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Trawl fisheries have been shown to cause overfishing and destruction of benthic
habitats in the seabed. To mitigate these impacts, a trawling ban has been enforced
in Hong Kong waters since December 31, 2012 to rehabilitate the ecosystem and
enhance fisheries resources. Previous studies demonstrated that reduced trawling
activities would increase the heterogeneity of benthic habitats, thereby enhancing
species richness and abundance of benthic fauna and providing more prey resources for
predatory fishes. This study aimed to test a hypothesis that the population and trophic
dynamics of the Bartail flathead Platycephalus indicus, a heavily fished benthic predatory
fish, at inner and outer Tolo Channel of Hong Kong (i.e., EI and EO) improved with
increases in their body size, abundance, biomass, trophic niche, and trophic position
after the trawl ban. Samples were collected from trawl surveys before and after the
trawl ban to compare the pre-ban and post-ban populations of P. indicus from EI and
EO. Body size, abundance, and biomass were assessed in 2004, 2013–2014, and
2015–2016, whereas trophic niche and trophic position were analyzed based on stable
isotopes of fish samples collected in dry season of 2012, 2015, and 2018. Following
the trawl ban, the abundance and biomass of P. indicus increased in EO, with body
size increased in EI. Furthermore, as indicated by the results of stable isotope analysis
(SIA) on their tissues and prey items, trophic niche, and trophic position of P. indicus
increased in EI and EO, respectively. Our study demonstrated that the trawl ban had
promoted the recovery of a predatory fish population through restoring size structure
and trophic dynamics.

Keywords: management intervention, recovery, trophic niche, trophic level, stable isotope analysis, MixSIAR

INTRODUCTION

Bottom fishing activities are considered to be the most widespread anthropogenic disturbances
onto marine benthic ecosystems (Hiddink et al., 2017). In particular, fishing by bottom trawlers
has increasingly intensified since 1960s and contributed to approximately 25% of global seafood
catches during 2011 and 2013 (The Food and Agriculture Organization, 2016). In Hong Kong,
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bottom trawlers contributed more than 50% (i.e., ca. 12,000 tons)
of the historic annual total fishery catch (Agriculture, Fisheries
and Conservation Department, 2013), resulting in large-
scale fishery resource depletion, sedimentary organic matter
resuspension, and benthic habitat homogenization (Cheung
and Sadovy, 2004; Thrush et al., 2006). Such fishing activities
can also reduce the biomass and diversity of the demersal
biological community (Hiddink et al., 2011; Collie et al., 2017),
as well as altering the trophic structure and functioning of
the marine ecosystem (Jennings et al., 2001). Apart from
direct harvesting of demersal fishes and crustaceans, trawling
can also reduce availability of prey via direct removal and
habitat destruction, resulting in dietary shifts and reduced
energy intake and body size of predatory fishes in frequently
trawled areas (Hinz et al., 2009; Hiddink et al., 2011). Thus,
benthic trawling, if not regulated properly, could seriously
deteriorate the marine biological communities and ecosystem
functions. To restore the benthic ecosystem and associated
fishery resources, a territory-wide ban on all trawling activities
has been implemented in Hong Kong waters since December
31, 2012 (Agriculture, Fisheries and Conservation Department,
2011).

Globally, trawl bans or time-limited fishing moratoriums are
commonly applied for restoring marine biodiversity, food webs,
and fishery resources that have been impaired by fishing activities
(Murawski et al., 2000; Hamilton et al., 2014; Bergman et al.,
2015). Such management interventions are expected to promote
increases in abundance, biomass, body size, and trophic niche
of marine fauna (Pipitone et al., 2000; Fiorentino et al., 2008;
Hamilton et al., 2014). Yet, the ecological processes leading
to these improvements after the reduction in fishing pressure
are complex and usually involve concurrent changes in prey
availability, community composition, and trophic pathway and
interaction (e.g., inter- and intra-specific competitions) (Board
and Council, 2006; Johnson et al., 2015; Hinz et al., 2017).
Also, the time needed for full recovery of faunal populations
to pre-impact states varies among taxa and trophic levels and
depends on environmental conditions and historical fishing
intensity (Hiddink et al., 2017; Kaiser et al., 2018; Sciberras et al.,
2018).

Predatory fishes regulate the lower trophic levels through
trophic cascades (Myers and Worm, 2005) and are important
in maintaining the aquatic food web stability and structure
(Quevedo et al., 2009; Kratina et al., 2012). However, many
marine ecosystems worldwide have been degraded concurrently
with the overexploitation of predatory fishes, loss of natural
habitats due to reclamation, and pollution over the past decades
(Jackson et al., 2001; Myers and Worm, 2003). Management
interventions such as the implementation of trawl bans,
establishment of marine protected areas and restriction of
fishing effort are necessary to reduce fishing pressure. These
aim to improve habitat quality and trophic linkages, facilitating
ecosystem-wide and predatory fish population recovery (Serrano
et al., 2011; Hamilton et al., 2014). As their population
structure and trophic ecology are strongly related to the
ecosystem’s health condition (Lau et al., 2017), recovery of
predatory fishes can potentially reflect ecosystem recovery.

