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Based on the data collected by four trawl surveys during 2016–2017, we applied biomass
size spectrum (BSS) and abundance–biomass comparison (ABC) curve to assess the
status of fish communities’ status in Daya Bay, China. Our findings indicated a unimodal
pattern and biomass size ranged from −2 to 10 grain levels and the pattern of the Sheldon-
type BSS of fish in Daya Bay. Moreover, fishes in the range of four to eight size class were
relatively abundant. The highest peak belonged to the two to four grain level (log2 size bins),
mainly consisting of Leiognathus brevirostris, Callionymus meridionalis, Callionymus
koreanus, Evynnis cardinalis, Trachurus japonicus, and other small fishes. The curves
of the BSS in spring and winter were relatively flat and comprised a large curvature. The
summer and autumn curves were comparatively steep, and the seasonal curvature was
small. The curvatures of the curve were mainly related to a large number of small Evynnis
cardinalis and a small number of large-sized Harpadon nehereus and Leiognathus
ruconius. In our study, it was observed that the number and the size of the breeding
population, trophic levels, migration habits, and other life history characteristics, as well as
anthropogenic disturbances (especially overfishing), significantly affected the peak shape,
slope, or curvature of the fish BSS, with overfishing being the main factor. The ABC curve
exhibited that Daya Bay was in a critical state of disturbance throughout the year. The
spring, summer, and autumn were in severe disturbance, while the winter was in moderate
disturbance.
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INTRODUCTION

Understanding how fish communities respond to natural disturbances is fundamental to assess
ecosystem resistance and resilience mechanisms (Romero et al., 2020). The body size compositions of
communities can be modeled using a size spectrum framework (Kerr and Dickie 2001). Changes in
the fish size influence the ecosystem (Peterson and Wroblewski 1984; Scharf et al., 2000; Woodward
et al., 2005). Therefore, the ecological and biological characteristics of fishes can be determined
according to their size. Fishes throughout their life cycle traverse a few trophic levels that are
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positively associated with their size (Jennings et al., 2001). The
size spectrum is extensively applied to study the characteristics of
the fish community, particularly in the aspects of production and
abundance (Sheldon et al., 1977; Boudreau and Dickie 1992; Cyr
and Peters 1996).

The size spectrum expresses the relation between organism
size and biomass or abundance and is used as an indicator of
organisms’ mass or abundance, which is described within the
logarithmic body size interval (Trebilco et al., 2013). It allows for
understanding the distribution of biomass or abundance in the
various size intervals within a biological community and also
assists in realizing the impact of ecosystem productivity and the
energy on that relation (Macpherson et al., 2002). According to
the general rule, the spectrum line of the size spectrum is straight
with a slope of −1 in a relatively stable ecosystem state (Jung and
Houde 2005); however, when the community is disturbed by any
outside factors, the spectrum line displays a “dome” parabolic
shape (Kerr and Dickie 2001). Overfishing is one of the main
factors that influence the slope or curvature. Therefore, the size
spectrum can be used as an indicator to evaluate the impacts of
human activities and environmental changes on ecological
systems (Guiet et al., 2016). The biomass size spectrum (BSS)
has been widely used to estimate mortality in aquatic ecosystems,
particularly in fish species. This predicts the effects of various
human disturbances on aquatic ecosystems and analyzes the
population structure and dynamics of aquatic ecosystems
(Sheldon et al., 1972; Peterson and Wroblewski 1984; Sprules
et al., 1991). At present, there are many studies on the fish BSS
overseas that mainly focused on the fish community structure,
fishery biology, nutrition level, fishing intensity, mortality and so
on (Jennings et al., 2002; Graham et al., 2005; Jung and Houde
2005; Emmrich et al., 2011). However, only few studies have
applied fish BSS in China.

