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The spatial and seasonal distributions of stable carbon and nitrogen isotopes (d13C and
d15N) in dominant zooplankton groups were investigated in Jiaozhou Bay. Zooplankton
d13C values ranged from −22.89‰ to −15.86‰, and d15N values ranged from 3.18‰ to
13.57‰, respectively. The d13C and d15N values generally followed the order of small
zooplankton < large calanoids < small Sagitta < large Sagitta. Spatial distribution patterns
of zooplankton d13C and d15N values varied in different seasons. Our results suggested
that the spatial variation of d13C was mainly controlled by terrigenous organic matter (OM)
input and phytoplankton biomass, but water temperature may have played a key role in
the seasonal variation of d13C. In spring, the high phytoplankton biomass might increase
the d13C value of small zooplankton in the inner bay. During other seasons, the d13C
values of zooplankton generally increased from the inner bay to the outer bay, which might
be associated with the influence of 13C-depleted terrigenous OM carried by the river
discharge. Small zooplankton stable isotope values were significantly correlated with that
of particulate organic matter (POM). The influence of anthropogenic nutrient input on
isotopic baseline can be cascaded to the zooplankton, and the effect might be weak at
higher trophic levels. The Bayesian standard ellipse areas of dominant zooplankton
groups were generally smallest in the winter, suggesting a narrow niche width during
that time. The niche partition between small zooplankton, large calanoids, and Sagittawas
most distinct in winter, and followed by summer. The relative trophic level of Sagitta
ranged from 2.23 to 4.01, which generally declined from the inner bay to the outer bay
during the spring, autumn, and winter seasons. High anthropogenic nutrient loading might
reduce the difference in trophic niches among zooplankton groups. This study provided
detailed information on the distribution of zooplankton d13C and d15N in a coastal bay,
which will be useful for understanding the anthropogenic influence on the ecosystem
structure and function.
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INTRODUCTION

Zooplankton play a key role in aquatic ecosystems: they transfer
energy and materials from primary producers to higher trophic
levels (Hannides et al., 2009). The species composition and
abundance of zooplankton can be quickly changed by the
variation of environmental factors, and potentially affect
ecosystem function and biogeochemical cycling (Dickman
et al., 2008). Knowledge of zooplankton trophic structure is
necessary to understand food-web function and response to
climate change or human activities (Kozak et al., 2020;
Nagelkerken et al., 2020).

Carbon and nitrogen stable isotopes (d13C and d15N) are
widely used to trace the material source and trophic structure in
aquatic ecosystems (Post, 2002; Fry, 2006). Generally, the d13C
value increases by approximately 1.5‰, and the d15N value
increases by 2–4‰ per trophic level (Fry, 2006). Due to the fast
growth rate and short turnover time, the stable isotope values of
zooplankton can quickly change with environmental variation
(Rolff, 2000; O’Reilly et al., 2002). Describing the distribution
patterns of stable isotopes in pelagic ecosystems is important when
assessing the anthropogenic influence on coastal ecosystems.
Stable isotopes have the potential to integrate variability in
environmental conditions, and help us understand the
relationship between eutrophication and the trophic structure of
pelagic food web (Fry, 2006; El-Sabaawi et al., 2013). In general,
the d15N values are more sensitive to environmental change.
Nitrogen concentration needs to be considered when using d15N
values in biota as indicators of anthropogenic nitrogen inputs
(Pruell et al., 2020). The d15N of zooplankton can also vary over
inter-annual scales of climate variability. Décima et al. (2013)
reported a significant 15N enrichment of approximately 2‰ for
zooplankton during the 1998 El Niño in the southern California
Current Ecosystem. The zooplankton isotopic niche suggested that
the planktonic food web spans >3 trophic levels, ranging from
herbivores to higher predators (El-Sabaawi et al., 2009; Chi et al.,
2021). Trophic niche and niche overlap among zooplankton
species can well reflect the influence of environmental change
on ecosystem function and biogeochemical cycling. Generally,
short food webs are expected in eutrophic ecosystems compared to
oligotrophic ecosystems (Armengol et al., 2019). However, Kozak
et al. (2020) reported that increased primary and secondary
productivity results in an increase of food web complexity, and
produces longer food chains. The response of zooplankton trophic
structure to eutrophication might be different in various marine
ecosystems. To date, high-resolution studies of trophic dynamics
within zooplankton community are still scarce.

