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Abstract: We investigated the trophic relationship between particulate organic matter (POM) and
sympatric copepods within the epipelagic zone (~200 m depth) in the East Sea during spring based
on stable isotope analysis (SIA). The SIA indicated that interspecific differences in the prey size and
vertical segregation of feeding migration range among copepods may promote niche partitioning
among sympatric copepods in each region of the subpolar front (SPF). Additionally, our results
showed remarkable differences in the copepod community structure and resource utilization across
the SPF. The south region of the East Sea showed higher species richness of copepods than the north
region, while copepods that fed mainly on POM in the surface and subsurface chlorophyll maximum
layers showed smaller body sizes in the south region. These results revealed that the food chain
between primary producers and higher trophic levels was longer in the south region than in the
north region. Additionally, δ13C and δ15N values of copepods increased gradually with the body
size increase whereas δ15N values in the north region showed the reverse trend. Latter results could
be attributed to the consumption of deep-layer POM in small copepods. Therefore, we suggest
that northward shifts in the distribution of copepods under global warming may decrease energy
efficiency in the pelagic ecosystem of the East Sea.

Keywords: resource partitioning; East Sea; copepod community structure; energy flow; subpolar
front; climate change

1. Introduction

The East Sea is a semi-enclosed marginal sea surrounded by the Republic of Korea,
Japan, and Russia connected to the northwestern Pacific through narrow and shallow
straits, including Korea/Tsushima, Tsugaru, Soya, and Tatar Straits. Oceanic features, such
as independent thermohaline circulation, deep-water formation, a subpolar front (SPF),
and mesoscale eddies similar to those of the North Atlantic Ocean, make the East Sea
frequently cited as a “miniature ocean” for investigating large-scale oceanic processes [1,2].
Recently, the East Sea has been experiencing notable environmental changes including
a water mass structure and climate regime shift [3,4], which accompany changes in the
species composition of plankton and fish, and ecosystem processes.

Copepods are a major component of marine zooplankton and play an important role
in carbon cycling and zooplankton population dynamics in the ocean [5,6]. Thus, they not
only play a role in the trophic linkage between primary producers and higher trophic levels
but also act as opportunistic omnivores that utilize various types of particulate organic
matter (POM) within the water column [7,8]. In addition, the distribution of copepod
species is strongly influenced by hydrographic conditions, such as water temperature
and salinity [9,10], and has been considered a biological indicator of water masses [11].
Coexistence is possible when sympatric species show differences in ecological requirements
and have different life strategies, food preferences, or a distributional overlap [12]. However,
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difficult access to species-specific characteristics, such as resource utilization and feeding
habitats among copepods, make the effects of the copepod community structure on energy
flow in pelagic ecosystems not fully understood [13,14].

In the East Sea, the SPF is present around 38–40 ◦N and forms a boundary between a
warm-water mass, the East Korea Warm Current, and a cold-water mass, the southward-
flowing Liman Current and the North Korea Cold Current (Figure 1), thus separating
the temperate and sub-arctic copepod communities [15,16]. With global warming, the
acceleration of volume and heat transport through the Tsushima Warm Current can cause
changes in zooplankton distribution patterns and species interactions, which have the
potential to influence carbon flow in the pelagic ecosystem [17,18]. Moreover, ectotherms
shift the distribution pattern of organisms to where they can achieve optimal performance
within their thermal limit [19,20]. Jung [21] found that a water temperature increase within
the epipelagic zone in the East Sea could increase the population of warm-water species,
including anchovy, club mackerel, and common squid, while sardines, which are relatively
cold-water species, would nearly disappear in the south region. Joo et al. [22] reported that
annual primary production in the entire region of the East Sea showed a decreasing trend
over the last decade. Therefore, the decrease in primary production and northward shifts
in the longer food chain ecosystem under global warming may influence future fishery
productivity in the East Sea.
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Figure 1. A sampling station map in the East Sea. CTD, fluorescence, particulate organic matter, and
zooplankton data were obtained at six stations (•), and stable carbon and nitrogen isotope ratios
of zooplankton were obtained at two stations (�). Inset shows the general location of the study
area, and isobaths are shown at 500 m intervals. The major currents in the East Sea are from Park
et al. (2013). EKWC, East Korea Warm Current; LCC, Liman Cold Current; NB, Near-Shore Branch
of Tsushima Warm Current; NKCC, North Korea Cold Current; OB, Off-Shore Branch of Tsushima
Warm Current.

Stable carbon and nitrogen isotope ratios of consumers provide time-integrated in-
formation on resource utilization and environmental inputs and have been extensively
used as a natural tracer for the foraging strategies of migrating species in various ecosys-
tems [23,24]. In the pelagic ecosystem, the isotopic gradient of suspended POM reflects
the vertical distribution of nutrient sources and processes in relation to biological incor-
poration or geochemical cycling [25,26]. The stable carbon and nitrogen isotope ratios
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of zooplankton undergoing vertical migration can be influenced by the vertical profiles
of POM with regard to the feeding habitat [26,27]. Recent studies have shown that the
size-based approach of pico- (<2 µm), nano- (2–20 µm), and micro-POM (20–200 µm) can
provide essential information on vertical feeding migration and habitats of copepods within
the water column [28,29]. However, they focus on a few filter-feeding zooplankton and,
thus, provide limited information on the effect of zooplankton community structure on
energy flow in the pelagic ecosystem [13,14].

In this study, we measured carbon and nitrogen stable isotopic ratios of copepods and
pico- to micro-POM at the surface (0 m, 10 m), subsurface chlorophyll maximum (SCM),
100 m, and 200 m depth layers in the south and north regions of the SPF in the East Sea.
To evaluate differences in the trophic position of sympatric copepods in each region, we
compared the δ13C and δ15N values of copepods with pico- to micro-POM in each region.

2. Materials and Methods
2.1. Samplings

Hydrographic data, water and zooplankton samples were obtained at six stations in
the East Sea by the R/V Akademik M.A. Lavrentyev in April 2014 (Figure 1). Temperature,
salinity, and fluorescence data were obtained with a CTD (SBE 911Plus, Seabird Electronics
Inc., Bellevue, WA, USA). Water samples were also obtained at 0 m, 10 m, SCM, 100 m,
and 200 m depth layers using a CTD-rosette system with 20-L Niskin bottles. For pico-
to micro-POM sampling, water samples (~5 L) obtained at each depth were pre-filtered
through 200- and 20-µm sieve in succession, and micro-POM samples were collected on
pre-washed and pre-combusted (450 ◦C for 4 h) 25 mm Whatman GF/F filters (0.7-µm
pore size). Nano-POM samples were collected from the sieve-filtered water on pre-washed
and pre-combusted 25 mm Whatman GF/D filters (2-µm pore size). Using the GF/D-
filtered water, pico-POM samples were collected on pre-washed and pre-combusted 25 mm
Whatman GF/F filters by further filtering. All filters were immediately frozen and stored
at −20 ◦C until stable isotope analysis (SIA). For SIA, all filter samples were treated with
HCl fumes to remove inorganic carbon and then dried. The three subsamples collected at
each depth were then folded and wrapped with tin capsules.