The abundance–biomass comparison (ABC) curve method
was proposed by Warwick in 1986 to monitor the impact of
disturbances (mainly pollution impact) on benthic invertebrate
communities (Warwick 1986). This method is then used for
internal comparisons of species abundance and biomass
distribution in various samples to predict the level of
environmental stress based on the responses of species
distribution (Warwick et al., 1987; Warwick and Clarke 1994;
Pagola-Carte 2004; Wijeyaratne and Bellanthudawa 2018). When
the biomass dominance curve is above the abundance dominance
curve, it indicates that the community is in a stable state, and
species composition is dominated by large-size species with slow
growth and late sexual maturation. When the curves intersect, the
community is in a moderately disturbed state. When the biomass
dominance curve is below the abundance dominance curve, it
indicates that the community is in a severely disturbed state, and
species composition is dominated by small-size species with fast
growth and early sexual maturity (Sprules and Munawar 1986).
In recent years, the ABC curve method has been widely used in
fishery research (Blanchard et al., 2004; Yemane et al., 2005; Li
2008; Wijeyaratne and Bellanthudawa 2018). Also, the trends of
biomass dominance curves and abundance dominance curves
were compared to analyze the characteristics of fish communities
under different disturbance statuses (Warwick 1986). The ABC

method can be applied to analyze the impact of human
disturbances such as fishing on fish communities and
determine the expected response of biological communities to
disturbances, which is of great significance to the research and
development of fishery resources (Li 2008).

Daya Bay is a subtropical semi-closed bay, in Guangdong
Province, China, in the northern part of the South China Sea,
surrounded by mountains from three sides (Xu 1989). It is a
suitable habitat for spawning, feeding, and growing fish and rich
in commercial fishes with vast biodiversity (Wang et al., 2005).
However, the rapid socioeconomic development, human
activities, and natural disturbances have caused damage to
Daya Bay’s ecosystem, which decreased the biodiversity level
and resources significantly (Wang et al., 2010; Li et al., 2015).
Since the 1980s, there have been numerous reports on the study of
fish communities in Daya Bay; however, all of them were
conventional research methods based on taxonomical studies.
The use of the size spectrum to study the characteristics of fish
communities has not been reported yet. Therefore, in this study,
based on the data of the four submarine trawl surveys from 2016
to 2017, we constructed the size spectrum of fishes in Daya Bay in
order to provide a scientific basis for ecological protection,
sustainable development, and utilization of fish resources.

MATERIALS AND METHODS

Study Area and Sampling
Daya Bay is located at 113°29′42″–114°49′42″E and
23°31′12′–24°50′00″N in Guangdong Province, China, with an
area of 600 km2 (Figure 1). It is one of the largest semi-closed

FIGURE 1 | Map of sampling stations in Daya Bay.
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bays in China and the greatest entrance in Guangdong Province
(Wang et al., 2006). It is not linked to any main rivers, and a
majority of its water comes from the South China Sea. It is poured
mainly by tides as its water depth ranges from 6 to 21 m, with an
average of 11 m (Xu 1989), and about 60% of water in Daya Bay
has a depth lower than 10 m (Wang et al., 2006).

Eleven stations were set in Daya Bay, among which the coast
consists of five stations, namely, S1, S2, S3, S6, and S9; the middle
of the bay consists of four stations, including S4, S5, S7, and S8;
and themouth of the bay comprises two stations, namely, S10 and
S11 (Figure 1). Four voyage bottom trawl surveys were carried
out in August 2016 (summer), December 2016 (winter), March
2017 (spring), and October 2017 (autumn). Along with fish
collection, data on four environmental variables were obtained
simultaneously from the stations. The water depth (m) of each
station was obtained by a ship-borne sounder. The physical
environment data such as sea surface salinity, sea surface
temperature (°C), dissolved oxygen (DO, mg/L), and pH were
measured by a YSI Pro Series multifunctional water quality meter.
The environmental parameters and fishery resources
investigations were based on “the specifications for the
oceanographic survey” (GB/T12763-2007, China), “the
specifications for marine monitoring” (GB17378-2007, China),
“the specifications for coastal waters environmental monitoring
norms” (HJ442-2008, China), and “the specifications for marine
fishery resources survey” (SC/T9403-2012, China) and
standardized the data. The survey vessel was a steel fishing
boat with a power of 135 kW that was operated during the
day. The sampling net was a single-vessel winged single-bag
bottom trawl with a net mouth circumference of 102 m, net
length of 50 m, on the framework of 51 m, under the outline of
51 m, and net mesh size of 2 cm. Each station was trawled one
time and dragged 1 h, with an average hauling speed of 3.4 knots
for all surveys. The catches were classified and identified on site,
and the biological parameters such as the body length (BL, mm)
and body weight (BW, 0.1 g) of each individual were immediately
measured, and then the samples were frozen, stored on site, and
transferred to the laboratory. Sampling and analysis were carried
out according to the “Marine Biological Survey Code” (National
Standardization Administration of the People’s Republic of China
General Administration of Quality Supervision 2007).

