. This study suggested
that mesozooplankton spatial variation was mainly regulated by physical processes through their effects on
CMCHLA. The physical processes were simultaneously affected by heat loss differences, freshwater influx, eddies
and depth.
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1 Introduction

The Myanmar waters, located in the northern Andaman Sea,
are part of the Bay of Bengal (BOB). The BOB is a semienclosed
tropical basin located in the northeastern part of the Indian
Ocean. The oceanographic characteristics of this basin exhibit
seasonality due to semiannually reversing monsoon winds and
currents, which are southwesterly during the summer (June-
September) and northeasterly during the winter (November—
February) (McCreary et al., 1993; Schott and McCreary, 2001;
Shankar et al., 2002). The northern BOB has the widest shallow
shelf region, extending more than 185 km to Bangladesh and ap-
proximately 65 km to Myanmar (Hossain et al., 2020). All major
rivers of India (Krishna, Kaveri, Godavari, Mahanadi, Brahma-
putra and Ganges), Bangladesh (Meghna) and Myanmar (Aye-
yarwady, Thanlwin and Sittang) flow into the BOB. During the
monsoon season, these rivers bring enormous quantities of

freshwater (1.6x10!2 m3/a) and suspended sediment (1.38x
109 t/a) into the BOB (Subramanian, 1993). The freshwater in-
flow through rainfall and river influx exceeds evaporation and re-
duces the salinity in the upper layers of the basin, particularly in
the northern region (Ittekkot et al., 1991; Prasanna Kumar et al.,
2002).

The BOB is conventionally referred to as an oligotrophic and
low biological production system. Suggested possible reasons for
the low production include light limitations during monsoon
periods and a low saline surface layer that inhibits the advection
of nutrients from the subsurface (Gomes et al., 2000; Prasanna
Kumar et al., 2002, 2010; Madhupratap et al., 2003; Madhu et al.,
2006). However, there are two situations in which primary pro-
duction is promoted in the BOB. First, episodic events such as
eddies and gyres make the region locally productive in upper lay-
ers (Gomes et al., 2000; Prasanna Kumar et al., 2004; Nuncio and
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Kumar, 2012; Jayalakshmi et al., 2015). Second, two higher pro-
ductive zones (>2 000 mg/(m?-d), in terms of C) exist in the up-
per layers of the northern coastal waters during the monsoon
seasons, mainly in the Ganges-Brahmaputra-Meghna (GBM)
Delta and Ayeyarwady Delta (Hossain et al., 2020).

Given the central role of zooplankton communities in food
webs as consumers of primary production and prey for fish and
organisms at higher trophic levels, changes in their communities
have the potential to alter ecosystem structure (Ferndndez De
Puelles and Molinero, 2008). Information on the zooplankton
community of the BOB is limited. The northern Andaman Sea off
Myanmar is one of the least studied regions. The study of zo-
oplankton in this area has only been conducted during the Inter-
national Indian Ocean Expedition (IIOE) (winter in the early
1960s) (Hossain et al., 2020) and First India-Myanmar Joint
Oceanographic Expedition (April and May, 2002) (Jyothibabu et
al., 2014). The biomass (displacement volume) and main groups
of zooplankton were obtained during the ITOE (https://www.st.nmfs.
noaa.gov/copepod/). Jyothibabu et al. (2014) showed how sur-
face-layer zooplankton communities (only at ~2 m depth) re-
sponded to environmental variables during the Spring Intermon-
soon. However, studies integrating the zooplankton community
and environmental variables in the epipelagic zone are lacking.
The distribution of zooplankton is associated with hydrographic
conditions, such as temperature, salinity, ocean currents and
primary production in oligotrophic and mesotrophic oceans
(Steinberg et al., 2012; Ashjian et al., 2017; Dominguez et al.,
2017; Jagadeesan et al., 2017; Yuan and Pollard, 2018). Our re-
search area is located in the northeastern BOB, which has differ-
ent physicochemical characteristics (Jyothibabu et al., 2014), in-
cluding those of coastal water off the Ayeyarwady Delta and Gulf
of Mottama (shallow depth, lower salinity, higher temperatures,
higher nutrient levels and suspended sediments), and open
ocean water in the northern Andaman Sea and BOB (deep depth,
higher salinity, lower temperatures, lower nutrients and suspen-
ded sediments). In addition, the region is under hypoxic stress.
Based on the above characteristics, we hypothesize that there are
spatial variations in the mesozooplankton community that are
regulated by hydrography, dissolved oxygen (DO) and chloro-
phyll a (Chl a).

In this paper, we examined spatial variation in the mesozo-
oplankton community off Myanmar during the winter monsoon
and identified the dominant factors determining spatial vari-
ations in mesozooplankton biomass, abundance and com-
munity structure.

2 Materials and methods

2.1 Study area

The study area is located in the northeastern Indian Ocean,
off the Ayeyarwady Delta and across the Preparis Channel, which
is the northernmost channel connecting the Andaman Sea and
the BOB (Fig. 1). The area includes shallow water (<100 m) in the
Ayeyarwady continental shelf and deep water (>2 000 m) in the
Andaman Sea and BOB. Ayeyarwady is the largest river in Myan-
mar, with an annual mean runoff of 13 018 m3/s that enters the
northern Andaman Sea through nine principal distributaries.
The Ayeyarwady continental shelf width is approximately 170 km
from the mouth of the Ayeyarwady River and increases to more
than 250 km in the center of the Gulf of Mottama (Ramaswamy et
al., 2008). A north-south trending 120 km-wide bathymetric de-
pression is present toward the southern end of the continental
shelf, and the Martaban Canyon lies within this depression (Rao
etal., 2005). The Martaban Canyon cuts through the continental
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Fig. 1. Sampling stations in the northeastern Indian Ocean dur-
ing February 2020.