Serrano et al. (2011) reported that predatory fishes, such as
seabreams (Sparidae), catsharks and skates (Elasmobranchii),
and red mullets (Mullidae), increased in biomass after 4 years
of trawl exclusion in the Cantabrian Sea. After enforcement of
regulations to reduce fishing pressure, the California sheephead
(Semicossyphus pulcher: Labridae) had broadened trophic niches
in kelp forests off San Nicolas Island in California, likely
due to recovery of the prey diversity of larger individuals
and an increase in the overall population size structure
(Hamilton et al., 2014).

Widely distributed in Indo-West Pacific regions, the
Bartail flathead, Platycephalus indicus (Linnaeus, 1758)
(Platycephalidae), is a benthic predator of other fishes
and crustaceans (Wu, 1984; Froese and Pauly, 2019). It
is commercially and ecologically important in Asia, such
as in Vietnam, India, Hong Kong, Mainland China, etc.
(Eayrs et al., 2007; Mirzaei et al., 2017; Fish Marketing
Organization, 2019). However, because of overexploitation,
the flathead’s population declined by 80% in South China
Sea over recent decades, with its annual landing in
Hong Kong decreasing to 170 tons in 2006 (Agriculture,
Fisheries and Conservation Department, 2006). Given
their economic and ecological importance, it is of interest
to assess whether the flathead’s population showed
signs of recovery after the implementation of the trawl
ban in Hong Kong.

As the trawl ban would reduce the physical disturbance and
fishing mortality on benthic communities, it is expected that the
habitat heterogeneity would increase, leading to further increases
in the biomass and diversity of benthic community (Bergman
et al., 2015; Wang et al., 2021). As such, it is anticipated that
more diverse prey items would be available for predatory fishes
after the trawl ban (Hamilton et al., 2014) that may promote
the trophic niche and trophic position of the predatory fishes.
Nevertheless, there is a global variation in the outcomes of trawl
bans. Increases in species richness, abundance, biomass, animal
size, and/or trophic position after trawl bans have been reported
for the Gulf of Castellamares of Italy, the Scotian Shelf of Canada,
and the Thermaikos Gulf of Greece (Fisher and Frank, 2002;
Fiorentino et al., 2008; Dimarchopoulou et al., 2018). However,
no positive changes in abundance or biomass were detected in
St. Andrews Bay (Defew et al., 2012), and negative responses
were recorded in the southern waters of Hong Kong after the
implementation of the trawl ban (Tao et al., 2020), partly due
to other anthropogenic disturbances after the intervention. To
understand the effects of the trawl ban in Hong Kong waters, this
study was designed to test two interrelated hypotheses: (1) the
abundance, biomass, and body size of P. indicus would increase
following the trawl ban due to release of fishing pressure on
the population, and (2) trophic position and niche width of
P. indicus, as reflected by stable isotope signatures, would also
increase as a result of increased prey resources and recovery of
their population structure. The results of this study can provide
an invaluable baseline for evaluating the long-term effects of
the trawl ban on marine ecosystems in Hong Kong waters and
support the adoption of a trawl ban as an effective policy for
sustainable fisheries management, especially in Southeast Asia.
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MATERIALS AND METHODS

Study Sites and Field Sampling
Hong Kong is influenced by oceanic currents from the
western Pacific and South China Sea, resulting in two
principal (i.e., wet and dry) monsoonal seasons (Morton
and Morton, 1983). The eastern waters were a historically
important fishing ground for fishes and shrimps, but fishery
resources were depleted by intensive trawling activities over
time (Environmental Resource Management, 1998). Riverine
nutrient inputs cause regular eutrophication and harmful algal
blooms that have further suppressed fishery resources in the
Tolo area of Hong Kong (Environmental Protection Department,
2018).

As there were active trawling activities in all water regions
of Hong Kong over the last decades before the trawl ban
(Agriculture, Fisheries and Conservation Department, 2006), it
was impossible to assign an area without trawling as a control
site for this study. Thus, this study used a before-and-after
comparison without control sites to test the hypotheses. Trawl
surveys were conducted to collect samples of P. indicus in
the inner Tolo Channel (EI) and outer Tolo Channel (EO)
in northeast waters of Hong Kong, along two transects within
each site (22◦26′N–22◦31′N, 114◦14′E–114◦23′E; Figure 1),
before and after the implementation of the territory-wide trawl
ban in Hong Kong, which was implemented on December
31, 2012. Monthly surveys were conducted in both sites
from January to December 2004 (2004; before the ban),
June 2013 to May 2014 (2013–2014; shortly after the ban),
and June 2015 to May 2016 (2015–2016; 3.5 years after
the trawl ban). Additionally, two trawl surveys were carried
out, once in October 2012 and once in November 2012
(pre-ban), and 2015 and 2018 (post-ban), respectively, to
collect P. indicus and its potential food sources to examine
changes in trophic niche and trophic position of the fish
based on stable isotopes. Water quality data such as turbidity
(NTU), dissolved oxygen (DO; mg/L), pH, and chlorophyll-
a (Chl-a) concentration (µg/L) from the bottom water layer
(18.8 ± 2.9 m; mean ± SD) at the transect areas were extracted
from the database of Environmental Protection Department
(EPD) during 2004, 2013–2014, and 2015–2016 (Marine water
quality data1).

