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In the year of 2016 to 2017, record-breaking marine heatwave (MHW) events
occurred along the Chinese coast, exerting severe impacts on coastal fishes
and fisheries. However, the response of the nekton community to MHW events
still remains poorly understanding. Thus, to investigate the influences of the
MHW events on species composition dynamics, this study conducted a survey
on nekton communities in the northern East China Sea in the summers during
2014 to 2017. The recently-developed “"heatwaveR" package was adopted to
describe the variation characteristics of heatwaves within the study area, based
on high-resolution remote-sensing sea surface temperature products. We also
compared variations in the community structures of different biological groups
before (2014-2015) and during the occurrence of the MHW events (2016—
2017). During the MHW events, temperature increased by approximately 2.3°C
in both 2016 and 2017. Compared with those before the MHW events, the
biomass and dominance of several important crustaceans decreased, and the
biomass of warm water affinity species increased significantly, while their
richness and diversity decreased; the biomass of warm temperature affinity
species declined significantly, while their diversity increased slightly. These
results show the difference in the response rates of species with different
thermal preferences and different species compositions to the extreme climate
change. Beta diversity analysis revealed that the inter-group variation before
and during the MHW event exceeded the intra-group variation, proving that
MHWSs changed the community structure to a certain extent. PERMANOVA test
showed that the species compositions of planktivorous fish (FG1) and small-
omnivorous fish (FG2) in the feeding-functional groups were significantly
different before and during the MHW event, which may be attributed to the
impact of MHWSs on oligotrophic fishes through thermal preference and the
trophic cascade effect. There was no significant change in the species
compositions of other functional groups, indicating that medium-trophic and
eutrophic fishes possessed certain adaptability to MHWSs. Regarding fisheries
management under extreme warming events, it would be advisable to
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diagnose temperature anomalies in the early stage, monitor changes in species
abundance in the early life cycle, and then rapidly develop suitable

climate change, marine heat wave, East China Sea, feeding functional group, diversity,

Liu et al.
fishing strategies.
KEYWORDS
thermal preference
Introduction

Under global climate change, extreme weather and climate
events, as major causes of disasters and disaster risk sources, have
attracted increasing attention (Parmesan et al., 2000; Ummenhofer
and Meehl, 2017; Harris et al., 2020). Marine heatwaves (MHW:3s)
are extreme climate events caused by the coupling of the
atmosphere and sea water. They are characterized by prolonged
periods of anomalously warm ocean temperatures, and they affect
coastal marine ecosystems worldwide. The frequency, duration, and
intensity of MHWS s have been reported to be increasing over the
past decades in the most parts of the world (Frolicher et al,, 2018;
Oliver, 2019; Guo et al., 2022). Moreover, future projections indicate
the number of MHW days will increase by several orders of
magnitude by the end of the century even under scenarios of
strong greenhouse gas emissions mitigation (Gupta et al., 2020;
Plecha and Soares, 2020).

Some cases of recently observed MHWs revealed the high
vulnerability of marine ecosystems and fisheries to such extreme
climate events (Garrabou et al., 2009; Marba and Duarte, 2010;
Mills et al., 2013; Caputi et al., 2016; Wernberg et al., 2016). MHW s
can alter the structure and functions of entire ecosystems by
inducing widespread mortality, species range shifts, and
community reconfiguration (Garrabou et al, 2009; Smale and
Wernberg, 2013; Wernberg et al,, 2013; Smale et al., 2019). Some
patterns of response during the MHWSs emerged were detected
across taxa and food webs of various biological communities
covered nearshore intertidal to offshore oceanic domains (Smale
etal,, 2019). Many ecologically and commercially important marine
species respond to environmental disruptions by relocating to
favourable habitats, and dramatic range shifts of mobile marine
species are among the conspicuous impacts of MHWSs (Jacox et al.,
2020), for example, a 2012 marine heatwave in the northwest
Atlantic pushed commercial species such as squid and flounder
hundreds of miles northward (Mills et al.,, 2013). Given anticipated
increases in marine heatwaves under current climate projections, it
remains uncertain when or if the ecosystem will return to a pre-
MHW state (Suryan et al., 2021).

Research shows that sea surface temperature (SST) exhibits a
significant warming trend in the waters of China, and its rate of
increase is far higher than the global average (Wu et al., 2012;
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Wang et al, 2021a). In July and August 2017, exceptionally
warm SST anomalies (SSTAs) were observed in the northern
Yellow Sea, which lasted for 60 days with a maximum daily
SSTA of 2.93°C on the date of the peak. An MHW event was
considered as one of the most important factors leading to the
mass emaciation and mortality of scallops in Zhangzi Island (Li
et al, 2019, Wang et al,, 2021b). The East China Sea (ECS) is a
marginal sea in the Western Pacific Ocean. As the most
important current affecting ECS, the Kuroshio changes SST by
weakening the East Asian monsoon and strengthening warm
water intrusion. In the past few years, the frequency, duration,
and intensity of MHWSs showed a significant upward trend in
ECS (Tan and Cai, 2018; Yao et al., 2020). Wu et al. (2012)
reported that the rate of SST increase associated with western
boundary currents (such as the Kuroshio) is 2-3 times that of the
global average. At a local scale, during 1958-2014, SST in ECS
increased by ~0.86°C at a rate of 0.15°C per decade during
summer (Cai et al., 2017; Yao et al,, 2020). In August 2016, a
record-breaking MHW event occurred in ECS, which had a
serious impact on China’s fisheries and aquaculture industry
(Tan and Cai, 2018). Schlegel et al. (2017) revealed that MHW's
in coastal waters could be even more harmful to shallow water
ecosystems than to marine ecosystems in open oceans.
Moreover, shallow water ecosystems are also the most
seriously disturbed by human activities (Lopez et al., 2006;
Halpern et al., 2008; Johnston et al., 2022). Under the present
warming trend influenced by anthropogenic forcing, the
frequency and duration of MHWs are predicted to increase in
the next few years. Therefore, it is important to explore the
community and ecosystem response to MHW events in order to
improve adaptive strategies for fisheries management.