Analytical Methods
Abundance–Biomass Comparison Curve
The ABC curve method analyzes the characteristics of the
community under different disturbance conditions by
calculating the distribution of species abundance and biomass
using the W-statistic as a statistic of the ABC curve method
(Yemane et al., 2005):

W � ∑
s

i�1

(Bi − Ai)
50(S − 1),

where Ai and Bi represent the cumulative numbers of the species
number i and the cumulative percentage of biomass in the ABC
curve, respectively, and S is the total number of species.

Sheldon-type BSS
In Sheldon-type BSS analysis, if the size of the smallest fish species
is V, then the first particle size of fish ranges from V to 2V, the
second size ranges from 2 to 4V, and so on. The fish size interval
follows the base 2 logarithm and divides the fish size into different
size levels (Sheldon et al., 1972). The Sheldon-type BSS is divided
by the log2 conversion size interval as the abscissa, and the total
biomass per unit area (m2) corresponding to each size group is
converted by log2 as the ordinate (Jung and Houde 2005). This
allows the biomass distribution to not rely on the fish size
intervals, allowing comparisons of different fish communities,
regardless of fish size (Macpherson et al., 2002). The fish
community’s structural characteristics are reflected by the
“peak shape” formed by the crests and troughs on the curve
(Kerr and Dickie 2001).

Normalized Biomass Size Spectrum
In the NBSS, the horizontal axis is consistent with the Sheldon-
typemodel, but the vertical axis is different. The vertical axis is the
ratio of the total biomass (wet weight) of organisms in a specific
weight category to the interval of weight changes in the category,
all expressed on a logarithmic scale (Sprules and Munawar 1986).
This logarithmic scale describes the characteristics of fish
community structures mainly using the linear regression
equation or parabolic equation parameters, which compare the
differences among various fish communities and predict the
future development of fish community conditions (Sprules and
Munawar 1986; Kerr and Dickie 2001). When the community is
in a stable state, the NBSS is a straight line (y � ax + b), where a
represents the slope, indicating the relationship between biomass
and the particle size of fish. Once a equals −1, it demonstrates that
the fish biomass is consistent with the increase in the particle size.
When a is less than −1, it indicates that the fish biomass decreases
as the size increases. On the other hand, a greater than −1 reveals
that the fish biomass increases with the increase in the grain size,
while b represents the intercept, expressing the abundance and
productivity of the fish community. The difference in b value
represents the variance in the productivity level of different fish
communities, for which the magnitude of the productivity level is
positively correlated with the b value (Platt and Denman 1977;
Guo et al., 2017). On the other hand, when the community is in
an unstable state, the NBSS is a parabolic equation (y � ax2+bx +
c), and a represents curvature which is affected by various factors
such as the nutritional level, fishing, and breeding population
(Macpherson and Gordoa 1996; Trebilco et al., 2013). R2

represents the determination coefficient of the fitting equation
obtained by the linear or nonlinear model and describes the
extent to which fish communities deviate from their steady state.

Data Analysis
The data of the survey were calibrated and analyzed by
ArcGis10.3 software and SPSS19.0 statistical analysis software.
According to the survey results of each station, the average body
weight of fish of more than 9 g and less than 9 g at each station
was calculated. Also, to map the fish body size distribution, an
ArcGIS10.3 raster interpolation was used, which helps
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understand the characteristics of the distribution within the
seascape.

RESULTS

Fish Community Structure
A total of 131 fish species were collected, belonging to 13
orders, 53 families, and 84 genera, all of which belonged to the
Osteichthyes class. Perciformes contained the largest number
of species, with 71 species, accounting for 54.20% of the total
species. The fish community of Daya Bay demonstrated
significant seasonal changes, which are summarized in
Table 1. The fish community mainly composed of Evynnis
cardinalis and Callionymus richardsoni, which feed on benthic
organisms; Trachurus japonicus and Apogon lineatus, which