A trawler (beam size: 2 m; stretched mesh size: 2 cm) with a
15-m outrigger and 10 replicate nets trawled along two transects
of EI and EO for 30 min at a speed of 5–7 km/h, giving a total
trawled area of 0.0375–0.0525 km2 per transect. All crustaceans
and fishes were sorted on board, stored in ice, and then brought
back to the laboratory. The samples were identified to the lowest
possible taxonomic levels within 48 h of sampling, counted, and
weighed (to the nearest 0.01 g in wet weight).

Stable Isotope Analysis
The diet of P. indicus included fish species from Apogonidae,
Sciaenidae, Callionymidae, Clupeidae, Gobiidae, and Plotosidae
and crustacean species from Portunidae, Peneaidea, Sergestidae,

1https://cd.epic.epd.gov.hk/EPICRIVER/marine/

and Squillidae, according to Wu (1984) and gut content
analysis of our samples. Thus, these taxa were used as potential
food sources for P. indicus in stable isotope analysis (SIA)
(Supplementary Table 1). Filter feeders (bivalve: Arcidae,
Cardiidae, Mytilidae, Pinnidae, and Veneridae; gastropods:
Turritellidae) were also collected from the same sampling periods
and used as isotopic baselines for calculating the trophic positions
of P. indicus (Tao et al., 2020). Only muscle tissues of the animals
were used for SIA (dorsal muscles of fishes, abdominal muscles of
shrimps and mantis shrimps, thoracic sternite muscles of crabs,
and foot or adductor muscles of filter feeders). The dissected
samples were rinsed with Milli-Q water, freeze-dried, and
homogenized using a bead homogenizer (OMNI International,
The Homogenizer Company). Then, 1.0 mg of individual samples
were encapsulated in tin capsules and analyzed for stable
carbon and nitrogen isotopes (δ13C and δ15N, measured in h)
using a Nu Perspective Isotope Ratio Mass Spectrometer (Nu
Instruments Ltd., Wrexham, United Kingdom) coupled with an
Eurovector EA3028 Elemental Analyser (Isomass Scientific Inc.,
AB, Canada) at the Stable Isotope Laboratory in the University of
Hong Kong. Two to 25 individuals for P. indicus and each prey
taxon in each survey were analyzed. Because of the high lipid
contents in fish muscles (usually C:N ratios > 4), δ13C values of
fish samples were calibrated using the following equation (Mak,
2017):

δ13Ccorrected = C:N × 1.1124+δ13Coriginal−2.9802(R2
= 0.899)

(1)
However, δ13C values of mollusk and crustacean samples were

not corrected as their lipid contents were low (C:N ratios < 4)
(Tao et al., 2020).

Data Analysis
Biological Parameters
At each month and site, individuals of P. indicus were grouped
into 3 cm classes (17 classes, from 4.9 to 53.8 cm total
length; for example, 3 ≤ size class I < 6 cm, 6 ≤ size class
II < 9 cm, etc.). To quantify the population structure, the
monthly length frequency for each site was analyzed using
Bhattacharya’s method of electronic length frequency analysis
(ELEFAN; International Center for Living Aquatic Resources
Management, the Philippines) implemented in FiSAT II (The
FAO-ICLARM Stock Assessment Tools; version 1.2.2). The von
Bertalanffy growth function was used to estimate the growth of
P. indicus at each of the study sites:

Lt = L∞[1 − e−(K(t−t0))] (2)

where L∞ is the asymptotic length, Lt is the length at time
t, t0 is the age at zero length, and K is the von Bertalanffy
growth constant, which denotes the rate of growth as the curve
approaches asymptote.

Total mortality (Z) was estimated using length-converted
catch curve incorporated in the FISAT II, which is based on the
negative exponential model:

Ni

1ti
= N0 × e−Zti (3)
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FIGURE 1 | Sampling locations of benthic crustaceans in Hong Kong waters: inner Tolo Channel (EI) and outer Tolo (EO). Dotted line is Hong Kong jurisdictional
boundary inside which all trawling-based fishing activities are banned.

where Ni is the number of individuals in length class i; 1ti is
the time needed to grow through length class i; ti is the age at
mean length of class i, and Zt is the instantaneous mortality rate
for age t.

Natural mortality rate (M) was calculated using Pauly (1980)
equation along with the local annual mean sea surface local
temperature from EPD of Hong Kong.

