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Small marine copepods are key components of the pelagic food webs in Chinese
coastal waters, but very few studies have addressed their trophodynamics, with even
fewer studies addressing their diel feeding rhythms. In this study, the diel feeding rhythm
and grazing selectivity of the copepod assemblage in Daya Bay during September 30 to
October 2, 2014, were studied based on gut pigment analysis. Small copepods (body
length < 1.5 mm) including Paracalanus parvus, Temora turbinata, Acrocalanus gibber,
Temora stylifera, Euterpe acutifrons, and Acrocalanus gracilis, accounted for 73.9–
100% of the total copepod abundance. The copepod assemblage generally exhibited
a diurnal feeding pattern, characterized by a higher gut pigment content and ingestion
rate during the daytime, consistent with variation in the ambient Chl α concentration.
Fifty-five percent of the phytoplankton standing stock per day was consumed by the
copepod assemblage, wherein diatoms, prymnesiophytes, and cyanobacteria were the
main prey items with average contributions of 19.4–32.9% to the gut pigment contents.
The copepod assemblage showed a strong feeding preference for prymnesiophytes, a
weak feeding preference for diatoms, and avoidance of cyanobacteria. These results
suggest a strong top-down control on phytoplankton community, especially on small
groups from small copepods in the Daya Bay ecosystem.

Keywords: Daya Bay, small copepod, diel feeding rhythm, grazing selectivity, gut pigment, diel vertical migration,
grazing pressure

INTRODUCTION

Copepods are the predominant mesozooplankton in marine pelagic system (Longhurst, 1985).
Small copepods (∼1 mm in length) including adults and juveniles of calanoid genera such as
Paracalanus, Clausocalanus, and Acartia and non-calanoid species and it has been increasingly
recognized that they, accounting for up to 90% of copepod abundance, represent an extremely
important constitute of copepod community in coastal and estuarine waters (Hopcroft et al., 1998;
Turner, 2004; Liu et al., 2013; Han, 2015; Cheng, 2019). Their abundance and biomass, however,
have historically been significantly underestimated in the copepod community in early studies,
owing to the usage of coarse mesh nets (∼500 µm). Consequently, although small copepods
are good food items for larval or juvenile pelagic fishes, especially small fishes (Tipton and
Bell, 1988; Castonguay et al., 2008; Costalago et al., 2012), their roles in fisheries and carbon
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cycling were greatly underrated as well (Wang et al., 2002).
Furthermore, small copepods usually selectively graze on pico-
and nano-phytoplankton and relatively may consume more
of smaller sized phytoplankton relative to large copepods in
many systems (Zervoudaki et al., 2007; Isari and Saiz, 2011),
which means that energy and material may be transferred
from pico- and nanophytoplankton through small copepods to
higher trophic level more efficiently under the circumstance that
a miniaturization trend has been occurring in phytoplankton
community in many marine systems (Shen, 2001; Wei, 2003;
Chen et al., 2010; Wu et al., 2017; Chiba, 2019).

The diel feeding rhythm, as one of important aspects of
trophodynamics of marine pelagic copepods, has long attracted
extensive attention (Fuller, 1937; Harding et al., 1986; Olivares
et al., 2020). Most of copepods show higher nocturnal feeding
(Peterson et al., 1990). Small copepod, like genus Acartia,
usually showed strong nocturnal feeding tendency (Durbin et al.,
1990; Wlodarzyk et al., 1992; Kouassi et al., 2001; Kibirige and
Perisinotto, 2003; Pagano et al., 2006), while another genus
Paracalanus have a weak one (Tiselius, 1988; Peterson et al.,
1990; Saito and Taguchi, 1996). In some occasion, species
belonging to these two genera show reverse tendency (Tang
et al., 1994; Lee et al., 2012). Furthermore, diurnal feeding
rhythms are observed in a few copepods (Kiørboe et al., 1985;
Roman et al., 1988). The diel feeding rhythm is generally
proposed to be dependent on the diel vertical migration of
marine copepods (Champalbert et al., 2003), but non-migratory
species also show diel feeding rhythms (Hayward, 1980; Tang
et al., 1994). More convincingly, the diel feeding rhythm is
primarily modulated by the endogenic factors of copepods
(Durbin et al., 1990), as well as food environments and the
risk of predation or a combination of these (Durbin et al.,
1990; Wu et al., 2010; Olivares et al., 2020), as was supported
by many previous studies. As such, it is expected that the
diel feeding rhythm of a copepod assemblage will be more
complicated with entangled aforementioned factors and the
variable community composition.

Daya Bay is among the coastal ecosystems in China, where
ecological environments have changed greatly in recent years
because of anthropogenic activities (Qiu et al., 2005; Liu et al.,
2012; Wu et al., 2016) and the miniaturization of phytoplankton
is prominent (Qiu et al., 2005). Small copepods, including
Paracalanus parvus, Paracalanus crassirostris, and Oithona spp.,
occur perennially in western Daya Bay as the predominant
mesozooplankton species according to the latest investigations
with 169 µm-mesh nets (Liu et al., 2013; Han, 2015; Cheng, 2019).
Studying the trophodynamics of small copepods in this area is
important for clarifying the trophic interactions between small
copepods and phytoplankton, but unfortunately, no such studies
have been performed.

