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Abstract—The composition and spatial distribution of the zooplankton abundance and biomass in Vostok
Bay during the period from July to November 2023 were analyzed. A total of 37 zooplankton taxa including
neritic (71%) and oceanic (29%) species were identified. Copepods (Acartia hudsonica, Oithona brevicornis,
O. similis, Paracalanus parvus, and Pseudocalanus newmani) and cladocerans (Penilia avirostris and Podon
leuckartii) contributed more than 70% to the total zooplankton abundance and biomass. In the early summer,
with southeasterly winds and freshening of surface water, the cold-water copepods A. hudsonica, P. newmani,
and O. similis and the cladoceran Podon leuckartii dominated the total abundance and biomass; brackish-
water copepods of the genera Centropages, Tortanus, and Sinocalanus were more abundant in the early sum-
mer than in the other seasons. In the late summer, with maximum warming of water in the bay, the warm-
water copepods P. parvus, O. brevicornis and the cladoceran P. avirostris dominated the total abundance, while
the copepod P. parvus, the cladoceran P. avirostris, and chaetognaths dominated the total biomass. In the fall,
as the water cooled down to 8–11°C, with northerly winds and the change of the summer monsoon to the
winter one, the copepods P. newmani, O. brevicornis, O. similis and copepod nauplii dominated the total abun-
dance, while the copepods P. newmani, O. brevicornis,and chaetognaths dominated the total biomass. Three
types of zooplankton assemblages (estuarine, mixed, and marine) spatially coincided with the shallow, tran-
sitional, and deep parts of the bay. In the early summer, the total abundance and biomass increased in the
direction from the deep to the transitional parts; in the late summer and fall, the values of these parameters
increased, vice versa, from the shallow toward the deep parts. The 25-year dynamics of the total zooplankton
abundance and biomass during the summer and fall seasons showed a negative trend with a pronounced shift
to lower values. A decrease was recorded in the contribution of large-sized and tropical/subtropical species
such as copepods of the genera Calanus, Eucalanus, Metridia, Labidocera, Sapphirina, Scolecithricella, chae-
tognaths, gammarids, hyperiids, isopods, and salpids to the total zooplankton abundance.
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Sea of Japan
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INTRODUCTION
Knowledge of the structural and functional organi-

zation of aquatic ecosystems is impossible without
studying plankton communities. Zooplankton (or
mesozooplankton) is a crucially important secondary
producer of pelagic communities that links primary
producers with species of higher trophic levels [1, 2].
Changes in the structure and distribution of zooplank-
ton community can affect biogeochemical cycles and
energy f luxes in aquatic ecosystems [3, 4]. Zooplank-
ton is also a useful indicator of environmental varia-
tions induced by climate change or pollution [5, 6].
Moreover, zooplankton makes a substantial contribu-
tion to the vertical transport of carbon [7].

The hydrology of the Vostok Bay depends on its
topography, the rivers emptying in it, and on the com-
position of waters and dynamic processes in the adja-
cent part of the Peter the Great Bay (PGB), which are
influenced by various environmental factors. In Janu-
ary, daily amounts of solar radiation are 3–4-fold
lower than in June despite frequent fogs and dense
stratus clouds in summer. In fall and winter, the PGB
climate is formed by the Siberian High and is charac-
terized by an increased background atmospheric pres-
sure, up to 1030 hPa, and a prevailing northerly dry
wind (with a wind frequency of 70–80%). In summer,
the pressure is by 20 hPa lower due to the influence of
the Far East depression (in northeastern China), and
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the southerly humid wind prevails with a lower fre-
quency (about 60%) [8, 9]. Thus, the monsoon cli-
mate of the region is characterized by humid sea air
with southerly winds in spring and summer and by dry
continental air with northerly winds in fall and winter
[10–12]. The wind has an average speed of about 5–
6 m/s during the winter monsoon (October–March)
and 4–5 m/s during the summer monsoon (April–
September) [9]. The highest wind speeds (20 m/s or
more) is recorded in summer during tropical cyclones
(typhoons) and in winter during cold-air outbreaks
caused by the movement of the Siberian High south-
east [11]. In December–February, the cold-air out-
breaks decrease air temperatures to –20°C or lower. In
July–August, positive anomalies (27°C or more) were
recorded at the coastal World Meteorological Organi-
zation (WMO) weather stations during tropical
cyclones (from one to four annually). The values of
summer/winter monsoon precipitation at the Nak-
hodka weather station, averaged from 1931 to 2015,
differed 3.3-fold (520/160 mm), and the annual pre-
cipitation values ranged from 390 to 1150 mm [9, 13].

In winter, low air temperatures and the northwest-
erly winds over PGB maintain coastal polynyas with
continuous ice formation and brine rejection. As a
result, the shelf water is cold (from –1.7°C) and highly
saline (up to 34.3 psu) [8]. In spring and summer, the
temperature of the water column slowly increases, and
the salinity decreases, forming a stable density stratifi-
cation. During the southern monsoon, the water
dynamics in shallow areas of PGB corresponds to the
wind-driven water rise. During the southern mon-
soon, the wind blows into the apex of PGB and a two-
layered current system arises in the shallow areas: the
water moves in the direction of the wind in the upper
layer and in the opposite direction in the lower, com-
pensatory current. The water circulation in the deep-
water (more than 50 m) part of the shelf is influenced
by the cold Liman (Primorye) Current. In fall, the
water layers of PGB rapidly cool mainly due to density
convection (heat loss from the surface up to
750 W/m2) and upwellingat the edge of the shelf and
near the coast, formed by the northerly wind [14]. In
winter monsoon, the Liman Current deviates south
from the shelf edge due to the Siberian northwesterly
jet and upwelling events [8].