Jiaozhou Bay is a semi-enclosed bay in northern China,
bordering on the Yellow Sea. Many studies have suggested that
the ecosystem of this bay has been strongly disturbed by intensive
anthropogenic activities, including aquaculture, wastewater
discharge, land reclamation, and harbor construction (Liu et al.,
2005; Yuan et al., 2016; Ke et al., 2020). Jiaozhou Bay has been
regarded as an ideal region for studying the influence of human
activities on coastal ecosystems and there are abundant reports on
the structure and function of ecosystem corresponding to
anthropogenic influences (Sun et al., 2012; Yuan et al., 2016;
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Wang et al., 2021). The size structure of zooplankton was
significantly associated with environmental factors in this bay,
and the total zooplankton abundance and small size ranks
presented a decreasing gradient from the inner bay to the outer
part (Wang et al., 2020a). Recently, Wang et al. (2020b) indicated
that the population explosion of the jellyfish Aurelia coerulea in
Jiaozhou Bay increased the predation pressure on zooplankton
and changed the trophic structure of pelagic ecosystem. Most
studies only focused on the species composition and abundance of
zooplankton. Few studies have estimated the source of particulate
organic matter (POM) or sediment organic matter using carbon
and nitrogen stable isotopes. Both the d13C value and C/N ratio
suggested a higher contribution of marine organic carbon than
terrestrial organic carbon in this bay (Yang et al., 2011). Using
carbon stable isotopes, Kang et al. (2017) estimated that marine-
sourced OM contributed to 45%–79% of total organic carbon in
the sediment of Jiaozhou Bay. Ke et al. (2020) indicated that the
15N of POM was significantly depleted in the northeastern region
due to the strong influence of urban sewage fromQingdao City. In
comparison, there are still relatively limited data available on d13C
and d15N of zooplankton in Jiaozhou Bay. The zooplankton
trophic position and response to environmental change remain
poorly understood.

In this study, we investigated the spatial and seasonal
distribution of zooplankton stable isotope values in Jiaozhou
Bay. Seasonal variations of stable isotopic signatures in
zooplankton remain mostly undescribed in coastal bay, which
is important as a baseline reference for trophic structure analyses
in marine ecosystem (Kozak et al., 2020). We compared the
relative trophic positions of the dominant zooplankton groups in
different seasons. The objective of this study was to examine the
variations in stable isotope signatures and trophic niches of
zooplankton in a coastal bay under anthropogenic influences.
The relationships between the zooplankton stable isotopic
signatures and environmental variables were also analyzed. The
results of this study may assist with assessing the anthropogenic
influence on the trophic structure of coastal ecosystems.
MATERIALS AND METHODS

Study Area
The Jiaozhou Bay is located in northern China. Its area is about
390 km2, and the average water depth is about 7 m. The bay
mouth is narrow with about 2.5 km. The tide is a typical semi-
diurnal tide with a mean range of 7 m. This bay is under a
temperate oceanic monsoon climate. The average annual
temperature is 12°C, and the average annual precipitation is
900 mm in this region. The Jiaozhou Bay is surrounded by
Qingdao City, and its ecosystem has been strongly impacted by
human activities (Liu et al., 2005). Since the 1980s, the species
composition of zooplankton in this bay has changed
significantly. Both the abundance and species diversity of small
jellyfish have increased in Jiaozhou Bay during the past two
decades (Sun et al., 2012; Wang et al., 2020b). The long-term
investigation suggested that the ecological environment of
J iaozhou Bay has changed under the influence of
June 2022 | Volume 9 | Article 900372
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anthropogenic activities, including algal blooms, biodiversity
decline, and ecosystem degradation (Yuan et al., 2016; Zhang
et al., 2021).