This study, by means of gut pigment analysis technique,
aims (i) to explore the potential diel feeding rhythm and test
whether the environmental conditions and diel vertical migration
modulate the pattern, (ii) to evaluate the grazing pressure of
the small copepod assemblage on different phytoplankton classes
to test the hypothesis that small copepods exert strong grazing
pressure on the pico- and nano-phytoplankton in Daya Bay.

MATERIALS AND METHODS

Study Area
Daya Bay, located in the northern South China Sea (NSCS),
is a typical subtropical drowned-valley bay. This semi-enclosed
shallow embayment covers 650 km2 with depths of 5–15 m. In
the past three decades, this area has been severely influenced by
anthropogenic activities, including aquaculture and the operation
of nuclear power plants since 1993, and the eutrophication level
has been classified as medium.

Sampling
Sampling was conducted for 48 h with a 6-h frequency at the
study site, which was located nearshore in the western part
of Daya Bay (22◦33′48.6′′N, 114◦35′0.6′′E, Figure 1), between
sunset on September 30 and noon on October 2. Vertical profiles
of water temperature and salinity were measured with YSI Pro
Plus (YSI Incorporated, Yellow Springs, OH, United States).
Copepods were collected from each of the upper layer (0–3 m),
middle layer (3–6 m), and bottom layer (6–10 m) by vertical
tows for three times corresponding to three different aims, with
a closing conical net (31.6 cm diameter, 169-µm mesh size),
which can be closed at a specific depth. Copepods from the first
tow were preserved in 5% formaldehyde for later identification
and enumeration under a stereomicroscope. Copepods from
the second tow were rinsed and collected on GF/F filters and
stored in liquid nitrogen for biomass determination. Upon
retrieval of the third tow, the cod end containing the animals
was immersed into a beaker containing soda water for 2 min.
Then the animals were gently filtered, rinsed with FSW, and
frozen with dry ice. All samplings were in duplicate. Within
24 h of sample collection, zooplankton samples were thawed.

FIGURE 1 | Map of the sampling station in Daya Bay (DNPP, Daya Bay
Nuclear Power Plant; LNPP, Lingao Nuclear Power Plant).
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Then, above an ice-containing bowl and under a stereoscopic
microscope, copepods were picked up under dim light and moved
into 1.5-mL PE tubes. Finally, the copepods were freeze-dried for
later gut pigment extraction and measurement.

Five liters of seawater were collected from each layer with
a van Dorn water sampler, and zooplankton were immediately
removed by passing seawater through 200-µm sieves. Then,
the samples were returned to the laboratory immediately. In
the laboratory, phytoplankton were concentrated on Whatman
GF/F filters in the dim light, which were combusted at 480◦C
for 2 h beforehand in a muffle furnace. Under the microscope,
microzooplankton were removed from filters with needles
quickly and the filters were then preserved immediately in
liquid nitrogen for later pigment extraction and measurement.
These filtrations were conducted under dim light to avoid
pigment degradation.

Copepod taxa were identified to the species level under a
stereomicroscope. Dominance was measured with the Berger-
Parker index according to Magurran (1988). The species with a
dominance value ≥ 0.02 were considered dominant species.

Pigment Measurement
The filters holding phytoplankton cells were immersed in 3 mL
of 95% methanol, while freeze-dried copepods were transferred
into glass tubes containing 3 mL of 95% methanol. These samples
were sonicated for 8 min and then stored at 4◦C for 24 h in
darkness for pigment extraction. An internal standard, β-apo-
8′-carotenol (trans) (Sigma-Aldrich, United States), was added
at the very beginning to correct the volume change during
sample processing.

An aliquot of 100 µL of pigment extract was injected into
a reversed-phase Eclipse XDB-C8 column (150 × 4.6 mm,
3.5 µm, Agilent). An Agilent HP 1200 Series HPLC system
consisting of an autosampler, a quaternary pump equipped
with a diode array detector and a fluorescence detector was
used to quantify phytoplankton pigment and copepod gut
pigment concentrations.

Pigment separation followed a method adapted from
Zapata et al. (2000). It consisted of a binary linear gradient
programmed as follows (min, percentage of solvent A,
percentage of solvent B): (0, 0, 100) (22, 40, 60) (6, 95,
5) (11, 0, 100). Solvent A consisted of 20:20:60 (v/v/v)
methanol:acetone:acetonitrile solution, and solvent B consisted
of 50:25:25 (v/v/v) methanol:acetonitrile:pyridine solution. The
pyridine solution was adjusted to a pH of 5 with acetic acid.

Identification and calibration of pigments were performed
with commercial standards, namely, chlorophylls α, b, c2,
and c3 and β-carotene, peridinin, fucoxanthin, neoxanthin,
violaxanthin, diadinoxanthin, alloxanthin, 19′-but-fucoxanthin,
prasinoxanthin, 19′-hex-fucoxanthin, diatoxanthin, zeaxanthin,
lutein, and canthaxanthin (DHI Water and Environment,
Inc.). Standards of breakdown products of chlorophylls α

and b were prepared following the procedures given by
Brotas and Plante-Cuny (1998) and Plante-Cuny et al. (1993).
Standard solutions were prepared by dissolving all pigments
in 100% methanol (pheophytin a) and 100% ethanol, and the
concentrations were adjusted to 2–300 ng mL−1.