We used a Bongo net (mesh size 330 µm; mouth diameter 60 cm) equipped with a flow
meter (Rigosha No. 1313) for zooplankton sample collection (Figure 1). At the six stations
of the East Sea, the Bongo net was obliquely towed from ~200 m depth to the surface at a
ship speed of 2 knots. After sampling, we immediately preserved all zooplankton samples
using 99% ethanol.

2.2. Zooplankton Community Structure and Stable Isotope Analysis

After sampling, zooplankton samples were divided using the Motoda zooplankton
splitter until the number of copepods was over 600 individuals in each sample. The
copepod species were then identified and counted using a dissecting microscope (Zeiss,
Stemi 305). The rest of the samples collected at the two stations were used for SIA (Figure 1).
We calculated the carbon mass of copepods in each station based on the equation [30] as
follows: Log C = 3.07 log L − 8.37, where C and L are carbon mass (µg C m−3) and prosome
length (µm) of copepods, respectively.

For SIA, we sorted 16 copepods, namely Calanus sinicus, Clausocalanus pergens, Corycaeus
affinis, Ctenocalanus vanus, Eucalanus bungii, Mesocalanus tenuicornis, Metridia pacifica, Micro-
calanus pygmaeus, Neocalanus cristatus, N. plumchrus, Oithona atlantica, Paracalanus parvus
s.l., Pseudocalanus minutus, P newmani, Scolecithricella minor, and Triconia conifera, from the
bulk samples. We measured stable carbon and nitrogen isotope ratios of females with the
exception of N. plumchrus in the south region and N. cristatus in the north region, of which
individuals of copepodid V stage (CV) were analyzed. All copepods were analyzed as indi-
viduals or in pooled samples of up to ~50 individuals. Five or eleven subsamples of each
species were dried at 60 ◦C for 24 h using a drying oven and then packed in tin capsules.
Syväranta et al. [31] found that the standard deviation of the stable carbon and nitrogen
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isotope ratios in ethanol-preserved copepods was wider than that in frozen samples but
not significantly. Moreover, Im and Suh (unpublished data) found no significant difference
in the carbon and nitrogen stable isotope ratios between frozen and ethanol-preserved
samples of E. bungii (t-test, δ13C: t = 1.49, p > 0.05, n = 6; δ15N: t = 0.36, p > 0.05, n =
6). Therefore, we assumed the potential effect of ethanol preservation on the carbon and
nitrogen stable isotope ratios of copepods.

All filter and zooplankton samples were oxidized at high temperature (1020 ◦C) in
a Costech Elemental Analyzer (ECS 4010), and the resultant CO2 and N2 were analyzed
for stable isotope ratio using elemental analysis-isotope ratio mass spectrometry (EA-
IRMS, Thermo Scientific Conflo IV) at the University of Alaska, Fairbanks. Each stable
isotope abundance was expressed in δ notation according to the following expression:
δX = [Rsample/Rstandard − 1] × 1000, where X is 13C or 15N and Rsample and Rstandard are
the corresponding ratio 13C/12C or 15N/14N between the sample and standard. Vienna
PeeDee Belemnite and atmospheric nitrogen (air) were used as standard materials for 13C
and 15N, respectively. Measurement precision was approximately 0.1 and 0.2‰ for δ13C
and δ15N, respectively. Copepod samples were not defatted before SIA because of the
resulting change of bias in δ15N after lipid extraction [32,33]. We adjusted the stable carbon
isotope ratio of each copepod for lipids using the mass balance model for zooplankton with
reference to Equation (5) of [34] as follows: δ13Cex = δ13Cbulk + 6.3

(
C:Nbulk−4.2

C:Nbulk

)
, where

δ13Cex is the predicted stable carbon isotope ratio of the defatted copepod sample, δ13Cbulk
and C:Nbulk are the stable carbon isotope ratio, and C:N is the ratio of each copepod sample,
respectively.

2.3. Statistical Analysis

We tested the significance of differences among the stable carbon and nitrogen stable
isotope ratios of vertical profiles of pico- to micro-POM and copepods using non-parametric
ANOVA (Kruskall–Wallis). Multiple comparisons of the stable carbon and nitrogen stable
isotope ratios of vertical profiles of pico- to micro-POM and copepods were tested using
the Conover post hoc test [30]. The statistical significance level was set at 5%. Statistical
tests were run by BrightStat [35]. To estimate the contributions of the vertical profiles of
pico- to micro-POM to the resource utilization of copepods and the contributions of the
vertical profiles of micro-POM to the diets of carnivorous copepods, including C. affins and
M. pygmaeus, we used the SIAR isotope mixing model [36]. In the SIAR, the contributions of
food sources to consumer diets are expressed as 95%, 75%, and 50% credibility intervals of
the estimates. The SIAR incorporates variations in stable isotopic values from both vertical
profiles of pico- to micro-POM and copepods in addition to trophic enrichment factors [37].
The trophic enrichment factors of carbon and nitrogen for copepods were 0.3 (±1.14) and
2.2 (±2.05), respectively [38].

3. Results
3.1. Temperature, Salinity, and Chlorophyll A Concentration

Figure 2 shows temperature, salinity, and fluorescence data in this study region. Water
mass properties showed remarkable differences between the south and north regions of the
SPF. The temperature at the surface layer ranged from 13.5 to 15.15 ◦C in the south region
of the SPF, which was higher than the 5.17 to 8.49 ◦C range in the north region. The average
temperature within the ~200 m depth in the south and north regions of the SPF ranged
from 9.95 to 11.12 ◦C and from 2.13 to 1.55 ◦C, respectively. In both regions of the SPF,
chlorophyll a concentration increased from the surface to SCM layers and then decreased;
the concentration in the surface layer was higher in the south region of the SPF (0.71 ±
0.32) than in the north region (0.11 ± 0.04).



Water 2023, 15, 416 5 of 14Water 2023, 15, x FOR PEER REVIEW 5 of 14 
 

 

 

Figure 2. Vertical structures of temperature, salinity, and fluorescence at the southern (A) and north-

ern stations (B) of the subpolar front. 

3.2. Copepod Abundance and Carbon Masses across the SPF 

In total, 16 copepod species were identified, and their abundances and carbon masses 

ranged from 64.04 to 322.31 ind. m−3 and from 9.02 to 26.89 mg C m−3, respectively (Figure 

3; Table S1). The numerical abundance and species richness of copepods were higher in 

the south region of the SPF, while the carbon mass showed the reverse trend. Among 

copepods, M. pacifica and N. plumchrus occurred in the entire region and comprised 13–

39% and 3–35% of the numerical abundance and 13–61% and 3–61% of the carbon mass in 

copepods, respectively. Moreover, C. sinicus and M. tenuicornis were represented only in 

the south region while E. bungii and N. cristatus occurred mainly in the north region. 