shelf and the deep Andaman Sea (Ramaswamy et al., 2004). The
northern Indian Ocean is characterized by the seasonally revers-
ing Asian monsoon. During the summer monsoon, the Myanmar
coastal areas are occasionally subjected to strong winds, while
calm conditions typically prevail during the rest of the year
(Ramaswamy et al., 2004). Freshwater and sediment discharge
are also highly seasonal, with more than 80% of annual discharge
occurring during the summer monsoon (Rodolfo, 1969). The
large-scale spatiotemporal variation in nutrients, primary pro-
ductivity and zooplankton in the BOB were simulated based on
existing observation data (Hossain et al., 2020). The spatial distri-
bution of nitrate in the upper 10 m indicated that the study area
was devoid of nitrate (<0.1 pmol/L) during the winter monsoon;
however, an improved situation was evident at 0.1-0.3 pmol/L
during the summer monsoon. The phosphate concentration was
0.2-0.3 pmol/L during the winter monsoon, while a lower con-
centration (0.1-0.2 pmol/L) was observed during the summer
monsoon. Regardless of season, the silicate concentration was
high (3.0-3.7 pmol/L) in this area, possibly due to freshwater in-
flux and residual flow. The most productive (>2 000 mg/(m?.d), in
terms of C) zone lies between 15°~17°N and 94°-97°E. There was
a higher level of zooplankton biomass in this area (>40 mg/m3, in
terms of C). The average net primary productivity level was
slightly higher during the summer monsoon than during the
winter monsoon (Hossain et al., 2020).

2.2 Sample collection

Seventeen stations were sampled in the northern Andaman
Sea (12.89°-16.15°N, 90.24°-97.27°E) onboard the R/V Xiangy-
anghong 6 from February 16 to 24, 2020 during the Sino-Myan-
mar joint cruise of the “Joint Advanced Marine and Ecological
Studies in Exclusive Economic Zone of Myanmar”. The mesozo-
oplankton samples were towed vertically from 200 m (or near the
bottom for shallower stations) to the surface at a speed of approx-
imately 0.5 m/s using WP2 plankton nets (200-um mesh, 0.25 m?
mouth size). The WP2 net was equipped with a calibrated flow-
meter (HYDRO-BIOS, Germany) to determine the volume of wa-
ter filtered. The day and night sampling stations were distin-
guished by local sunrise and sunset times (Table S1). One tow
was collected at each station and was divided into two homogen-
eous subsamples using a Folsom plankton splitter (HYDRO-
BIOS, Germany). One subsample was immediately preserved
with a 5% buffered formalin-seawater solution for species identi-
fication and abundance counting; the other subsample was
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filtered onto preweighed glass-fiber filters (Whatman GF/F fil-
ters, Whatman PLC., UK) and frozen at -80°C for dry biomass
measurements.

Temperature, salinity, and DO were measured using a Sea-
Bird 911 CTD (Sea-Bird Electronics Inc., USA) and averaged into
1-m vertical intervals. The DO results measured by the CTD were
corrected by the titration method for analysis. The seawater used
for the Chl @ measurements was collected from 5 to 7 layers (2 m,
30 m, 50 m, 75 m, 100 m, 150 m and 200 m or bottom) in the up-
per 200-m column at each station. One liter of seawater was
filtered through GF/F filters and then extracted with 90% acetone
in the dark at -20°C for 24 h, and finally, Chl a was measured us-
ing a Turner Designs fluorometer (Turner Designs Inc., USA). For
the size-fractionated Chl a from micro- (>20 pm), nano- (2-
20 pm), and pico- (0.7-2 pm) phytoplankton, one liter of seawa-
ter was sequentially filtered through polycarbonate membranes
with pore sizes of 20 pm and 2 pm (Millipore Inc., USA) and GF/F
filters with a pore size of 0.7 pm (Whatman PLC., UK). The integ-
rated Chl a concentration in the water column from 200 m or the
bottom to the surface was calculated using the trapezoidal rule.
The mixed layer depth (MLD) was taken as the depth at which
the sigma-t values were more than 0.2 greater than the surface
value (Prasanna Kumar et al., 2004).

2.3 Mesozooplankton community analysis

For the microscopy analysis, all the mesozooplankton spe-
cies were divided using a Folsom plankton splitter and counted
in aliquots ranging from 1/2 to 1/8 of the total volume (according
to the numerical density of the individuals). Subsamples consist-
ing of approximately 500 specimens were counted using a dis-
secting microscope (ZEISS Stemi 2000-c, Germany). During the
mesozooplankton identification process, all adult Copepoda,
Cnidaria, Ctenophora, Chaetognatha, and Amphipoda in
Malacostraca, Cladocera, and Ostracoda were identified to the
species or genus level when the key parts for identification were
destroyed or the earlier life stages could not be resolved to spe-
cies. The copepodids of the genera Clausocalanus and Paracalanus
were treated as Clausocalanus/Paracalanus larva because of the
difficulty of genus-level identification. All Polychaeta and Mol-
lusca were identified to the genus level. All Appendicularia and
Thaliaceae were identified to the family level. Mysida, Euphausi-
acea, Decapoda and Cumacea, which occurred at a low abund-
ance, were identified to the order level. Protozoa were identified
to the phylum level. The planktonic larvae were grouped at the
taxa level.

The mesozooplankton abundance (ind./m3) is equal to that
the number of individuals divided by the multiplication of split-
ting ratio and net volume. The mesozooplankton samples for the
dry weight measurements were rinsed with distilled water to re-
move salts and then dried in an oven at 60°C for 72 h. The dry
samples were measured using an analytical balance (Sartorius
BSA124S, Germany) with a precision of 0.1 mg. Biomass is equal
to that the dry weight divided by the multiplication of splitting ra-
tio and net volume. The dominant species were defined as those
with an average relative abundance of more than 1% in at least
one group.