The contributions of seven algal classes, namely,
Bacillariophyta, Cyanophyceae, Chlorophyta,
Prymnesiophyceae, Cryptophyta, Dinoflagellata, and
Pelagophyceae, to total chlorophyll α (Chl α hereafter) or
total gut chl α were estimated with the matrix factorization
program CHEMTAX 1.95 (Mackey et al., 1997). For the
analysis, the initial marker pigment:Chl α ratios for various
algal taxa extracted from previous studies in adjacent sea areas
by Wang et al. (1999); Chen et al. (2006), and He and Peng
(2012) were used.

Ingestion Rate and Selectivity Index
Calculation
Chl α and phaeopigment (mainly pheophorbide a) data obtained
from HPLC analysis were further used to calculate the ingestion
rates of the copepods. Phaeopigment concentrations were
converted into Chl α equivalents at a ratio of 1.51 (Dagg
and Wyman, 1983). The average body length of copepods in
each sample was estimated with the length-weight equation
constructed for copepods by Watkins et al. (2011) based on
the dry weight obtained in this study, and the calculation
revealed that the average length was 1∼2 mm or < 1 mm
for different layers. Correspondingly, a gut evacuation rate
of 0.028 or 0.022 min−1 was applied for ingestion rate
calculations for 1∼2-mm- and < 1-mm-long copepods using the
equation in Tseng et al. (2009).

Group specific grazing pressure were firstly calculated
combining specific ingestion rate and standing stock of each
phytoplankton group for each layer during each period of 6 h,
and, by integration through time and different layers, the average
grazing pressure was obtained for each phytoplankton group.
Finally, the average grazing pressure for total phytoplankton
community was calculated by dividing the total ingestion rate
with integrated Chl α of the water column.

Grazing selectivity was assessed in two ways:

(1) Using the chi-square (χ2) test to compare the frequency
distribution of groups of phytoplankton in the diet and the
frequency distribution in the environment (Cowles, 1979;
Kleppel et al., 1996) and

(2) Comparing the distributions of selectivity indices between
groups of phytoplankton with Kolmogorov–Smirnov and
Mann-Whitney tests. The grazing selectivity index E was
calculated following Ivlev (1961) based on the equation
E = (ri − pi)/(ri + pi), where ri is the relative proportion
of one phytoplankton phylum in the gut Chl α of copepods
and pi is the relative proportion of the same phytoplankton
phylum in the ambient Chl α. In detail,−0.25 < E <+ 0.25
indicates non-selective feeding, E > + 0.25 indicates a
preference, and E <−0.25 indicates avoidance of particular
prey items (Cotonnec et al., 2001).

Statistical Analysis
Two-way ANOVA was used to analyze differences in hydrogical
parameters, copepod biomass, and gut Chl α content between
depths and time (daytime: 12:00 and 18:00; nighttime: 24:00
and 6:00) and the interactive effects of these two factors as
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well, whereas one-way ANOVA was performed to compare
the contribution of different phytoplankton groups to the total
phytoplankton biomass or to the gut Chl α content, and to
clarify the variance in ingestion rate of copepod with time,
all followed by a Tukey post hoc test. The linear correlation
between ingestion rate or gut pigment content and ambient food
concentration was analyzed with Pearson analysis. Kolmogorov–
Smirnov and Mann-Whitney tests were applied to analyze the
similarities in grazing selectivity of copepods on phytoplankton
groups. Statistical significance was set at < 0.05.

RESULTS

Environmental Parameters
The average water temperature decreased significantly with
increasing depth during the daytime (12:00 and 18:00) and
nighttime (24:00 and 6:00) (both p < 0.001, two-way ANOVA,
Tables 1, 2). Salinity increased slightly but significantly with
increasing depth (p < 0.001, two-way ANOVA, Table 1). Water
temperature was higher during the daytime than at night
(p = 0.01), while there was an interaction between the effects
of layer and time on salinity (p = 0.002, two-way ANOVA,
Tables 1, 2).

The Chl α concentration, which ranged from 0.51 to 3.85 µg
L−1, varied significantly with time (p = 0.036, two-way ANOVA),
and also showed a significant difference between daytime and
nighttime (average: 2.00± 1.27 vs. 0.80± 0.27 µg L−1, p = 0.017)
but no difference between layers (p = 0.806, two-way ANOVA,
Table 2 and Figure 2). The Chl α concentration in all the layers
showed a trend of increasing beginning at dawn, peaking at noon
and then decreasing at sunset. Interestingly, the Chl α climax
occurred at noon on October 2 in all layers (3.53–3.85 µg L−1,
Figure 2; p = 0.047, two-way ANOVA, Table 2).

