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Human activities and climate change have profound effects on marine ecosystems, leading to changes in ecosystem functionality and even
reduced resilience. Hence, a systematic assessment of the marine ecosystem resilience and the drivers of resilience is needed. This study
provides an approach to help measure the resilience of reduction marine ecosystems by calculating early warning signs of marine net primary
productivity, while introducing fishing activities and environmental data in the study area to evaluate the factors affecting marine ecosystem
resilience. The results showed that in 36.29% of the Chinese exclusive economic zone, resilience was likely to be significantly decreased. There
was a non-linear relationship between fishing activities and indicators of resilience reduction, with pixels with high-intensity fishing activities
being more susceptible to resilience reduction. Fishing regulations are urgently needed in areas where marine ecosystem resilience may be
reducing. Effective management and protection of marine ecosystems require assessment of the spatial overlap between marine ecosystems
states and human activities. This study provides a scientific basis for sustainable management of social-ecological systems by comparing high-
precision fishing data to marine environmental data, thereby analysing marine ecosystem resilience through the use of early warning indicators.
Keywords: early warning indicators, fishing footprint, marine net primary productivity, resilience.

Highlights:

(1) The early warning indicator of net primary productivity was
used to measure the resilience of marine ecosystems, and
the results show a significant trend of reduced resilience in
36.29% of China’s exclusive economic zone (EEZ).

(2) In China’s EEZ, when there is a high-intensity fishing activity,
the risk of marine ecosystem resilience loss and ecosystem
collapse will be higher with the increase in fishing activities.

(3) The significant decrease in marine ecosystem resilience in
China’s EEZ is positively correlated with sea surface temper-
ature.

Introduction

Marine ecosystems have experienced dramatic climate change
over recent decades (Johnson and Watson, 2021). In addition
to climate change perturbations, human activities may poten-
tially magnify or reduce marine ecosystems changes other than
climate change. Several studies have pointed out that marine
fisheries are one of the major human activities and one of the
most influential anthropogenic impacts on the marine besides
climate change (Sumaila and Tai, 2020). The damaging ef-
fects of overfishing on biomass loss may be much more severe
than climate change (Carozza et al., 2019), rendering marine
ecosystems less resilient to climate change (Blanchard et al.,
2012). Human activities are uncertain and have had a pro-
found influence on marine ecosystems over time (Halpern et
al., 2019), and the cumulative effects can induce ecosystem

shifts, i.e. abrupt transformations that occur when a system
hits a threshold of a specific state. Ecosystem resilience is a
key measure of a system’s emergent response to stressors, and
resilience is an emergent property of systems (Wu et al., 2017).
Emerging theories and new multidisciplinary approaches in-
dicate the importance of assessing and actively managing re-
silience, i.e. the extent to which ecosystems can absorb re-
current natural and human perturbations and continue to re-
generate without slowly degrading or unexpectedly flipping
into alternate states (Hughes et al., 2005). However, there are
limited studies on the effects of human activities on marine
ecosystem resilience.

The coupling between human and environmental systems
can induce non-linear shifts, and regime shift occur in non-
linear dynamic systems when the system shifts from one sta-
ble equilibrium to another. The bifurcation point where this
transition occurs is the tipping point, while a system is resilient
when far from an undesired tipping point (Bauch et al., 2016).
As the system approaches a tipping point, the system resilience
decreases, i.e. it takes longer to recover to a stable equilibrium
state when the system is subject to perturbations. This prop-
erty means that regime shifts generally indicate characteristic
early warning signals (Scheffer et al., 2009). The phenomenon
of “critical slowing down”prior to a tipping point can provide
a generic early warning signal (Van Putten et al., 2019) that
a system is slowing down to recover from short-term fluctua-
tions prior to an abrupt shift. Measuring ecosystem resilience
is difficult, but this early warning signal of slowing down is of-
ten referred to in ecology as “loss of resilience”. Decreased re-
silience before a regime shift can be manifested by effects such
as critical slowing down, i.e. with increases in autocorrela-
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tion, variance, and other statistics (Bauch et al., 2016; Su et al.,
2020), providing a way to assess the resilience of ecosystems.