Thus far, fisheries research has mainly focused on the trends
of species response to long-term climate change; however,
discrete extreme events are emerging as pivotal factors shaping
ecosystems, by driving sudden and dramatic shifts in ecological
structure and functioning (Smale et al., 2019). To address this
shortcoming, this study investigated the responses of species
composition to the 2016-2017 MHW events in the ECS.
Considering different ecological types and functional groups,
the following objectives were set: (1) Estimate changes in the
compositions and structures of offshore nekton in ECS in
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response to the MHW event in 2016 and 2017. (2) Determine
the characteristics of these possible changes. (3) Identify
differences in the responses of different ecological types and
functional groups, and their potential influences. Using scientific
survey data of independent fisheries from 2014 to 2017,
variations in the community structure of nekton during
periods of high and low SST were comparatively analyzed,
focusing on the change patterns and local differences of alpha
and beta diversities. This study expounds hot scientific issues not
only in the domain of ecosystem stability research, but also
reveal potential risk between extreme climate and fishery output
capacity. The findings are expected to provide essential scientific
basis for offshore fisheries management in response to sudden
climate change.

Materials and methods
Study area and in-situ survey
The study area is located in the offshore waters of the northern

ECS (30-33°N) (Figure 1), which are shallow marginal seas adjacent
to the northwest Pacific Ocean (Liu et al., 2017). The boundary,

10.3389/fmars.2022.1036047

roughly a line from Cheju Island to the mouth of the Yangtze River
(Chiang Jiang) on China’s eastern coast, separates ECS from the
Yellow Sea. The shallow shelf areas in the southern Yellow sea are
covered by sediments from the bordering landmasses deposited
mainly by the Yangtze and other rivers near the northern part of the
Yangtze Estuary. There are many islands in the south of the Yangtze
River Estuary. The Zhoushan Archipelago, the largest archipelago
in China, is located in the northwestern part of ECS. The study area
is one of the most productive marine areas in the world (Tian et al,,
1993; Chen et al., 1999; Matsuzaki et al., 2019). The enhanced SST
warming in this area is attributable to the weakening of the East
Asian Monsoon and intensification of the Kuroshio intrusion (Cai
et al.,, 2011; Sasaki and Umeda, 2021).

We collected data from on-going scientific survey programs
over wide areas of ECS. The surveys provide the most spatially
intensive and yearly representative marine dataset. Since August
2000, the East China Sea Fisheries Research Institute has been
continuously carrying out scientific otter-trawl surveys over a broad
area of ECS (26°30'N-33°00’N) from the coast to the continental
shelf (20-150 m depth) using fisheries vessels (220 kw). A standard
bottom trawling gear (4 m x 100 mesh, cod-end mesh size 20 mm)
and sampling protocol were used. Trawling speed was
approximately 3 knots and the duration of each tow was
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FIGURE 1
Sample locations for demersal trawl surveys for fish stocks in the northern East China Sea. Color bar indicates water depth.
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approximately 60 min. During these surveys, on-board researchers
recorded the survey date, location, catch weights, and sample
weights. In the laboratory, all marine organisms were classified
into species, and the abundance and biomass for each species were
standardized to the number (individuals/h) and weight (kg/h)
(catch per unit effort, CPUE) as a measure of relative fish
abundance. We limited our data to four consecutive years from
2014 to 2017, and selected 45 sites with available data for each year.
Considering the occurrence of MHWS events in 2016 and 2017,
2014 and 2015 were taken as normal years (NY). The availability of
continuous data for consecutive years facilitated the comparison
and analysis of changes in community structure before and during
the MHWs .

Ecological types

According to taxonomic affiliation, nektons were divided
into fish, crustaceans, and cephalopods. Fish included bony and
cartilaginous fish (such as ray, shark and skate). Cephalopods
included cuttlefish, octopus, and squid. Crustaceans included
shrimps, crabs, and others.

Thermal conditions are expected to directly constrain
species distribution (Freitas et al.,, 2021). Changes in thermal
conditions may promote fish migration for habitat selection,
thereby changing the community structure. According to their
thermal preference for habitats, the fish were then divided into
warm water (WW) species, warm temperature (WT) species,
cold temperature (CT) species, and eurythermic (EU) species.
Cold water species were not observed during the investigation.

Predation is a key process through which energy and
nutrients are transported between organisms of different
trophic levels (Mihalitsis and Bellwood, 2021). To distinguish
the response of different trophic species to MHW events, we
introduced the concept of resource function group (FG), which
helps in focusing on the same domain competitive species and
functional specialization groups. FG is a collection of species that
overlap significantly in their niche requirements but are not
taxonomically related (Root, 1967; Muiioz and Ojeda, 1997). In
this study, the fish species in the community were divided into 6
feeding functional groups based on the results of previous
studies on feeding preferences (Zhang et al., 2007; Jiang et al.,
2008), namely planktivores (FG1), small omnivores (FG2),
piscivores (FG3), benthivores/piscivores (FG4), benthivores
(FG5), and predatory fish (FG6).