Vostok Bay is an important area for world’s and
Russian marine biology research and a testing ground
for scientific assessment of one of rational nature
management approaches: a conflict-free combination
of scientific, recreational, environmental, and nature-
conservation education purposes with small-scale
local businesses such as recreation/service, building,
aquaculture, and trading [15]. Most plankton studies
in the shelf zone of the northwestern Sea of Japan were
conducted in economically significant waters (Peter
the Great, Amur, Ussuri, and Posyet Bays) [16–18,
20–22]. However, the zooplankton community in
small bodies of water such as Vostok Bay remains
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poorly studied. The first studies of the zooplankton
community in Vostok Bay were launched in 1998 and
lasted for several years. Since 2001 and up to the pres-
ent time, such studies have been carried out episodi-
cally. Only few recent publications consider seasonal
changes in the structure of zooplankton community
[23]. In our study, we aimed to elucidate the composi-
tion and spatial distribution patterns of zooplankton,
with focus on copepods, in Vostok Bay, contribute to
the zooplankton research in Peter the Great Bay, and
compare our data with those previously obtained. This
study is expected to extend the knowledge of the bio-
diversity in Vostok Bay. However, further research is
needed to identify the current trends in the marine
coastal ecosystem.

MATERIALS AND METHODS
Vostok Bay is a secondary embayment of the larger

Peter the Great Bay (PGB) located in the northwest-
ern Sea of Japan (Fig. 1). Field studies in Vostok Bay
included conductivity, temperature, and density
(CTD) profiling at 29 stations and sampling at five
planktonic stations (Fig. 1b). The water column mon-
itoring using a CTD profiler started earlier (in June)
and were carried out more frequently (twice a month).
The dates of eleven CTD surveys in bay were June
6/13, July 7pn/10, August 8pn/15, September 7pn/13,
October 11pn/13, and November 2pn of 2023 (where
pn index is the survey day when a plankton net was
used). Hydrological parameters such as water tem-
perature (T, °C), salinity (S, psu), and concentrations
of dissolved oxygen (O2, mg/L and %) and chlorophyll
a (Chl-a, μg/L) at the stations were measured with a
SBE 19plus CTD profiler (Sea-Bird Electronics,
United States). Data processing was performed using
the SBE Data Processing Win32 software [24]. The
CTD data archive has a depth resolution of 0.5 m. The
coordinates of the observation points were recorded
with a Garmin eTrex GPS receiver. To analyze the
weather conditions, the archive of the Nakhodka
weather station (WMO_ID = 31970) was used, which
contains continuous series of regular (eight times a
day) observations [13]. The distance between the
weather station and Vostok Bay is about 14 km.

Zooplankton was sampled with a Juday net (with
an opening area of 0.1 m2, a filtering cone with a mesh
size of 180 μm, and a hauling speedof 0.6–1.0 m/s)
once a month. The entire column of water from the
bottom to the surface was sampled withnet hauls (total
sampling). The samples were fixed with a 4% formal-
dehyde solution. In the laboratory, all individuals were
identified to the lowest taxonomic level possible and
counted under a SZX7 stereomicroscope (Olympus,
Japan) (10× eyepiece, 1× objective, magnification
range of 8× to 56×). Synonymy of species was cor-
rected according to [25, 26]. Zooplankton abundance
was calculated by dividing the number of individuals
by the filtered water volume and expressed in terms of
AL OF MARINE BIOLOGY  Vol. 50  Suppl. 1  2024
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Fig. 1. Study area (a); bathymetric map with isobaths 10, 20, and 30 m (b); and the main surface (c) and near-bottom (d) currents
according to Gayko [9, 10]. Black dots indicate hydrological stations; grey dots with numerals, plankton stations; black arrows,
currents. (1) Posyet Bay; (2) Amur Bay; (3) Ussuri Bay.
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individuals per cubic meter (ind./m3). Biomass was
calculated by multiplying the number of individuals
per cubic meter by the wet weight of each individual
according to Borisov et al. [27] and expressed in terms
of milligrams of wet weight per cubic meter (mg
WW/m3).

For convenience of comparative analysis, in accor-
dance with the bathymetry of the bay, we identified
three parts and referred to them as shallow (stns. 2, 3),
transitional (stns. 11, 15), and deep (stn. 23), which
were bounded by the 10- and 20-m isobaths, respec-
tively (Fig. 1b).

To assess similarity between the zooplankton
assemblages in the study area, the cluster analysis and
the non-metric multidimensional scaling (nMDS)
algorithm were used [28]. The Bray–Curtis similarity
was calculated as log(X+1) transformation of the spe-
RUSSIAN JOURNAL OF MARINE BIOLOGY  Vol. 50 
cies/taxa abundance [29]. The cluster analysis was
applied for average group sorting. The SIMPER (Sim-
ilarity Percentage) procedure was used to assess the
average percentage contribution of each zooplankton
species/taxa to the overall dissimilarity, the contribu-
tion of each species to the average intra-group similar-
ity with the standard deviation, and the contribution
of each species to the average between-group dissimi-
larity [30]. The diversity was calculated using the
Shannon–Wiener index (H ′) as follows:

where H' is the diversity index, pi is the proportion of
each group in the sample, and ln pi is the natural loga-
rithm of this proportion [31]. The species richness was
calculated using the Margalef’s index (D') as a simple
measure of species richness, D' = (S – 1)/lnN [32].
For estimating evenness of species, the Pielou’s even-

( )= −Σ' ln ,i iH p p
 Suppl. 1  2024
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ness index (J') was used [33]. The evenness index was
calculated by the following formula:

where H ' is the Shannon–Wiener index, and S is the
total number of species in the sample.

The relationships between the quantitative values
of zooplankton and the environmental variables were
assessed using the Spearman’s rank order correlation.
The BEST analysis (BIO-ENV algorithm), which best
explains observed patterns of zooplankton distribu-
tion, was carried out to test the relationships between
the environmental variables and the abundance. The
environmental variables were log-transformed, nor-
malized, and computed for Euclidean distances. To
determine significance of the relationships between
the similarity matrices (biological data and environ-
mental variables), the RELATE test was used. Multi-
variate analyses were performed using PRIMER ver. 6
[28]. The map of the sampling stations was composed
using Ocean Data View ver. 4 [34].