feed on plankton organisms; and Leiognathus brevirostris and
Clupanodon punctatus larvae, which feed on plankton and
benthic organisms. Overall, the fish structure presented
miniaturization and a low-weight trend. The average
individual mass of fish in the whole bay was 9 g. The
distribution of the body size of small fish (<9 g) and large
fish (>9 g) after grid interpolation showed that the abundance
of large-sized fish reduced progressively from the east to the
west coast of the gulf. On the other hand, the small-sized fish
overall showed an increasing trend from the bay mouth area to
the northern coastal waters. Moreover, the fish in the coral
reef area and the bay mouth were the smallest in size, while the
high-value area was in the eastern coastal waters. Overall, the
fish in the littoral waters were comparatively large, while the
fish in the middle and the mouth of the bay were relatively
small (Figure 2).

TABLE 1 | Seasonal changes of the fish community structure in Daya Bay.

Season Catch (kg/h) Body
weight ranges (g)

Average
body weight (g)

Dominant species composition

Spring 15.2 2–1,200 9 Evynnis cardinalis
— — — — Callionymus richardsoni
— — — — Clupanodon punctatus
— — — — Trachurus japonicus
Summer 67.8 1.5–2,012 6 Thamnaconus hypargyreus
— — — — Leiognathus brevirostris
— — — — Apogon lineatus
Autumn 37.3 0.4–238.8 27 Leiognathus brevirostris
Winter 12.4 0.5–693 24 Leiognathus brevirostris

FIGURE 2 | Spatial distribution of fish physically in two designated size classes in Daya Bay; (A) small fish <9 g wet weight; (B) large fish >9 g wet weight.
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Abundance–Biomass Comparison Curve
There were significant seasonal variations and spatial differences
in fish communities’ ABC curves of Daya Bay (Figure 3 and
Figure 4). In the seasonal changes, the fish communities in
spring, summer, and autumn were all in a critical disturbance
state. The fish community consisted mainly of small-sized fish,
while the winter fish community was in a moderate disturbance
state. The fish community structure was better in winter than the
other three seasons, and the W values of the four seasons were
−0.07, −0.17, −0.08, and 0.17, respectively. In the spatial
distribution, the coastal waters and the central waters were in
a critical disturbance state, while the mouth of the bay was
moderately disturbed. The W values of the coastal waters,
central waters, and mouth waters were −0.10, −0.15, and
−0.09, respectively. The coastal area was the most disturbed,
followed by the central waters. Furthermore, the entire sea area
was in a critical disturbance state throughout the year.

Fish BSS
Fish BSS in Daya Bay
According to the survey results of four voyages, the BSS of fish in
Daya Bay was constructed (Figure 5). The Sheldon-type BSS of

fish was a single-peaked pattern with the grain size (log2 size bins)
ranging between −2 and 10, where the fish were predominantly in
the range of four to eight grain level. The size spectrum dome was
located on the two to four grain level. Its corresponding body
mass of fish ranged from 8 to 16 g, mainly composed of
Leiognathus brevirostris, Callionymus meridionalis, Callionymus
koreanus, Evynnis cardinalis, Trachurus japonicus, and other
small fishes. Also, the curvature of the NBSS was −0.23 in
Daya Bay.

Seasonal Changes of Fish BSS
The Sheldon-type BSS of the four seasons in Daya Bay
showed an irregular sawtooth shape with evident seasonal
variations (Figure 6, p < 0.05). In general, all four seasonal
curves showed a unimodal pattern. Commonly in spring
and winter, the peak and trough were interdependent, and
the curve of BSS slightly fluctuated. Only one peak
appeared in summer and autumn, without trough
occurrence, and the curve fluctuated marginally. The
fish size ranged from −2 to 10 in four seasons, ranging
from −2 to 10 in spring, summer, and winter, while from −2
to 8 grain level in autumn.

FIGURE 3 | ABC curves of fish community in every season in Daya Bay.
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The NBSS of fish for all seasons was designed based on the
analysis of fish biology data. All the regression results were
significant (p < 0.05), and there were seasonal differences
(Figure 7; Table 2). The curvature ranges of the NBSS of fish
for the four seasons ranged from −0.33 to −0.19, of which spring
curvature was the largest, followed by winter and autumn, and
summer curvature was the smallest. The R2 ranged from 0.67 to
0.95, exhibiting the largest value in summer and the smallest in
winter.