Log10M = −0.0066−0.279log10L∞+0.6543log10K

+0.4634log10T (4)

where T is the mean water temperature expressed in ◦C in
each surveyed year.

The fishing mortality (F) was subsequently computed as
F = Z −M.

Temporal Comparison of Abundance, Biomass, and
Size
The abundance and biomass of P. indicus were compared before
and after the trawl ban by Kruskal–Wallis test followed by Dunn’s
test, due to the non-normal distribution and heterogeneity
variance of the data. The mean values among transects at each
month were treated as replicates. Same tests were also applied
on individual weight and length of the fish using individual’s
data as replicates.

Environmental Variables and Their Relationships With
Biomass of Platycephalus indicus
The environmental variables including turbidity (Turb; NTU),
DO (mg/L), pH, and Chl-a concentration (µg/L) in seawater

samples of the sampling locations measured in 2004, 2013–
2014, and 2015–2016 were compared using one-way analysis of
variance (ANOVA) followed by post hoc Tukey tests to explore
the yearly differences. The sampling year was used as a fixed
factor, with the transects in each month as replicates.

Those environmental variables could potentially influence the
abundance and/or biomass of benthic communities (Sciberras
et al., 2018; Tao et al., 2018). Fish biomass was log10(x + 1)
transformed to ensure normal distribution and homoscedasticity
of data. Multiple linear regression models with stepwise
forward selection, which chooses the best model by the
Akaike information criterion (AIC), were used to examine the
relationships between the environmental variables (i.e., turbidity,
DO, pH, and Chl-a) and the biomass of P. indicus using R package
“MASS.” The percentage of variance explained was calculated by
dividing the sum of squares of individual factor with the total sum
of squares of the model.

Trophic Position and Niche
At each site and sampling year, the mean δ15N among filter-
feeding taxa was used as a baseline to estimate the trophic
position of P. indicus individuals using the following equation:

TP =

(
δ15Nf−δ15Nref

2.9

)
+ 2 (5)

where TP is the trophic position of P. indicus, δ15Nf is the δ15N
of P. indicus, and δ15Nref is the mean δ15N among filter-feeder
species. A trophic enrichment factor (TEF) of 2.9h was used,
following the suggestion on muscle samples by McCutchan et al.
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(2003), whereas +2 is the assumed TP of the baseline (Post, 2002).
The TPs of P. indicus before and after the trawl ban (i.e., 2012,
2015, and 2018) were compared using one-way ANOVA and
the post hoc one-tailed Dunnett’s test (2012 as the control), with
P. indicus individuals as replicates.

Isotopic niche of the P. indicus population at each site
and sampling year (2012, 2015, and 2018) was quantified by
using the Bayesian standard ellipse area (SEAB), which contains
approximately 40% of the isotopic hull area of the fish. SEAB
is unbiased with respect to samples size (Jackson et al., 2011).
One-way ANOVA with the post hoc one-tailed Dunnett’s test
was applied on SEAB to investigate whether any increase of
the isotopic niche occurred over the study period. The Stable
Isotope Bayesian Ellipses (SIBER 2.1.4) statistical package in R
3.6.0 was used to calculate SEAB (Jackson et al., 2011; R Core
Team, 2016).

The relative contributions of individual prey taxa to the diet of
P. indicus at each site and sampling year were analyzed using the
MixSIAR package (Stock and Semmens, 2017) in R. MixSIAR is
a Bayesian stable isotope mixing model that uses Markov Chain
Monte Carlo method to identify the probability of contributions
of food sources to the consumer, taking account of the variances
in isotopic signatures of food sources, consumers, TEF, and
source elemental concentrations (Parnell et al., 2013). Potential
prey taxa were first grouped, and their isotopic values averaged,
if they had both similar δ15N and δ13C (i.e., p > 0.05) based on
the results from analysis of similarity (ANOSIM) and post hoc
pairwise comparisons. The ANOSIM and pairwise comparisons
were performed using PRIMER 6.1.5 with PERMANOVA+
(Clarke and Gorley, 2006). In MixSIAR, the TEFs of 0.5 ± 1.313
(mean ± SD) for δ13C and 2.3 ± 1.438 (mean ± SD) for δ15N
for all potential prey taxa were used (McCutchan et al., 2003).
Models were run for 100,000 iterations with the informative
priors (Supplementary Table 2) for P. indicus diet based on Wu
(1984) and gut content analysis of our samples.

RESULTS

Growth and Mortality Parameters
Platycephalus indicus contributed to 0.2–5.0% and 1.4–13.9% of
total fish abundance and biomass, respectively, in the eastern
waters of Hong Kong (Table 1). The estimated ELEFAN
parameters, L∞, K, and M for P. indicus varied among the
sampling years in both EI and EO. Total mortality and fishing
mortality for P. indicus did not differ between 2004 (pre-ban) and
2013–2014 (shortly after the ban) but were reduced in 2015–2016
(3.5 years post-ban) in both sites (Table 1).