RESULTS

Environmental Conditions
The weather in the eastern part of PGB during the

summer field studies (between the CTD surveys in
Vostok Bay from June 6 to September 7) showed typi-
cal climatic features of the summer monsoon. During
this monsoon period, the winds of southerly direction
prevailed (the frequency of SE–SW winds was 44%;
NE–NW, 18%); tropical cyclones brought heavy rains
(115, 95, and 350 mm in June, July, and August,
respectively) and significantly increased the average
daily air temperature (higher than 27°C) and air
humidity (up to 100%). In the fall season (from Sep-
tember 13 to November 2),with northerly winds and
the change of the summer monsoon to the winter one
(NE–NW, 41%; SE–SW, 18%), dry continental air
coming from Siberia contributed to lower air tempera-
tures (with a trend of 7.5°C per month) and minimal
precipitation (17 and 14 mm in September and Octo-
ber, respectively) [13].

The results of monthly CTD surveys in Vostok Bay
in 2023 showed the influence of weather conditions on
the bay’s hydrology. The water temperature, salinity,
oxygen concentration, and chlorophyll a measured in
the surface and near-bottom layers of water at 29 sta-
tions from June to November are presented in Fig. 2.
Figure 3 shows the CTD profiles measured at stn. 15
located in the middle of the bay where the depth is
about 20 m. These profiles characterize the water
stratification on the days of plankton sampling. The
CTD data on June 6 were 2.6 ≤ T ≤ 15.3°C, 32 ≤ S ≤
33.7 psu, Chl-a ≤ 9.5 μg/L, and 8.2 ≤ O2 ≤ 11.2 mg/L

or 80 ≤ O2 ≤ 110%. Over the following 4–5 weeks, the

air temperature increased from 15 to 20°C and the

=' ' ln ,J H S
RUSSIAN JOURN
atmospheric cyclones brought heavy rains (about
160 mm) and strong winds up to 6 m/s (mainly south-
erly, with gusts to 17 m/s). The CTD data on July
showed significant changes in the ranges of measured
parameters. Thus, the temperature in the water col-
umn increased by 5–10°C, the salinity (average in the
column) decreased by 1 psu, and its value in the sur-
face layer (0–2 m) decreased to 15–25 psu (Figs. 2, 3).
In addition, the chlorophyll a concentration in the
surface and the column increased 4–6-fold, to 5–
8 μg/L or more, and in the near-bottom layer did not
change, 1–3 μg/L. The spatial distribution of values of
the water parameters was highly uneven (Fig. 4). Thus,
the surface layer in the northern and western parts of
the bay was freshened (15 < S < 28 psu) by the river
runoff, and in the southeastern part, there was a high
salinity (≥30 psu) due to the inflow of water from
PGB. The highest chlorophyll a concentration
(25 μg/L) was found in the northern and western part
of the bay where the river empties. This distribution of
salinity and chlorophyll a concentration values indi-
cates the cyclonic water dynamics in Vostok Bay (i.e.,
the water moving counterclockwise).

The August surveys were also preceded by warm
weather (up to 27°C) with heavy precipitation (about
180 mm). The sea surface temperature (SST) on
August 8 reached a maximum of 21–24°C; near the
bottom, it increased slightly. The ranges of salinity,
chlorophyll a and dissolved oxygen concentration val-
ues remained almost unchanged (Figs. 2, 3).

The weather in the next half of August remained
warm and rainy (about 200 mm). On September 1, the
precipitation stopped and the wind had low speeds.
The water temperature stratification of Vostok Bay in
the early fall was almost uniform. Thus, on September
7, the temperature at stn. 15 ranged within 19.5–
21.7°C, while the salinity had a linear increase from
29.7 psu (on the surface) to 31.3 (horizon 5 m) and up
to 32.5 (near the bottom) (Fig. 3). The river runoff and
PGB waters f lowing along the eastern coast of the bay
supported the heterogeneity of the spatial distribution
of salinity and temperature values in the surface layer:
with minima of 28 psu/20.5°C in the northwestern
and maxima of 31.47 psu/21.5°C in the southeastern
parts of the bay (Fig. 4). The chlorophyll a concentra-
tion in the surface layer was not higher than 1 μg/L
(decreased 4–6-fold within the month). Chl-a near
the bottom increased 1.5-fold (3 μg/L). The oxygen
concentration in the water column on September 7
ranged within 50–110% or 4–8 mg/L.

In the fall season, the river runoff reduced, the cold
continental air decreased the temperature of the water
surface layer and, as a result, its density increased and
vertical convection occurred. Under northerly winds,
a combined dynamic process was observed in Vostok
Bay: a wind-driven surface current f lowing south from
the apex of the bay with a simultaneous compensating
inflow along its eastern coast and into the near-bottom
AL OF MARINE BIOLOGY  Vol. 50  Suppl. 1  2024
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Fig. 2. Temperature (°C), salinity (psu), chlorophyll a(μg/L), and dissolved oxygen (%) concentrations in the surface (1, circle)
and near-bottom layers (2, cross symbol) in Vostok Bay from June to November 2023.
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layer. The T, S, and O2 stratifications of the bay water

gradually became more homogeneous due to these
processes. The CTD data on October 11 and 13 were
6 ≤ T ≤ 11.4°C, 32.8 ≤ S ≤ 33.65 psu, Chl-a ≤ 5.4 μg/L,
and 8.5 ≤ O2 ≤ 9.8 mg/L or 92 ≤ O2 ≤ 107%. After 3

weeks (November), the water column of the bay had
the same salinity, but cooled by 1–3°C (5.2 ≤ T ≤
8°C). However, the chlorophyll a near the bottom
increased (Chl-a ≤ 8 μg/L), and the dissolved oxygen
slightly decreased (8 ≤ O2 ≤ 9.5 mg/L or 80 ≤ O2 ≤
98%).

Zooplankton Community Structure
A total of 37 zooplankton taxa were identified,

including neritic (71%) and oceanic (29%) species
(Table 1). Copepods (79.4%), e.g., Oithona similis
(18.9%), Oithona brevicornis (17.6%), Pseudocalanus
newmani (13.4%), Paracalanus parvus (12.2%), and
Acartia hudsonica (8.0%), and cladocerans (12.7%),
e.g., Podon leuckartii (6.1%) and Penilia avirostris
(5.9%), clearly dominated the zooplankton total
abundance and biomass. Based on the cluster analysis
of zooplankton abundance, the stations were divided
into three types corresponding to the early summer,
late summer, and fall seasons, which were represented
RUSSIAN JOURNAL OF MARINE BIOLOGY  Vol. 50 
by estuarine, mixed, and marine zooplankton assem-
blages (Fig. 5). The assemblages spatially coincided
with the shallow, transitional, and deep parts of the
bay, respectively. In the early summer (July), the zoo-
plankton community did not divide into distinct
assemblages. In the late summer (August and Septem-
ber), the zooplankton community divided into the
estuarine assemblage located in the northern, shallow
part, the mixed assemblage located in the transitional
part, and the marine assemblage located in the deep
part of the bay. In the fall (October and November),
the difference in the zooplankton composition
between the deep and transitional parts was high,
while the difference in the zooplankton composition
between the transitional and shallow parts was low.