Spatial Changes of Fish BSS
The Sheldon-type BSS and NBSS of fish were constructed based
on the survey data, the coastal area, the central region, and the bay
mouth in Daya Bay with evident spatial changes (Figure 8 and
Figure 9, p < 0.05). The Sheldon-type BSS in the three regions was
a single peak, while the highest peaks in the coastal and central sea
areas were in the two to four size range, and the highest peak in
the bay waters was in the four to six size range. The fish size
ranged from 2 to 10 grains, of which the coastal and bay mouth
waters ranged from −2 to 10 grains, while the central waters
ranged from 2 to 8 grains. The curvature of fish NBSS was in the
range from −0.39 to −0.19, of which the coastal area was the

largest, followed by the bay mouth (−0.27). The central area was
the smallest; R2 ranged from 0.81 to 0.98, with the highest in the
central region and the lowest in the coastal zone (Table 3).

DISCUSSION

Ecological Indication of ABC Curve
The fish biomass dominance curve in Daya Bay was lower than
the abundance dominance curve, indicating that the fish
community structure was severely disturbed, and the fish
community composed of small, fast-growing species that
mature early. Throughout the year, spring, summer, and
autumn seasons were in a severe disturbance state; however,
winter was in a moderate state (Yemane et al., 2005). This was
consistent with the findings of a previous study that the fish
composition was mainly dominated by small-size fish such as
Evynnis cardinalis, Callionymus koreanus, Clupanodon
punctatus, Trachurus japonicus, Thamnaconus hypargyreus,
and Leiognathus brevirostris, where the fish size structure
showed a trend of miniaturization and low weight (Guo et al.,
2018). Studies have also shown that the status of fish abundance is

FIGURE 4 | ABC curves of fish community in the region in Daya Bay.
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related to its reproductive rate, growth habits, seasonal differences
in the living environment, and human activities (especially
fishing) (Fenberg and Roy 2008; Li 2008; Rochet and Benoit
2012; Guo et al., 2018; Xu et al., 2020; Marrakchi et al., 2021).
Considering the time of the investigation, the spring and summer
seasons were before and after the South China Sea fishing
moratorium, but summer was the most disturbed, while the
fish community structure in spring was less disturbed than
summer. The average fish weight (9 g) in spring was higher
than that in summer (6 g). Besides, the spring and summer
seasons were the main spawning periods for most fish in Daya
Bay. Some fishes such as Clupanodon punctatus, Trachurus
japonicus, Trichiurus lepturus, and Thryssa dussumieri began
reproduction considerably, which resulted in both fecundity
and juveniles to reach the maximum during summer (Xu
1989; Lin et al., 2010; Cao et al., 2021; Lakshmikandan et al.,
2021). In addition, the summer survey was conducted in the
second week after the end of the fishing season. Overfishing by
coastal fishers resulted in the caught being dominated by the high
abundance of small-size fish in summer, in which their weight
and quantity accounted for 47.5 and 72.8% of the total catches,
respectively. Besides, the biomass dominance curve was lower
than the abundance dominance curve, and the fish community
was in a severe disturbance state. In winter, a small quantity of
Acanthopagrus schlegelii, Gymnothorax hepaticus, Johnius
distinctus, Pampus chinensis, Johnius belangerii, and other

large species were captured, with the average individual
weighed more than 50 g, which was significantly higher than
that in the other three seasons. Also, the community structure
showed lower disturbances in winter than in the other three
seasons, and the fish community was in a moderate state of
disturbance due to the impact of low temperature, fish migration,
and low fishing pressure. Remarkably, the coastal waters were
affected by overfishing, resulting in a severe disturbance. In the
middle of the bay, several island reefs provided a natural
sanctuary for reef fish breeding (Wang and Zhao 2001), which
was not conducive to bottom trawl fishing. Therefore, the degree
of disturbance was relatively low, and moderate disturbance was
observed.

Characteristics of Fish BSS in Daya Bay
Composition of Fish
The particle size of organisms is highly associated with the
material and energy flow in marine ecosystems, the structure
and function of biological communities, and physical and
chemical processes (Belgrano and Brown 2002; Li 2002).
Therefore, biologic particle size spectroscopy can be employed
to reflect the structural composition of biologic communities
(Marquet et al., 2005). The results of fish compositions of this
study are shown in Table 4.