 

Figure 3. Copepod abundances (individuals (ind.) m−3) and carbon masses in the south (M4–M7) 

and north regions (M12–M15) of the subpolar front. 

3.3. Vertical Profiles of δ13C and δ15N Values of Pico- to Micro-POMs 

Figure 4 and Tables S2 and S3 show the vertical profiles of stable carbon and nitrogen 

isotope ratios of pico- to micro-POM in the south and north regions of the SPF. In both 

regions of the SPF, the δ13C and δ15N values among pico- to micro-POM within ~200 -m 

depth layers were significantly different (ANOVA; δ13C: df = 11, χ2 = 38.57, p < 0.001; δ15N: 

df = 11, χ2 = 38.34, p < 0.001). 

Figure 2. Vertical structures of temperature, salinity, and fluorescence at the southern (A) and
northern stations (B) of the subpolar front.

3.2. Copepod Abundance and Carbon Masses across the SPF

In total, 16 copepod species were identified, and their abundances and carbon masses
ranged from 64.04 to 322.31 ind. m−3 and from 9.02 to 26.89 mg C m−3, respectively
(Figure 3; Table S1). The numerical abundance and species richness of copepods were
higher in the south region of the SPF, while the carbon mass showed the reverse trend.
Among copepods, M. pacifica and N. plumchrus occurred in the entire region and comprised
13–39% and 3–35% of the numerical abundance and 13–61% and 3–61% of the carbon mass
in copepods, respectively. Moreover, C. sinicus and M. tenuicornis were represented only in
the south region while E. bungii and N. cristatus occurred mainly in the north region.
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Figure 3. Copepod abundances (individuals (ind.) m−3) and carbon masses in the south (M4–M7)
and north regions (M12–M15) of the subpolar front.

3.3. Vertical Profiles of δ13C and δ15N Values of Pico- to Micro-POMs

Figure 4 and Tables S2 and S3 show the vertical profiles of stable carbon and nitrogen
isotope ratios of pico- to micro-POM in the south and north regions of the SPF. In both
regions of the SPF, the δ13C and δ15N values among pico- to micro-POM within ~200 -m
depth layers were significantly different (ANOVA; δ13C: df = 11, χ2 = 38.57, p < 0.001; δ15N:
df = 11, χ2 = 38.34, p < 0.001).
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within ~200 m depth layers and for copepods in the south (A) and north (B) regions of the subpolar
front.

In contrast, post hoc comparisons show that the δ13C and δ15N values of pico- and
nano-POM between the SCM and 100 m depth layers in the south region (Table S4) and
in those of nano-POM between the surface and SCM layers in the north region were not
significantly different (Table S5). In both regions, the average δ13C values of pico- and
nano-POM among were not significantly different with depth whereas those of micro-POM
decreased gradually. In contrast, δ15N values of pico- and micro-POM showed a gradual
increase with depth.

3.4. Carbon and Nitrogen Stable Isotope Ratios of Copepods

The average δ13C and δ15N values of copepods in the south region ranged from −23.60
± 0.01 to −21.17 ± 0.22‰ and from 4.36 ± 0.37 to 9.77 ± 0.48‰, respectively (Figure 4;
Table S2) whereas those in the north region ranged from −23.11 to −20.25‰ and from 5.02
to 9.30‰, respectively (Figure 4; Table S2). According to the Conover post hoc test, δ13C
and δ15N values between C. pergens and O. atlantica and among M. pacifica, P. newmani, and
C. affinis in the south region were not significantly different (Table S4). In the north region,
δ13C and δ15N values were not significantly different between E. bungii and N. plumchrus,
between M. pacifica and P. newmani, and between S. minor and O. atlantica. The δ13C values
of copepods increased gradually with body size in both regions (Table S5). The increase
in δ15N values of copepods with increasing body size occurred in the south region while
those in the north region showed the reverse trend (Figure 5).
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Figure 5. Mean prosome length versus δ13C and δ15N values of copepods in the south (A,B) and
north regions (C,D) of the subpolar front.

The SIAR model results showed that resource utilization in most copepods occurred in
the surface and SCM layers (Figures 6 and 7). Relatively high contributions of POM in the
100 m and 200 m depth layers to diets occurred in N. plumchrus in the south region of the
SPF (Figure 6) and in M. pygmaeus, O. atlantica, and S. minor in the north region (Figure 7).
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Figure 6. The stable isotope analysis in R mixing model results show contributions of pico-, nano-,
and micro-particulate organic matter (POM) at the surface (0 m, 10 m), SCM, 100 m, and 200 m depth
layers to the diets of copepods in the south region of the subpolar front using δ13C and δ15N values.
The shaded boxes (dark to light) show 50%, 75%, and 95% credibility intervals for mean estimates. SP,
surface layer pico-POM; SN, surface layer nano-POM; SM, surface layer micro-POM; MP, SCM layer
pico-POM; MN, SCM layer nano-POM; MM, SCM micro-POM; 1P, 100 m depth layer pico-POM; 1N,
100 m depth layer nano-POM; 1M, 100 m depth layer micro-POM; 2P, 200 m depth layer pico-POM;
2N, 200 m depth layer nano-POM; 2M, 200 m depth layer micro-POM.
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Figure 7. The stable isotope analysis in R mixing model results show the contributions of pico-, nano-,
and micro-particulate organic matter (POM) at the surface (0 m, 10 m), SCM, 100 m, and 200 m depth
layers to the diets of copepods in the north region of the subpolar front using δ13C and δ15N values.
The shaded boxes (dark to light) show 50%, 75%, and 95% credibility intervals for mean estimates. SP,
surface layer pico-POM; SN, surface layer nano-POM; SM, surface layer micro-POM; MP, SCM layer
pico-POM; MN, SCM layer nano-POM; MM, SCM micro-POM; 1P, 100 m depth layer pico-POM; 1N,
100 m depth layer nano-POM; 1M, 100 m depth layer micro-POM; 2P, 200 m depth layer pico-POM;
2N, 200 m depth layer nano-POM; 2M, 200 m depth layer micro-POM.