Heatwaves event detection
MHW events were detected according to the definition

provided by HobdayaLis et al. (2016), where an MHW is an
anomalous warming event lasting for at least 5 days with daily
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temperatures higher than the 90th percentile over a 30-year
historical baseline period (HobdayaLis et al., 2016; Yao et al,
2020). The “heatwaveR” package in R software has been made
available for the automatic detection and statistical descriptions
of MHW events. In this paper, surface temperature during 1982-
2011 is defined as the baseline temperature climatology, using all
data within an 11-day window centered on the time of year. The
extracted area, ranged from 30 to 33°N latitude and from
coastline to 127°E longitude. MHW events were detected using
high-resolution (1/4), global, daily SSTs from the Advanced
Very High Resolution Radiometer satellite data (NOAA OISST
V2) (Reynolds et al., 2007). A set of metrics can be derived for
each MHW, including maximum intensity, mean intensity,
cumulative intensity, and duration. However, monthly satellite
data with higher resolution (0.083° x 0.083°) from CMEMS are
used to quantify and map annual variability of sea surface
temperature (Liu et al., 2022).

Analysis methods

The index of relative importance (IRI) was used to
determine the relative importance of each species in the
community (Hart et al., 2002). IRT is a composite measure that
simultaneously combines individual number (N), weight (W),
and frequency of occurrence (F) to evaluate ecological
importance. It can be computed as follows:

IRI=(N% +W%) x F%

where N% is the numerical proportion of each species in the
community; W% is the weight proportion of each species in the
community; F% is the relative frequency of occurrence of each
species. The dominant species were determined according to IRI
values of the top species (Li and Kang, 2020). In this study,
species with IRI >500 were grouped into dominant groups and
species with values of 100-500 into common groups.

We quantified the alpha diversity at each site with the
Shannon diversity index and Chaol richness index to explore
the community pattern between NY and MHW vyears at the
ecological group levels. The Shannon diversity metric is
commonly used in ecological studies (Morris et al., 2014), and
it accounts for both the abundance and evenness of species
present in an area (Inyang and Wang, 2020). The higher the
value of H, the higher the diversity of species in a particular
community. Chaol is a measure of species richness based on
abundances (counts) at a single sample site, but it is sensitive to
rare species (Oksanen et al., 2022). The Shannon diversity and
Chaol richness are calculated as follows:

H = -Spnin(p))
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a(a-1)N-1

Chaol = §
W= M +) N

where p; is the proportional biomass of species i In is the
natural log; Sy is the observed number of species in the collection; al
and a2 are the number of species occurring only at one or only at
two sites in the collection; N is the number of sites in the collection.

We conducted an analysis of variance (ANOVA) on biomass to
test possible differences between the two nekton communities
(before and during MHWs) for each ecological group. CPUE
between NY and MHW years was compared using the non-
parametric Kruskal-Wallis Test. Species richness and diversity
indices were applied with the Tukey test. We tested the
dissimilarity among groups (NY-MHWs) using a permutational
multivariate analysis of variance (PERMANOVA) in the vegan
package (Oksanen et al, 2022). The distance of the Bray-Curtis
similarity coefficient was calculated on the basis of the relative
abundance matrices. The null hypothesis of this test is that the
metric centroid does not differ between groups. As this test is
sensitive to data dispersion and may therefore have difficulty
distinguishing between within-group variation and among-group
variation (Anderson, 2001; Lemieux-Labonte et al, 2016), the
“betadisper” procedure was performed for the analysis of the
multivariate homogeneity of group dispersions (variances), which
was used to identify potential significant differences caused by
different within-group variations (dispersion) (Anderson, 2001).
For beta-dispersion with non-significant differences, visualization
was performed by applying classical multidimensional scaling
(MDS). Subsequently, a similarity of percentage analysis
(SIMPER) was applied to estimate the contribution of a particular
species to similarities and dissimilarities in the overall nekton
community between NY and MHW years (Clarke and Warwick,
2001). To examine whether temporal beta-diversity was greater for
NY than for MHWs, the beta-diversity between each site was
compared using both pairwise and multiple-time temporal beta-
diversity frameworks; the overall change was indicated using the
Serensen dissimilarity with the “betapart” package in R (Baselga
et al., 2022).

We performed all analyses using R 4.1.3 (R Core Team, 2022).
ANOVA was performed using the emmeans (Lenth, 2022) and
multcomp (Hothorn et al,, 2008) packages. Visualization was
performed using the ggplot2 (Wickham, 2016), ggpubr
(Kassambara, 2020), and heatwaveR packages (Schlegel and
Smit, 2018).

Results
The situations of marine environment

The East China Sea experienced a significant warming event in
the summer and autumn of 2016-2017. During this anomaly

period, SST reached more than 2.5°C higher than the
climatological values. The mean monthly SST was 29.2°C in the
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August of 2016-2017. Compared with the preceding 2 years, SST
increased by 2.3°C (Figure 2). The warming event was driven by the
strengthening of the Taiwan warm current and the transfer of warm
tropical water northwestwards.