The results of ANOSIM showed that the zooplank-
ton assemblages differed significantly (P < 0.001;
Global R = 0.884) between the shallow, transitional,
and deep partsin all three seasons (Table 2). According
to the results of SIMPER, the dissimilarity of zoo-
plankton assemblages between the early summer and
late summer seasons was the highest. The zooplankton
assemblages had higher dissimilarities in the deep part
than in the shallow part, and the dissimilarities were
the highest in the late summer and the lowest in the
early summer (Table 2).
 Suppl. 1  2024
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Fig. 3. Water temperature (°C), salinity (psu), chlorophyll a (μg/L), and dissolved oxygen (% and mg/L) concentrations at stn.
15 in June (6), July (7), August (8), September (9), October (10), and November (11).
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Seasonal Variations in Zooplankton Community

In the early summer, the species richness in the
three parts was 18–19 species per each. The peak of
species richness (21–22 species) was recorded in the
late summer from the transitional and deep parts. In
the fall, the species richness in the shallow and transi-
tional parts reduced sharply to 13; in the deep part, the
species richness was higher than 15. The diversity
(Shannon’s, Margalef’s,and Pielou’sevenness) of the
zooplankton community in Vostok Bay is shown in
Table 3. The lowest values of biodiversityindexes were
found in the shallow part.

The average values of total zooplankton abundance
were maximum in the early summer and showed a ten-
dency to decrease twofold by the fall (Table 1). The
significant differences in zooplankton abundance
between the shallow, transitional, and deep parts were
found only in the late summer (Table 2). In this sea-
son, the copepods O. brevicornis, P. parvus, and cla-
docerans made the greatest contribution to the estua-
rine zooplankton assemblage located in the shallow-
part; the copepods O. similis, O. brevicornis, and
P. parvus, to the mixed zooplankton assemblage loca-
tedin the transitional part; the copepods O. brevicor-
nis,P. parvus, cladocerans, and chaetognaths, to the
marine zooplankton assemblage located in the deep
RUSSIAN JOURN
part (Fig. 6a). In the early summer, no significant dif-
ferences in zooplankton abundance were found
between all parts.The copepods A. hudsonica, O. simi-
lis, P. newmani, and cladocerans dominated in abun-
dance. In the fall, no significant differences in zoo-
plankton abundance were found between the shallow
and transitional parts; nevertheless, significant differ-
ences in abundance were found between the transi-
tional and deep parts. The greatest contribution (over
50%) to the zooplankton community similarity
between the shallow and transitional parts was made
by the copepod P. newmani and copepod nauplii; in
the deep part, by the copepods O. similis and P. new-
mani (Table 1). The mean total abundance was the
highest in the transitional and deep partsduringthe
early summer and late summer, respectively (Fig. 6a).

The average values of total zooplankton biomass
were maximum in the early summer and showed ten-
dency to decrease by the fall (Table 1). In the early
summer, the highest biomasses were recorded from all
stations (Fig. 6b). In the shallow and transitional
parts, the copepods A. hudsonica, O. similis and cla-
docerans accounted for >80% in total biomass; the
stations of the deep part were characterized by gener-
ally high concentrations of P. newmani. In the late
summer, the highest biomasses were recorded from
the deep part where the copepods O. similis, P. parvus,
AL OF MARINE BIOLOGY  Vol. 50  Suppl. 1  2024
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Fig. 4. (a) Water temperature (°C), (b) salinity (psu), (c) chlorophyll a (μg/L), and (d) dissolved oxygen (%) concentrations in
the surface and near-bottom layersat the CTD stations in July (1), September (2), and November (3).
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Fig 5. nMDS ordination plot based on zooplankton abundance in the shallow, transitional, and deep parts of Vostok Bay.
and chaetognaths accounted for >60% in total bio-
mass; in the shallow part, P. parvus and cladocerans
accounted for >50% in total biomass; the stations of
the transitional part were characterized by generally
high concentrations of the copepods O. brevicornis and
P. parvus. In the fall, the copepods O. brevicornis and
chaetognaths showed record-breaking biomasses in
the shallow and transitional parts, while the copepods
O. similis and P. newmani accounted for more than
70% in total biomass of the deep part (Fig. 6b).

Each abundant zooplankton taxon showed its
characteristic preference for spatial distribution: cla-
docerans had high average values of total abundance in
all the parts during the early summer and in the deep
part during the late summer (Fig. 6a). Chaetognaths
were concentrated in the deep part, with some excep-
tions during the fall when they occurred in the shallow
part. The cold-water copepods O. similis and P. new-
mani were abundant in all the parts, while the brack-
ish-water copepod A.hudsonica dominated the shallow
and transitional parts during the early summer. The
warm-water copepods O. brevicornis and P. parvus
were abundant in the transitional and deep parts
during the late summer; and in the shallow and transi-
RUSSIAN JOURN

Table 2. Comparison of zooplankton assemblages between
inferred from ANOSIM (R value and P significance level) an

Season

ANOSIM
SIMPER average 

dissimilarity, %R P, %

Early summer 

and Late summer

0.98 0.1 76.47 E

Early summer 

and Fall

0.95 0.1 56.07 L

Late summer 

and Fall

0.83 0.1 63.33 F
tional parts during the fall. The copepod nauplii were
concentrated in the shallow part, but in the fall, higher
abundances of copepod nauplii were in the deep part
with high microalgae concentrations (cells were not
counted).