Sample Collection and Analysis
Seasonal surveys were carried out at 12 stations (S1–S12) in
Jiaozhou Bay in spring (April 6–8, 2016), summer (August 17–
19, 2017), autumn (November 18–20, 2016), and winter (January
5–8, 2016) (Figure 1). Water samples were collected using a 10-L
Niskin bottle at a depth of 0.5 m below the surface. Water
temperature, salinity, nutrients, and chlorophyll a (Chl a)
concentrations were measured. The sampling and analysis
methods of environment variables were introduced in detail in
Ke et al. (2020). POM samples were obtained by filtering 0.5–1 L
of surface water through pre-combusted Whatman GF/F filters.
Zooplankton samples were collected by vertical tows from the
bottom to the surface using a conical plankton net (0.5 m
diameter, length 2 m, and mesh size 169 mm). The net was
hauled 2–4 times at each station with the speed of about 0.5 m
s−1. Collected zooplankton specimens were placed in pre-filtrated
sea water for about 0.5 h to exclude the gut content. Then, these
samples were aggregated using a piece of 180-mm nylon sieve and
frozen in liquid nitrogen. When returned to the lab, these
zooplankton samples were stored at −20°C until further species
identification and separation.

Each zooplankton sample was first sieved using a 500-mm
mesh sieve to separate the <500-mm size class that was processed
as small zooplankton. Three dominant groups were picked up
from the individuals larger than 500 mm, including large
calanoids (large CA), small Sagitta and large Sagitta. These
groups contributed to most of the zooplankton biomass in the
Frontiers in Marine Science | www.frontiersin.org 3
coastal bays of China (Ma et al., 2014; Wang et al., 2020a). The
body length of small Sagitta was generally less than 1.2 cm and
large Sagitta was larger than 1.5 cm. These dominant groups
were collected at most stations during the investigation. Because
the collected zooplankton contained less carbonate and acid
treatment can significantly affect the d15N value, these samples
were not treated with HCl (Troina et al., 2020). To obtain
sufficient samples for stable isotope analysis, several individuals
(2-8) of similar size belonging to the same taxonomic group were
pooled together. Zooplankton samples were rinsed with distilled
water, placed in pre-weighed tin capsules with a 5-mm diameter,
and dried at 60°C for 24 h.

Stable Isotopes Analysis and
Statistical Analysis
A total of 0.5–2 mg of zooplankton samples was wrapped into tin
capsules and sent for the analysis of stable isotope composition.
Stable isotope values of POM and zooplankton were determined
with a continuous-flow isotope-ratio mass spectrometer (Delta V
Advantage, Thermo Fisher Scientific, Waltham, MA, USA)
coupled to an elemental analyzer (Flash EA 1112, Thermo
Fisher Scientific, Milan, Italy). Isotopic ratios were expressed in
d notation as the deviation in parts per mil (‰) from a standard
reference material: d13C or d15N (‰) = (Rsample/Rstandard − 1) ×
1,000, where R is either 13C/12C or 15N/14N. The reference
standards of carbon and nitrogen are the PeeDee Belemnite
and atmospheric N2, respectively. The analytical precision for
both isotopes is ± 0.2‰. Casein protein was used as a working
standard, whose certified values for carbon and nitrogen were
determined by EA-IRMS calibrated to IAEA-CH-6 and IAEA-N-
1 (IAEA, Vienna).
FIGURE 1 | Map of Jiaozhou Bay and the location of the sampling stations.
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Prior to the data analysis, a lipid correction of d13C values was
carried out for specimens with high C:N ratios (>3.5) according to
Post et al. (2007). The correction formula was as follows:
d13Cnormalized = d13Cuntreated - 3.32+0.99× C:N, where d13Cnormalized

was used for further analysis in this study, d13Cuntreated denotes the
raw data, and C:N ratio is the bulk carbon-to-nitrogen ratio. The
d15N values of POM showed a significant spatial variation in
Jiaozhou Bay (Ke et al., 2020). In this study, the trophic level of
small zooplankton (<500 mm) was assigned a value of 2 to eliminate
the influence of fluctuations in the d15N baseline. Relative trophic
level calculation: RTL =   d

15NZoo−d15NSmall  ZP
3:4‰ + 2, where RTL is the

relative trophic level, and d15NZoo and d15NSmall ZP are the values of
d15N in dominant zooplankton groups and small zooplankton,
respectively. The trophic enrichment factor of d15N is assigned as
3.4‰ for each trophic level (Post, 2002).