Abundance, Biomass, and Size
In EI, the abundance of P. indicus did not differ between years
(Figure 2A). The fish biomass, however, significantly increased
by 183.5% from 2004 to 2013–2014 (Figure 2B). Biomass of
P. indicus in 2015–2016 was similar to that in the other sampling
periods (Figure 2B). The fish weight and length increased
significantly by 25.2% and 175.1% from 2004 to 2015–2016,
respectively (Figures 2C,D).

In EO, the abundance and biomass of P. indicus significantly
increased over time after the trawl ban; that is, they were
the highest in 2015–2016, which increased by 839.6% and
942.6%, respectively (Figures 2A,B). The length and weight
of P. indicus also significantly increased by 28.9% and 85.6%
after the ban (2013–2014), respectively, but were reduced
in 2015–2016 and did not differ from values in 2004
(Figures 2C,D).

Environmental Variables and the
Relationships With Biomass of
Platycephalus indicus
The annual average turbidity significantly decreased in both EI
and EO after the trawl ban (Figure 3A and Supplementary
Figure 1). In EI, the average DO level was significantly reduced
from 6.4 mg/L in 2004 to approximately 5.0 mg/L in 2015–2016
(Figure 3B). EI also had a slightly lower average pH in 2015–
2016 (Figure 3C). Chl-a concentration did not differ among the
sampling years (Figure 3D).

Results of multiple linear regression analysis showed
that the biomass of P. indicus had significant negative
relationships with DO and turbidity in EI (Table 2). DO
had an overall higher effect (percentage variance explained:
20.4%) than that of turbidity (percentage variance explained:
12.5%). In EO, the biomass of P. indicus had significant
negative relationships with turbidity, DO, and Chl-a
concentration, which explained 19.9%, 3.6%, and 5.0% of
the total variation, respectively.

Trophic Metrics
The trophic niche of P. indicus in EI significantly expanded
by 106% after the trawl ban. Similarly, in EO, trophic
niche increased by 45% in 2015 compared to 2012 and
then stabilized with no significant difference among
2012 and 2018 (Figures 4A,B). The trophic position of
P. indicus in EO significantly increased by 11.5% and
4.1% in 2015 and 2018, respectively. Trophic position
in EI was likewise higher in 2015 than in 2012 and 2018
(Figures 4C,D).

The benthic community structure also changed after the
trawl ban in both EI and EO, with varied δ13C and δ15N
signals of P. indicus and its potential prey taxa among the
sampling years (Figure 5). The abundance and biomass of prey
species also fluctuated over time (Supplementary Figure 2).
Results from the MixSIAR models showed that P. indicus
shifted their diet from fishes to crustaceans in both EI and
EO after the ban, and such a dietary shift was comparatively
faster in P. indicus in EO than in EI (Figure 6). In EI, fishes
from Callionymidae constituted the major diet of P. indicus
in 2012 and 2015, whereas the diet contribution from the
shrimp Metapenaeopsis species gradually increased after the ban
and became the dominant food source of P. indicus in 2018
(Supplementary Figure 3). Similarly, P. indicus in EO shifted its
diet from Callionymidae to Metapenaeopsis species after the ban
(Supplementary Figure 3).
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TABLE 1 | Percentages of abundance and biomass (% over total fish abundance/biomass in the catch) and von Bertalanffy growth function (VBGF) growth parameters:
asymptotic length (L∞), the growth rate (K), total mortality (Z), natural mortality (M), and fishing mortality (F) for Platycephalus indicus collected in the inner Tolo Channel
(EI), outer Tolo Channel (EO) waters of Hong Kong from January 2004 to December 2004 (2004; before the trawl ban), June 2013 to May 2014 (2013–2014; immediately
after the trawl ban), and June 2015 to May 2016 (2015–2016; 3.5 years after the trawl ban).

Year Abundance (%) Biomass (%) L∞ (cm) K (/year) Z M F

(a) EI

2004 5.00 13.90 50.4 0.57 1.77 0.96 0.81

2013–2014 0.79 7.59 56.7 0.60 1.77 0.95 0.82

2015–2016 1.00 6.14 50.4 0.41 0.89 0.78 0.11

(b) EO

2004 0.22 1.43 50.4 0.48 2.06 0.86 1.20

2013–2014 0.39 4.49 50.4 0.98 2.39 1.35 1.04

2015–2016 0.79 7.19 56.7 0.29 0.78 0.60 0.18

FIGURE 2 | Total annual abundance [(A); mean + SEM; individuals/km2 per year] and total annual biomass [(B); mean + SEM; kg/km2 per year], as well as mean
length of individuals [(C); cm/individual], and mean weight of individuals [(D); g/individual] of Platycephalus indicus collected in inner Tolo Channel (EI) and outer Tolo
(EO) of Hong Kong from January to December 2004 (before trawling ban), June 2013 to May 2014 (2013–2014; after trawling ban), and June 2015 to May 2016
(2015–2016; after trawling ban). In panels (C,D), the vertical line shows the third quintile (Q) + 1.5 × interquartile range (IQR) to Q1 – 1.5 × IQR of the data. The black
horizontal bars and red diamonds in the boxes indicate the medians and the means, respectively. In each panel and site, bars with different letters are significantly
different (p < 0.05); n.s. denotes no significant difference between the mean values among the 3 years.