In the early summer, based on the SIMPER analy-
sis, the small-sized copepods A.hudsonica, O. similis,
P. newmani, copepod nauplii, Bivalvia larvae, and
Echinodermata larvae together contributed <10% to
the zooplankton community dissimilarity between the
shallow and transitional parts. The maximum degree
of dissimilarity was between the shallow and deep
parts where the copepods A. hudsonica, O. similis,
P. newmani, copepod nauplii, and Bivalvia larvae were
the major contributors to the community dissimilari-
ties. The dissimilarity between the transitional and
deep parts was determined by the copepods A. hudson-
ica, O. similis, P. newmani, Echinodermata larvae, and
Cladocera (Table 1).

The results of SIMPER showed that in the late
summer, the small-sized copepods O. brevicornis,
O. similis, P. parvus, appendicularians, chaetognaths,
cladocerans, and bivalve larvae made the greatest con-
tribution to the dissimilarity (>50%) between the shal-
AL OF MARINE BIOLOGY  Vol. 50  Suppl. 1  2024

 the shallow, transitional, and deep parts in Vostok Bay as
d SIMPER

Season

SIMPER average dissimilarity, %

shallow and 

transitional

shallow

and deep

transitional 

and deep

arly summer 9.33 17.49 14.92

ate summer 44.68 57.76 36.24

all 31.72 36.23 34.85
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Table 3. Diversity of zooplankton community in Vostok Bay from July to November

Sampling months are July (J), August (A), September (S), October (O), and November (N). The plankton stations nos.: 2, 3, 11, 15, and 23.

Station
Total of species,

S
Total of individuals, 

N
Margalef’s index,

D'

Pielou’s evenness, 

J'

Shannon–Wiener 

index, H'

J2 16 62 3.63 0.94 2.61

J3 17 57 3.95 0.86 2.46

J11 19 61 4.38 0.87 2.58

J15 19 59 4.41 0.88 2.59

J23 18 55 4.23 0.88 2.57

A2 10 42 2.40 0.85 2.19

A3 11 34 2.82 0.81 2.17

A11 21 79 4.58 0.92 2.81

A15 22 75 4.86 0.91 2.82

A23 21 98 4.36 0.94 2.88

S2 15 55 3.49 0.96 2.61

S3 18 55 3.25 0.96 2.79

S11 17 58 3.94 0.95 2.69

S15 17 60 3.91 0.94 2.68

S23 16 71 3.52 0.96 2.67

O2 14 71 3.05 0.98 2.59

O3 17 76 3.69 0.96 2.73

O11 17 74 3.72 0.95 2.71

O15 18 61 4.13 0.92 2.68

O23 16 59 3.68 0.94 2.62

N2 13 39 3.28 0.93 2.38

N3 13 46 3.12 0.94 2.40

N11 13 42 3.20 0.92 2.36

N15 13 43 3.18 0.92 2.38

N23 15 58 3.44 0.88 2.41
low and deepparts. The above-listed taxa and echino-
derm larvae contributed more than 40% to the dissim-
ilarity between the shallowand transitional parts. The
minimum contribution to the dissimilarity between
the transitional and deep parts was made by the cope-
pods A. hudsonica, O. brevicornis, O. similis, P. parvus,
appendicularians, chaetognaths, cladocerans, bivalve
larvae, and echinoderm larvae (Table 1).

In the fall, the major contributors to the zooplank-
ton dissimilarity between the shallow and deep parts-
were the copepods O. brevicornis, O. similis, P. new-
mani, copepod nauplii, chaetognaths, cladocerans,
Phoronida larvae, bivalve larvae, and echinoderm lar-
vae. The contributors to the dissimilarity between the
shallow and transitional parts, as well as between the
transitional and deep parts, were the above-listed spe-
cies with equal proportions, except cladocerans and
chaetognaths. In addition, as the SIMPER showed,
the copepods A. hudsonica, O. similis, O. brevicornis,
P. parvus, P. newmani, copepod nauplii, cladocerans,
and chaetognaths together contributed >10% to the
RUSSIAN JOURNAL OF MARINE BIOLOGY  Vol. 50 
zooplankton community similarities within each of
the parts in each season (Table 1).

Factors Influencing the Community Structure

Average values of the following parameters for the
shallow, transitional, and deep parts of Vostok Bay are
provided in Table 4: sea surface temperature (SST, °C)
and sea bottom temperature (SBT, °C); sea surface
salinity (SSS, psu) and sea bottom salinity (SBS, psu);
sea surface chlorophyll a (SChl a, μg/L) and bottom
chlorophyll a (BChl a, μg/L) concentrations; sea sur-
face dissolved oxygen (O2, mg/L) and bottom dis-

solved oxygen (BO2, mg/L) concentrations.

According to the BIO-ENV analysis (Table 5),
SST, SBT, and SBS were the best combination of envi-
ronment variables to explain the variance in the com-
munity structure based on abundance in the early
summer (ρ = 0.842). A combination of SBT, SChl a,
O2 concentrations, and depth best explained it in the
 Suppl. 1  2024
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Fig. 6. Seasonal variations in the (a) abundance (ind./m3) and (b) biomass (mg WW/m3) of dominant species/taxa in theshallow,
transitional, and deep parts during early summer, late summer, and fall.

(b)

(a)
late summer (ρ = 0.773), while SST, SBT and BO2

concentration were the best combination to explain

the differences in the quantitative distribution of zoo-

plankton community in the fall (ρ = 0.672).
RUSSIAN JOURN

Table 4. Environmental variables (mean ± SD) at the plankto

Abbreviations of environmental variables are as follows: sea surface
bottom (SBS) salinity (psu); surface (SChl a) and bottom (BChl a) 
oxygen concentration (mg/L).

Variables
Early summer L

shallow transitional deep shallow t

SST 20.5 ± 1.0 20.4 ± 1.1 20.9 ± 1.3 22.2 ± 1.2

SBT 16.0 ± 2.6 15.1 ± 2.9 14.3 ± 3.6 19.4 ± 2.9

SSS 22.5 ± 0.2 27.6 ± 0.5 29.2 ± 0.4 29.2 ± 0.5

SBS 33.0 ± 0.3 33.1 ± 0.9 33.1 ±0.5 32.3 ± 0.9

SChl a 4.6 ± 0.3 3.5 ± 0.5 2.3 ±0.2 2.9 ± 0.5

BChl a 1.6 ± 0.8 1.3 ± 0.2 0.8 ±0.3 2.0 ± 0.2

O2 9.4 ± 0.5 8.9 ± 0.4 8.3 ± 0.3 8.2 ± 0.4

BO2 6.3 ± 0.2 5.4 ± 0.1 7.3 ± 0.4 6.0 ± 0.1
The correlations between the abundance of oceanic

copepods and the depth were positive (p < 0.05) (Table 6).