Phytoplankton Community Structure
Based on CHEMTAX processing of diagnostic pigments,
diatoms was the dominant phytoplankton group with average
contribution of 30.2% and a wide range of contributions
of 0.1–52.9% (all p ≤ 0.016, one-way ANOVA; Figure 3),
followed by cyanobacteria, cryptophytes and chlorophytes, which
accounted for an average of 21.1, 18.2, and 10.7% to the
total Chl α, respectively (all p ≤ 0.05, one-way ANOVA;
Figure 3). Prymnesiophytes, dinoflagellates and pelagophytes
were minor contributors to phytoplankton biomass (4.1–4.7%
of the total Chl α; all p ≤ 0.05, one-way ANOVA; Figure 3).

TABLE 2 | Two-way ANOVA testing for difference in environmental parameters
between layers (upper, middle, and bottom layers) and time (day or night).

Parameter Source SS df MS F P

Temperature Layer 4.516 2 2.258 16.410 <0.001

Time 1.181 1 1.181 8.586 0.010

Layer × Time 0.107 2 0.053 0.388 0.685

Error 2.064 18 0.138

Total 7.969 23

Salinity Layer 0.434 2 0.217 51.507 <0.001

Time 0.000 1 0.000 0.098 0.759

Layer × Time 0.081 2 0.040 9.611 0.002

Error 0.063 18 0.004

Total 0.577 23

Chl α Layer 0.375 2 0.188 0.219 0.806

Time 5.907 1 5.907 6.887 0.017

Layer × Time 0.433 2 0.216 0.252 0.780

Error 15.437 18 0.858

Total 22.152 23

Copepod dry weight Layer 4321.501 2 2160.750 2.897 0.081

Time 244.505 1 244.505 0.328 0.574

Layer × Time 388.341 2 194.171 0.260 0.774

Error 13426.193 18 745.900

Total 18380.541 23

Cyanobacteria shared the same diel variation pattern with
the total Chl α in all layers (Figure 3), while dinoflagellates,
prymnesiophytes and cryptophytes occasionally showed such a
pattern in one or two layers.

Vertical Distribution and Community
Structure of Zooplankton
Copepod biomass varied from 73.3 to 179.3, 49.9 to 117.1, and
58.6 to 116.4 mg m−3 in the upper, middle, and bottom layers,
respectively, during the 48-h study (Figure 4). Mean biomass did
not differ among the layers (p = 0.081, two-way ANOVA, Figure 4
and Table 2).

The total copepod biomass showed subtle diel vertical
distributions in different layers (Figure 4). In the upper layer,
copepod biomasses were higher during the nighttime than during
the daytime, with the lowest values at noon; this pattern was
similar to but more even than that observed in the bottom layer.
A converse pattern was found in the middle layer, except during
the daytime on the last day. However, these trends were not
statistically significant (p > 0.05, one-way ANOVA, Figure 4).

TABLE 1 | Depth-averaged values of seawater temperature (T, ◦C), Salinity (S, psu), and Chl α concentration (µg L−1) at the sampling station in Daya Bay during
September 30 to October 2, 2014.

Day Night

T S Chl α T S Chl α

Upper layer 29.1 ± 0.4 31.0 ± 0.1 1.9 ± 1.1 28.5 ± 0.6 30.9 ± 0.1 0.8 ± 0.3

Middle layer 28.5 ± 0.1 31.2 ± 0.0 1.8 ± 1.3 28.0 ± 0.4 31.1 ± 0.1 1.1 ± 0.7

Bottom layer 27.9 ± 0.1 31.2 ± 0.0 2.0 ± 1.3 27.6 ± 0.2 31.4 ± 0.0 1.1 ± 0.3
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FIGURE 2 | Dial variation in Chl α concentration in Daya Bay during
September 30 to October 2, 2014.

A total of 16 species of Calanoida, 7 species of Cyclopoida,
and 2 species of Harpacticoida were identified among the
24 samples (Supplementary Table 1). Most species were
occasionally dominant, but six species, namely, Paracalanus
parvus, Temora turbinata, Acrocalanus gibber, Temora stylifera,
Euterpe acutifrons, and Acrocalanus gracilis, were dominant
species with frequencies ≥ 4 and dominance indices in the range
of 0.02–0.21 (Table 3).

No obvious diel vertical migration was observed in copepods
except for T. turbinata and P. parvus (Figures 5A–J), which
apparently underwent diel vertical migration, especially on the
first day (Figures 5K,L), but their mean depths, estimated
following Frost and Bollens (1992), were not different between
midnight and noon (p > 0.05, 2.9 vs. 3.9 m and 4.1 vs. 4.6
m, respectively) (Figures 5A,D). Day-to-day differences in the
distribution pattern of copepods were apparent.

Diel Variation in the Ingestion Rate
The copepod gut Chl α content showed diel variation patterns
(p < 0.001); that is, the gut pigment content reached its highest
values at dawn or noon and exhibited lower values at midnight
and dusk (all p < 0.043 between time), whereas there was no
difference between layers (p = 0.314; two-way ANOVA, Figure 6).
When the copepod gut Chl α was integrated through layers, the
trend appeared clear (Figure 6D).