2.4 Statistical analysis

Hierarchical cluster analysis based on the Bray-Curtis index
was performed to determine mesozooplankton community sim-
ilarities after the data were In (X+1) transformed using PRIMER
6.0 (Plymouth, UK). One-way analysis of similarities (ANOSIM)
was conducted to test the statistical significance of differences in

mesozooplankton communities between groups produced by
cluster analysis and between day and night sampling stations by
PRIMER 6.0. Interactive-forward-selection redundancy analyses
(RDAs) were performed to explore the relationships between the
mesozooplankton taxonomic composition and the environment-
al variables. These variables included physical factors (depth,
MLD, sea surface temperature (SST), sea surface salinity (SSS),
column mean temperature (CMT) and column mean salinity
(CMS)), chemical factors (sea surface DO (SDO) and column
mean DO (CMDO)), and biological factors (sea surface Chl a
(SCHLA) and column mean Chl a (CMCHLA) concentrations)
(Table S2). “Var-part-3groups-simple-effects-tested-FS” vari-
ation partitioning analysis (VPA) was performed to explore the
individual and combined contributions of physical, chemical,
and biological factors to mesozooplankton community spatial
variation. RDA and VPA were performed using CANOCO 5.0
(Smilauer and Lep$, 2014). The statistical significance of differ-
ences in the dry biomass, abundance and relative abundance (%)
of the taxa and the dominant species of mesozooplankton
between the groups produced by cluster analysis was analyzed
using the Kruskal-Wallis test. Spearman correlation analysis and
multiple linear regression (MLR) analysis (backward) were used
to model the relationship between the explanatory variables and
the biomass or abundance of mesozooplankton. The Spearman
correlation analyses, Kruskal-Wallis test and MLR were per-
formed using SPSS 20.0. The significance of the differences and
correlations above was evaluated by means of the adjusted p
value, with a significance level of p<0.05.

3 Results

3.1 Environmental variables

The depth of the study area ranged from 52 m to 2 801 m and
increased from the Myanmar continental shelf to the Andaman
Sea and BOB (Fig. 2). The MLD ranged from 8 m to 47 m (Fig. 2).
Temperature and DO concentrations decreased along the depth
profile, while salinity increased along the depth profile; the DO
concentration decreased rapidly from 6 mg/L to 2 mg/L through
the oxycline, among which the shallowest was 10-19 m and the
deepest was 68-84 m (Fig. 3).

During the sampling period, SST ranged from 25.4°C to 28.5°C
and exhibited a tendency to increase from northwest to south-
east (Fig. 4a); SSS ranged from 30.6 to 32.6 with lower salinity
near the Ayeyarwady Delta (Fig. 4b). Additionally, the SDO
ranged from 6.16 mg/L to 6.57 mg/L, with a tendency to decrease
from west to east (Fig. 4c). The SCHLA concentration ranged
from 0.27 pg/L to 1.35 pg/L, with the highest values occurring
around the Ayeyarwady Delta and the second highest values oc-
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Fig. 2. Water depth and mixed layer depth (MLD) measured
during the sampling period. The different colors of squares indic-
ate water depths: yellow: 52-79 m, orange: 112-137 m, dark or-
ange: 295 m, green: 639-766 m, blue: 1 517-1 523 m, dark blue:
2 431-2 801 m. Numbers above the square indicate MLDs.
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sea surface temperature; SSS: sea surface salinity; SDO: surface dissolved oxygen; SCHLA: surface chlorophyll a.

curring along the Tanintharyi Coast (Fig. 4d).

Referring to the mean value in the column of mesozooplank-
ton towed depth, CMT ranged from 19.4°C to 26.0°C, the highest
values were along the Tanintharyi Coast, and the second highest
values were around the Ayeyarwady Delta (Fig. 5a). CMS ranged
from 33.2 to 34.3, the spatial trend was the opposite to that of
temperature, the lowest values were along the Tanintharyi Coast,
and the second lowest values were around the Ayeyarwady Delta
(Fig. 5b). CMDO ranged from 1.59 mg/L to 4.41 mg/L; the highest
values were along the Tanintharyi Coast, and the lowest values
were near the channel connecting the Andaman Sea and BOB
(Fig. 5¢). The CMCHLA ranged from 0.22 pg/L to 1.02 pg/L, and
the spatial trend was the opposite to that of salinity and consist-
ent with that of temperature. The highest values were along the
Tanintharyi Coast, and the second highest values were around
the Ayeyarwady Delta (Fig. 5d).

3.2 Mesozooplankton community

3.2.1 Whole area
Overall, the dry biomass of mesozooplankton ranged from

3.7 mg/m?3 to 30.7 mg/m3 (mean (17.8+7.9) mg/m?3), and the total
abundance ranged from 337.5 ind./m3 to 4 454.0 ind./m3 (mean
(1 916.7+1 192.9) ind./m3). A total of 213 species or taxa (includ-
ing 17 categories of planktonic larvae) belonging to 12 taxonomic
groups were identified from all samples. Of these, 174 adult spe-
cies were identified. The mesozooplankton taxonomic composi-
tions were dominated by the subclass Copepoda (relative abund-
ance 72.8%-91.9%, mean 82.5%+5.9%), followed by the sub-
phylum Tunicata (class Appendicularia 2.1%-18.3%, mean
8.3%+4.3%; class Thaliacea 0-2.2%, mean 0.6%+0.6%), plankton-
ic larva (0.9%-5.7%, mean 2.5%+1.4%), subclass Ostracoda
(0-8.3%, mean 2.3%+2.2%), phylum Chaetognatha (0-3.2%,
mean 1.4%+0.9%) and phylum Cnidaria (0-1.9%, mean
0.8%+0.7%), while the mean relative abundances of the phylum
Protozoa, phylum Ctenophora, phylum Mollusca, phylum Poly-
chaeta, subclass Malacostraca, and subclass Cladocera were all
lower than 0.5%. The top 10 dominant species included nine
copepods (Oncaea venusta, Oithona spp., Paracalanus aculeatus,
Clausocalanus farrani, Clausocalanus furcatus, Subeucalanus
subtenuis, Acrocalanus gibber, Farranula gibbula, and Triconia
conifera) and one Appendicularia genus (Oikopleura spp.).
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3.2.2 Spatial variations in the mesozooplankton community