The abundance of cold-water copepods was negatively

correlated with the temperature at the surface and near
AL OF MARINE BIOLOGY  Vol. 50  Suppl. 1  2024

n stations in Vostok Bay from July to November 2023

 (SST) and bottom (SBT) temperature (°C); sea surface (SSS) and
chlorophyll a concentration (μg/L); surface (O2) and bottom (BO2)

ate summer Fall

ransitional deep shallow transitional deep

21.4 ± 0.6 21.5 ± 1.1 9.2 ± 1.4 12.1 ± 1.4 12.1 ± 2.3

17.0 ± 2.3 16.4 ± 2.7 8.8 ± 0.5 10.5 ± 0.7 9.8 ± 0.2

28.9 ± 0.7 29.6 ± 1.4 33.1 ± 0.1 32.5 ± 0.2 32.7 ± 0.2

33.0 ± 0.6 33.1 ± 0.4 33.4 ± 0.1 33.2 ± 0.1 33.3 ± 0.1

3.0 ± 0.7 2.5 ± 1.0 0.5 ± 0.3 0.5 ± 0.2 0.5 ± 0.3

1.3 ± 0.1 1.3 ± 0.1 1.0 ± 0.2 3.0 ± 0.7 3.2 ± 1.2

8.4 ± 0.2 7.9 ± 0.1 9.3 ± 0.1 8.9 ± 0.1 8.9 ± 0.2

5.6 ± 0.8 6.8 ± 0.4 9.4 ± 0.3 8.4 ± 0.5 7.8 ± 0.3
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Table 5.  Results of BIO-ENV analysis showing the best environmental variables predicting variations in zooplankton abun-
dances during three seasons

For explanation of the abbreviations of the environmental variables, see Table 4.

Early summer Late summer Fall

significant 

environmental variables
spearman ρ significant 

environmental variables
spearman ρ significant 

environmental variables
spearman ρ

SST, SBT and SBS 0.842 SBT, SChl a, O2andD 0.773 SST, SBT and BO2 0.672

SST, SBT, SBS,SChl a 

and O2

0.833 SBT, SChl a and O2 0.762 SST, SBT, SSS, SChl a 

and BO2

0.668

SST, SBT, SBS,BChl a 

and O2

0.828 SBT, SSS, SChl a, 

O2andD

0.756 SST and SBT 0.657

SST, SSS,SChl a, O2 and D 0.821 SBT, SChl a, BChl a, 

O2andD

0.742 SBT, SChl a and BO2 0.653

Table 6. Spearman’s rank order correlations showing the environmental variables predicting abundances of zooplankton
taxa

CopCold means abundance (ind./m3) ofcold-water copepods; CopWarm, abundance of warm-water copepods; CopNerit, abundance
of neritic copepods; CopOcean, abundance of oceanic copepods; Chaet, abundance of chaetognaths; Clad, abundance of cladocerans;
and Append, abundance of appendicularians. For explanation of the abbreviations of the environmental variables, see Table 1. Signifi-
cant correlations (p< 0.05) are highlighted in bold.

Taxon SST SBT SSS SBS SChl a BChl a O2 BO2 Depth

CopCold –0.522 –0.488 0.002 0.249 0.049 –0.112 0.445 –0.025 0.303

CopWarm 0.424 0.156 0.253 0.119 –0.174 –0.105 –0.428 0.095 0.178

CopNerit 0.089 0.028 –0.301 –0.047 0.391 –0.229 –0.110 –0.322 0.372

CopOcean –0.013 –0.131 –0.065 0.193 –0.144 0.017 –0.181 –0.109 0.752
Chaet 0.352 0.086 0.188 0.243 –0.184 –0.140 –0.338 0.154 0.233

Clad 0.622 0.504 –0.633 –0.413 0.702 –0.331 –0.574 –0.565 0.043

Append 0.104 0.368 –0.145 –0.212 –0.390 0.480 –0.238 –0.002 0.070
the bottom, while itshowed a positive correlation with
the oxygen concentration at the surface. In contrast,
the abundance of cladocerans showed a negative cor-
relation with the salinity at the surface and the oxygen
concentration andwas positively correlated with the
temperature at the surface and at the bottom. The cor-
relations between the environmental variables and
quantitative values of other zooplankton taxa consid-
ered in the analysis were non-significant.

DISCUSSION

Species in zooplankton assemblages are always
associated with distribution of water masses [12, 21,
35, 36]. In our study, three types of zooplankton
assemblages (estuarine, mixed, and marine) spatially
coincided with the shallow, transitional, and deep
parts, and their distribution was consistent with the
general pattern of the water masses in the bay [9, 10].
In all three seasons, small-sized copepods and cladoc-
erans dominated the zooplankton community, and
each species showed seasonal dominance in the total
abundance. The copepods A. hudsonica, O. similis,
RUSSIAN JOURNAL OF MARINE BIOLOGY  Vol. 50 
P. newmani and the cladoceran P. leuckartii were

abundant in the early summer; the copepods O. brevi-
cornis, P. parvus, and the cladoceran P. avirostris, in
the late summer; the copepods O. similis, P. newmani,
and copepod nauplii, in the fall. Brackish-watercope-

pods of the genera Acartia, Centropages, Tortanus, and

Sinocalanus and cladocerans usually show negative

relationships with water salinity [12] and occur in the

shallow zone, but can also spread to the inner shelf

zone (to a depth of 50 m) [17]. The marine zooplank-

ton assemblage was characterized by oceanic species,

e.g., large-sized copepods of the genera Calanus,
Eucalanus, Labidocera, Metridia, and Neocalanus and

chaetognaths [17, 37]. During the summer and fall

seasons from 2002 to 2013, the higher zooplankton

abundance was recorded from the shallow zone (up to

10 m) [17], while in the present study, a higher zoo-

plankton abundance was recorded from the deep zone

(deeper than 20 m).