Early warning signals have been widely used to measure
ecosystem resilience (Bauch et al., 2016; Ma et al., 2021),
e.g. terrestrial normalized difference vegetation index re-
silience (Feng et al., 2021), but rarely have been applied
to marine ecosystems. Hakspiel-Segura et al., (2022) used
marine chlorophyll data to demonstrate that early warning
indicators (EWIs) are effective for monitoring the resilience
of marine ecosystems. The net organic carbon formation rate
of marine phytoplankton, i.e. the net primary production
(NPP) of marine phytoplankton (Laufkotter et al., 2015), is
an important indicator of marine primary productivity and
therefore be useful for measuring the resilience of marine
ecosystems. NPP by marine phytoplankton is responsible for
∼50% of global biogenic carbon fixation and is a key de-
terminant of atmospheric CO2 concentrations (Kwiatkowski
et al., 2017). Marine NPP provides the foundation for the
marine food web through the production of organic mat-
ter (Laufkotter et al., 2015), providing energy for marine
ecosystems (Carozza et al., 2019; Krumhardt et al., 2020).
NPP is, in turn, associated with adequate nutrient, light, and
appropriate temperature availability (Lam et al., 2020), which
regulate the specific rate of NPP. The resulting magnitude
of phytoplankton stocks is also governed by losses due to
grazing and mortality (Tagliabue et al., 2020), constraining
NPP in a top-down sense (Laufkotter et al., 2015). NPP is
also an important component of the marine carbon cycle
and a critical factor in determining the surface ocean organic
carbon export (Laufkotter et al., 2015). Fishing activity
affects phytoplankton through top-down control (Lynam et
al., 2017), consuming marine production and fish carbon sink
through fishing (Kwiatkowski et al., 2017). Hence NPP is an
important indicator for representing marine function, provid-
ing a potentially useful approach for measuring the resilience
of marine ecosystems with early warning signal indicators.

China is the largest producer and consumer of marine re-
sources globally (Cao et al., 2017), and its exclusive eco-
nomic zone (EEZ) covers the Bohai, Yellow, East, and South
China Seas, which are affected by climate change and over-
exploitation of fish resources. China’s ocean warming rate is
among the top 10% globally (Kang et al., 2021), while in-
tensive fishing pressure has led to a shift in catch composi-
tion from large, high-trophic-level species to smaller, lower
trophic-level species (Cao et al., 2017). The Chinese EEZ is in
a state of rapid degradation under severe stress (Kang et al.,
2021), thus providing an important reference for investigat-
ing the response of marine NPP resilience to human activities.
However, there are limited studies on the analysis of spatial
and temporal patterns of marine fishery intensity in China’s
EEZ, and there is an urgent need to comprehensively assess
fishing activities in China’s EEZ as having a potentially im-
portant influence on changes in marine ecosystem resilience.

The impacts of human activities and climate change on ma-
rine ecosystems are still highly uncertain, so gaining an under-
standing of their relationship with NPP resilience, as a criti-
cal component of the ocean carbon cycle and the basis of the
food web, can further support ecosystem-based ocean man-
agement. Remote sensing provides the data foundation for this
study, and both NPP and fishing activities data used in this
study are derived from remote sensing inversions. This study
first examined the spatial and temporal dynamics of marine
fishing and measured changes in marine NPP resilience based

on EWIs. It then assessed the interaction between fishing ac-
tivities and marine NPP resilience while overlaying the effects
of climate change to investigate how driving factors such as
fishing activities and climate change may affect the resilience
of marine NPP.