DISCUSSION

Our results demonstrated that the population of P. indicus in
eastern Hong Kong waters showed signs of recovery, and the
benthic community structure also changed after the trawl ban.
After the trawl ban, higher abundance, greater biomass, and

broader isotopic niche were observed in outer Tolo area (EO),
whereas P. indicus had a larger size and shifted to higher trophic
positions in inner Tolo area (EI). Such changes were likely
driven by reduction in fishing mortality, recovery of the lower
trophic level species, and shifted dietary composition of P. indicus
after the trawl ban.
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FIGURE 3 | Mean levels (+SEM) of turbidity (A), dissolved oxygen [(DO; (B)], pH (C), and chlorophyll-a [Chl a; (D)] obtained from the Environmental Protection
Department of Hong Kong for water samples that were collected in inner Tolo Channel (EI) and outer Tolo (EO) during January 2004 to December 2004 (2004; before
the trawl ban), June 2013 to May 2014 (2013–2014; after the trawl ban), and June 2015 to May 2016 (2015–2016; after the trawl ban). In each panel and site, bars
with different letters are significantly different (p < 0.05), whereas n.s. denotes no significant difference between the mean values among the 3 years.

TABLE 2 | Results of stepwise multiple linear regression analysis of Platycephalus indicus biomass (dependent variable) with the environmental parameters (independent
variables) in the inner (a; EI) and the outer Tolo Channel (b; EO) of Hong Kong.

(a) EI p < 0.001, Adjusted R2 = 0.3098, AIC = 32.2

Estimate Std. error t value p value % Variance explained

(Intercept) 4.937 0.414 11.937 < 0.001

Dissolved oxygen (mg/L) −0.266 0.066 −4.043 < 0.001 20.4%

Turbidity (NTU) −0.176 0.049 −3.588 < 0.001 12.5%

Equation: log(biomass) = 4.937 − 0.266 × DO − 0.176 × turbidity

(b) EO p < 0.001, Adjusted R2 = 0.2413, AIC = 38.6

Estimate Std. error t value p value % Variance explained

(Intercept) 4.400 0.604 7.280 < 0.001

Dissolved oxygen (mg/L) −0.207 0.086 −2.407 0.019 3.6%

Chlorophyll-a (µg/L) −0.187 0.075 −2.492 0.015 5.0%

Turbidity (NTU) −0.177 0.041 −4.350 < 0.001 19.9%

Equation: log(biomass) = 4.400 − 0.207 × DO − 0.187 × Chl-a − 0.177 × turbidity

Changes in Population Structure and
Environmental Conditions After the
Trawl Ban
At EI, the population growth rate (K), total mortality (Z),
and natural mortality (M) were constant between 2004 and

2013–2014, but they decreased in 2015–2016. At EO, K, Z,
and M increased in 2013–2014 and then declined in 2015–
2016. These biological parameters were estimated based on the
length frequency data which could be influenced by both fishing
pressure and environmental factors.
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FIGURE 4 | Trophic niche [SEAb; (A,B)] and trophic position (C,D) of Platycephalus indicus collected in inner Tolo Channel (EI) and outer Tolo (EO) of Hong Kong
waters from dry season of 2012 (before the trawl ban), 2015 (3 years after the trawl ban), and 2018 (6 years after the trawl ban). Significant differences between
2012 and 2015 and between 2012 and 2018 are indicated by asterisks (*p < 0.05; ***p < 0.01).

Increases in abundance and biomass have been demonstrated
in several fishes (Badalamenti et al., 2002; Fiorentino et al., 2008)
and invertebrates (Kelly et al., 2000; Hoskin et al., 2011) after
implementing a trawl ban. Similarly, increases in abundance
and biomass of P. indicus in EO area of Hong Kong could be
attributed to decreased fishing pressure due to the banning of
trawling activities (Fiorentino et al., 2008; Fanelli et al., 2010).
Such an explanation is evident in our study, which demonstrated
decreases in fishing mortality on P. indicus after the trawl ban.

In this study, P. indicus generally increased in size in the
study sites after the trawl ban, despite an insignificant increase
in 2015–2016 in EO area. Similarly, the size of four predatory
mantis shrimp species from the western waters of Hong Kong
also increased significantly 3.5 years after the trawl ban (Tao
et al., 2018), whereas the length of the red mullet Mullus barbatus
increased after 14 years of closure to trawling in the Gulf of
Castellammare in Italy (Fiorentino et al., 2008). In addition to
trawl bans, body sizes and biomass of fishes were also found to
be significantly increased after establishment of marine protected
areas (Lester et al., 2009). Those findings, together with our study,
advocate that some commercially important species can benefit

from management interventions, such as establishing marine
protected areas and a trawl ban policy.