Based on the trophic relationship between micro-POM and small copepods and the
diets of C. affinis in the south region and M. pygmaeus in the north region, the SIAR results
showed that C. affinis fed mainly on small copepods rather than on micro-POM in the
surface and SCM layers while M. pygmaeus fed on micro-POM in the 100 m and 200 m
depth layers as well as on O. atlantica and S. minor (Figure 8).
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Figure 8. The stable isotope analysis in R mixing model results show the contributions of micro-
particulate organic matter (POM) at the surface (0 m, 10 m), subsurface chlorophyll, 100 m, and 200 m
depth layers, and small copepods to the diets of Corycaeus affinis in the south region of the subpolar
front and Microcalanus pygmaeus in the north region using δ13C and δ15N values. The shaded boxes
(dark to light) show 50%, 75%, and 95% credibility intervals for mean estimates. SM, surface layer
micro-POM; MM, SCM micro-POM; 1M, 100 m depth layer micro-POM; CP, Clausocalanus pergens;
CV, Ctenocalanus vanus; OA, Oithona atlantica; SM, Scolecithricella minor; TC, Triconia conifera.
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4. Discussion

We estimated the trophic relationship between 16 copepods and the vertical profiles of
pico- to micro-POM within the epipelagic region in the East Sea. Based on the functional
traits reported by [14], C. sinicus, C. vanus, E. bungii, M. pacifica, M. tenuicornis, N. cristatus,
N. plumchrus, and P. parvus s. l. are grouped under the filter-feeding copepods. Previous
studies have suggested that the size-dependent morphology of the filter-feeding copepods
influences the prey-size preference and inter- and intraspecific differences in dietary com-
ponents [29,39]. The SIAR results showed that the contribution of micro-POM to the diets
of filter-feeding copepods increased gradually with increasing body size (Figures 6 and 7).
Moreover, most of the filter-feeding copepods fed mainly on the surface- and SCM-layer
POM, with the exception of N. plumchrus in the south region, which mainly consumed
micro-POM at the 100 m and 200 m depth layers (Figures 6 and 7). Thus, it is likely that the
size-related morphology and vertical segregation of feeding habitats among copepods can
promote coexistence within the same water column.

Among filter-feeding copepods, the feeding migration ranges of N. plumchrus differed
across the SPF (Figures 6 and 7). Because the δ13C and δ15N values of N. plumchrus in the
north region were not significantly different between CV (δ13C, −20.43 ± 0.47‰; δ15N,
7.28 ± 0.66‰) and female adults, the difference in its feeding migration between the south
and north regions might be affected by environmental factors, such as temperature and
food supply [40,41]. N. plumchrus is a sub-arctic copepod and may be transported into
the south region of the SPF through the southward North Korea Cold Current [42]. The
much higher temperature at the surface and SCM layers in the south region than in the
north region might limit the distribution range of N. plumchrus to below the 100 m depth
(Figure 2). Moreover, chlorophyll a concentration in the surface layer was much higher
in the south region than in the north region (Figure 2), indicating relatively high primary
productivity at the surface layer in the south region [43]. The phytoplankton community
is the initial source of detrital POM and plays a key role in controlling the recycling and
export of organic materials into and out of the euphotic zone [44]. In south regions of
the SPF, the high primary production at the surface layer in spring might supply organic
materials below the euphotic zone [45]. Therefore, sinking particles resulting from high
primary production in the surface layer might provide enough energy for N. plumchrus
population in the south region of the SPF.

Small calanoid copepods, including C. pergens, M. pygmaeus, P. minutus, and P. newmani
were grouped into small sac-spawning herbivores based on functional traits [27]. However,
our isotopic results showed that C. pergens, P. minutus, and P. newmani mainly fed on the
surface and SCM layer POM, while the contribution of the 200 m depth layer micro-POM to
the resource utilization of M. pygmaeus was relatively high (Figures 6 and 7). Schnack-Schiel
et al. [46] suggested that the gnathobase morphology of M. pygmaeus with very long and
pointed teeth similar to those of euchaetid copepods showed the predatory behavior of
feeding on zooplankton rather than on phytoplankton. Previous studies on the vertical
distribution of M. pygmaeus showed that no clear seasonally vertical migration and sexes of
adults occurred below the thermocline throughout the day [44]. Based on the contribution
of micro-POM from the surface to the 200 m depth layer and small copepods to its resource
utilization, the SIAR results showed that the relatively high δ15N values of M. pygmaeus
could be derived from the consumption of higher trophic status materials, such as deep-
layer POM or small copepods rather than surface and SCM layer micro-POM (Figure 8).
However, we could not conclude whether M. pygmaues fed mainly on small copepods
because the contributions of small copepods to its diet were not remarkably higher than
that of micro-POM in the 100 m and 200 m depth layers (Figure 8). More studies on the
carnivorous feeding of M. pygmaeus should be conducted.

S. minor is considered to be a typical detritus feeder with specialized setae on the
maxillae and maxillipeds to detect the chemical signals of prey [47,48]. In the north region,
S. minor showed relatively high δ15N values (Figure 4) and fed on micro-POM from the
surface to 200 m depth layers (Figure 7). These results indicated that S. minor showed an
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extensive range of feeding migration. However, previous studies on the vertical migration
showed that S. minor was distributed below the thermocline throughout the day [49,50].
These are not consistent with the SIAR results analyzed in this study. In contrast, based on
the trophic relationship between POM below the thermocline and S. minor, the SIAR results
showed that S. minor fed on nano- and micro-POM in the 100 m and 200 m depth layers
rather than POM in the SCM layer (data not shown), thus supporting that the relatively
high δ15N values of S. minor might result from the consumption of POM in the deep layers
with higher trophic status [49,50].

Small cyclopoid copepods, such as corycaeid, oithonid, and oncaeid, commonly occur
in various ecosystems, although their feeding behavior remains unknown compared with
calanoids [51]. Despite the similarity of raptorial mouth parts, previous studies on gut con-
tent analysis indicated differences in feeding ecology among cyclopoid copepods [52–54].
In this study, we found significant differences in δ13C and δ15N values among C. affinis,
O. atlantica, and T. conifera in the south region of the SPF (Figure 4; Table S2), which sup-
ports the previous suggestions. Among these copepods, C. affinis is grouped into small
carnivores [14], although its δ13C and δ15N values were not significantly different from
those of M. pacifica and P. parvus s. l. (Table S2). However, the SIAR results based on
the contribution of micro-POM and small copepods to the diet of C. affinis revealed that
despite the relatively low δ15N values, C. affinis mainly fed on small copepods, such as
C. vanus and T. conifera rather than micro-POM in the surface and SCM layers (Figure 8).
Therefore, we suggest that C. affinis plays an important role in the linkage between small
copepods and higher trophic organisms in the south region. In contrast, oncaeid copepods
usually exhibit a wide vertical distribution and are known as a consumer of epipelagic POM
associated with larvacean houses and small particles in aggregates or individual [55,56].
We found relatively depleted δ15N values of T. conifera (Figure 3), indicating herbivorous or
omnivorous feeding rather than carnivorous feeding. The SIAR results showed that the
contributions of pico- to micro-POM in the surface and SCM layers were relatively high
(Figure 5). Thus, T. conifera might feed on pico- to micro-POM in the surface and SCM
layers in aggregates via raptorial mouth parts [57].