The mesozooplankton community was divided into 3 groups
(A: open ocean, B: transition zone, C: nearshore water) at 50%
similarity by cluster analysis based on taxonomic compositions;
furthermore, Group B was divided into 2 subgroups (B-1 and B-2)
at 60% similarity, while Group C was divided into 3 subgroups (C-1,
C-2 and C-3) at 61% similarity (Fig. 6). One-way ANOSIM showed
that the differences among the three groups were significant
(Global R =0.656, p < 0.001), and pairwise tests showed that the
differences between groups were all significant (p, = 0.022, p,,c =
0.028, py = 0.001). Additionally, the difference between the 2
subgroups in Group B was significant (p = 0.029), while the differ-
ences between the 3 subgroups in Group C were not significant
(Pc12=0.100, pg,5 = 0.333, peyg = 0.100). To exclude the influence
of day-night sampling on the mesozooplankton community,
ANOSIM was used to test the mesozooplankton community dif-
ference between stations sampled during the night and during
the day, and the results showed that the difference was not signi-
ficant (p=0.118).
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3.2.3 Spatial variations in abundance and biomass

The spatial variations in the abundance and dry biomass of
mesozooplankton were consistent, and higher values were detec-
ted around the Ayeyarwady Delta and along the Tanintharyi
Coast (Fig. 7). Based on the Kruskal-Wallis test, the abundance
and biomass of Group C were both significantly higher than
those of the remaining two groups (abundance: adjusted p, =
0.007, adjusted pg = 0.017; biomass: adjusted p, = 0.006, adjusted
Pgc = 0.012), but the differences in the abundance and biomass
between Group A and Group B were not significant. The differ-
ences in abundance and biomass between subgroups were not
significant (Table 1).

3.2.4 Spatial variations in taxonomic groups and dominant spe-
cies

The order Mormonilloida in the subclass Copepoda, subclass

Ostracoda, class Thaliaceae and phylum Chaetognatha exhibited

significant spatial differences among groups. The relative abund-

ances of the four taxonomic groups were significantly higher in
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Group B than in Group C (Table 2). Significant spatial differ-
ences among groups were also detected in the six dominant spe-
cies. The relative abundances of Clausocalanus farrani and
Euchaeta concinna (Copepoda: Calanoida) were significantly
higher in Group C than in Group B; those of Mormonilla phasma
(Copepoda: Mormonilloida) and Cypridina dentata (Ostracoda)
were significantly higher in Group B than in Group C; those of
Calocalanus plumulosus (Copepoda: Calanoida) were signific-
antly higher in Group A than in Group C; and those of Pleur-
omamma robusta (Copepoda: Calanoida) were significantly
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higher in Group A than in Groups B and C (Table 3).

3.3 Relationship between the mesozooplankton community and
the environmental variables

3.3.1 Spatial variations in environmental variables

According to the Kruskal-Wallis test for the ten environment-
al variables, there were significant spatial variations in depth,
CMT, CMCHLA and CMS. Depth and CMS were both signific-
antly higher in Groups A and B than in Group C. CMT and
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Fig. 7. Spatial variations in mesozooplankton abundance (a) and dry biomass (b) in towed water column (200 m or from the bottom

to the surface for shallower stations).

Table 1. Spatial variations in mesozooplankton abundance (ind./m?3) and dry biomass (mg/m3)

Group Subgroup Abundance in subgroup Dry biomass in subgroup Abundance in groups Dry biomass in groups

A - - - 394.7+80.9b 4.0+0.4b

B B-1 1519.8+268.7 16.3+4.7
1265.7+343.8P 15.2+4.7b

B-2 1011.6+177.2 14.2+5.2

C C-1 4332.7£171.6 26.3+6.2
C-2 2116.0+£298.0 23.6+3.3 2 958.5+1 030.32 24.8+3.72

C-3 2 848.1+481.1 25.0+3.9

Note: Different lowercase letters (a, b) in the same index indicate significant differences among groups (p<0.05). - represents no data.

Table 2. Spatial variations in the relative abundances (%) of the mesozooplankton taxa

Taxonomic groups Order Differences in Order Differences in Taxonomic groups
Group A Group B Group C Group A Group B Group C
Subclass Copepoda Calanoida 38.2+0.6 37.348.1 44.7+4.7
Cyclopoida 40.2+5.9 39.046.5 40.8+8.0
L. 81.4+7.6 79.9+5.0 85.9+5.7
Harpacticoida 0.440.1 0.5+0.3 0.3+0.3
>Mormonilloida 2.6+1.22b 3.242.23 0.1+0.3P
Subclass Malacostraca Amphipoda 0.1+0.1 0.2+0.2 0.0+0.1
Mysida 0.0£0.0 0.0£0.0 0.0£0.0
Euphausiacea 0.2+0.3 0.4+0.3 0.1+0.1 0.3+0.4 0.6+0.4 0.2+0.3
Decapoda 0.0£0.0 0.0£0.0 0.0£0.1
Cumacea 0.0+0.0 0.0+0.0 0.0+0.0
Subclass Phyllopoda Cladocera - - - 0.2+0.3 0.1+0.2 0.0+0.0
Subclass Ostracoda - - - - 2.1+0.62b 3.6+2.62 0.9+0.6>
Class Appendicularia - - - - 8.7+4.7 8.9+3.7 7.615.2
Class Thaliacea - - - - 0.5£0.02b 1.0£0.72 0.1:0.2b
Class Polychaeta - - - - 0.3+0.0 0.240.3 0.2+0.3
Phylum Chaetognatha - - - - 1.7+0.82b 1.9£0.72 0.8+0.6°
Phylum Cnidaria - - - - 0.4+0.1 1.240.6 0.4+0.6
Phylum Ctenophora - - - - 0.0+0.0 0.0£0.0 0.0+£0.0
Phylum Mollusca - - - - 0.8+0.1 0.3£0.2 0.6+0.7
Phylum Protozoa - - - B 0.5+0.5 0.2+0.2 0.4+0.3

Note: Different lowercase letters (a, b) in the same index indicate significant differences among groups (p<0.05). - represents these

taxonomic groups are not subdivided by order.
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CMCHLA were both significantly higher in Group C than in
Group B (Table 4). The proportion of micro- and nano-Chl a was
higher in Group C than in Groups A and B, while the proportion
of pico-Chl a was lower in Group C than in Groups A and B;
however, the Kruskal-Wallis test was not performed for size-frac-
tionated Chl a because it was measured only at representative
stations (M7 in Group A; M9 in Group B; M1, M2, M13, and M14
in Group C) (Table 4).
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3.3.2 Mesozooplankton community