The average contributions of phytoplankton groups to gut
pigments were estimated by integrating all layers and time points,
assuming that the instantaneous ingestion rate represented the
average value during the 6-h period. Diatoms, accounting for
an average of 32.9% of the total gut Chl α content (1.8–
72.6%), were the most important group (p ≤ 0.005), followed by
prymnesiophytes and cyanobacteria, which accounted for 24.1%
(0–47.3%) and 19.4% (0–44.5), respectively (p ≤ 0.045, two-way
ANOVA; Figure 6).

FIGURE 3 | Dial variation in the community composition of the phytoplankton
assemblage in the upper layer (A), the middle layer (B), and the bottom layer
(C) of Daya Bay during September 30 to October 2, 2014.

FIGURE 4 | Dial variation in copepod biomass in Daya Bay during September
30 to October 2, 2014.
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TABLE 3 | Predominant copepod species in the upper, middle, and bottom layers at the sampling station in Daya Bay during September 30 to October 2, 2014.

Berger-Parker index

18:00 24:00 06:00 12:00 18:00 24:00 06:00 12:00

Upper layer

Acrocalanus gracilis 0.02 0.02

Acrocalanus gibber 0.09 0.05 0.03

Canthocalanus pauper 0.06

Centropages tenuiremis 0.03

Corycaeus speciosus 0.02

Euterpe acutifrons 0.03

Oithona brevicornis 0.02

Oithona nana 0.02

Oncaea conifera 0.03

Paracalanus parvus 0.17 0.06 0.1 0.03

Temora stylifera 0.03 0.04 0.12

Temora turbinata 0.04 0.02 0.02 0.05

Middle layer

Acrocalanus gracilis 0.05

Acrocalanus gibber 0.03 0.13

Acrocalanus longicornis 0.03

Corycaeus speciosus 0.05 0.08

Euterpe acutifrons 0.03 0.03 0.03

Euterpina acutifrons 0.04

Oithona nana 0.03

Paracalanus parvus 0.14 0.03 0.23

Parvocalanus crassirostris 0.07

Temora stylifera 0.09

Temora turbinata 0.02 0.03 0.08 0.07 0.07

Bottom layer

Acrocalanus gracilis 0.02

Acrocalanus gibber 0.02

Euterpe acutifrons 0.21 0.02

Oithona brevicornis 0.03

Oncaea conifera 0.02

Paracalanus parvus 0.08 0.15 0.07 0.07 0.04 0.04

Temora stylifera 0.03 0.1 0.04

Temora turbinata 0.1

Parvocalanus crassirostris 0.09 0.06

As there was no difference in gut Chl α content between
layers, ingestion rates of copepod were calculated for entire water
column by integration through depth. The ingestion rate of the
copepod assemblage ranged from 1.14 ± 0.31 to 6.91 ± 2.85 ng
Chl α ind.−1 h−1 and showed significant diel variation. Ingestion
rates were higher from dawn to noon than at other time points
(3.63 ± 2.08–6.91 ± 2.85 vs. 1.14 ± 0.31–3.48 ± 2.17 ng Chl α

cop−1 h−1; p < 0.001, one-way ANOVA; Figure 7). The mass-
specific ingestion rate followed the same diel pattern as the
individual ingestion rate (p = 0.001, Figure 7).

Gut pigment content was closely linked to Chl α

concentration. Their relationship could be described with a
linear function or the Michaelis-Menten equation (p = 0.015
or 0.017, respectively, Figure 8A). The same correlation was
observed for the ingestion rate and Chl α concentration but
with a closer relationship (p = 0.005 or 0.027; Figure 8B). The

minimum saturation food concentrations for gut pigments and
the ingestion rate were higher than the maximum ambient Chl
α concentration (3.85 µg L−1) in this study. In particular, the
ingestion rate of cyanobacteria and dinoflagellates by copepods
varied significantly with the ambient Chl α concentrations of
these two groups in a positive, linear, and significant manner
(p < 0.001 and = 0.0334, Pearson’s correlation).

Grazing Selectivity
Selectivity in each experiment was analyzed by comparing the
frequency distributions of the all phytoplankton groups in the
diet to those in the environment by means of a chi-square test.
The difference was significant for all timepoints (p ≤ 0.004).

The selectivity indices for each of the main groups varied
irregularly and greatly with time and layer (Figure 9),
and based on the frequency of indices falling within the
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FIGURE 5 | Diurnal vertical distribution of the copepod species (A) Oithona brevisornis, (B) Temora stylifera, (C) Parvocalanus crassirostris, (D) Canthocalanus
pauper, (E) Centropages tenuiremis, (F) Euterpe acutifrons, (G) Oithona nana, (H) Corycaeus speciosus, (I) Acrocalanus longicornis, (J) Acanthorhodeus gracilis,
(K) Temora turbinata, and (L) Paracalanus parvus in Daya Bay during September 30 to October 2, 2014.

ranges of selectivity, the phytoplankton could be classified
as showing a feeding preference, a weak preference, or
avoidance. For prymnesiophytes, 63% of the selectivity values
were > + 0.25, indicating a strong feeding preference for
the copepod assemblage. For diatoms, 25% of the selectivity

index values were in the range of + 0.25∼ + 1, 12.5%
in the range of −1∼−0.25, and 62.5% in the range of
−0.25∼+ 0.25, suggesting a weak preference. For the other three
classes, 63–75% of the selectivity index values fell within the
range of −1∼−0.25, indicating feeding avoidance by copepods.
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FIGURE 6 | Dial variation in gut pigment contents and the contributions of phytoplankton groups to gut pigments in the (A) upper layer, (B) middle layer, (C) bottom
layer, (D) entire water column of Daya Bay during September 30 to October 2, 2014.