The statistics of MHWs in the study area are presented for 2014
to 2017. Figure 3 shows the duration (Figure 3A), maximum
intensities (Figure 3B), and cumulative intensities (Figure 3C) of
MHWSs. Only two MHW events occurred during 2014-2015
(Figure 3, Figure 4A), with considerably short durations (less than
7 days) and low maximum intensity (1.7°C). In contrast, the
frequency of MHWs increased to over 10 events between 2016
and 2017 (Figure 3, Figure 4B). Most of the detected MHW events
were found to occur in summer and autumn (Figure 4B). In
particular, the MHW frequency was the highest in 2017, but the
MHW events in 2016 showed the maximum duration, maximum
intensity, and maximum cumulative intensity. In the summer, the
first two MHW events that lasted over 35 days occurred from July-
August, with the maximum intensity reaching 2.8°C higher than the
climatological values.

Species composition and dominance of
nekton communities

Figure 5 shows the species composition among the taxonomic
classification, thermal preference, and functional groups. In total,
194 species were collected from the 45 sampling sites; the number of
species in 2014-2017 was 110, 117, 102, and 119, respectively. The
most species-rich taxonomic group was fish, followed by shrimps,
cephalopods, and crabs. Of these, most fish, shrimps, cephalopods,
and crabs belong to WW species in terms of their thermal
preference, followed by WT species. According to the
classification of feeding functional groups, FG1 and FG2 were
dominated by WW species, while the proportion of WT species
in FG3, FG4, and FG5 showed a small increase trend compared
with FG1 and FG2.

Both Larimichthys polyactis and Trichiurus japonicas remained
the dominant species in NY and MHW years, with their biomass
and abundance accounting for 76.5-87.9% of the total biomass and
78.8-93.3% of the total individuals (Table 1). Furthermore,
Portunus trituberculatus (IRI, 564) also appeared as a dominant
species in 2014, while Solenocera melantho (IR, 436) and Ovalipes
punctatus (IR, 267) appeared as important common species.
However, both Solenocera m. and Ovalipes p. disappeared from
the common species group in 2016 and 2017. In contrast, Pampus
argenteus (IR, 571) exhibited increasing IRI values and became the
dominant species in 2016.

Group level changes

The results of ANOVA tests of CPUE in different years for
taxonomic affiliation are displayed in Figure 6. Significant
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differences were observed in the densities of fish and shrimps
among different years (P<0.05). Furthermore, the Kruskal-
Wallis Test revealed significant differences between NY and
MHW vyears. Significant differences were observed in fish
(P<0.05) and shrimps (P<0.01) between 2015 and 2016 and
shrimps (P<0.05) between 2014 and 2016. Although average
density values did not show any difference at the significance of

Mean monthly sea-surface temperature (SST) based on the 0.083° resolution extracted from the CMEMS dataset for August.

o= 0.05 among the four years, statistically significant differences
were observed between NY and MHW vyears.

In our classification scheme, WW species and WT species
outnumber the other species. Therefore, we analyzed differences
only for WW species and WT species (Figure 7). Both groups
responded strongly to the MHW events (P<0.05). Post-hoc
comparisons show that the median density during the MHW
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Diagram depicting taxonomic affiliation, thermal preference, and feeding function of the species number associated with each group. TP,
thermal preference; FG, function group; Cep, cephalopods; WW, warm water; WT, warm temperature; CT, cold temperature; EU, eurythermic;
FG1, planktivores; FG2, small omnivores; FG3, piscivores; FG4, benthivores/piscivores; FG5, benthivores; FG6, predatory fish; FG7, cephalopods;
FG8, shrimp; FG9, crab.

TABLE 1 Annual variation of dominant species and common species in the nekton community in the northern East China Sea.
Species 2014 2015 2016 2017

W N% F% IRI W% N% F% IRl W% N% F% IRI W% N% F% IRI

Larimichthys polyactis 4244 6592 90 9752 47.31 72.92 90 10867  22.11 61.12 83 6906 36.98 81.03 79 9305

Trichiurus japonicas 35.79 12.89 100 4868 30.41 6.55 96 3555 54.40 25.11 96 7613 50.96 12.23 100 6319
Portunus trituberculatus 6.33 1.50 72 564 3.75 1.65 60 322 4.10 0.62 66 311 1.97 0.28 62 138
Solenocera melantho 247 6.16 50 436 1.14 2.32 42 147

Ovalipes punctatus 1.45 2.16 74 267 1.54 0.95 69 173

Chelidonichthys spinosus 1.85 1.24 78 241 1.01 1.03 66 134

Psenopsis anomala 1.27 0.78 80 164 2.83 0.67 67 236 2.30 0.99 72 238

Pampus argenteus 2.06 0.36 62 149 6.94 2.00 64 571 3.39 1.00 71 312
Charybdis bimaculata 0.45 1.87 63 147

Harpadon nehereus 1.21 242 37 133

N% is the numerical proportion; W% is the weight proportion; F% is the relative frequency of occurrence. Bold font represents dominant species.
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CPUE of fish, cephalopods, and crustaceans (shrimps, crabs) in the years before (2013-2014) and during (2016-2017) the MHW events. All pairs
of groups were compared using the Kruskal-Wallis test for one-way ANOVA. * indicates significance at p<=0.05; ** indicates significance at

p<=0.01; ns indicates no statistical significance.

events in 2017 changed significantly compared with NY in 2014
or 2015, with increases in WW species (P<0.05) and decreases in
WT species (P<0.05).