The interactive-forward-selection RDA showed that the ten
environmental variables together could account for 85.9% of the
total mesozooplankton community variation (adjusted ex-
plained variation after Bonferroni correction was 62.5%); therein,
the physical and biological factors accounted for 25.2% and
45.7%, respectively. The influences of CMCHLA, CMT, CMDO
and CMS were significant, and the four variables together ac-

Table 3. Spatial variations in the relative abundances (%) of the dominant species

Taxa Dominant species Group A Group B Group C
Copepoda Oncaea venusta 23.614.2 19.94+6.5 22.916.2
Copepoda Oithona spp. 10.6+1.2 12.0+3.0 13.945.0
Copepoda Paracalanus aculeatus 10.8+2.6 7.8+3.0 13.8+6.9

Appendicularia Oikopleura spp. 7.744.5 8.4+3.5 7.545.2
Copepoda Clausocalanus farrani 6.0+0.320 3.0£1.6" 6.9+3.02
Copepoda Subeucalanus subtenuis 0.7+0.6 2.3+2.0 3.9+2.9
Copepoda Clausocalanus furcatus 2.9+1.7 5.242.5 2.842.3
Copepoda Euchaeta larva 1.7+0.0 1.6+0.7 2.742.4
Copepoda Clausocalanus/Paracalanus larva 1.4+0.4 2.5+2.0 2.6+2.6
Copepoda Neocalanus larva 2.8+1.0 2.3+1.4 2.5+1.4
Copepoda Acrocalanus gibber 0.9+0.3 1.8+1.0 1.9+1.2
Copepoda Farranula gibbula 2.8+0.1 1.7+1.2 1.4+0.9
Copepoda Triconia conifera 0.7+0.6 2.2+1.3 1.0+0.6
Copepoda Euchaeta concinna 0.7+0.62> 0.2+0.2b 1.0£0.92
Copepoda Canthocalanus pauper 0.5£0.2 1.2+0.7 1.0£0.8
Copepoda Mormonilla phasma 2.6+1.23b 3.242.22 0.1+0.3b
Ostracoda Cypridina dentata 0.1+0.22b 1.7+1.92 0.2+0.3b
Copepoda Temora turbinate 0.31+0.4 1.5+1.8 0.6£1.6
Copepoda Scolecithricella nicobarica 0.7+0.6 1.3+0.8 0.7+0.5
Ostracoda Euconchoecia aculeata 0.9+0.1 1.0£0.7 0.5+0.5
Copepoda Corycaeidae larva 0.2+0.2 1.0+0.7 0.5+0.7
Copepoda Calocalanus plumulosus 1.5+0.92 0.3+0.42b 0.1:0.2b

Planktonic larva Copepoda nauplius larva 1.3+0.6 0.4+0.4 0.9+0.6
Copepoda Pleuromamma robusta 1.0+£1.02 0.3+0.1P 0.1+0.1b

Appendicularia Fritillaridae spp. 1.0+0.2 0.5+0.5 0.1+0.1

Chaetognatha Serratosagitta pacifica 1.0£0.6 0.4+0.3 0.5+0.5

Note: Dominant species were defined as having a relative abundance of greater than 1% in at least one group. Different lowercase letters (a,
b) in the same index indicate significant differences among groups (p<0.05).

Table 4. Spatial variations in the environmental variables by the Kruskal-Wallis test

Environmental variables Group A Group B Group C
Depth/m 2 468.5+53.02 1 473.6+£920.32 89.1+35.0P
MLD/m 32.51£9.2 28.4+14.9 14.4+6.3
SST/C 27.0£1.5 26.3+0.9 27.6+0.8
SSS 32.1+0.1 32.2+0.5 31.7+0.6
SDO concentration/(mg-L1) 6.4+0.1 6.5+0.1 6.3+0.1
SCHLA concentration/(pg-L1) 0.3+0.0 0.4+0.1 0.6+0.3
CMT/C 21.0+0.92b 20.3+0.6P 23.6+1.42
CMS 34.0£0.12 34.1+£0.22 33.6+0.3P
CMDO concentration/(mg-L1) 2.6+0.2 2.2+0.4 3.0+0.8
CMCHLA concentration/(ug-L1) 0.3+0.12p 0.3+0.0P 0.7+0.22
Micro SCHLA/% 7.1 8.5 20.8+£8.0
Nano SCHLA/% 15.9 13.7 19.6+5.5
Pico SCHLA/% 77.0 7 59.6+11.6

Note: Different lowercase letters (a, b) in the same index indicate significant differences between groups (p<0.05). Size-fractionated
chlorophyll a concentrations were measured only at representative stations (M7 in Group A; M9 in Group B; M1, M2, M13, M14 in Group C). A
Kruskal-Wallis test was not performed for size-fractionated Chl a. MLD: mixed layer depth; SST: sea surface temperature; SSS: sea surface
salinity; SDO: surface dissolved oxygen; SCHLA: surface chlorophyll a; CMT: column mean temperature; CMS: column mean salinity; CMDO:
column mean dissolved oxygen; CMCHLA: column mean chlorophyll a. Micro SCHLA, Nano SCHLA and Pico SCHLA represent proportions of
micro- (>20 pm), nano- (2-20 pum), and pico- (0.7-2 um) surface chlorophyll a concentration to total surface chlorophyll a concentration,
respectively.
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counted for 75.0% of the total mesozooplankton community vari-
ation (Fig. 8, Table 5). Furthermore, VPA results showed that the
interaction of physical and biological factors was the most im-
portant explanatory variable, potentially accounting for 98.8% of
mesozooplankton community spatial variation (f in Fig. 9, Table
S3).

3.3.3 Biomass and abundance

Both the biomass and abundance of mesozooplankton were
positively correlated with CMCHLA and CMT, but negatively sig-
nificantly correlated with depth and CMS. In addition, biomass
was significantly negatively correlated with MLD and SDO.