Oithona spp. show trophic flexibility and trophic independence along environmental
conditions, and it is difficult to estimate a particular ecological function [14]. In this study,
δ13C and δ15N values of O. atlantica were not significantly different from those of C. pergens
in the south region, which mainly fed on POM in the surface and SCM layers (Figure 6)
and from those of S. minor in the north region, which mainly fed on micro-POMs in the
100 m and 200 m depth layers. There are two possible explanations with regard to the
difference in the feeding migration pattern of O. atlantica between the south and north
regions. First, the abundance and carbon masses of O. atlantica are closely associated with
the higher chlorophyll a concentration in the surface layer in the south region of the SPF
than in the north region (Figures 2 and 3). This indicates that high primary production in
the surface and SCM layers might support the higher abundance of O. atlantica in the south
region of the SPF than in the north region. The other explanation is potential predators
within the epipelagic zone in the north region. Large copepods, including E. bungii and N.
cristatus, mainly occurred in the north region of the SPF (Figure 3), and the SIAR results
showed that they mainly fed on POM in the surface and SCM layers (Figure 7). They are
both potential competitors to feed on POM in the surrounding waters and/or predators to
show potentially carnivorous feeding on small copepods [58]. Thus, higher δ15N values
in small copepods than in large copepods in the north region of the SPF could result from
the vertical segregation of feeding migration ranges (Figure 7). Therefore, we suggest that
feeding migration and resource utilization of O. atlantica influence primary productivity
and potential predators.

Our study provides information on the effect of the copepod community structure on
energy flow in the pelagic ecosystem using functional ecology. Our isotopic results show
interspecific and intraspecific differences in the feeding migration pattern and habitat uses
among sympatric copepods. However, we could not demonstrate niche partitioning of
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temporal dimension among copepods because zooplankton samples were collected by the
Bongo net [59]. To estimate niche partitioning of temporal dimension among copepods,
zooplankton samples should be collected using multiple opening/closing net systems
during both day and night.

The resource utilization and feeding migration pattern of zooplankton can be in-
fluenced by spatio-temporal differences in water mass properties and prey concentra-
tion [41,60]. We found remarkable differences in the resource utilization and feeding
migration pattern of zooplankton between the south and north regions of the SPF. In the
south region of the SPF, higher species richness of copepods than in the north region
occurred (Figure 3), while the body size of copepods that mainly fed on POM in the surface
and SCM layers was considerably smaller than that of the copepods in the north region
(Figures 6 and 7). Such results indicated a shorter food chain in the north region of the
SPF than in the south region, which showed the transfer of more energy from primary
producers to higher trophic levels in the north region [59].

Generally, the body size shows interspecific and intraspecific differences among crus-
taceans, including amphipods and copepods, and influences various biological rates and
predator–prey interactions [39,60–62]. Previous studies showed that the trophic position
of zooplankton gradually increased with the body size increase [63,64], indicating that
zooplankton size structure reflects the trophic transfer through size-based predator–prey
interactions [65,66]. However, we found that the stable carbon and nitrogen isotope ratios
of copepods in the south region increased gradually with increasing body size while the
stable nitrogen isotope ratios in the north region showed the reverse trend (Figure 4). As
mentioned above, the relatively high δ15N values of small copepods in the north region
were closely associated with the consumption of POM in the 100 m and 200 m depth layers
or small copepods (Figure 7). This indicates that the size-related food web explanation can
have a critical limitation on understanding energy flows in the pelagic ecosystem [14,67].
Therefore, we suggest that the species-based approach should be conducted to understand
the effect of zooplankton community structure on energy flows in the pelagic ecosys-
tem [68,69].

5. Conclusions

Interspecific and intraspecific differences in the resource utilization and feeding migra-
tion range among copepods in each region of the SPF could contribute to their coexistence
within the same water column. The numerical abundance and species richness of copepods
were higher in the south region of the SPF. Moreover, the body size of copepods that
consumed POM in the surface and SCM layers was much smaller in the south region of the
SPF than in the north region. Such results indicated the lower transfer efficiency of energy
in the south region of the SPF derived from the longer food chain than in the north region.
Therefore, northward shifts in the distribution of copepods under global warming might
lead to a decrease in the transfer efficiency of energy in the epipelagic zone of the East Sea
ecosystem. Moreover, we suggest that studies on the species-based approach may provide
more useful information on the effect of changes in the copepod community structure on
biogeochemical cycles in the pelagic ecosystem than size-related food web explanation.

Supplementary Materials: The following supporting information on can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15030416/s1, Table S1: Numerical abundance (ind. m−3) of
copepods in the East Sea; Table S2: C/N ratio, stable carbon (δ13C) and nitrogen (δ15N) isotope ratios
of food sources and copepods in the south region of the subpolar front of the East Sea; Table S3: C/N
ratio, stable carbon (δ13C) and nitrogen (δ15N) isotope ratios of food sources and copepods in the
north region of the subpolar front of the East Sea; Table S4: Conover post hoc test results for pair-wise
differences in δ13C and δ15N values among pico- to micro-POMs within the ~200-m depth layer (a)
and among 11 copepods (b), Calanus sinicus, Clausocalanus pergens, Ctenocalanus vanus, Mesocalanus
tenuiocrnis, Metridia pacifica, Neocalanus plumchrus, Paracalanus parvus s. l., Pseudocalanus newmani,
Scolecitrhricella minor, Corycaeus affinis, Oithona atlantica, and Triconia conifera in the south region of
the subpolar front of the East Sea; Table S5: Conover post hoc test results for pair-wise differences in
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δ13C and δ15N values among pico- to micro-POMs within the ~200-m depth layer (a) and among
nine copepods (b), Eucalanus bungii, Metridia pacifica, Microcalanus pygmaeus, Pseudocalanus minutus, P.
newmani, Neocalanus cristatus, N. plumchrus, Scolecithricella minor, and Oithona atlantica in the north
region of the subpolar front of the East Sea.

Author Contributions: D.-H.I. and H.-L.S. designed the experiments and drafted the manuscript;
D.-H.I. designed sample collection in the field, analyzed the community structure, and performed
statistical analyses; D.-H.I. wrote the main manuscript text; H.-L.S. supervised all processes. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was a part of the project entitled “Deep Water Circulation and Material Cycling
in the East Sea (20160040)”, funded by the Ministry of Oceans and Fisheries (MOF), South Korea.
This research was also supported by the National Institute of Fisheries Science, MOF (R2023014).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank the captain and crew of R/V Lavrentyev for their assistance with
sample collection.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kim, K.R.; Kim, K. What is happening in the East Sea (Japan Sea)? Recent chemical observations from CREAMS 93296. J. Korean

Soc. Oceanogr. 1996, 31, 164–172.
2. Talley, L.D.; Min, D.H.; Lobanov, V.B.; Luchin, V.A.; Ponomarev, V.I.; Salyuk, A.N.; Shcherbina, A.Y.; Tishchenko, P.Y.; Zhabin, I.