Yearly biomass for fish feeding functional groups from 2014
to 2017 is presented in Figure 8. FG2 and FG6 showed
interannual differences. Except for 2014 and 2017, significant
differences in FG2 were observed between NY and MHWs. The
median density of FG2 showed a decreasing trend during
MHWSs compared with NY. In contrast to FG2, the densities
of FG6 slightly increased in 2016, but it increased significantly
in 2017.

Community level changes

Alpha diversity

To estimate the level of variation in terms of community
population dynamics among years, alpha diversity was
determined through Tukey’s test using the Chaol species
richness and Shannon diversity index. The Shannon diversity
index and Chaol richness are presented in Figure 9. Alpha
diversity patterns differed depending on the facet (taxonomic,
thermal, or feeding function) and component (composition or
structure) considered. In terms of the taxonomic groups
(Figures 9A, B), the Shannon diversity of fish varied
prominently across the entire MHW events, with significant
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difference between 2016 and 2017. In case of cephalopods and
crustaceans, no significant differences (P>0.05) were observed,
but both Chaol richness and Shannon diversity showed
decreasing trends during the MHW events, indicating that
these events can decrease the species richness and diversity
of communities.

According to the results of thermal preference groups, the
species diversity of WW showed significant decreases in MHW
years, but the species diversity of WT was not significantly
affected, although it showed a slight increase (Figure 9C). In
contrast to species diversity, the species richness of both WW
and WT species showed a downward trend, but the decrease was
not significant (Figure 9D).

The inter-annual variations in the diversity and richness of
the feeding functional groups varied across the years. In terms of
species diversity (Figure 9E), FG1, FG2, and FG3 showed
extremely high values in one NY. Although FG2 exhibited a
significant decrease in the first year (2016) of MHWsS, it returned
to the 2015 level in 2017. However, the species diversity of FG6
decreased during MHW years, compared to NY. In terms of
species richness, FG2 dominated in the feeding functional
groups and showed a decrease over time (Figure 9F).

Beta diversity

Beta diversity was calculated by temporal dissimilarity,
which revealed different variations among samples within or
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Group comparisons of (a-b) taxa, (c-d) thermal preference, and (e-f) feeding functions in terms of the Shannon diversity and Chaol richness
indices between the years before (2014-2015) and during (2016—-2017) the MHW events. The bar column represents the mean + standard error
of richness and diversity among the different study groups. Letters indicate significance using Tukey's post-hoc multi-comparison test for one-

way ANOVA of mean richness and diversity values.

between NY and MHW years. The median values of overall
temporal dissimilarity within NY (2014 to 2015) and MHW
years (2016 to 2017) were 0.478 and 0.476, respectively. These
values showed little change, but in the regime shift from NY to
MHW years (2015 to 2016), the overall dissimilarity increased to
0.519. Moreover, the median value of the overall temporal beta-
diversity was larger for any combination of communities
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between NY and MHW years than that of communities within
NY or MHW years (Figure 10).

The ANOVA of beta-dispersion revealed no significant

differences in group dispersion (NY-MHWs in this paper) in

terms of taxonomic classification (Table 2). This means that

group dispersion, or variance, does not significantly differ and is

likely homogeneous between groups. Beta diversity analysis was
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further performed to estimate the effects of the MHW events in
shaping the composition of the overall, fish, cephalopod, and
crustacean species. Analysis results of the main effect for the
location and interaction term are not included in the Table 2.
The complete results are provided in the Supplementary
Material Table S1.

PERMANOVA revealed significant differences between
mean group centroids for the overall community and
taxonomic classification, including fish, cephalopods, and
crustaceans. In terms of thermal preference (Table 2), WT
species (F=6.12, p<0.001) appeared to exhibit more significant
dissimilarity than WW species (F=2.25, p=0.039). The MDS
ordination plot also strongly supported the results of
PERMANOVA. We only provided MDS of communities
exhibiting significant results in the PERMANOVA test
(Figure 11). The MDS results showed that the MHW events
induced partial clustering of the nekton community.
Nevertheless, a few individuals at locations adjacent to a
different group appeared to be more closely clustered than
individuals at locations far from the same group, which
indicates that spatial factors play an important role in shaping
species composition.

The PERMANOVA results could be affected by the non-
homogeneous dispersion of data. Indeed, the WW species
community appeared to be less dispersed in the MDS ordination
results (Figure 11). Moreover, FG2 showed significant dispersion
(F=8.67, p=0.004), for which the PERMANOVA results also
showed significant dissimilarity (F=6.95, p<0.001) between NY
and MHW years. However, these significant differences may be

1.00

0.751

Dissimilarity

0.50 1

0.251

10.3389/fmars.2022.1036047

caused by different within-group dispersion instead of different
mean values of the groups. The MDS results show that the distance
between the center points of the WW species community is larger
than that of the WT species community, which supports the
speculation that the difference detected is attributable to the
different center points of each group, rather than data dispersion.

Indicator species of community
dissimilarity

SIMPER revealed dissimilarities in the nekton community
structure and indicated the species with the largest contributions
to the variations between NY and MHW years (Table 3). The
average similarity was 41% for NY, and 44% for MHW years.
The average dissimilarity was 72% between NY and MHWs. The
species that had the largest contributions to the dissimilarity
between NY and MHW years were Larimichthys polyactis,
Trichiurus japonicas, Portunus trituberculatus, and others at
the 90% dissimilarity cut-off. As the contribution of each
species to the overall dissimilarity is primarily attributable to
the variation in species abundances and only partially to
differences among groups, the permutation test was conducted
to determine the species for which the difference among groups
is an important component of their contribution to
dissimilarities. The results showed that Larimichthys polyactis,
Solenocera melantho, Ovalipes punctatus, Harpadon nehereus,
and Lophius Litulon contributed the most significantly to
between-group dissimilarities.