The linear regression analysis models of mesozooplankton
biomass and abundance with the ten environmental variables

1.0 M17
(@]
Mi6
@1
M13
555 CMDO oMT
M15 M7,
N M4 O
CMS M Ml
e ———
M3 M
MI12 CMCHLA
SSRO
Depth MLD MI10M9 O
Ml4
SCHLA
A
M5
M2
-0.8 L .
-1.0 1.0

Fig. 8. Relationship between ten environmental variables and
the mesozooplankton community by interactive-forward-selec-
tion RDA. Green stars indicate Group A; light and dark blue tri-
angles indicate Groups B-1 and B-2, respectively; yellow, orange
and light orange circles indicate Groups C-1, C-2 and C-3, re-
spectively. MLD: mixed layer depth; SST: sea surface temperat-
ure; SSS: sea surface salinity; SDO: surface dissolved oxygen con-
centration; SCHLA: surface chlorophyll a concentration; CMT:
column mean temperature; CMS: column mean salinity; CMDO:
column mean dissolved oxygen concentration; CMCHLA:
column mean chlorophyll a concentration.

were biomass=1.28CMT-0.86CMDO-3.37 (p=0.003) and abund-
ance=1.54CMT-1.01CMDO-7.06 (p=0.000), respectively, suggest-
ing that the biomass and abundance of mesozooplankton were
both mainly affected by CMT and CMDO. However, Spearman
correlation analyses showed that the coefficients of correlation
between the biomass and abundance of mesozooplankton and
CMDO were not significant (Table S4). Therefore, CMT was the
main factor affecting the spatial variation in mesozooplankton
biomass and abundance.

3.3.4 Taxonomic groups and dominant species

To screen the environmental variables controlling the spatial
variations in mesozooplankton taxa, the four taxonomic groups
and six dominant species with significant spatial differences were
selected for interactive-forward-selection RDA with the ten envir-
onmental variables. The results showed that the ten environ-
mental variables together accounted for 78.5% of the spatial vari-
ation in taxa (adjusted explained variation after Bonferroni cor-
rection was 42.7%). Therein, the influences of CMCHLA, CMS
and SST were significant, and the three variables together ac-
counted for 49.1% of the mesozooplankton taxa spatial variation
(Fig. 10, Table 5). Clausocalanus farrani and Euchaeta concinna
(Copepoda: Calanoida) preferred areas with higher temperat-
ures and Chl a concentrations. Ostracoda (Cypridina dentata),
Thaliaceae, Chaetognatha, Mormonilloida (Mormonilla
phasma), Calocalanus plumulosus and Pleuromamma robusta
preferred the areas with deeper water, higher salinity, and lower
temperature, CMDO, and Chl a concentrations.

4 Discussion

4.1 Mesozooplankton composition and ecosystem characteristics
A total of 213 species (taxa) were identified in this study, of
which 174 adult species were identified. Copepods were the pre-
dominant taxonomic group (relative abundance 72.8%-91.9%;
containing 96 species of adult copepods). Importantly, the WP2
net could not collect macrozooplankton efficiently because of
their active avoidance of the sampler (Skjoldal et al., 2013), so
macrozooplankton, such as euphausiid and fish larvae, were un-
derestimated in this study. The total species number found in our
study was higher than those reported for other Indian waters and
similar to those found in the open water of the BOB and Pacific
(Table 6). That is, the number of mesozooplankton species in this
area is relatively high in Indo-Pacific waters. This was mainly
found due to the inclusion of both nearshore and offshore sta-
tions in this study. It was evident that species composition

Table 5. Results of interactive-forward-selection redundancy analyses

. . Figure 8 Figure 10

Environmental variables ; ; - -

Explains/% pseudo-F p pladj) Explain/% pseudo-F p p(adj)

CMCHLA 43.1 11.4 0.006 0.06 30.0 6.4 0.002 0.020
CMDO 12.7 4.0 0.030 0.3 5.2 1.4 0.232 1
CMT 12.6 5.2 0.008 0.08 6.6 1.8 0.148 1

CMS 6.6 3.2 0.030 0.3 10.5 2.5 0.018 0.162
SCHLA 2.6 1.3 0.260 1 5.6 1.6 0.158 1
SDO 2.4 1.2 0.282 1 1.5 0.4 0.822 1

SST 3.6 2.0 0.144 1 8.6 2.2 0.038 0.304
Depth 1.0 0.5 0.662 1 2.2 0.6 0.778 1
SSS 1.2 0.6 0.610 1 3.3 0.9 0.490 1
MLD 0.2 <0.1 0.980 1 5.1 1.6 0.186 1

Note: MLD: mixed layer depth; SST: sea surface temperature; SSS: sea surface salinity; SDO: surface dissolved oxygen concentration; SCHLA:
surface chlorophyll a concentration. CMT: column mean temperature; CMS: column mean salinity; CMDO: column mean dissolved
oxygen concentration; CMCHLA: column mean chlorophyll @ concentration; adj: adjusted.
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Fig. 9. Diagram of “Var-part-3groups-simple-effects-tested-FS”
variation partition analysis. a, b, and c represent parts individu-
ally controlled by physical, chemical and biological factors, re-
spectively; d represents the part controlled jointly by physical
and chemical factors; e represents the part controlled jointly by
chemical and biological factors; f represents the part controlled
jointly by physical and biological factors; g represents the part
controlled by physical, chemical and biological factors collect-
ively. Values under the letters represent explained percentage.
Physical factors include depth, mixed layer depth, sea surface
temperature, sea surface salinity, column mean temperature,
and column mean salinity; chemical factors include surface dis-
solved oxygen and column mean dissolved oxygen; and biologic-
al factors include surface chlorophyll 2 and column mean chloro-
phyll a.
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Fig. 10. Relationship between ten environmental variables and
mesozooplankton taxa by interactive-forward-selection redund-
ancy analysis. C. farrani: Clausocalanus farrani; E. concinna:
Euchaeta concinna; C. dentata: Cypridina dentata; P. robusta:
Pleuromamma robusta; C. plumulosus: Calocalanus plumulosus;
M. phasma: Mormonilla phasma. MLD: mixed layer depth; SST:
sea surface temperature; SSS: sea surface salinity; SDO: surface
dissolved oxygen concentration; SCHLA: surface chlorophyll a
concentration; CMT: column mean temperature; CMS: column
mean salinity; CMDO: column mean dissolved oxygen concen-
tration; CMCHLA: column mean chlorophyll a concentration.

differed among the coastal and oceanic stations (Fernandes and
Ramaiah, 2014).