Japan/East Sea water masses and their relation to the sea’s circulation. Oceanography 2006, 19, 32–49. [CrossRef]
3. Kim, K.; Kim, K.R.; Min, D.H.; Volkov, Y.; Yoon, J.H.; Takematsu, M. Warming and structure changes in the East (Japan) Sea: A

clue to future changes in global oceans? Geophys. Res. Lett. 2001, 28, 3293–3296. [CrossRef]
4. Kang, D.J.; Park, S.; Kim, Y.G.; Kim, K.; Kim, K.R. A moving-boundary box model (MBBM) for oceans in change: An application

to the East/Japan Sea. Geophys. Res. Lett. 2003, 30, 1299. [CrossRef]
5. Longhurst, A.R.; Harrison, W.G. The biological pump: Profiles of plankton production and consumption in the upper ocean. Prog.

Oceanogr. 1989, 22, 47–123. [CrossRef]
6. Fragoulis, C.; Christou, E.D.; Hecq, J.H. Comparison of marine copepod outfluxes: Nature, rate, fate and role in the carbon and

nitrogen cycles. Adv. Mar. Biol. 2005, 47, 253–309.
7. Kleppel, G.S. On the diets of calanoid copepods. Mar. Ecol. Prog. Ser. 1993, 99, 183–195. [CrossRef]
8. Escribano, R.; Pérez, C.S. Variability in fatty acids of two marine copepods upon changing food supply in the coastal upwelling

zone off Chile: Importance of the picoplankton and nanoplankton fractions. J. Mar. Biol. Assoc. UK 2010, 90, 301–313. [CrossRef]
9. Ward, P.; Whitehouse, M.; Brandon, M.; Shreeve, R.; Woodd-Walker, R. Mesozooplankton community structure across the

Antarctic Circumpolar Current to the north of South Georgia: Southern Ocean. Mar. Biol. 2003, 143, 121–130. [CrossRef]
10. Elliott, D.T.; Pierson, J.J.; Roman, M.R. Relationship between environmental conditions and zooplankton community structure

during summer hypoxia in the northern Gulf of Mexico. J. Plankton Res. 2012, 34, 602–613. [CrossRef]
11. Beaugrand, G.; Ibanez, F.; Lindley, J.A. Diversity of calanoid copepods in the North Atlantic and adjacent seas: Species associations

and biogeography. Mar. Ecol. Prog. Ser. 2002, 232, 179–195. [CrossRef]
12. Hutchinson, G.E. The paradox of the plankton. Am. Nat. 1961, 92, 137–145. [CrossRef]
13. Litchman, E.; Ohman, M.D.; Kiørboe, T. Trait-based approaches to zooplankton communities. J. Plankton Res. 2013, 35, 473–484.

[CrossRef]
14. Benedetti, F.; Gasparini, S.; Ayata, S.D. Identifying copepod functional groups from species functional traits. J. Plankton Res. 2016,

38, 159–166. [CrossRef]
15. Ashjian, C.J.; Davis, C.S.; Gallager, S.M.; Alatalo, P. Characterization of the zooplankton community, size composition, and

distribution in relation to hydrography in the Japan/East Sea. Deep-Sea Res. II 2005, 52, 1363–1392. [CrossRef]
16. Rho, T.K.; Kim, Y.B.; Park, J.I.; Lee, Y.W.; Im, D.H.; Kang, D.J.; Lee, T.S.; Yoon, S.T.; Kim, T.H.; Kwak, J.H.; et al. Plankton

community response to physico-chemical forcing in the Ulleung Basin, East Sea during summer. Ocean Polar Res. 2010, 32,
269–289. [CrossRef]

17. Doney, S.C.; Ruckelshaus, M.; Duffy, J.E.; Barry, J.P.; Chan, F.; English, C.A.; Galindo, H.M.; Grebmeier, J.M.; Hollowed, A.B.;
Knowlton, N.; et al. Climate change impacts on marine ecosystems. Annu. Rev. Mar. Sci. 2012, 4, 11–37. [CrossRef]

18. Choi, A.R.; Park, Y.G.; Choi, H.J. Changes in the Tsushima Warm Current and the impact under a global warming scenario in
coupled climate models. Ocean Polar Res. 2013, 35, 127–134. [CrossRef]

http://doi.org/10.5670/oceanog.2006.42
http://doi.org/10.1029/2001GL013078
http://doi.org/10.1029/2002GL016486
http://doi.org/10.1016/0079-6611(89)90010-4
http://doi.org/10.3354/meps099183
http://doi.org/10.1017/S002531540999083X
http://doi.org/10.1007/s00227-003-1019-6
http://doi.org/10.1093/plankt/fbs029
http://doi.org/10.3354/meps232179
http://doi.org/10.1086/282171
http://doi.org/10.1093/plankt/fbt019
http://doi.org/10.1093/plankt/fbv096
http://doi.org/10.1016/j.dsr2.2005.05.001
http://doi.org/10.4217/OPR.2010.32.3.269
http://doi.org/10.1146/annurev-marine-041911-111611
http://doi.org/10.4217/OPR.2013.35.2.127


Water 2023, 15, 416 13 of 14

19. Shokri, M.; Cozzoli, F.; Vignes, F.; Bertoli, M.; Pizzul, E.; Basset, A. Metabolic rate and climate change across latitudes: Evidence of
mass-dependent responses in aquatic amphipods. J. Exp. Biol. 2022, 225, jeb244842. [CrossRef]

20. Rubalcaba, J.G. Oceanic vertical migrators in a warming world. Nat. Clim. Chang. 2022, 12, 973–974. [CrossRef]
21. Jung, S. Asynchronous responses of fish assemblages to climate-driven ocean regime shifts between the upper and deep layer in

the Ulleung Basin of the East Sea from 1986 to 2010. Ocean Sci. J. 2014, 49, 1–10. [CrossRef]
22. Joo, H.T.; Son, S.H.; Park, J.W.; Kang, J.J.; Jeong, J.Y.; Lee, C.I.; Kang, C.K.; Lee, S.H. Long-term pattern of primary productivity in

the East/Japan Sea based on ocean color data derived from MODIS-aqua. Remote Sens. 2016, 8, 25. [CrossRef]
23. Fry, B.; Sherr, E.B. δ13C measurements as indicators of carbon flow in marine and freshwater ecosystems. Contrib. Mar. Sci. 1984,

27, 13–47.
24. Michener, R.H.; Schell, D.M. Stable isotope ratios as tracers in marine aquatic food webs. In Stable Isotopes in Ecology and