Material and methods

Study area

China’s EEZ covers the Bohai, Yellow, East, and South China
Seas, adjacent to the edge of mainland China, interconnected
and spanning the temperate, subtropical, and tropical zones
(Figure 1), with abundant fishery resources and critical eco-
logical functions. The Bohai Sea, as a semi-enclosed shallow
sea, is the only inland sea in China and is vulnerable to hu-
man activities. The Yellow Sea is a northern marginal sea in
the North Pacific Ocean, connected to the Yellow Sea through
the Bohai Strait, and with high productivity. The East China
Sea is a large marginal sea in the western North Pacific Ocean
and is China’s most crucial fishing ground (Sun et al., 2021),
with highly exploited fishery resources. The South China Sea,
located between the Pacific and Indian Oceans, is a tropical
fishery with high temperatures and benefits plankton blooms
and is a substantial tropical fishery. The marine ecosystems in
China’s EEZ is complicated and high potential for exploita-
tion, but due to global warming and high fisheries exploita-
tion, China’s marine biodiversity and environmental status
have severely declined (Kang et al., 2021). China introduced
the concept of “Ecological Civilization” in 2012 and imple-
mented policies for resource conservation and environmen-
tal protection (Su et al., 2020), establishing an extended net-
work of marine protected areas to protect marine species di-
versity, and China has established Aquatic germplasm reserves
(AGRs) to protect rare and endangered fish species of great
commercial importance. This study assesses the resilience of
ecosystems in China’s EEZ under exploitation and protection
and their interactions with marine fisheries activities.

Data source

NPP and sea surface temperature data
This study uses NPP data provided by Oregon State Univer-
sity (http://sites.science.oregonstate.edu/ocean.productivity/e
ppley.model.php). The database estimates NPP according
to remote sensing data from MODIS aqua satellite for
2002–2020 using the Vertically Generalized Production
Model (VGPM) algorithm (Behrenfeld and Falkowski, 1997).
Siswanto et al., (2006) validated the VGPM algorithm using a
long-term empirical dataset from the East China Sea, showing
that the VGPM algorithm can produce accurate and reliable
results, and that the dataset is widely used with high spatial
and temporal resolution and is suitable for regional studies.
Therefore, this study uses the monthly NPP dataset (units of
mg C/m2/day) from July 2002–July 2020 provided by the site
with a spatial resolution of 1/6◦. The Bio-ORACLE database
(https://www.bio-oracle.org/downloads-to-email.php) (Assis
et al., 2018) provides mean sea surface temperature (SST) data
for the period 2000–2014, with SST data assigned to 1/6◦ grid
cells to match the resolution of the NPP data.

Fisheries footprint
Automatic identification system (AIS) is a vessel safety and
collision avoidance system with global coverage, which pro-

http://sites.science.oregonstate.edu/ocean.productivity/eppley.model.php
https://www.bio-oracle.org/downloads-to-email.php
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Figure 1. Map of mainland China’s EEZ. The region studied in this work is marked by a thick black box, the provinces located in the China coastal region
are also depicted on the map (Liaoning, Tianjin, Hebei, Shandong, Jiangsu, Shanghai, Zhejiang, Fujian, Guangdong, Guangxi and Hainan). The scope of
China EEZ is from the Marineregions website (https://www.marineregions.org/)

vides a remote sensing basis for tracking marine fishing op-
erations by locating vessels globally. Kroodsma et al., (2018)
assembled high-resolution vessel monitoring data provided
by AIS collected since 2012 to create the Global Fishing
Watch database (https://globalfishingwatch.org/map-and-da

ta/) to track the fishing footprint of each fishing vessel. Global
Fishing Watch contains the most active fishing vessels >24 m
and statistics on fishing worldwide at high temporal and spa-
tial resolution, i.e. the number of fishing hours per day on a
unit grid, and categories of different types of fishing gear based

https://globalfishingwatch.org/map-and-data/
https://globalfishingwatch.org/map-and-data/
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on two neural network algorithms. Estimating fishing effort
through inversion of remote sensing data is an emerging field
and results remain uncertain as research on specific spatial
analyses is debated. However, Global Fishing Watch (GFW)
data has improved vessel (gear) type classification algorithms
and continues to refine the dataset to correct for regional er-
rors (Harry et al., 2021). Also the study area of this study,
China, has AIS installed for ships in accordance with the In-
ternational Maritime Organization regulations and for ships
not included in the regulations (Liu et al., 2021), the instal-
lation of AIS equipment in China is widespread and provides
reliable data input for the neural network algorithm to reduce
uncertainty in the regional scale. Therefore, despite the limi-
tations of GFW data, it is still the best available high spatial
and temporal resolution data for the China’s EEZ.