2014/2015 2016/2017

FIGURE 10

2014/2016

2014/2017 2015/2016 2015/2017

Pairwise temporal beta-diversity values for specific years before (2014-2015) and during (2016-2017) the MHW events across 45 sites in the
northern East China Sea. The horizontal line indicates the smallest dissimilarity observed between 2016 and 2017.
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TABLE 2 Results of two-way ANOVA for dispersion and centroid differences in the community dissimilarity of different groups between sampling

years and locations.

Group Beta-dispersion PERMANOVA
F P F P
Overall 0.46 0.499 6.46 <0.001
Taxonomic
Fish 0.66 0.416 6.49 <0.001
Cephalopods 3.76 0.055 3.34 <0.001
Crustaceans 0.32 0.572 4.38 0.003
Thermal preference
ww 0.76 0.386 2.25 0.039
WT 9.21 0.003 6.12 <0.001
Feeding functional group
FG1 1.78 0.184 2.47 0.015
FG2 8.67 0.004 6.95 <0.001
FG3 3.6 0.087 1.665 0.287
FG4 0.21 0.648 1.27 0.238
FG5 0.38 0.542 1.09 0.327
FG6 0.26 0.611 1.80 0.139

In PERMANOVA analysis, the location was significant in all groups, but the interaction term was not significant, except for FG5.

Discussion

The diversity of life-history strategies, including different
tolerances to water temperatures and seasonality of life stages,
usually promotes the stability of biological communities
(Arimitsu et al., 2021). However, MHW events fundamentally
changed the nekton community structure, which was mainly
caused by dominant species alternation, along with biomass
declines of forage fish and crustaceans with short life cycles. This
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influence also depends on species taxonomies, thermal
conditions, and feeding functional groups.

Response of different species to
MHW events

The sensitivity and vulnerability of invertebrates to MHW
events have also been reported for many marine species, such as
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Principal coordinate analyses of Bray-Curtis distances on nekton community composition, calculated between NY (before MHWs) and MHWSs
for the (A) Overall community, (B) Fish community, (C) Cephalopod community, (D) Crustacean community, (E) WW community, (F) WT
community, (G) FG1 community, and (H) FG2 community. Each dot represents a site.
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Table 3 Similarity of percentage analysis of community dissimilarity (Bray—Curtis) between NY and MHW samples.

Taxon Thermal condition Fish Feeding FG. Species Av. Dissim. % Contrib. % Cum.% P Mean
biomass %
NY MHW
Fish wWw FG6 Trichiurus japonicas 26.70 37.12 37.12 0.549 37.35 53.77
Fish WT FG2 Larimichthys polyactis 19.86 27.60 64.72 0.001 34.08 2539
Crustaceans EU - Portunus trituberculatus 3.71 5.15 69.87 0.266  6.25 3.49
Fish WT FG1 Pampus argenteus 3.18 441 74.29 0.529 2.24 6.21
Crustaceans ww - Solenocera melantho 2.15 2.99 77.28 0.006 1.96 0.64
Fish WwT FG4 Psenopsis anomala 1.72 2.39 79.67 0.328 2.85 1.35
Crustaceans EU - Ovalipes punctatus 1.67 2.33 82.00 0.003  2.05 0.68
Fish ww FG4 Chelidonichthys spinosus 1.35 1.88 83.88 0.149 1.50 1.10
Fish ww FG1 Trachurus murphyi 0.76 1.05 84.93 0.903  0.60 0.98
Fish ww FG2 Harpadon nehereus 0.58 0.81 85.74 0.017 0.86 0.47
Cephalopods WT - Sepia esculenta 0.55 0.76 86.50 094 035 0.42
Fish CT FG4 Liparis tanakae 0.52 0.72 87.22 0.079 0.57 0.18
Fish CT FG6 Lophius litulon 0.51 0.71 87.92 0.041 0.69 0.20
Fish ww FG1 Sardinella aurita 0.50 0.70 88.62 0.879  0.01 0.74
Cephalopods ww - Uroteuthis edulis 0.49 0.68 89.31 0.592  0.40 0.43
Fish WT FG2 Coelorinchus 0.45 0.63 89.94 0.403 037 0.10
multispinulosus
Fish ww FG1 Scomber japonicus 0.44 0.61 90.54 0.976 0.34 0.46

Av. Dissim, species contribution to average between-group dissimilarity; Contrib. %, percentage contributed to the overall Bray-Curtis dissimilarity between communities from the average
dissimilarities; Cum. %, cumulative total (%) of contributions (90% cut-off); P, probability of a larger or equal average contribution in the random permutation of the group factor. WW,

warm water species; WT, warm temperature species; EU, eurythermic species; FG1, planktivores; FG2, small omnivores; FG4, benthivores/piscivores; FG6, predatory fish; -, non-fish.

the Roei abalone, scallops, tiger prawns, and blue swimmer crabs
(Caputi et al, 2016). In terms of species biomass, we found
crustaceans negatively responded to MHW, especially crabs with
significantly decreased biomass, which altered the position of
Portunus trituberculatus as the dominant species. The maximum
thermal limit of Portunus trituberculatus can reach 35°C, but the
optimal temperature for breeding is 24-27°C (Liao et al., 2008),
heatwaves with a 2-3°C spike in SST during 2016-2017 would
affect the physiological activities of crabs, such as neuromuscular
activity, respiration, blood circulation, and lipid metabolism
(Dai et al., 2014; Azra et al., 2020), resulting in poor growth
and even death (Kim and Kim, 2017). Moreover, numerous
crustaceans, including crabs, have been reported to respond to
variations in water temperature by modifying the time and
frequency of their shelling, growth rate, size at maturity, larval
development. When these changes reach their temperature
threshold, the survival rate will eventually be limited
(Chandrapavan et al., 2019).