Ecological Characteristics of Fish Community
Structure
The curve was larger in spring and winter and smaller in summer
and autumn. The regression coefficient, R2, was small in spring
and winter and was large in summer and autumn. The size ranges
were wide in spring and winter and slightly smaller in summer
and autumn, indicating that the fish community structure in
spring and winter was composed of smaller size fishes than
summer and autumn. In winter, the fish community structure
was the least disturbed by human activities, while summer
showed the highest human disturbances. Particularly, the
coastal areas were the most affected areas by human activities,
followed by the central bay area. The lowest degree of human
disturbance was observed in the mouth of the bay, indicating that
the fish community structure was unstable in the coastal zones,
and the fish community structure was relatively stable in the
central region and mouth of the bay.

The particle size is a prominent structural feature of fish
communities and significantly reflects fish movement
(Bainbridge 1958), predation (Lundvall et al., 1999; Scharf
et al., 2000), reproduction (Woodward et al., 2005), the
mortality rate (Peterson and Wroblewski 1984), and fishing
(Fenberg and Roy 2008). The trophic level of organisms is
closely related to the fish size (Jennings et al., 2001; Trebilco
et al., 2013). Mainly, the fish grain size structure is influenced by
the productivity level of the area, fishing intensity (especially
overfishing), species compensation ratio (number of breeding
population), and environment, all of which influence the BSS of
fish (Jennings and Reynolds 2007; Fenberg and Roy 2008; Wang
et al., 2013). In this study, the main fish species in the smallest
grain size (2–0 grain size) during spring, summer, autumn, and
winter seasons were Glossogobius olivaceus, Apogon lineatus,

FIGURE 5 | Biomass size spectrum of fish in Daya Bay; a. Sheldon; b.
normalized.
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Argyrosomus pawak, and Parachaeturichthys polynema,
respectively. Since the biomass size was small at this grain
level, it significantly influenced the curvature of its NBSS.
Predominantly, the biomass grain level in the coastal waters,
the middle bay area, and the mouth area was the smallest, and the
fish species with the highest biomass contribution rates were
Apogon lineatus, Argyrosomus pawak, and Pterois volitans.
Consequently, this affected the curvature of the NBSS. In
summer and autumn, Daya Bay shows high productivity, and
spawning fishes begin to spawn abundantly in summer, resulting
in both fecundity and juveniles to reach their peaks (Xu 1989; Lin
et al., 2010). Besides, from June to August, due to the fishing
moratorium period in the South China Sea, the protection of fish
resources resulted in highest fish abundance, and biomass size
and upwelling were observed on the east coast of Guangdong (Xu
1989). Also, the South China Sea invasion trend showed increased
nutrition supplementation in the bay, which provides a well-
nourished environment for fish and plankton growth (Wu et al.,
2007; Lakshmikandan et al., 2020; Barati et al., 2021;
Lakshmikandan et al., 2021), resulting in the larger mean
biomass size of fish in summer and autumn than in spring
and winter. However, after summer fishing moratorium, the
increase in fishing intensity reduced the amount of large-size

fishes (Guo et al., 2018), coupled with the replenishment of
spawning fishes (Xu 1989), and resulted in a fish community
comprising small-sized fishes. And overfishing was the main
reason for the relatively steep curvature of the NBSS. In spring
and winter, the productivity of Daya Bay was comparatively low,
and fishing was moderately less, wherein fishes such as
Clupanodon punctatus began spawning predominantly. In
winter, most commercial fishes such as Trachurus japonicus,
Pagrosomus major, Formio niger, and Decapterus maruadsi
migrated from the bay to the deep waters outside the bay for
overwintering (Xu 1989), while more large fishes such as Sparus
macrocephalus were captured, which resulted in a comparatively
uniform distribution of fish size and a relatively flat NBSS
curvature. Also, the particle size structure was superior to
other seasons as the grain size range was larger. Coastal waters
were disturbed by fishing, and the coastline and fish habitats were
damaged (Wang et al., 2010). The degree of disturbance was
highest, and there was a lack of small-size species ranging from −2
to −1, which led to a steeper curve of the BSS. In the middle of the
bay, several island reefs were not easy to catch on the bottom
trawling. The degree of disturbance was rather small, and the
community was reasonably stable, resulting in relatively flat
curvature. The water depth was higher in bay mouth than the