Some specific features of the species composition

and abundance of zooplankton can persist for some

time and then change dramatically, which givesthe
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community a different state. These processes corre-
spond to the well-known concept of seasonal plankton

succession in hydrobiology, where temporarily stable
states are defined as seasons in plankton [38]. These

seasons are not related to some calendar periods, but

change when water temperature reaches certain values
[35]. In PGB, from seven to nine such seasons can be

observed during the year, and, from year to year, the
pattern of seasonal sequence and features repeats itself

but not necessarily at the same time [12]. In May, the
Liman Current, after deviating north under the effect

of the southern monsoon, transports cold-water oce-
anic copepods to the coastal zone. In August and Sep-

tember, as the monsoon weakens and off-shore cur-
rents develop, the allochthonous copepods Oithona
brevicornis, Paracalanus parvus, and Calanus pacificus
enter coastal waters. The proportion of oceanic species
in the coastal zooplankton community depends on the

monsoon speed [21, 22]. During the summer mon-
soon of 2023, the average wind speed was below 5 m/s,

and the contribution of the oceanic species to the zoo-
plankton community was not greater than 29%.

In our study, the boundaries between the shallow,

transitional, and deep parts of the bay, characterized
by estuarine, mixed, and marine assemblages, respec-

tively, were not stable throughout all three seasons. In

the early summer, with a prevalence of southeasterly
winds and a decrease in salinity in the surface layer

(see Fig. 4), there were nosignificant differences in
zooplankton community between all parts of the bay.

Due to the cyclonic circulation, the surface water in
the northern part of Vostok Bay (freshened by river

runoff) was carried to the southwestern part, while the
water column located east was influenced by the PGB

water. In addition, the high abundance of brackish-

water cladocerans found in the deep part is probably a
result of cyclonic water circulation in Vostok Bay. In

the late summer, significant differences in zooplank-
ton community were found between the shallow, tran-

sitional, and deep parts of the bay, apparently, due to
the uniform warming of the water column, low hydro-

dynamics of waters, and low effect of river discharge in
all the parts, which was also consistent with previous

environmental observations [9, 10, 39, 40]. In the fall,
differences in zooplankton community were observed

only between the transitional and deep parts, with a

boundary between them running in the inner shelf
(above 20 m depth). In this season, the northerly wind

drives the surface water from the bay and induces
compensatory currents (directed north) in the near-

bottom layer and along the eastern coast. Thus, the
formation of the boundary between the shallow, tran-

sitional, and deep parts of the bay is due to the pre-
dominance of cyclonic water circulation with coastal

currents in the surface layer and compensatory cur-

rents near the bottom. However, this circulation in the
summer season, under a southeasterly wind, is accom-

panied by the effect of wind-driven water level setup to
RUSSIAN JOURN
the northern part of the bay; in the fall, the opposite
effect is observed with a northerly wind.

The most pronounced changes in the zooplankton
structure and abundance in the coastal zone, which is
subject to intensive exchange with adjacent deep-sea
areas, occur rather between long-term periods, some-
times decades, than between years [21, 41]. Both ner-
itic species, which spend all their lives in shallow
waters, and oceanic species are present in the coastal
zooplankton community. Most oceanic species make
vertical migrations during their ontogeny because they
cannot spawn in shallow waters, use coastal waters
only for feeding, and their presence in coastal waters
may vary between years [16, 42]. Thus, in the early
1930s, tropical and subtropical species (e.g.,the cope-
pods Labidocera pavo, Labidocera japonica, Labidoc-
era bipinnata, Epilabidocera amphitrites, and Acartia
plumosa) dominated the zooplankton of Posyet Bay
(southwestern PGB). In the late 1960s, cold-water
small-sized species (e.g., copepods of the genera Acar-
tia, Oithona, Pseudocalanus, and Pseudodiaptomus)
began to dominate the zooplankton community in
Posyet Bay; the dominance of these species lasted
until the late 1980s [16, 18–20]. The change in the cli-
mate regime, recorded in the early 1990s, was accom-
panied by increases in the average annual air tempera-
ture by 1°C, in the level of the Sea of Japan by 5.9 cm,
and in the thermohaline characteristics of the sur-
face layer which showed opposite trends, +1.4°C
and –1.3 psu [43–45]. This change led to significant
rearrangements in the coastal zooplankton commu-
nity, in particular, to the appearance of oceanic large-
sized copepods and chaetognaths. As a result, the total
biomass of zooplankton increased 2–3-fold and aver-

aged at 2000 mg WW/m3 [35]. The warming in the
winter caused shallower convection in the Sea of Japan
and, therefore, the seasonal renewal of nutrients in the
near-surface layer became weaker, which caused the
carrying capacity to decrease with a 1–2 year lag. The
coastal community returned to its neritic state only in
the early 2000s (with a dominance of small-sized
copepods, the total biomass decreased to 1500 mg

WW/m3), and the subsequent changes were accompa-
nied by a decrease in the level of total abundance and
biomass [12].

A comparison of the current status of the zoo-
plankton community in Vostok Bay with observations
during the summer and fall seasons of 1998, 2000,
2006, and 2015 revealed a negative trend in the total
abundance and biomass with a marked shift towards
lower values [23, 40, 46, 47]. In the late 1990s, the
community was dominated by taxa of large-sized
allochthonous organisms (copepods and chaetog-
naths) which had been transported to Vostok Bay from
the deep-sea areas of PGB [23, 46]. Since the mid-
2000s, neritic species (small-sized copepods and cla-
docerans), with their relatively low total abundance
and biomass, dominated the zooplankton community
AL OF MARINE BIOLOGY  Vol. 50  Suppl. 1  2024
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in Vostok Bay. Currently, the zooplankton is in a stable
“neritic state”, with small-sized copepods of the gen-
era Acartia, Pseudocalanus, Paracalanus, Oithona and
cladocerans dominating the community. It is import-
ant to note that the contribution of tropical, subtropi-
cal, and allochthonous species such as copepods of the
genera Calanus, Eucalanus, Metridia, Labidocera,
Sapphirina, Scolecithricella, chaetognaths, gam-
marids, hyperiids, isopods, and salpids to the total
zooplankton abundance and biomass decreased. In
addition, in recent years (2015–2023), the rate of
decrease in the total zooplankton biomass in Vostok
Bay increased twofold, whereas the biomass of alloch-
thonous species began to increase in winter
(http://marbank.dvo.ru/index.php/ru/), which may
be a consequence of the early spawning of these spe-
cies under conditions of the winter increase in water
temperature and a sharp strengthening of the winter
monsoon [9, 48, 49]. During the winter of 2022–2023,
the average air temperature at the Nakhodka weather
station was–3.65°C and the precipitation was
156 mm, i.e., the winter monsoon was warmer (for
example, the temperature during the abnormally cold
winter monsoon of 2011–2012 and the winter mon-
soon of 2017–2018 were lower than –6°C, while
during the warm winter monsoon of 2018–2019, it was
about –2.9°C).