Kolmogorov–Smirnov and Mann-Whitney tests showed the
same grouping result except that feeding selection of copepod
on diatoms was comparable to the cases of prymnesiophytes and
chlorophytes (p = 0.161 and 0.083, Table 4).

Grazing Pressure
The total grazing pressure of the phytoplankton assemblage was
55% of the standing stock during the 48-h study, representing the

FIGURE 7 | Consumption of phytoplankton Chl α by the copepod
assemblage in Daya Bay during September 30 to October 2, 2014: ingestion
rate (IR); mass-specific ingestion rate (MSIR).

average of variable grazing pressures on specific phytoplankton
groups. Grazing pressure on prymnesiophytes reached a very
high value, 220%, followed by that on diatoms, measuring
61%. The other groups exhibited grazing pressures ranging
from 16 to 47%.

Grazing pressure fluctuated with phytoplankton group and
time (Figure 10). While the higher values occurred at dawn
in cyanobacteria and prymnesiophytes, but lack of statistical
significance, no consistent trend was found in any of other groups
(all p > 0.1, one-way ANOVA; Figure 10).

DISCUSSION

The diel feeding rhythm of copepods was for the first time
studied in Daya Bay during a period of 48 h in autumn.
This study can be taken as a series of snapshots of the
trophodynamics of copepods in this area as the marine system
is very dynamic, so is the trophic interaction after all. The
small copepods with body length < 1.5 mm were the dominant
components of the copepod assemblage in the waters, following
the findings for other marine systems (Williams et al., 1994;
Hopcroft et al., 1998; Turner, 2004). The copepod assemblage
exhibited higher feeding tendency at day time, which is seemly
linked to variation pattern of their prey concentration, but
not the diel vertical migration since copepods didn’t show
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FIGURE 8 | Correlations between the (A) ingestion rate (IR) and ambient Chl α
concentration and the (B) gut pigment contents and the ambient Chl α
concentration in Daya Bay during September 30 to October 2, 2014.

FIGURE 9 | Selectivity index of copepods for phytoplankton groups in entire
water column of Daya Bay during September 30 to October 2, 2014.

distinct diel vertical distribution in this study. The copepod
assemblage exerted strong grazing pressures on the main groups
of phytoplankton and prymnesiophytes, but with different
feeding tendencies toward them.

The coastal water column displayed a weak stratification
during the study period as both of temperature and salinity varied
significantly with depth. Water temperature difference between

TABLE 4 | P-values from Mann-Whitney tests for differences in selectivity index
distributions between phytoplankton groups: diatoms (Dia.), cryptophytes (Cry.),
cyanobacteria (Cya.), chlorophytes (Chl.), and prymnesiophytes (Pry.).

Dia. Cry. Cya. Chl. Pry.

Dia. – 0.021 0.028 0.083 0.161

Cry. – – 0.505 0.798 0.003

Cya. – – – 0.721 0.005

Chl. – – – – 0.046

FIGURE 10 | Grazing pressure of the copepod assemblage on
(A) Bacillariophyta, Dinoflagellata, Cryptophyta, Cyanophyceae and
(B) Prymnesiophyceae, Chlorophyta, Pelagophyceae for 6 h in Daya Bay
during September 30 to October 2, 2014.

the upper and bottom layer reached 1.2 and 0.9◦C at daytime and
night time, respectively, which is comparable to the findings at
the adjacent area by Sun et al. (2011). The difference in salinity
between the upper and bottom layers was close to reported
value in the literatures (0.2–0.5 vs. 0.2–0.3) at the sampling
site (Li, 2009). In Daya Bay, the annual maximum surface sea
water temperature (∼30◦C) generally occurs in summer and early
autumn after Daya Bay Nuclear Power Plant (DNPP) and Lingao
Nuclear Power Plant (LNPP) have been operated since 1993 and
2003, respectively (Figure 1). Besides the sunlight, discharge of
the waste warm waters from these two nuclear power plants
contributes to formation and maintenance of the stratification of
water column in the adjacent coastal waters during summer and
autumn by increasing water temperature at the depth of 0∼4 m.
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Small copepods with body lengths < 1.5 mm, including
small calanoid genus Paracalanus, Temora, Acrocalanus and the
harpacticoid species Euterpe acutifrons, accounted for 73.9–100%
of the total community biomass in the shallow south western
coastal waters of Daya Bay, which is consistent with findings
for the same system or in other pelagic systems in previous
studies (Hopcroft et al., 1998; Turner, 2004; Liu et al., 2013;
Han, 2015; Cheng, 2019). In the early study by Liu et al.
(2013), the dominance of other two small copepod species
Paracalanus crassirostris and Oithona tenuis were highlighted
with contribution of nearly 80% to the zooplankton biomass in
the adjacent area. The stratification of water column and the
high water temperature during the early autumn is proposed
to promote the proliferation of small copepods and led to
their dominance in the copepod community in this area, just
as was reported in other systems (Sullivan, 1993; Drira et al.,
2014). However, the abundance of small copepods had been
underestimated greatly in most early studies in this area by using
coarse mesh nets. Wu et al. (2011) found that when using 330-
and 100-µm-mesh plankton nets, copepod abundance differed
by two orders of magnitude. More specifically, Li et al. (2018)
demonstrated that when using 500-µm-mesh plankton nets, the
densities of P. parvus, P. crassirostris, and T. turbinate in this
area in fall were only 0.5–0.7% of the abundances measured in
our study. Underestimation of the abundance of small copepods
will inevitably lead to underappreciation of their functional
importance in this ecosystem.