The isotopic niches of zooplankton community were
estimated by bivariate trophic space, in which the d13C and
d15N values represented the carbon source and trophic level of
zooplankton, respectively. The Stable Isotope Bayesian Ellipses
in R (SIBER) package in the R-routine was used to estimate the
potential isotope niche width and overlap for dominant
zooplankton groups during different seasons (Jackson et al.,
2011; R Core Team, 2020). The areas of Bayesian standard
ellipse were calculated using a bivariate approach of the niche
width, as defined by the isotopic space of d13C vs. d15N plots.
Because small and large Sagitta were usually not collected at
one station simultaneously, the average d13C and d15N values
of small and large Sagitta at each station were used to make the
comparison between different zooplankton groups. One-way
analysis of variance (ANOVA) was used to check the seasonal
and spatial differences in stable isotope values or nutrient
concentrations. All statistical analyses were performed with
SPSS software package, version 19.0 for Windows (SPSS Inc.,
Chicago, IL, USA). The map and the contour figures were
made by the software Ocean Data View 5.2 (Schlitzer, R., http://odv.
awi.de).
RESULTS

Environmental Conditions
The average values of main environmental variables in four seasons
are shown in Figure 2. Annual average values of water temperature
and salinity were 14.8°C and 30.8, respectively. The variation in
water temperature was large in a year. The average sea surface sea
temperature (SST) was 6.3°C in winter and 27.4°C in summer. In
contrast, sea surface salinity (SSS) was relatively stable in different
seasons, but was slightly lower in summer (average 30.1). The
seasonal variation of nutrient concentration was great, which was
highest in summer and lowest in winter (Figure 2). Annual average
DIN, PO3−

4 , and SiO2−
3 concentrations were 13.6 mM, 0.3 mM, and

7.2 mM, respectively. Detailed spatial distributions of environmental
variables were previously described in Ke et al. (2020). In brief, the
concentrations of nutrients and Chl a generally decreased from the
inner to the outer bay, and were very high at station S1 in
the northeastern bay (Ke et al., 2020).
Frontiers in Marine Science | www.frontiersin.org 4
Spatial and Seasonal Variations of Stable
Isotopes in Dominant Zooplankton Groups
In this study, the large calanoids were mainly represented by
adult Calanus sinicus, the large Sagitta were mainly represented
by adult Sagitta crassa, and the small Sagitta were mainly
represented by junior Sagitta crassa and Sagitta bedoti. The
spatial distributions of d13C and d15N values were similar in
these dominant zooplankton groups (Figures 3, 4). The seasonal
distribution patterns of zooplankton d13C values were
complicated in Jiaozhou Bay. Lower d13C values generally
occurred in the inner bay during summer, autumn, and winter.
However, in spring, the d13C values of zooplankton were higher
in the inner bay especially for the small zooplankton (Figure 3).
In autumn, obviously lower 13C values of zooplankton were
found at station S6 in the western inner bay. The seasonal
average values of d13C and d15N of these dominant
zooplankton groups are shown in Table 1. The d13C values of
zooplankton ranged from −22.89‰ to −15.86‰. Annual average
d13C value was −19.09‰ for small zooplankton, −18.94‰ for
large calanoids, −18.68‰ for small Sagitta, and –17.18‰ for
large Sagitta. In winter, small zooplankton displayed the lowest
d13C values, which gradually increased from the inner bay to the
outer bay.