This study used the fishing effort grid data from the Global
Fishing Watch database for 2012–2020 to extract the fishing
hours in the Chinese EEZ and collate the operations of dif-
ferent fishing gears. Fishing hours were counted and summed
within each 1/6◦ grid cell, and assigned all spatial data to 1/6◦

grid cells to match the resolution of the NPP data.

Statistical analyses

Resilience analysis
Resilience is defined as the ability of a system to return to
its initial state after a disturbance (Buxton et al., 2022). A
reduction in resilience indicates that an ecosystem is moving
towards a critical slowing down point, which can trigger an
abrupt shift to another stable state, so the degree of reduction
in resilience can be quantified by early warning signals. Fol-
lowing the algorithm proposed by Feng et al., (2021), EWIs
for marine NPP are potentially useful for measuring the re-
silience of marine ecosystems. The EWI of the NPP was first
calculated for each pixel in the study area based on a monthly
NPP sliding window of temporal detrending: autocorrelation
at first lag (ACF1), autoregressive coefficient of a first-order
model (AR1), standard deviation (SD), skewness (SK), kurto-
sis (KURT), return rate (RR), and density ratio (DR) with a
sliding window set to an integer multiple of 12 for 36 months.
The indicators are calculated as follows:
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∑n
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σ 2
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√
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SP (0.5)

,

where zt is the subset of the marine NPP detrended time series
within the current sliding window; μ and σ 2

z are the mean and
variance of zt , respectively. n is the window size (36 months);
zt+1 is the first-order lag series; εt is the residual obtained by
ordinary least squares; and SP(∗) is the spectral density func-
tion in power spectrum analysis.

The combined EWIs (Composite EWI, CEWI) can enhance
the overall predictive ability by combining multiple EWIs (Su
et al., 2020), so this study indicates the resilience based on
CEWI. To avoid covariance among multiple EWIs, the highly
correlated EWI indicators are removed using the variance in-
flation factor (VIF) algorithm, and when the VIFs of the re-
maining EWIs are <10, the remaining indicators are z-score
transformed to improve the comparability of the indicators
and summed with equal weights to calculate the CEWI.

CEWIt =
N∑

i=1

z-score (EWIt,i) ,

where CEWIt is the CEWI at time t; z-score(EWIt,i) is the ith
EWI of the z-score transformed at time t; and N is the number
of EWI indicators.

Lastly, following Feng et al., (2021), the rank correlation
coefficient (Kendall’s τ ) between CEWI and time was calcu-
lated to assess the trend of CEWI. A larger positive Kendall’s
τ indicates an increasing trend of CEWI, i.e. a faster decreas-
ing trend of resilience. In this study, the Kendall’s τ index of
CEWI of NPP for each pixel was calculated to generate a spa-
tial distribution of marine ecosystem resilience in the study
area, and mainly showed a significantly positive (p < 0.05)
spatial distribution of Kendall’s τ for CEWI.

Correlation analysis
Nutrients and organic matter from freshwater discharge, ter-
restrial environment, and shallow sediments in coastal areas
enhance primary and secondary production in the nearshore
environment (Wang et al., 2019). With increasing distance
from population centres, dispersion and dilution of terrestrial
inputs (Holbrook et al., 2022) causes a pronounced spatial
gradient in environmental disturbance that may affect marine
NPP CEWI. This study introduces Theil–Sen regressions to in-
vestigate this spatial covariance pattern between the level of
NPP resilience reduction and distance from shore. The level
of NPP resilience reduction was indicated using Kendall’s τ

of the CEWI of NPP. Kendall’s τ values that indicated signifi-
cant reductions in resilience were then used as the dependent
variable in regressions to further explore the spatial charac-
teristics of reduced NPP resilience. Theil–Sen regressions are
a robust method for determining the slope of a regression line
by the median of the slope. This study used the mblm package
in R (Komsta, 2019) for Theil–Sen regressions analysis, and
the sf package (Pebesma, 2018) to calculate the distance from
the shore for each pixel.