The similarity analysis revealed that Solenocera melantho
and Ovalipes punctatus are also indicator species for
distinguishing the dissimilarity in community structure
between NY and MHW vyears. The relative biomass of both
species decreased significantly by 64.4% and 65.2%, respectively,
in the MHW years. Consequently, their status as common
species in the community was altered, indicating that MHW
events might pose more severe threats to invertebrates. Previous
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studies have shown that the heatwaves on the west coast of
Australia in 2011 caused an SST rise of 5°C, resulting in massive
deaths of blue swimmer crab (Portunus armatus) in Shark Bay
and a sharp decline in fishery production (Chandrapavan et al,
2019; Caputi et al., 2019). A warm event in 1999 also contributed
to a massive die-off of lobsters in Long Island Sound (Pearce and
Balcom, 2009), and a warning was issued regarding the spread of
lobster shell disease, which decimated their populations (Wahle
et al., 2009).

Nevertheless, heatwaves also have positive effects on the
invertebrates. Some species have also been reported to undergo
geographical migration or phenological changes, which even had
favorable results. The record temperatures in 2012 in the Gulf of
Maine decreased the molting rates and enhanced the number of
legal-sized lobsters, extending the fishing season and supporting
the record landings (Mills et al., 2013).

Response of different thermal preference
species to MHW events

The total biomass of WW species increased significantly
during the MHW events, while that of WT species decreased
significantly, which reflected a common phenomenon that WW
species are expected to increase in a warming ocean
(Poloczanska et al,, 2016). The inconsistent change trends of
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the biomass and diversity of WW species may be attributed to
the rapidly respond to the temperature variation by changing
their habitats for small pelagic fish (Maureaud et al., 2019).
However, as the hairtail with higher thermal safety margin and
large biomass dominated the community, the total biomass was
not affected by the MHWs. Maureaud et al. (2019) also reported
that in the over-fished marine ecosystem, rare and sensitive
species will decline locally, consequently, the biomass was driven
by the dominance of species rather than niche complementarity.

Similar to the response of WW species to MHWs, the
response of the biomass of WT species to heatwaves is mainly
determined by dominant species. For example, the WT species
Pseudosciaena crocea is the dominant species in the Yellow Sea.
The northward movement of the distribution center indicates
that the peak value of SST exceeded their thermal tolerance. A
similar change pattern of Pseudosciaena crocea in the Yellow Sea
has been reported (Han et al., 2021). In addition, extreme marine
events may cause the death of small yellow croaker. For example,
a large amount of dead small yellow croaker floated on the sea
surface near 30.2°N, 125.3°E in the East China Sea on 19
February 2017, and more than 9,000 kilograms were caught by
fishermen (Wei et al., 2022). Scholars believe that ‘cold shock’
caused by continuous ocean front and sharp temperature drop
jointly affected the physiological regulation and survival of small
yellow croaker (Wei et al, 2022). We found that a six-day
marine heatwaves occurred from February 20 to 25, and the
peak SST occurred on February 20. The possibility of this event
being related to the death of small yellow croaker on the previous
day is a matter of concern.

The diversity of WT species does not show any distinct
response to MHWS, indicating that the WT species in this region
may not be vulnerable to disturbances of extreme climate events.
In terms of their habitat, WT species, such as flatfish, filefish,
sharks, and rays, mainly dwell near the bottom or along reefs.
These species are characterized by large body size and long life
span, due to which they have a slow response to acute climate
events (Rijnsdorp et al., 2009; Portner and Peck, 2010; Freedman
etal, 2020). Therefore, the diversity did not change significantly.

Response of different trophic species to
MHW events

The PERMANOVA results revealed that the species
compositions of oligotrophic forage fish (FG1 and FG2)
significantly differed between NY and MHW years. Changes in
FG1 and FG2 communities may have driven the bottom-up
regulation as the zooplankton community structure shifted.
According to Zuo (2003) climate warming had driven the
increase of small copepods in the east of the Yellow Sea, but
krill, the prey of fish, would migrate to the north. Gao et al.
(2019) also found the shrinking of the body size of zooplankton
with elevated temperature, and the dynamics of zooplankton will
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affect the species abundance of lower trophic levels of fish
through the trophic cascade effect. There is evidence of
MHWs having a wide range of impacts on multiple trophic
levels in northern Goa, leading to extensive changes in
ecosystem functions (Suryan et al,, 2021). The decline in the
quality of zooplankton has led to a decline in the abundance of
forage fish and young-of-the-year pollock. Previous studies on
the oligotrophic level in the southern and central continental
shelf of Alaska and the northern Gulf of Alaska also revealed a
bottom-up driven system to a large extent. Changes in the
physical environment led to changes in the composition and
abundance of phytoplankton and zooplankton communities,
which further reduced the abundance of forage fish (Batten
et al., 2022).