Generally, a weak increasing trend in the d15N values of
zooplankton and POM was observed from the inner bay to the
outer bay (Figure 4). In most cases, zooplankton showed higher
d15N values in the western inner bay. Only the small zooplankton
showed obviously lower d15N values in the northeastern bay
(Figure 4) during summer. The d15N values of zooplankton
ranged from 3.18‰ to 13.57‰. The annual average d15N values
were 6.39‰ for small zooplankton, 7.39‰ for large calanoids,
9.38‰ for small Sagitta, and 10.14‰ for large Sagitta,
respectively. In spring, the body size of Sagitta showed large
variation ranging from 0.5 to 2.1 cm. The large Sagitta showed
significantly higher d15N values (average 9.79‰) than the small
Sagitta (average 7.68‰) in spring (ANOVA, F = 22.51, p <
0.001). However, in other seasons, the difference in d15N value
was very small between them (Table 1).
FIGURE 2 | Seasonal average values of key environmental variables,

including salinity, temperature, DIN (mM), PO3−
4 (mM), SiO2−

3 (mM), and Chl a
(mg L−1) in Jiaozhou Bay.
June 2022 | Volume 9 | Article 900372

http://odv.awi.de
http://odv.awi.de
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Ke et al. Variation of Zooplankton Stable Isotopes
Seasonal Variations in the Trophic
Structure of Zooplankton Community
The bivariate approach of the ecological niche defined by d13C
and d15N showed the seasonal variation in the trophic niche of
zooplankton community (Figure 5). In spring, an intensive
overlap occurred among these three zooplankton groups. The
niche partition between small zooplankton, large calanoids, and
Frontiers in Marine Science | www.frontiersin.org 5
Sagitta was most distinct in winter, and followed by summer.
The largest standard ellipse areas were observed during autumn
and the smallest ones were observed in winter. The range of
zooplankton d13C values was narrowest in winter, suggesting a
simple food source during that period.

The average RTL of large calanoids was 2.24, which was slightly
higher than that of small zooplankton. Sagitta occupied the
FIGURE 3 | Horizontal distribution of d13C in small zooplankton (small ZP), large calanoids (large CA), and Sagitta spp. in Jiaozhou Bay.
June 2022 | Volume 9 | Article 900372
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highest trophic level in the pelagic food web with an annual
average RTL of 3.1. The RTL of Sagitta ranged from 2.23 to 4.01,
which was closely correlated with body size. Especially in spring,
the body size of Sagitta varied greatly, and large Sagitta have
significantly higher RTL than small Sagitta (ANOVA, F = 10.16, p
< 0.01). The annual average RTLs of small and large Sagitta were
2.97 and 3.14, respectively. According to the spatial distribution
patterns, Sagitta generally showed a lower RTL in the inner bay
Frontiers in Marine Science | www.frontiersin.org 6
during spring, autumn, and winter seasons (Figure 6). No regular
distribution pattern of RTL was found in the summer.

Correlation Between Stable Isotopes and
Environmental Variables
The correlation coefficients between the stable isotope values of
dominant zooplankton groups and key environmental variables are
shown in Figure 7. The d13C values of POM, small zooplankton,
FIGURE 4 | Horizontal distribution of d15N in small zooplankton (small ZP), large calanoids (large CA), and Sagitta spp. in Jiaozhou Bay.
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and large calanoids were significantly positively correlated with
SST. The d15N value of small zooplankton was positively correlated
with SSS. The d13C values of large calanoids were significantly
positively correlated with SiO2−

3 concentrations. The d15N values
were generally negatively correlated with nutrients. However, the
d15N of Sagitta showed a weak correlation with environmental
variables. In addition, the d13C and d15N values of POM and
zooplankton generally showed a positive correlation with Chl a.

Compared with the d13C, the d15N values showed a stronger
correlation between POM and each dominant zooplankton
group (Figure 8). The d13C values of POM were significantly
correlated with that of small zooplankton (p < 0.01). The d15N
Frontiers in Marine Science | www.frontiersin.org 7
values of POM were significantly correlated with that of small
zooplankton, large calanoids, and Sagitta (p < 0.01).
DISCUSSION

Spatial and Seasonal Variability in d13C
and d15N of Zooplankton
The stable isotope signatures of zooplankton can well reflect
environmental change due to their short life span and relatively
fast turnover time (Rolff, 2000; O’Reilly et al., 2002). Variation in
the stable isotopes of food items (such as phytoplankton or
TABLE 1 | Seasonal average values (‰) of d13C and d15N in dominant zooplankton groups and suspended particulate organic matter (POM) in Jiaozhou Bay.