Diel feeding rhythm of copepods was tested for the first time
in this area in this present study. The copepod assemblage had the
average gut pigment content of a 10-fold variation (0.6–6.3 ng Chl
α ind.−1), comparable to the range (0.30–4.81 ng Chl α ind.−1)
reported for small copepod species in other marine systems
(Dam and Peterson, 1988; Tang et al., 1994; Tan et al., 2004) but
slightly higher than that (1.79–2.99 ng Chl α mg wet weight−1)
in the study by Champalbert et al. (2003) in a low-chlorophyll
zone of the equatorial Pacific Ocean when converted into wet
weight specific gut pigment concentration. Correspondingly,
the ingestion rate varied in the range of 0.79–8.4 ng Chl α

ind.−1 h−1, which falls into the broad range of 0.058–41.6 ng
Chl α ind.−1 h−1 in the literature for specific copepod species
(Kiørboe et al., 1985; Arinardi et al., 1990; Durbin et al., 1990;
Lee et al., 2012). Generally, the gut pigment content of copepods
was higher at dawn or at noon than at dusk or at midnight, with
10- and 21-fold differences between the maximum and minimum
values. This diurnal feeding pattern is similar to those reported in
the studies by Kiørboe et al. (1985) and Champalbert et al. (2003)
on copepod assemblages or individual species but in contrast
to the nocturnal feeding pattern commonly reported in most
previous studies. In this study, the diurnal feeding pattern was
consistent with the variation in ambient Chl α concentration,
and furthermore, a close correlation was observed between the
gut pigment content and Chl α concentration, both supporting
the diel feeding rhythm being dependent on food availability.
The diurnal feeding rhythms of the copepod assemblage in early
autumn, nevertheless may not be extrapolated to other seasons,
as even the same species alters dial gut pigment rhythms with the
season (Tang et al., 1994).

Diel feeding rhythms are usually shaped by food
environments, the risk of predation, and endogenic factors,
and the interactive effects of these external and endogenic
factors lead to apparent feeding rhythms. While Acartia tonsa
maintained its diel feeding rhythm independently of food
level (Durbin et al., 1990), other species changed their diel
feeding rhythms at different developmental stages and food
concentrations (Daro, 1988; Tiselius, 1988). Furthermore,
different copepod species commonly exhibit diverse diel
feeding patterns in the same food environment, emphasizing
the determinant roles of specific feeding habits or other
endogenic factors (Tiselius, 1988; Kouassi et al., 2001; Lee
et al., 2012). The predation pressure was not evaluated in
Daya Bay in this study, but both the lack of inter-layer
difference in copepod biomass and the insignificant nocturnal
up-moving of copepod suggest that copepod assemblage
may not face strong predation pressure. In the past twenty
years, the number of fish species and abundance of fish
stocks have been declining (Zhang et al., 2020). Alternatively,
fishes usually migrate out of the bay in autumn and winter
(Wang et al., 2010).

Generally, copepod species hardly vary in their vertical
distributions, although tendencies for increasing abundance were
observed during nighttime in the upper layers for T. turbinata
and P. parvus. This finding is in agreement with that from
the earlier study by Huang et al. (2010) for this area in
the same season. P. parvus also showed no significant diel
vertical migration in an early study in Tolo Harbor (Tang
et al., 1994). As for the copepod assemblage, it is noticeable
that there was a biomass peak at 18:00 on the second day.
This peak corresponds to high abundances of the dominant
genus Paracalanus, E. acutifrons, A. longicornis, A. gracilis, and
C. pauper, and the last three species occurred sporadically
at the site, suggesting that patchy distribution and advection
of copepods in this area. Because of labor limitation, no
more time points than four each day were set, which may
compromise conclusive inferences of the vertical distribution of
copepods in this study.

The copepod assemblage exerted moderate integrated grazing
pressure in this study, consuming 55% of the phytoplankton
standing stock. Applying the productivity (199.2 mg C m2 d−1)
from the study by Liu et al. (2012) for the same area and assuming
a C/Chl α ratio of 50, the grazing pressure is equal to 25.3% of
the primary productivity. Tan et al. (2004) reported an average
grazing pressure of 26± 30% as phytoplankton standing stock in
an adjacent area.