We also found that different feeding function groups have
different responses to temperature, which may be related to
different temperature preferences, food adaptability, and
competitiveness. For example, predatory fish have high
temperature tolerance, and they can adjust their body
functions to adapt to the habitat, or obtain bait organisms by
changing the niche range through opportunistic survival
strategies. In addition, under the conditions of high
temperature and limited food, predatory fish usually have
stronger feeding ability and bait selection range than forage
fish. The abundance and size of different feeding functional
groups may change the balance of fish communities. However,
the mechanisms and consequences of the observed changes have
not yet been fully understood.

Significance of heatwaves events to
fishery management

Exploring the characteristics of changes induced by MHWs,
a key environmental factor, is an important prerequisite for
analyzing and evaluating the ecological vulnerability of marine
organisms in China, comprehensive risk assessment, and
developing response strategies (adaptation and mitigation). In
the 21st century, climate change is expected to remain one of the
main threats to biological systems (Pecl et al., 2017). One of the
critical climate change processes is the intensification of MHW
frequency and duration (Pecl et al., 2017; Oliver et al., 2018). The
impact of MHWSs on fisheries and protected species can be
reduced by implementing preventive measures, which can be
designed by summarizing corresponding research conclusions
on different taxonomic groups and geographical regions in the
world and identifying and monitoring the responses of climate-
sentinel species to ocean warming and extreme climate events
(Arafeh-Dalmau et al., 2019). Understanding the species
compositions and their responses to MHWs is the first step
toward predicting ecological changes and incorporating them in
decision-making.

frontiersin.org


https://doi.org/10.3389/fmars.2022.1036047
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Liu et al.

Under the influences of climate change, overfishing, habitat
destruction, and other factors, the global fishery resources
including China’s fishery are facing a serious decline. In terms
of single species, the impact of climate change on marine fish is
lagging behind. Many fisheries rely on commercial catch rates to
assess the status of fish, resulting in an inherent delay between
the decline in fish stocks and management actions, which may
lead to overfishing during periods of low replenishment, thus
delaying its recovery (Walters and Maguire, 1996; Cook et al.,
1997; Xu and Liu, 2007; Dickey-Collas et al., 2010; Arafeh-
Dalmau et al., 2019). In 2017, China started the pilot of a new
mode of fishery output management based on quota fishing.
Portunus trituberculatus is set as a pilot species in the East China
Sea. Management efficacy determines whether the quota fishing
policy can be completely implemented. According to our
research, the dominance of Portunus trituberculatus decreased
significantly in the MHW years, showing its vulnerability to
heatwaves stress. Therefore, it is necessary to focus on the risk
assessment of extreme climate events on the effectiveness and
feasibility of quota fishing. The research, management, and
industry experience of the invertebrate species aquaculture in
handling MHW events provide valuable information, which is
suitable for handling extreme environmental events (Azra et al.,
2020). For instance, studies on the appropriate temperature,
growth rate, and shelling time of Portunus trituberculatus at
different life cycle stages can improve our knowledge of the
response of wild marine crabs to extreme events. In the
determination of total allowable catch, multiple factors, such
as replenishment, parent size, and fishing capacity, need to be
integrated. As Portunus trituberculatus larvae are sensitive to
temperature changes (Dai, 2013), future catch can be predicted
by monitoring MHW events and preliminary supplementary
population survey of this species, such that decision-makers can
implement preventive regulation and intervention fishing
policies according to changes in abundance. For example,
during outbreaks of MHWs, the risk of extreme climate events
on the species and related fishing activities can be rapidly
minimized by reducing the amount of catches and efforts, and
even closing the fishery regularly. Studies have proved that the
monitoring and investigation of early life history environment
and amount of supplementation are very valuable in diagnosing
the impact of MHW s on species population (Caputi et al., 2016).

At the local geographical scale, only few studies have
investigated the effect of MHWSs on community composition,
which is helpful for understanding the patterns of biodiversity,
ecosystem functions, and resilience to disturbances. As species
have different response patterns to extreme climate events,
different taxonomic groups or functional groups may suffer
different fishing pressures under the same fishing intensity.
Therefore, it is necessary to preliminarily identify the fitness of
target species under different climate backgrounds before
determining the fishing pressure and the replacement of
dominant species. In this manner, more suitable adaptive and
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preventive fishery management strategies can be formulated and
implemented in response to climate change. In the future,
research on the mechanism of interactions between fishery
ecosystems and local and global climate change should be
strengthened, the dynamic change law of fishery ecosystems
driven by natural and human forces should be explored, and risk
monitoring of climate change on fishery should be improved.
Moreover, means of improving the ability of fishery ecosystems
to cope with extreme climate change should be developed.
Natural systems are complex in nature. It may be uncertain
to attribute the change of nekton community only to the direct
impact of heat wave, during the occurrence of MHWs,
temperature rise affects not only a specific process, but all
related processes in the system. For example, temperature rise
may cause a series of linked changes, including environmental
(acidification, hypoxia, reduction of primary productivity, etc.),
biological, and interactive processes. Nevertheless, different
processes may be affected to different degrees. The purpose of
biological community analysis is to explore the direct and
indirect relationship between variables considering complex
phenomena. Although, we found that MHWs induced changes
in the community structure, we did not study the driving
mechanisms of biological communities. In future research, we
should pay more attention to the interaction between different
processes in the system, especially in the context of global
change, focus on the study of biological complexity, analyze
the impact factors and change trends of multiple processes, and
clarify the assembly process and mechanism of biological
communities, so as to improve the understanding of

marine ecosystems.
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