Spring Summer Autumn Winter Average

d13C Large Sagitta −18.07 −17.86 −14.29 −18.48 −17.18
Small Sagitta −19.18 −18.16 −18.58 −18.79 −18.68
Large calanoids −18.88 −18.89 −17.90 −20.09 −18.94
Small zooplankton −19.42 −17.88 −17.55 −21.48 −19.08
POM −22.75 −21.82 −22.47 −25.22 −23.07

d15N Large Sagitta 9.79 9.97 10.80 10.00 10.14
Small Sagitta 7.68 10.01 10.70 9.15 9.38
Large calanoids 8.27 6.96 8.22 6.10 7.39
Small zooplankton 7.03 5.45 7.95 5.13 6.39
POM 4.23 3.88 5.20 4.21 4.38
June 2
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POM) has been recognized as a mechanism inducing the
variability in bulk tissue d13C and d15N values of zooplankton
in different environments (Montoya et al., 1990; Edje and
Chigbu, 2021). Strong correlations of stable isotope values
between POM and zooplankton have been well known (Bănaru
et al., 2014). In this study, zooplankton generally showed similar
Frontiers in Marine Science | www.frontiersin.org 8
spatial distribution patterns of stable isotopes with POM in
Jiaozhou Bay. In the inner bay, more terrigenous OM
contributed to the POM. As we know, the terrigenous OM is
more depleted in 13C (generally < −28‰) than marine organic
matter (about -22‰) (Cifuentes and Eldridge, 1998). The
general pattern is that the d13C values of plankton are more
negative in estuarine or inshore regions under the influence of
riverine/terrestrial waters (Troina et al., 2020). This mechanism
can be used to interpret the spatial distribution pattern of d13C
during summer, autumn, and winter in Jiaozhou Bay. However,
our results suggested that the d13C value of small zooplankton
was significantly higher in the inner bay in spring. In coastal
bays, higher d13C values of POM are usually associated with
higher Chl-a concentrations (Ke et al., 2017). Many studies have
indicated that the fast growth rate and high biomass of
phytoplankton can increase the d13C values of POM (Rau
et al., 1996; Perry et al., 1999; Bardhan et al., 2015). In
Jiaozhou Bay, Ke et al. (2020) suggested that the higher d13C
value of POM in the inner bay during spring was mainly due to
the significantly higher phytoplankton biomass under the
influence of intensive anthropogenic nutrient input. This result
suggested that the d13C value of zooplankton can be influenced
by the food source in Jiaozhou Bay. However, our results showed
that only the d13C values of small zooplankton were significantly
correlated with that of POM, suggesting that the cascade effect of
d13C might be weak along the food chain.
FIGURE 6 | Relative trophic level of Sagitta spp. calculated using small zooplankton (<500 mm) as the baseline (trophic level = 2).
FIGURE 7 | Correlation coefficients between stable isotopes (d13C and d15N)
and key environmental parameters in Jiaozhou Bay. *p < 0.05, **p < 0.01.
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Previous studies have indicated that the regional variation of
zooplankton stable isotopes was stronger in d15N than in d13C
(El-Sabaawi et al., 2013). In this study, all the d15N values of the
three dominant zooplankton groups were significantly correlated
with that of POM (Figure 8), which suggested that the baseline
influence was more significant on the d15N of consumers. Spatial
heterogeneity or seasonal variation in nitrogen nutrients can
drive significant and rapid fluctuations in the d15N values of
zooplankton (Syväranta et al., 2006). Many studies suggested that
the d15N value of POM was largely depleted under higher
nutrient concentration (Ke et al., 2019; Pruell et al., 2020).
Incubation experiments have demonstrated that the d15N
values of primary producers can be changed significantly with
the variation of DIN concentration, and these changes can be
quickly transferred into aquatic food webs (Pruell et al., 2020). It
has been reported that the d15N value of POM showed
significantly lower values in the northeaster Jiaozhou Bay
where it is intensively influenced by sewage discharge from
Qingdao City (Ke et al., 2020). In this study, the distribution
pattern of zooplankton d15N was generally in accordance with
that of POM. This result suggested that the influence of
anthropogenic nutrient input on the d15N value can be
effectively transferred to the higher trophic level in the
pelagic ecosystem.