To investigate the influence of other anthropogenic stres-
sors on marine NPP resilience, the annual average fishing days
per pixel in the Chinese EEZ from 2012 to 2020 were catego-
rized by gear type. The correlation between stressors (fishing
activity and SST) and the occurrence of decreased resilience of
marine NPP was calculated by fitting logistic regression with a
generalized linear model (GLM). The study area was divided
into two categories: significant decreasing resilience and non-
significant decreasing resilience. When a positive Kendall’s τ

for CEWI was detected within a pixel with a significant trend
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Figure 2. Spatial Distribution of fishing activities in China’s EEZ. (a) Spatial distribution of the average annual fishing days, and spatial distribution of the
proportion of fishing activities for (b) trawlers, (c) set gillnets, (d) set longlines, and (e) dredge fishing.

(p < 0.05), the pixel was assigned a value of 1; otherwise, the
pixel was assigned a value of 0. The pixel was generated into
binary data of 1 or 0 to be the dependent variable of the lo-
gistic regression, and standardized SST and fishing effort (av-
erage annual fishing days from 2012 to 2020) included as in-
dependent variables. To take into account non-linear effects,
the squares of standardized SST and fishing effort were also
included as independent variables. The GLM fitted logistic re-
gression was analysed using the glm function of R statistical
software, version 4.0.5 (R Core Team, 2021).

Results

Spatial and temporal patterns of marine fishing

This study examined the spatial distribution of fishing activi-
ties and the proportion of fishing activities by fishing gears in
the Chinese EEZ based on the Global fishing watch database
(Figure 2) to explore the behavioural features and spatial
preferences of fishing activities. The four most frequent fish-
ing gear types in the Chinese EEZ are: trawlers, set gillnets,
set longlines, and dredge fishing (Figure 2, Supplementary
Appendix Text S1). According to the Global fishing watch
database, the Supplementary Appendix Figure S2 presents the
proportion of spatial fishing activities of the remaining fishing
gears in the Chinese EEZ. Figure 2 indicates that fishing ac-
tivities in China are clustered in the offshore areas, with more
intensive fishing activities in the Bohai Sea region. Fishing ac-

tivities in the Yellow Sea region at the junction of Jiangsu and
Shandong are intensive. Most of the intense fishing activities
are clustered in the offshore waters of Shandong, while fish-
ing intensity in the non-junctional offshore waters of Jiangsu
is limited. There are some fishing activities in Zhejiang off-
shore, and intense fishing activities in offshore waters of Fu-
jian and Guangdong provinces. Overall, fishing activity is rel-
atively intense in offshore of Shandong, Fujian, and Guang-
dong provinces, as Shandong, Guangdong, and Fujian are all
major fisheries provinces in China (Szuwalski et al., 2020).

According to the analysis of the temporal trend of total fish-
ing hours in the study area from 2013 to 2020 (Figure 3),
fishing activities in China’s EEZ present a seasonal fluctuation
with an annual cycle, with a significant tendency to rest fishing
activities during the fishing moratorium from June to Septem-
ber in summer and the Spring Festival holiday in winter each
year, and a relatively significant extension of the moratorium
since 2017. The fishing activities intensity will rapidly rise to
a peak point after the end of the fishing moratorium each year
and then slowly declines. Fishing activities show a relatively
rapid increasing trend after the end of the Chinese New Year
holiday in winter each year, but the rising trend is weaker than
the fishing activities after the moratorium.

Notably, the fishing intensity is lower in the early period
mainly due to the fewer vessels equipped with positioning sys-
tem AIS beforehand, but as the awareness of safety at sea is
raised, the installation of AIS equipment on vessels became
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Figure 3. Time series of total fishing in China’s EEZ. Fishing hours per day in China’s EEZ is introduced as a proxy for fishing efforts.

popular, so the data in the early period of Global fishing watch
covers a lower degree than the later period, but the present
data provide an estimate of the lower limit of the actual fish-
ing situation.