As regular bottom trawling activities frequently stir up the
sediment to increase turbidity and reduce organic matter to
be retained in sediment, prohibition of trawling can lead to
a substantial reduction of physical disturbance on the seabed
(Fiorentino et al., 2008; Fanelli et al., 2010). This study
detected that the trawl ban induced some positive changes in
environmental conditions, such as significant decreases in water
turbidity in both surveyed sites. A parallel study also confirmed
that there were significant increases in total organic matter and
chemical oxygen demand in surface sediment samples across the
marine environment of Hong Kong after the trawl ban (Wang
et al., 2021). Such changes in the turbidity and sedimentary
organic matter clearly indicate a markedly reduction of physical
disturbance on the benthic habitat. Past studies demonstrated
that capture rates of predators decreased with an increase in
turbidity (Ortega et al., 2020); however, piscivorous fishes tend
to consume more prey and possess greater population sizes in
low turbidity conditions (De Robertis et al., 2003; Wenger et al.,
2013). Our study also concurred with the above findings by
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FIGURE 5 | Isotope signatures of δ13C and of δ15N of Platycephalus indicus (red dots) and its potential food source (mean ± SEM) collected in inner Tolo Channel
(EI) (A–C) and outer Tolo (EO) (D–F) from dry season of 2012, 2015, and 2018. Grouped species abbreviations in EI and EO: Apo, species from family Apogonidae;
Apo.Sci, species from family Apogonidae and Sciaenidae; Cal, species from family Callionymidae; Clu, species from family Clupeidae; Gob.Plo, species from family
Gobiidae and Plotosidae; Met, Metapenaeopsis sp.; Plo.Sci, species from family Plotosidae and Sciaenidae; Por.Ora.Ace, including species of Portunus
dayawanensis, Portunus pseudohastatoides, Oratosquilla oratoria, and Acetes species.

showing a negative relationship between the biomass of P. indicus
and turbidity, suggesting that P. indicus improved their foraging
efficiency under less turbid environment.

Unexpectedly, this study observed that the average DO level
significantly decreased in EI area from 6.4 mg/L in 2004 to
approximately 5.0 mg/L in 2015–2016 after the trawl ban, which
might be attributable to unchanged abundance of P. indicus. The
results of our multiple regression analysis also indicated that
DO has an overall higher effect on the biomass of P. indicus in
EI. It is postulated that the positive effects of the trawl ban on
P. indicus recovery might be counteracted by the negative effects

of decreased DO in EI. Marshall and Elliott (1998) found that
the abundance of the common sole (Solea solea) was negatively
correlated with DO. Similar findings were also recorded for the
European eel (Anguilla anguilla) with a maximum abundance
in the Elbe Estuary when the DO level was only 3.5 mg/L
(Thiel et al., 1995). Some burrowing benthic infauna, such as
polychaetes and shrimp species (e.g., Metapenaeopsis sp.), emerge
from sediments to the bottom or upper water layer to obtain
oxygen during hypoxia condition (Petersen and Pihl, 1995; Wei
et al., 2009), thus increasing the chances of being preyed upon
and enhancing food supply to benthic fishes (Breitburg, 2002).
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FIGURE 6 | Changes in diet composition of Platycephalus indicus in terms the percentage of crustacean (red line) and fish (blue line) prey items in their diet in inner
Tolo channel [EI; mean ± SD; (A)] and outer Tolo [EO; mean ± SD; (B)] before (2012) and after (2015 and 2018) the trawl ban, according to the values in the
posterior distributions estimated using the MixSIAR models.

In Tolo Harbor and Channel, periodical hypoxia events annually
occurred in June–September since 1980s as a result of severe
organic pollution and harmful algal blooms (Wu, 1982; Lee
and Arega, 1999; Supplementary Figure 1). Having experienced
long-term low DO conditions, the Bartail flathead may have
adapted to such a stressful environment by adjusting their feeding
grounds and habits, but could not expand the population size via
recruitment of juvenile fishes.

Changes in Trophic Metrics After the
Trawl Ban
Imposing restrictions on fishing activities could lead to changes
in trophic structure and function, such as increases in trophic
levels of fish populations (Badalamenti et al., 2002; Fanelli
et al., 2010) and of the entire fish community (Coleman et al.,
2015). Our study observed an increase of trophic position of
P. indicus in EO in both 2015 and 2018 (after the trawl ban),
but such an increase was observed only in 2015 in EI. The
elevated trophic position in this predatory fish species was
likely linked to increased body size after the trawl ban, as
large fish feed on large-sized prey items, leading to an increase
in δ15N signature in their tissues. Concurrently, the trophic
position of carnivorous crustaceans also increased significantly
after the trawl ban in the western waters of Hong Kong
(Tao et al., 2020). Hamilton et al. (2014) also demonstrated
that a niche expansion and elevated δ15N in the California
sheephead (S. pulcher) were attributable to the increases in its
population size structure that the large sheepheads were able
to feed on large-sized prey items. Likewise, our study also
found expanded isotopic niche of P. indicus in EI after the
trawl ban, whereas such an expansion was only prominent
in 2015 in EO area. Nevertheless, such an expanded isotopic
niche in P. indicus cannot be simply explained by shifting

the dietary composition to consume more crustaceans (i.e.,
Metapenaeopsis sp.).