Seasonal variation in zooplankton d13C and d15N may be due
to variations in the composition of diet items and baseline of
stable isotopes (Edje and Chigbu, 2021). In general, more 13C-
depleted terrigenous OMwas transported into the bay during the
wet season. Therefore, it was expected that zooplankton should
show lower d13C values in Jiaozhou Bay during summer.
However, in this study, the dominant zooplankton groups
generally showed the highest d13C values in the wet summer
and the lowest d13C values in the dry winter. It seemed that the
input of terrigenous OM was not the determining factor for the
seasonal variation of d13C in the pelagic ecosystem. El-Sabaawi
et al. (2013) indicated that it was possible that any influence of
Frontiers in Marine Science | www.frontiersin.org 9
13C-depleted terrestrial OM on zooplankton d13C can be
obscured by local or regional variability in primary production.
The fast growth of phytoplankton might elevate the background
d13C value in the summer. On the other hand, temperature is a
significant factor causing the change of d13C value in
phytoplankton, and higher temperature results in higher d13C
value (Goericke and Fry, 1994). In this study, our results showed
that the d13C values of POM, small zooplankton, and large
calanoids were significantly positively correlated with water
temperature. It suggested that temperature might be the most
important driving factor for the seasonal variation of d13C value
in POM and zooplankton.

Seasonal and Regional Variability in
Trophic Niche of Zooplankton
The baseline stable isotope values are very important in trophic
ecological studies (Magozzi et al., 2017). The fluctuation in
zooplankton d15N values might be attributed to either a
variation of d15N values at the base of the food web or a
changed trophic level in different environments (Romero-
Romero et al., 2019). The d15N values of net zooplankton are
usually used as the baseline in the study of aquatic food webs.
Our results suggested that the d15N values varied greatly among
the different zooplankton groups. Niche partitioning was evident
among small zooplankton, large calanoids, and Sagitta. The
Sagitta generally occupies the highest trophic level in
zooplankton community, feeding preferentially on copepods,
and on other small invertebrates and fish larvae (Kimmerer,
1984). In this study, the RTL of Sagitta seemed to increase from
the inner bay to the outer bay during the spring, autumn, and
winter seasons. Due to the strong anthropogenic influence, the
nutrient concentration and phytoplankton biomass were
generally higher in the inner Jiaozhou Bay (Liu et al., 2005; Ke
et al., 2020). High primary productivity and eutrophication can
shorten the food chain length (Armengol et al., 2019).
Nevertheless, in summer, the RTL of Sagitta did not show a
FIGURE 8 | Annual average d13C and d15N values and correlation coefficients between POM and dominant zooplankton groups. **p < 0.01.
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clear difference between the inner and outer bay. The significant
spatial variation of baseline d15N values in summer might disturb
the accurate estimation of zooplankton trophic position.

Seasonal changes in the low levels of pelagic food web can be
due to changes in food quality and the active choice of prey type
(Kozak et al., 2020). Most copepods are omnivores feeding on a
wide range of food items, including phytoplankton, debris, and
ciliates (López-Ibarra et al., 2018; Schoo et al., 2018). The
composition of food items can change according to the quality
and availability of food source. For example, the feeding habit of
Calanus pacificus can switch between predatory and suspension
feeding modes when the relative abundances of phytoplankton
and naupliar prey are varied (Landry, 1981). In this study, the
Bayesian standard ellipse areas of large calanoids showed great
variation in different seasons. It suggested that large calanoids
have sufficient dietary flexibility to alter their trophic position in
response to environmental change. The trophic flexibility of
calanoid copepods acts as a stabilizing force on the basic levels
of marine food webs (Sprules and Bowerman, 1988). This ability
of trophic flexibility contributes to the resilience in planktonic
systems under spatial and temporal environmental variations.