The total abundance in our study ranged from 337.5 ind./m3 to
4 454.0 ind./m3 (mean (1 916.7+1 192.9) ind./m3), which is lower

than those in the other Indian waters of western BOB coastal wa-
ters (4 473 ind./m3 and 340-6 550 ind./m?) but much higher than
those in other areas of the BOB (760.9 ind./m3 and 277.0 ind./m3),
as well as those in the western Pacific (206.6 ind./m?3 and 146.7
ind./m3) and the Arabian Sea (289.9 ind./m? and 371.3 ind./m3)
(Table 6). The average dry biomass of mesozooplankton in our
study ranged from 3.7 mg/m3 to 30.7 mg/m?3 (mean (17.8+7.9)
mg/m53; (6.10+2.72) mg/m? (in terms of C); 845.7 mg/m? (in terms
of C), which is higher than those in the western BOB (777 mg/m?,
in terms of C) and western tropical Pacific Ocean (4.9 mg/m?3) but
lower than those in areas of the BOB influenced by a cyclonic
eddy (20.0 mg/m? in the central BOB and 35.9 mg/m? (in terms of
C) in the southwestern BOB) and the Arabian Sea (14.7 mg/m3
and 13.1 mg/m3, in terms of C) (Table 6). That is, the mesozo-
oplankton abundance in this area was at a higher level in the
Indo-Pacific Oceans, while the biomass was at a higher level in
BOB and Pacific waters. This confirms that the Ayeyarwady Delta
and Tanintharyi Coast are some of the most productive areas in
the BOB, serving as an important spawning and nursery area for
fisheries (Hossain et al., 2020). MLD is generally an important in-
dicator of vertical mixing, which regulates the supply of deep nu-
trients to euphotic layers to change production in oligotrophic
systems. However, the effect of MLD on mesozooplankton was
not obvious in our study, probably since the area included a
nearshore area with high productivity.

Seasonal variations in mesozooplankton biomass and abund-
ance in the BOB vary from year to year due to eddies. Jyothibabu
et al. (2008) found that the mesozooplankton biomass in the
western BOB during summer and winter monsoons was higher
than that during the spring intermonsoon above thermocline,
and a cold-core eddy occurred during the winter sampling peri-
od in the study (Table 6). This variation is consistent with the
simulation results of the large-scale spatiotemporal variation in
the BOB based on existing observation data, which showed that
the biomass from January-February was 2.60-2.70 mg/m3 (in
terms of C), followed by 2.49-2.51 mg/m?3 (in terms of C) from
June-August and 1.58-1.70 mg/m?3 (in terms of C) from October-
November (Hossain et al., 2020). However, Fernandes and Ra-
maiah (2019) found a higher biomass and abundance of mesozo-
oplankton in the mixed layer during spring that was associated
with cold-core eddies (Table 6). Therefore, annual studies are
needed to understand the seasonal variation in zooplankton in
the northern Andaman Sea.

Additionally, given that this area was dominated by a high
percentage of picoplankton (64.1%), it could be inferred that mi-
crobial food webs were more dominant, where photosynthetic C
was channeled to higher trophic levels through microzooplank-
ton. Accordingly, the top 2 dominant mesozooplankton species
were Oncaea venusta (relative abundance 9.9%-32.4%, mean
21.6%) and Oithona spp. (6.6%-22.3%, mean 12.6%), which were
both omnivorous Cyclopoida and could effectively ambush and
consume motile microzooplankton (Paffenhofer, 1993). In con-
clusion, this area was an ecosystem of high productivity but still
dominated by microbial food webs during winter.

4.2 Spatial variations in the mesozooplankton community

The spatial distribution of the mesozooplankton community
examined in this study reflects the existence of water mass ex-
change between the BOB and Andaman Sea. The mesozooplank-
ton community similarity of some stations in the BOB and Anda-
man Sea exceeded 60% (e.g., between M7 and M15, and among
M6, M12, M8, and M10; Fig. 6), suggesting that the Preparis
Channel was an important water passage transporting marine
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species between the BOB and Andaman Sea. Water mass ex-
change between the Andaman Sea and BOB goes through three
major channels: the northern channel (Preparis Channel) with a
shallow depth of approximately 250 m, the middle channel in-
cluding passages from south of the Andaman Islands to north of
the Nicobar Islands with a maximum depth of approximately
800 m, and the southern channel (Great Channel) with a maxim-
um depth of approximately 1 800 m (Chatterjee et al., 2017). The
Preparis Channel is the channel with the largest net volume, with
an annual mean transport value of 0.64x10% m3/s (Liao et al.,
2020). Furthermore, transport in the Preparis Channel is relat-
ively high in January and July, with net transport values of
1.36x106 m3/s and 1.45x10% m3/s, respectively, whereas in April
and October, the water transport value is low and changes direc-
tion at 50 m depth (Liao et al., 2020). Therefore, substantial water
exchange did occur during the sampling period, resulting in the
mixing of mesozooplankton communities between the BOB and
the Andaman Sea. However, the mesozooplankton communities
in the shallow water on the continental shelf off the Ayeyarwady
Delta, Gulf of Mottama and Tanintharyi Coast (Group C) were re-
latively isolated, likely due to the blocking effect of the Martaban
Canyon (Fig. 1). The Martaban Canyon lies within a 120 km-wide
bathymetric depression at the southern end of the Ayeyarwady
Delta and Gulf of Mottama continental shelf (Rao et al., 2005),
which incises the continental shelf (Ramaswamy et al., 2004),
resulting in different oceanographic environments for the shelf
and the deep Andaman Sea. The spatial patterns of zooplankton
communities are linked to physical processes (ocean currents,
eddies, jets, and diluted water), which affect zooplankton
through effects on metabolic factors, primary productivity and
predators (Fernandez-Alamo and Féirber-Lorda, 2006). The VPA
showed that the interaction of physical (depth, MLD, SST, SSS,
CMT and CMS) and biological (SCHLA and CMCHLA) factors de-
termined the spatial variation of the mesozooplankton com-
munity (accounting for 98.8%) in our study. RDA results showed
that the influences of CMCHLA and CMT were the most signific-
ant, accounting for 43.1% and 12.6%, respectively, and followed
by CMDO (12.7%) and CMS (6.6%). Therefore, the physical pro-
cesses affected the mesozooplankton community mainly through
effects on primary productivity in this area.