The phylum-specific grazing pressure of copepods, which
was previously only minimally addressed, was further evaluate
applying the diagnostic pigment analysis in this study. The
copepod assemblage exerted grazing pressure of 16–220% on
different phytoplankton groups. Diatoms ranked the most
important prey, followed by prymnesiophytes and cyanobacteria,
different from the phytoplankton community composition,
indicating grazing selection in copepods. Prymnesiophytes is
just a minor group with contribution of 5.5% of total Chl
α, but accounted for 24% of the gut Chl α. This phylum of
algae is commonly thought to be unpalatable to copepods due
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to its small size or toxic metabolites (Weisse et al., 1994),
but the Phaeocystis genus was found to be ingested by some
copepod species as colonies and solitary cells and even as
preferential food items in a few studies (Weisse et al., 1994;
Nejstgaard et al., 1994; Cotonnec et al., 2001). Although the
species composition of Prymnesiophyceae was not determined
in this study, Phaeocystis globosa and Prymnesiophycea parvum
are known to often form harmful blooms in adjacent areas
(Chen et al., 1999; Guo et al., 1996). Controversies exist
regarding the availability of these two Prymnesiophyceae species
to copepods. It seems that the consumptive interaction between
prymnesiophytes and copepods greatly depends on the size
and physiological state of both participants. P. parvum impedes
grazing in Acartia species and Eurytemora affinis, according to
Nejstgaard and Solberg (1996) and Sopanen et al. (2006), but
it can be consumed by E. affinis as a unialgal diet or algal
mixture, as reported by Koski et al. (1999). During blooms,
copepods show significant ingestion of single cells but low
ingestion of colonies (Hansen and van Boekel, 1991; Gasparini
et al., 2000; Cotonnec et al., 2001). The high degree of grazing
on prymnesiophytes (220% of the standing stock) in this study
may be linked to the high consumption of copepods on the cells
in solitary form.

Cyanobacteria were avoided by the copepod assemblage in this
study despite its importance in the gut content of copepod. In
recent years, the contribution of cyanobacteria to phytoplankton
assemblages has been increasingly reported in the waters of Daya
Bay, and blooms of Trichodesmium, Synechococcus, Microcystis,
and Nostoc have caused great concern (Song et al., 2009; Wang
et al., 2018). Copepods show different feeding tendencies for
different cyanobacterial species. Trichodesmium was reported
as the dominant genus in autumn in Daya Bay in previous
studies (Wang et al., 2018; Wu et al., 2020), but it is speculated
that copepods may avoid these filamentous cyanobacteria when
alternative algae are available since consuming Trichodesmium
has sublethal effects on A. tonsa (Guo and Tester, 1994).
Pico-sized Synechococcus and non-toxic Microcystis are usually
grazed preferentially in mixtures of other species (DeMott and
Moxter, 1991; Motwani and Gorokhova, 2013; Shoemaker and
Moisander, 2017), while toxic Microcystis is discriminated against
by copepods (DeMott and Moxter, 1991). It is speculated that
unpalatable species constituted the majority of the cyanobacteria
during the study period.

Cryptophytes and chlorophytes, the two main groups of
phytoplankton in the community, were avoided by copepods
in this study. McLeroy-Etheridge and McManus (1999) argued
that the potential destruction of the diagnostic carotenoid
of cryptophytes, alloxanthin, reaches 37–65% during copepod
feeding, which may lead to underestimation of the contribution
of algae to the copepod diet. Alternatively, even though cells
of cryptophytes and chlorophytes are nutritious, copepods may
exhibit a species-specific grazing response to these small cells
(Cotonnec et al., 2001). In a study by Holmes (2018) using
high-throughput genetic sequencing, cryptophytes were absent
in the gut contents of Pseudodiaptomus forbesi. Additionally,
as the feeding selectivity of the copepod assemblage reflects its
integrated feeding tendency, variation in copepod community

structure obscures feeding selectivity of a specific species on
phytoplankton groups.

CONCLUSION

The diel feeding rhythm and grazing selectivity of the planktonic
copepod assemblage of Daya Bay were examined during a 48-
h study in early autumn. The importance of small (<1.5 mm)
planktonic copepods was evident from their proportion (73.9–
100%) of the total mesozooplankton abundance. The copepod
assemblage generally exhibited a diurnal feeding pattern,
characterized by a higher gut pigment content and ingestion
rate during the daytime, consistent with variation in the ambient
Chl α concentration, indicating that food level controlled the
diel feeding rhythm of copepods. Grazing loss by the copepod
assemblage accounted for 55% of the phytoplankton standing
stock, and diatoms, prymnesiophytes and cyanobacteria were the
main prey. The copepod assemblage showed a strong grazing
preference for prymnesiophytes but avoidance of cryptophytes
and cyanobacteria. The grazing tendency of dominant small
copepods on small phytoplankton and the high grazing effect on
the phytoplankton community imply that copepods control the
succession of the phytoplankton community and can efficiently
transfer carbon and nutrients from these primary producers in
the Daya Bay ecosystem.
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