Scatters of d13C and d15N values suggested that the seasonal
variation of zooplankton trophic structure was significant in
Jiaozhou Bay. In a pelagic ecosystem, the main perturbation
effect on trophic structure may be the absolute decline in food
biomass, rather than altered proportions of prey (Décima et al.,
2013). There is generally a shorter food web in productive
regions and a more complex food web in oligotrophic regions
(Armengol et al., 2019). Greater resource opportunity can
promote the coexistence of species with similar resource use
and enhance the functional redundancy of the community (Ying
et al., 2020). Our results suggested that the niche overlap of
different zooplankton groups was greater in spring. In Jiaozhou
Bay, zooplankton generally reached their peak abundance during
spring, and both the small and large Sagitta abundances were
high in the water. The isotopic niche suggested that the RTL of
Sagitta was low in spring, which was close to that of large
calanoids (Figure 5). A large number of small Sagitta
narrowed the niche partition between Sagitta and large
calanoids in spring. Many studies have suggested that non-
consistent patterns are assumed in the base of pelagic food for
the response to the changes of primary productivity and
planktonic biomass (Giering et al., 2019; Kozak et al., 2020).
Our results showed that the niche partition among different
zooplankton groups was most distinct in the winter, and
followed by the summer. This might be caused by the
distribution pattern of different groups and food availability in
different seasons. In summer, the large calanoids were generally
collected in the outer bay (Figure 3). Large calanoids were
mainly composed of C. sinicus in Jiaozhou Bay, whose
abundance was lower in summer due to the high temperature.
The significantly different trophic positions between small
zooplankton and large calanoids in summer should be
attributed to the difference in distribution region. In winter,
the Sagitta spp. cannot be collected at several stations in the inner
bay (Figure 3). It suggested that the Sagitta spp. might tend to
Frontiers in Marine Science | www.frontiersin.org 10
live in the outer bay during winter and occasionally enter the
inner bay with water exchange. The migration of zooplankton
between the outer bay and inner bay might greatly affect the
trophic structure of zooplankton during summer and winter. On
the other hand, the abundance of phytoplankton was low during
winter. The shortage of food resource promoted the trophic
separation of different zooplankton groups during winter. In
summary, seasonal variation of zooplankton trophic structure
was controlled by food competition and zooplankton
immigration in Jiaozhou Bay. Further study is needed to
understand the mechanism of seasonal variation in
trophic partitioning.
CONCLUSION

Our results suggested that the d13C and d15N values generally
followed the order of small zooplankton < large calanoids < small
Sagitta < large Sagitta in Jiaozhou Bay. Spatial variation of
zooplankton d13C was mainly controlled by terrigenous OM
input and phytoplankton biomass. Water temperature might
play a key role in seasonal variation of d13C value. Our results
showed that only the d13C values of small zooplankton were
significantly correlated with that of POM, suggesting that the
cascade effect of d13C might be weak along the food chain.
However, all the d15N values of dominant zooplankton groups
showed a significant correlation with POM. This result suggested
that the influence of anthropogenic nutrient input on the d15N
value can be effectively transferred to the higher trophic level in
planktonic ecosystem. The Bayesian standard ellipse suggested
that the niche partition between small zooplankton, large
calanoids, and Sagitta was most distinct in the winter, and
followed by the summer. The seasonal variation of
zooplankton trophic structure might be controlled by food
competition and zooplankton immigration in Jiaozhou Bay.
The RTL of Sagitta generally declined from the inner bay to
the outer bay except during summer. High phytoplankton
biomass and eutrophication might shorten the food chain
length in the inner bay. This study provided detailed
information on the seasonal patterns in zooplankton d13C and
d15N that will help to track the change of pelagic trophic
structure under anthropogenic influences.
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