Higher mesozooplankton biomass and abundance were de-
tected along the Tanintharyi Coast and around the Ayeyarwady
Delta, being approximately twice and six times as high as those of
the transition zone and the open ocean, respectively. The spatial
patterns of mesozooplankton biomass and abundance were the
same as those of CMT and CMCHLA (Figs 5 and 7). Moreover,
the high-value region of mesozooplankton biomass and abund-
ance overlapped considerably with the low-value region of CMS
(Figs 5 and 7). SST in the Andaman Sea was approximately 3°C
higher than that in the BOB (Fig. 4). Liu et al. (2018) found that
surface water was warmer in the Andaman Sea than in the BOB
during the winter because of less heat loss, and the temperature
difference was approximately 1.5°C. In addition, the northwest-
ern part of the study area was covered by cold-core eddies dur-
ing the sampling period (Fig. S1), which could also lower the SST
in the BOB. However, the effects of offshore eddies on mesozo-
oplankton communities were still uncertain, since an increase in
SCHLA or CMCHLA was not detected (Figs 4 and 5). Based on the
above, we proposed that less heat loss in the Andaman Sea and
shallower coastal waters led to higher CMT along the Tan-
intharyi Coast and around the Ayeyarwady Delta. Additionally,
the abundant mesozooplankton benefited from the freshwater
influx. The influx of Ayeyarwady carrying richer nutrients caused

the lowest SSS and highest SCHLA levels near the Ayeyarwady
Delta (especially at M2); the coastal freshwater influx and shal-
low water collectively caused the lowest CMS and highest
CMCHLA levels along the Tanintharyi Coast and Ayeyarwady
Delta. In summary, the spatial variation in mesozooplankton bio-
mass and abundance in this area was directly controlled by
CMCHLA, which was generated by CMT and CMS, which were
simultaneously affected by heat loss, freshwater influx, eddies
and depth.

The occurrence and abundance of species were related to hy-
drographic conditions and food availability (Fernandez-Alamo
and Farber-Lorda, 2006; Ferndndez De Puelles and Molinero,
2008; Fernandes, 2008; Srichandan et al., 2018). Accordingly, the
relative abundances of warm water nearshore copepod
(Euchaeta concinna) and copepod preferring phytoplankton
(Clausocalanus farrani) were higher in Group C (Fig. 10).
Euchaeta concinna is commonly found in the coastal waters of
the western Pacific and northeastern Indian Ocean (Dur et al.,
2007), mainly in ocean surface layers and warm waters (Jeong et
al., 2011). Clausocalanus farrani was widely distributed in this
area. However, the growth efficiency (mortality) of the copepo-
dids was much higher (lower) when they fed on diatoms (phyto-
plankton) than when they fed on pellets (detritus) (Paffenhoefer
and Knowles, 1979; Koster and Paffenhéfer, 2016), although they
are omnivorous, nonselective feeders. Therefore, we observed
that the distribution of Clausocalanus farrani was strongly posit-
ively correlated with chlorophyll a (both CMCHLA and SCHLA)
(Fig. 10). Conversely, the relative abundance of mesobathypela-
gic copepods that could adapt well to O,-deficient waters (Ca-
localanus plumulosus, Pleuromamma robusta, and Mormonilla
phasma) (Irigoien and Harris, 2006; Ivanenko and Defaye, 2006;
Cepeda et al., 2020) and of taxa preferring high saline environ-
ment (Ostracoda, Chaetognatha and Thaliacea) was higher in
Groups A and B. The Mormonilla phasma (and the order Mor-
monilloida) and Calocalanus plumulosus were found only in the
thermocline and below in the BOB (Fernandes and Ramaiah,
2009, 2013, 2019) and not at the surface layer at all (Fernandes
and Ramaiah, 2014). Pleuromamma robusta was found to mi-
grate vertically between the thermocline and the low oxygen
zone in the BOB, Arabian Sea and eastern tropical Pacific
(Fernandez-Alamo and Firber-Lorda, 2006; Fernandes, 2008;
Fernandes and Ramaiah, 2013, 2019). Ostracoda, Chaetognatha
and Thaliacea are omnivorous, carnivorous and herbivorous, re-
spectively, but they all prefer a salty environment (Jagadeesan et
al.,, 2013; Li et al., 2010, 2017; Srichandan et al., 2018). On the oth-
er hand, Chaetognaths were considered to be a primary carni-
vore. Mills (1995) reviewed and concluded that numerous plank-
tonic carnivore regions were characterized by low productivity,
small phytoplankton and small copepods (Mills, 1995). In the
present study, the proportion of pico-SCHLA was higher in
Groups A and B (77.0% and 77.7%) than in Group C (59.6%)
(Table 4), consistent with the characteristics of carnivores. There-
fore, the mesozooplankton taxa spatial variation was controlled
by CMCHLA, SST, and CMS together.

5 Conclusions

This paper reports the epipelagic mesozooplankton com-
munity and its relationship with environmental variables in the
northern Andaman Sea off Myanmar in the winter. The abund-
ances and species numbers in this area were both relatively rich
in the Indo-Pacific waters, forming an important spawning and
nursery area for fisheries. The top two dominant species, Oncaea
venusta and Oithona spp., are both omnivorous Cyclopoida and
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can effectively consume motile microzooplankton, suggesting
that this ecosystem was still dominated by microbial food webs.
In addition, this is an ecosystem with great spatial variation.
Three mesozooplankton communities were identified: the open
ocean, a transition zone and nearshore waters, which reflected
the existence of water mass exchange between the BOB and An-
daman Sea. Spatial variation was affected by physical processes
mainly through their effects on primary productivity. The physic-
al processes were affected simultaneously by heat loss differ-
ences, freshwater influx, eddies and depth. The great spatial vari-
ation in the mesozooplankton community may result from differ-
ences in the compositions of phytoplankton and microzooplank-
ton, food web structure and energy transfer processes, which are
worthy of further study.
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