FIGURE 6 | Biomass size spectra of fishes in every season in Daya Bay.
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nearshore and the middle, and human activities were relatively
low, resulting in a more stable fish community structure. Ma et al.
(2014) studied the number size spectra (NSS) of planktons in
Daya Bay during summer and winter. The result indicated that
the hot water discharges from nuclear power plants and
agricultural wastewater releases significantly affected the
plankton biomass size distribution and NSS patterns. The
study demonstrated the application of BSS in studying the
impacts of human disturbances on the marine ecosystem and
also indicated that the particle size can be used as an ecological
indicator to reflect the stability of the community structure.

Peaks are usually formed in small- and large-size species, and
troughs are formed at their junctions (Schwinghamer 1981). It was
suggested that the distribution of peaks and troughs is not a fixed
pattern (Dolbeth et al., 2014). Their formation mainly depends on
the appearance of key species in different seasons, rather than the
living environments of the communities. In this study, the wave
peak corresponds to a large number of small species or a low
number of large species, and the troughs were at the intersection of
small and large species. Also the capture of specific species in the
community affected the peak shape of the NBSS, which was
consistent with a previous study (Shen 2010). The corresponding
fish species in the two to four size class exhibited the highest
biomass abundance, which accounted for 24.76% of the total
biomass, mainly consisting of highly abundant small fishes. For
instance, the catch quantity and weight of Leiognathus brevirostris
were the highest, accounting for 37.96 and 37.85% of the total catch,
respectively. Also, the fish biomass on the two to four grain level
exhibited an increasing trend, while the fish biomass on the 4–10
scales showed a decreasing trend, resulting in a single-peak pattern
of the Sheldon-type BSS in Daya Bay. In summer, largely small-
sized fishes, such as Evynnis cardinalis and Leiognathus brevirostris,

FIGURE 7 | Normalized biomass spectra of fishes in every season in Daya Bay.

TABLE 2 | Seasonal comparison of the normalized biomass particle size spectrum
of fish in Daya Bay.

Season Size range Biomass (g/m2) Curvature R2

Spring −2 to 10 182670.21 −0.20 0.76
Summer −2 to 9 421909.57 −0.33 0.95
Autumn −2 to 8 170995.99 −0.32 0.94
Winter −2 to 10 151221.58 −0.20 0.67
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were captured, and the catch weight reached themaximum,making
it the highest peak in the two to four grains. In winter, one
Acanthopagrus schlegelii and one Pampus chinensis were
captured on the six to eight scale, and the biomass size was the
smallest, resulting in a trough occurrence.

The continuous fish size spectrum analysis provides a
straightforward mechanism to understand the condition of the
aquatic ecosystem (Benoıt̂ and Rochet 2004; Maury et al., 2007). It

lowers the intricacy of food webs, indicates the slope of NBSS, and
demonstrates that the intercepts are useful to describe the
characteristics of ecosystem status (Guiet et al., 2016). It is

FIGURE 8 | Sheldon type biomass size spectrum of fish in different areas
of Daya Bay.

FIGURE 9 | Normalized biomass size spectra of fish in different regions
of Daya Bay.

TABLE 3 | Spatial changes of the normalized biomass particle size spectrum of
fish in Daya Bay.

Region Size ranges Biomass (g/m2) Curvature R2

Coastal area −1 to 10 397123.97 −0.19 0.81
Central area −2 to 8 274829.11 −0.39 0.98
Bay mouth −1 to 9 151712.77 −0.27 0.95
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different from traditional research methods and does not rely on
taxonomy knowledge. Moreover, it minimizes the calculation
errors caused by the uncertainty of classification and
identification, while enhances our understanding of marine
ecosystem characteristics and fish species in ecological and
physiological processes. Additionally, it forecasts and evaluates
productivity, production, and distribution of fish community and
assists in monitoring environmental changes (Borgmann 1982;
Boudreau and Dickie 1992; Cyr and Peters 1996; Trebilco et al.,
2013; Guo et al., 2017). It is an innovative method to study fish
communities. It can be applied to study the influences of fishing,
reproduction tactics, or environmental alternation at various
times on the fish community. Also, evaluating the influences
of climatic variations on the marine ecosystem can be considered
another application (Woodworthjefcoats et al., 2013; Guénette
et al., 2014). On the other hand, the structure of species diversity
in fish communities considerably influences the marine
ecosystem’s performance, sensitivity to disturbances, and
resilience (Blanchard et al., 2011), which urges the
development of size-based uniqueness of the fish size
spectrum (Guiet et al., 2016). In future research, it is essential
to improve and advance the fish size spectrummethod for further
development and protect marine fishery resources.