Environmental Science; Lajtha, K., Michener, R.H., Eds.; Blackwell Scientific: Oxford, UK, 1994; pp. 138–158.
25. Hobson, K.A.; Alisauskas, R.T.; Clark, R.G. Stable-nitrogen isotope enrichment in avian tissue due to fasting and nutritional

stress: Implications for isotopic analysis of diet. Condor 1993, 95, 388–394. [CrossRef]
26. Williams, R.L.; Wakeham, S.; McKinney, R.; Wishner, K.F. Trophic ecology and vertical patterns of carbon and nitrogen stable

isotopes in zooplankton from oxygen minimum zone regions. Deep-Sea Res. I 2014, 90, 36–47. [CrossRef]
27. Bode, M.; Hagen, W.; Schukat, A.; Teuber, L.; Fonseca-Batista, D.; Dehairs, F.; Auel, H. Feeding strategies of tropical and

subtropical calanoid copepods throughout the eastern Atlantic Ocean—Latitudinal and bathymetric aspects. Prog. Oceanogr.
2015, 138, 268–282. [CrossRef]

28. Im, D.H.; Suh, H.L. Ontogenetic feeding migration of the euphausiid Euphausia pacifica in the East Sea (Japan Sea) in autumn: A
stable isotope approach. J. Plankton Res. 2016, 38, 904–914. [CrossRef]

29. Im, D.H.; Suh, H.L. Evidence for resource partitioning by ontogeny and species in calanoid copepods. Prog. Oceanogr. 2019, 176,
102111. [CrossRef]

30. Uye, S. Length-weight relationships of important zooplankton from the Inland Sea of Japan. J. Oceanogr. Soc. Jpn. 1982, 38,
149–158. [CrossRef]

31. Syväranta, J.; Vesala, S.; Rask, M.; Ruuhijärvi, J.; Jones, R.I. Evaluating the utility of stable isotope analyses of archived freshwater
sample materials. Hydrobiologia 2008, 600, 121–130. [CrossRef]

32. Bodin, N.; Le Loc, F.; Hily, C. Effect of lipid removal on carbon and nitrogen stable isotope ratios in crustacean tissues. J. Exp. Mar.
Biol. Ecol. 2007, 341, 168–175. [CrossRef]

33. Mintenbeck, K.; Brey, T.; Jacob, U.; Knust, R.; Struck, U. How to account for the lipid effect on carbon stable-isotope ratio (δ13C):
Sample treatment effects and model bias. J. Fish Biol. 2008, 72, 815–830. [CrossRef]

34. Smyntek, P.M.; Teece, M.A.; Schulz, K.L.; Thackeray, S.J. A standard protocol for stable isotope analysis of zooplankton in aquatic
food web research using mass balance correction models. Limnol. Oceanogr. 2007, 52, 2135–2146. [CrossRef]

35. Conover, W.J. Practical Nonparametric Statistics, 3rd ed.; John Wiley and Sons: New York, NY, USA, 1999.
36. Stricker, D. BrightStat.com: Free statistics online. Comput. Methods Programs Biomed. 2008, 92, 135–143. [CrossRef]
37. Parnell, A.C.; Inger, R.; Bearhop, S.; Jackson, A.L. Source partitioning using stable isotopes: Coping with too much variation.

PLoS ONE 2010, 5, e9672. [CrossRef]
38. McCutchan, J.H.; Lewis, W.M.; Kendall, C.; McGrath, C.C. Variation in trophic shift for stable isotope ratios of carbon, nitrogen,

and sulfur. Oikos 2003, 102, 378–390. [CrossRef]
39. Im, D.H.; Wi, J.H.; Suh, H.L. Evidence for ontogenetic feeding strategies in four calanoid copepods in the East Sea (Japan Sea) in

summer, revealed by stable isotope analysis. Ocean Sci. J. 2015, 50, 481–490. [CrossRef]
40. Longhurst, A.R.; Sameoto, D.; Herman, A. Vertical distribution of Arctic zooplankton in summer: Eastern Canadian archipelago.

J. Plankton Res. 1984, 6, 137–168. [CrossRef]
41. Darnis, G.; Fortier, L. Temperature, food and the seasonal vertical migration of key arctic copepods in the thermally stratified

Amundsen Gulf (Beaufort Sea, Arctic Ocean). J. Plankton Res. 2014, 36, 1092–1108. [CrossRef]
42. Park, C.; Suh, H.L.; Kang, Y.S.; Ju, S.J.; Yang, E.J. Zooplankton. In Oceanography of the East Sea (Japan Sea); Chang, K.I., Zhang, C.I.,

Park, C., Kang, D.J., Ju, S.J., Lee, S.H., Wimbush, M., Eds.; Springer: Cham, Switzerland, 2016; pp. 297–326.
43. Kwak, J.H.; Lee, S.H.; Park, H.J.; Choy, E.J.; Jeong, H.D.; Kim, K.R.; Kang, C.K. Monthly measured primary and new productivities

in the Ulleung Basin as a biological “hot spot” in the East/Japan Sea. Biogeosciences 2013, 10, 4405–4417. [CrossRef]
44. Volkman, J.K.; Tanoue, E. Chemical and biological studies of particulate organic matter in the ocean. J. Oceanogr. 2002, 58, 265–279.

[CrossRef]
45. Michels, J.; Schnack-Schiel, S.B. Feeding in dominant Antarctic copepods-does morphology of the mandibular gnathobases relate

to diets? Mar. Biol. 2005, 146, 483–495. [CrossRef]
46. Schnack-Schiel, S.B.; Mizdalski, E. Seasonal variations in distribution and population structure of Microcalanus pygmaeus and

Ctenocalanus citer (Copepoda: Calanoida) in the eastern Weddell Sea, Antarctica. Mar. Biol. 1994, 119, 357–366. [CrossRef]
47. Arashkevich, Y.G. The food and feeding of copepods in the north-western Pacific. Oceanology 1969, 9, 695–709.
48. Nishida, S.; Ohtsuka, S. Ultrastructure of the mouthpart sensory setae in mesopelagic copepods of the family Scolecitrichidae.

Plankton Biol. Ecol. 1997, 44, 81–90.
49. Marlowe, C.J.; Miller, C.B. Patterns of vertical distribution and migration of zooplankton at Ocean Station “P”. Limnol. Oceanogr.