Variations in proportions of oceanic species in the
coastal zooplankton depend on fluctuations in the
Okhotsk and North Pacific climate indices that char-
acterize the intensity of the summer monsoon off the
southern Primorsky krai coast [12]. Both indices indi-
cated a sharp weakening of the summer monsoon
between the 1980s and 2000s [50]. The summer mon-
soons in 2000–2023 off the PGB coast had the average
wind speed of about 5 m/s, except the values during
2017–2020 when the speed was 20–30% lower [9, 13].
Consequently, since the early 2000s, the summer
monsoon has gradually weakened with a minimum in
2017–2020. In 2021, the wind speed of the summer
monsoon increased again to values greater than 5 m/s.
Nevertheless, the summer monsoons of 2017 and 2021
were warm (with average air temperatures of 15 and
15.5°C, respectively), while the monsoons of 2018–
2020 were relatively cool (about 14.5°C). The summer
of 2021 was abnormally dry (83, 6, and 105 mm in
June, July, and August, respectively). The strengthen-
ing of the winter monsoon and the weakening of the
summer monsoon off southern Primorsky krai might
be caused by the effect of the interannual GAO-ENSO
(Global Atmosphere Oscillation and El Niño–South-
ern Oscillation) [49, 51–53]. The summer monsoon of
2023 had an average wind speed below 5 m/s, an air
temperature of 16°C, and a precipitation of 706 mm
[13]. This was an extremely warm summer monsoon
since 1932.

The biomass of zooplankton in Vostok Bay
depends mainly on the degree of expansion of alloch-
thonous zooplankton species, e.g., large-sized cope-
RUSSIAN JOURNAL OF MARINE BIOLOGY  Vol. 50 
pods and chaetognaths from the deep-sea areas of
PGB. Chaetognaths are known to be major allochtho-
nous predators preying on small-sized copepods in
shallow waters, with their abundance positively cor-
relating with the intensity of the summer monsoon.
The contribution of other allochthonous species to the
zooplankton increases during periods of strengthening
of the summer monsoon [12, 21]. In our study, we did
not find the significant changes in the zooplankton
community structure that had been observed during
the periods of strengthening of the summer monsoon
off the southern Primorsky krai coast in the 1990s [12,
35]. It is likely that the time lag of several years, with a
delay in zooplankton changes, reflects the asynchro-
nous response of marine ecosystems to environmental
changes. The increase in the abundance of predators
leads to a lower biomass of phytophages with a lag of
3–5 years (determined by their life span). As a result,
the total biomass of zooplankton significantly
decreases. It should be noted that the coastal waters of
Vostok Bay are subject to anthropogenic pressure [39,
40]. Nevertheless, no evidence of its direct effect on
the zooplankton community has been obtained to
date.

The variations in the direction of currents of the
cross-shelf circulation as a result of the summer mon-
soon weakening from the 2000s to 2020 [12, 21, 51]
and the long-term positive anomaly of water tempera-
ture in the cold half of the year in Vostok Bay [9] may
be the major explanation for the low values of abun-
dance and diversity of zooplankton formed in the
summer and fall seasons, in particular, a decrease in
the proportion of oceanic copepods and chaetognaths,
as well as some tropical and subtropical taxa. Never-
theless, the data that we obtained does not contradict
the general patternsin the structure and distribution of
zooplankton in PGB and is consistent with the previ-
ously formulated concept of modern climate changes
in the ecosystem of the northwestern Sea of Japan
towards reduction in the carrying capacity and increa-
sein the efficiency of its functioning [21, 44]. Further-
more, the isolation of the zooplankton community of
Vostok Bay from the deep-sea zooplankton commu-
nity of PGB will contribute to a decrease in predation
within the bay and, thus, an increase in the food sup-
ply for planktivorous fish [54].

CONCLUSIONS

We identified a total of 37 zooplankton taxa includ-
ing neritic (71%) and oceanic (29%) species. Cope-
pods (e.g., Oithona similis, Oithona brevicornis,
Pseudocalanus newmani, Paracalanus parvus, and
Acartia hudsonica) and cladocerans (Podon leuckartii
and Penilia avirostris) dominated the zooplankton
community. The average values of total zooplankton
abundance and biomass were maximum in the early
summer due to cold-water copepods and cladocerans
and showed a tendency to decrease twofold by the fall.
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The seasonal dynamics of the zooplankton abundance
was determined by the pattern of wind-driven cross-
shelf water circulation formed by prevailing monsoon
winds. In the early summer, an increase in the total
abundance and biomass of zooplankton was observed
in the direction from the deep to the transitionalparts
of the bay; in the late summer and fall, vice versa, from
the shallow towards the deep parts. The 25-year
dynamics of the total zooplankton abundance and
biomass had a negative and noticeable trend to lower
values. There was also a decrease in the contribution of
large-sized taxa and tropical/subtropical copepods to
the total zooplankton abundance. In recent decade,
the rate of decline in the summer–fall total biomass of
zooplankton has increased two fold, while the biomass
of allochthonous species has begun to increase sharply
in winter.The zooplankton community is strongly
influenced by variations in the environmental condi-
tions in Vostok Bay, which determines the functioning
of the bay ecosystem in general.
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