CONCLUSION

The Sheldon-type BSS of fish in Daya Bay was a unimodal
pattern, consisting of the fish size ranging from −2 to 10 grain
level. Fishes in the range of four to eight size class were relatively
abundant. The highest peak belonged to the two to four grain
level and predominantly composed of Leiognathus brevirostris,
Callionymus meridionalis, Callionymus koreanus, Evynnis
cardinalis, Trachurus japonicus, and other small fishes. The

curve of the BSS was relatively flat with large curvature in
spring and winter. The curves in summer and autumn were
comparatively steep, and the curvature was small. The
characteristics of fish BSS were significantly affected by the
number and size of the breeding population, the trophic level
and migratory habits of fish, and other life history characteristics
as well as human disturbance (fishing), among which overfishing
was the dominant factor. The ABC curve showed that the fish
community in Daya Bay was in a state of serious disturbance
throughout the year.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

Ethical review and approval was not required for the animal study
because the study was conducted by only measuring the size and
identifying fish type by their appearance in the ecosystem. No
experiment was conducted on the studied fishes.

AUTHOR CONTRIBUTIONS

SX, JF, TX, and CL contributed to the conception and design of
this study. JG, KW, TX, BB, and YL developed the method,
acquired the data, and wrote the first draft of the manuscript. JF
and YXu ran the analyses. SX and BB provided feedback on
analysis. SX, BB, and CL provided revisions and editing. All
authors read and approved the submitted version.

TABLE 4 | Fish composition according to the particle size.

Particle
size

Biomass (g) Composition of fish Trophic structure

−2 to −1 0.25–0.5 One Glossogobius olivaceus and one Argyrosomus pawak larvae Planktivorous
−1 to 0 0.5–1 More small Apogon lineatus Planktivorous
0–1 1–2 A large number of Thamnaconus hypargyreus, Apogon lineatus, Glossogobius olivaceus, and small fishes Planktivorous
1–2 2–4 A large number of Thamnaconus hypargyreus, Leiognathus brevirostris, Apogon lineatus, Oxyurichthys

papuensis, Parachaeturichthys polynema, and other small fishes
Planktivorous and benthic

2–3 4–8 Smaller individuals such as Thamnaconus hypargyreus, Leiognathus brevirostris, Apogon lineatus,
Oxyurichthys papuensis, Parachaeturichthys polynema, Evynnis cardinalis, and Trachurus japonicus

Planktivorous and benthic

3–4 8–16 A large number of small fishes such as Evynnis cardinalis, Trachurus japonicus, Leiognathus brevirostris,
Callionymus meridionalis, and Acentrogobius caninus

Planktivorous and benthic

4–5 16–32 A large number of small fishes such as Umbrina russelli, Evynnis cardinalis, Sillago japonica, and
Odontamblyopus rubicundus

Benthic and detrital

5–6 32–64 Low count of Clupanodon punctatus, Harpadon nehereus, Muraenesox cinereus, Saurida tumbil, Gerres
filamentosus, Rhabdosargus sarba, and Nemipterus virgatus

Benthic and nekton

6–7 64–128 A small number of larger Sparus berda, Pisodonophis boro, Fugu niphobles, and Scatophagus argus Benthic and nekton
7–8 128–256 Four tails Scatophagus argus, one-tail Plotosus lineatus, Acanthopagrus schlegelii, Takifugu poecilonotus,

Dysomma anguillaris, Pampus chinensis, and other individual large fish composition
Benthic and nekton

8–9 256–512 One Evynnis cardinalis, Scatophagus argus, Muraenesox cinereus, four Sparus macrocephalus, and other
individual large fish

Benthic and nekton

9–10 512–1,024 One large-tailed Parachaeturichthys polynema, Acanthopagrus schlegelii, and Gymnothorax hepaticus Benthic, detrital, and
nekton
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