1975, 20, 824–844. [CrossRef]

http://doi.org/10.1242/jeb.244842
http://doi.org/10.1038/s41558-022-01493-4
http://doi.org/10.1007/s12601-014-0001-1
http://doi.org/10.3390/rs8010025
http://doi.org/10.2307/1369361
http://doi.org/10.1016/j.dsr.2014.04.008
http://doi.org/10.1016/j.pocean.2015.10.002
http://doi.org/10.1093/plankt/fbw041
http://doi.org/10.1016/j.pocean.2019.05.003
http://doi.org/10.1007/BF02110286
http://doi.org/10.1007/s10750-007-9181-3
http://doi.org/10.1016/j.jembe.2006.09.008
http://doi.org/10.1111/j.1095-8649.2007.01754.x
http://doi.org/10.4319/lo.2007.52.5.2135
http://doi.org/10.1016/j.cmpb.2008.06.010
http://doi.org/10.1371/journal.pone.0009672
http://doi.org/10.1034/j.1600-0706.2003.12098.x
http://doi.org/10.1007/s12601-015-0044-y
http://doi.org/10.1093/plankt/6.1.137
http://doi.org/10.1093/plankt/fbu035
http://doi.org/10.5194/bg-10-4405-2013
http://doi.org/10.1023/A:1015809708632
http://doi.org/10.1007/s00227-004-1452-1
http://doi.org/10.1007/BF00347532
http://doi.org/10.4319/lo.1975.20.5.0824


Water 2023, 15, 416 14 of 14

50. Yamaguchi, A.; Ikeda, T.; Hirakawa, K. Diel vertical migration, population structure and life cycle of the copepod Scolecithricella
minor (Calanoida: Scolecitrichidae) in Toyama Bay, southern Japan Sea. Plankton Biol. Ecol. 1999, 46, 54–61.

51. Turner, J.T. The importance of small planktonic copepods and their roles in pelagic marine food webs. Zool. Stud. 2004, 43,
255–266.

52. Pasternak, A.F. Feeding of copepods of the genus Oncaea (Cyclopoida) in the southeastern Pacific Ocean. Oceanology 1984, 24,
609–612.

53. Hopkins, T.L. Midwater food web in McMurdo Sound, Ross Sea. Mar. Biol. 1987, 96, 93–106. [CrossRef]
54. González, H.E.; Smetacek, V. The possible role of the cyclopoid copepod Oithona in the retarding vertical flux of zooplankton

fecal material. Mar. Ecol. Prog. Ser. 1994, 113, 233–246. [CrossRef]
55. Alldredge, A.I. Abandoned larvacean houses: A unique food source in the pelagic environment. Science 1972, 177, 885–887.

[CrossRef] [PubMed]
56. Metz, C. Feeding of Oncaea curvata (Poecilostomatoida, Copepoda). Mar. Ecol. Prog. Ser. 1998, 169, 229–235. [CrossRef]
57. Wi, J.H.; Böttger-Schnack, R.; Soh, H.Y. Species of Triconia of the conifera-subgroup (Copepoda, Oncaeidae) from Korean waters,

including a new species. J. Crustacean Biol. 2010, 30, 673–691. [CrossRef]
58. Greene, C.H.; Landry, M.R. Carnivorous suspension feeding by the subarctic calanoid copepod Neocalanus cristatus. Can. J. Fish.

Aquat. Sci. 1988, 45, 1069–1074. [CrossRef]
59. Mackas, D.L.; Sefton, H.; Miller, C.B.; Raich, A. Vertical habitat partitioning by large calaniod copepods in the oceanic subarctic

Pacific during spring. Prog. Oceanogr. 1993, 32, 259–294. [CrossRef]
60. Falkenhaug, T.; Tande, K.S.; Semenova, T. Diel, seasonal and ontogenetic variations in the vertical distributions of four marine

copepods. Mar. Ecol. Prog. Ser. 1997, 149, 105–119. [CrossRef]
61. Hairston, N.G.; Hairston, N.G. Cause-effect relationships in energy flow, trophic structure and interspecific interactions. Am. Nat.

1993, 142, 379–411. [CrossRef]
62. Cozzoli, F.; Shokri, M.; Boulamail, S.; Marrocco, V.; Vignes, F.; Basset, B. The size dependency of foraging behaviour: An empirical

test performed on aquatic amphipods. Oecologia 2022, 199, 377–386. [CrossRef]
63. Brown, J.H.; Gillooly, J.F.; Allen, A.P.; Savage, V.M.; West, G.B. Toward a metabolic theory of ecology. Ecology 2004, 85, 1771–1789.

[CrossRef]
64. Brose, U.; Jonsson, T.; Berlow, E.L.; Warren, P.; Banasek-Richter, C.; Bersier, L.F.; Blanchard, J.L.; Brey, T.; Capenter, S.R.; Blandenier,

M.F.C.; et al. Consumer-resource body-size relationships in natural food webs. Ecology 2006, 87, 2411–2417. [CrossRef] [PubMed]
65. Rolff, C. Seasonal variation in δ13C and δ15N of size-fractionated plankton at a coastal station in the northern Baltic proper. Mar.

Ecol. Prog. Ser. 2000, 203, 47–65. [CrossRef]
66. Basedow, S.L.; de Silva, N.A.L.; Bode, A.; van Beusekorn, J. Trophic positions of mesozooplankton across the North Atlantic:

Estimates derived from biovolume spectrum theories and stable isotope analyses. J. Plankton Res. 2016, 38, 1364–1378. [CrossRef]
67. Ye, L.; Chang, C.Y.; García-Comas, C.; Gong, G.C.; Hsieh, C. Increasing zooplankton size diversity enhances the strength of

top-down control on phytoplankton through diet niche partitioning. J. Anim. Ecol. 2013, 82, 1052–1061. [CrossRef] [PubMed]
68. García-Comas, C.; Lee, Y.C.; Chang, C.Y.; Gong, G.C.; Hsieh, C. Comparison of copepod species-based and individual-size-based

community structuring. J. Plankton Res. 2016, 38, 1006–1020. [CrossRef]
69. Hérbert, M.P.; Beisner, B.E.; Maranger, R. Linking zooplankton communities to ecosystem functioning: Toward an effect trait

framework. J. Plankton Res. 2017, 39, 3–12. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/BF00394842
http://doi.org/10.3354/meps113233
http://doi.org/10.1126/science.177.4052.885
http://www.ncbi.nlm.nih.gov/pubmed/17780989
http://doi.org/10.3354/meps169229
http://doi.org/10.1651/10-3301.1
http://doi.org/10.1139/f88-130
http://doi.org/10.1016/0079-6611(93)90017-8
http://doi.org/10.3354/meps149105
http://doi.org/10.1086/285546
http://doi.org/10.1007/s00442-022-05195-8
http://doi.org/10.1890/03-9000
http://doi.org/10.1890/0012-9658(2006)87[2411:CBRINF]2.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/17089649
http://doi.org/10.3354/meps203047
http://doi.org/10.1093/plankt/fbw070
http://doi.org/10.1111/1365-2656.12067
http://www.ncbi.nlm.nih.gov/pubmed/23506226
http://doi.org/10.1093/plankt/fbw039
http://doi.org/10.1093/plankt/fbw068

	Introduction 
	Materials and Methods 
	Samplings 
	Zooplankton Community Structure and Stable Isotope Analysis 
	Statistical Analysis 

	Results 
	Temperature, Salinity, and Chlorophyll A Concentration 
	Copepod Abundance and Carbon Masses across the SPF 
	Vertical Profiles of 13C and 15N Values of Pico- to Micro-POMs 
	Carbon and Nitrogen Stable Isotope Ratios of Copepods 

	Discussion 
	Conclusions 
	References