Two more possible pathways might also be attributable to
the expanded isotopic niche in P. indicus, which were not
revealed by MixSIAR model. First, cannibalism was observed
in population of P. indicus in Tolo Harbor, important nursery
and feeding grounds for P. indicus (Ho, 2005). As a result of
increased size in EI and the inflated abundance and biomass
in EO, the chance of cannibalism in P. indicus may have
increased after the trawl ban (Claessen et al., 2004). However,
the size range of the victim of P. indicus, potentially eaten
by cannibals, is rarely known (Claessen et al., 2004) and thus
taking the cannibalism into account in the MixSIAR model was
impractical. Moreover, intraspecific competition in P. indicus
after the trawl ban may have led to those less competitive
individuals exploring less preferable food resources and thereby
expanded their niches (Bolnick, 2001; Bolnick et al., 2007).
Second, decreases in disturbance of the benthic floor and fishing
mortality on benthic fauna after the trawl ban might have altered
the energy flow, trophic structure, and prey availability of the
ecosystem (McHugh et al., 2010; Hiddink et al., 2011; Hinz
et al., 2017). The emergence of new abundant prey species
in the food web (Post and Takimoto, 2007), which benefited
from the trawl ban in the short term, such as polychaetes and
crustaceans (Kaiser et al., 2006), was likely consumed more
frequently by P. indicus. Our results confirmed that P. indicus
preyed on more shrimps after the trawl ban. Badalamenti et al.
(2002) also suggested that the trophic level of M. barbatus was
higher in the trawl-ban area due to increased consumption of
carnivorous polychaetes.

In the present study, the isotopic positions of Apogonidae
and Sciaenidae, which competed for similar food sources with
P. indicus (Froese and Pauly, 2019) and occupied similar isotopic
positions in the food web, shifted to more depleted δ13C in
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2018 comparing to that of 2012 in both study sites (Figure 5).
Such niche differentiation and partitioning could alleviate
interspecific competitions among Apogonidae, Sciaenidae, and
P. indicus, likely governed by increased abundance and biomass
of those fishes synergistically with increases in prey diversity
after the trawl ban (Sánchez-Hernández et al., 2017; Eurich
et al., 2018). Similarly, species from Plotosidae, Callionymidae,
and Gobiidae also shifted their isotopic positions to more
depleted δ13C, implying that the trophic structure of benthic
community in the study area could have been reshaped
after the trawl ban.

Implications for Management
Previous studies suggested that full protection from fishing
(i.e., no-take zone) is considered as a more effective way
to promote biodiversity and fishery resources (Roberts
et al., 2005; Lester and Halpern, 2008; Sciberras et al.,
2015). Espinosa-Andrade et al. (2020) also highlighted
that restriction of all fishing efforts by establishing no-take
zone would lead to greater benefits on the community
than that of partial protection or without protection area.
To fully restore the fisheries resources and biodiversity
in Hong Kong water, supplementary fishery management
policy, such as expanding the marine protected area in local
waters, regulating non-selective fishing gears (e.g., trammel
nets and snake cages), strengthening enforcement again
illegal fishing, and enacting seasonal moratorium, will be
needed (World Wildlife Fund, 2018). The Committee on
Sustainable Fisheries of the Hong Kong SAR Government
has proposed to designate Port Shelter and Tolo Harbor
as fisheries protection areas, which will further reduce the
fishing pressure and allow rehabilitation of predatory fish
species such as P. indicus, and the Agriculture, Fisheries and
Conservation Department is conducting a feasibility study
for implementation of this proposal (Agriculture, Fisheries
and Conservation Department, 2013). The results presented
in this study would serve as a useful reference baseline to
evaluate the effectiveness of the fisheries protection area at
Tolo Harbor on the improvement of the population fitness of
P. indicus in the future.

CONCLUSION

Our study demonstrated that the isotopic trophic metrics
in tandem with population measurements provided insightful
information to evaluate the effectiveness of the trawl ban for
facilitating the recovery of the population of P. indicus in
Hong Kong waters. Evidently, the trawl ban policy promoted
the recovery of this population, as reflected by their larger
size, higher biomass, elevated trophic position, and broader
niches in inner and outer Tolo Channel of Hong Kong.
Those changes could be associated with a dietary shift and
arrival of new prey species in the ecosystem. This study
highlights the benefits of a trawl ban policy in restoring benthic
ecosystems and fisheries resources following intensive fishing
activities. As a full recovery from the trawl ban is expected

to take a decade (Lotze et al., 2011), long-term monitoring
is required to fully ascertain the dynamics of the ecosystem
recovery process.
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