Spatial distribution of marine NPP resilience

The spatial distribution of reduction in marine ecosystem re-
silience in China’s EEZ is shown in Figure 4. Only the pix-
els with significantly positive Kendall’s τ (p < 0.05) are dis-
played, representing a reduction in resilience. It is estimated
that 36.29% of the pixels in the study area show a trend
of significant resilience reduction. In addition, 48.40% of
the pixels in the study area show a reduction in resilience.
Theil–Sen regressions (Figure 4) showed a highly significant
(p < 0.001) negative correlation between distance from shore
and resilience trends in regions with significantly reduced re-
silience. That is, the rapid reduction of resilience occurs pri-
marily in areas closer to the shore in China’s EEZ.

Significantly reduced resilience in the Bohai Bay is sparsely
distributed. Nearshore areas at the junction of Shandong and
Jiangsu in the Yellow Sea show a significant reduction in re-
silience and a rapid reduction trend. In contrast, the Yellow
Sea area in China’s EEZ has more clusters and patchy regions
of reduced resilience. The southern part of Jiangsu Province,
near Zhejiang Province, shows fewer pixels with significantly
reduced resilience, which are only sporadically distributed off-
shore. The East China Sea of China’s EEZ has fewer pixels
with reduced resilience, and most of the pixels are sparsely
distributed in the waters far from the mainland of China’s
EEZ. The South China Sea of China’s EEZ has more pixels
with reduced resilience in a patchy distribution, but Kendall’s
τ values are less than those in the Yellow Sea nearshore re-
gions, indicating lesser reductions in resilience. In addition,
fewer pixels with significantly reduced resilience are located
in the nearshore waters of Guangdong, rather mainly in the
waters slightly farther from shore. Generally speaking, the sea
near Shandong, Fujian, and Guangdong, where fishing activi-
ties are more intense, has a higher percentage of significantly

reduced resilience pixels. Areas with rarer fishing activities, in-
cluding the waters of Jiangsu near Shandong and Jiangsu near
Zhejiang show fewer pixels and less extreme reductions in re-
silience. The spatial distribution of pixels with significantly
negative Kendall’s τ for CEWI of NPP is shown in the Sup-
plementary Appendix Figure S3, showing that 35.34% of the
pixels in the study area have a significant trend of reduced
CEWI.

Factors associated with reduction in marine NPP
resilience

The GLM results for the factors associated with reduction in
marine NPP resilience (Figure 5) revealed that for all waters
with fishing activities (Model of Fishing), SST was significantly
positively correlated with the marine NPP resilience reduction.
Fishing activities were significantly negatively correlated with
the marine NPP resilience reduction, but the square of fishing
activities was significantly positively correlated with marine
NPP resilience reduction. Accordingly, there is a non-linear re-
lationship between fishing activities and marine NPP resilience
reduction. When the fishing activities are less, the negative re-
lationship is dominant, but when the fishing activities meet
the threshold, the positive relationship begins to appear, which
will increase the risk of marine NPP resilience reduction. This
effect is universal in different gear types (Model of Trawler,
Set gillnets, Set longlines of Figure 5). Heat maps of the spatial
overlap between marine NPP resilience and fishing activities
are plotted in the Supplementary Appendix Text S2 and Fig-
ure S4 to analyse the effect between fishing activities, SST, and
resilience.

Discussion

Potential drivers of reduction in marine NPP
resilience

Marine ecosystems are complex, exposed to natural and an-
thropogenic stresses, and tend to undergo abrupt reorganiza-
tion to adapt to changing external pressures when resilience is
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Figure 4. Spatial pattern of resilience (Kendall’s τ for marine NPP CEWI) in China’s EEZ. Only the regions with significantly positive Kendall’s τ are
presented, where the ecological resilience is reduced. The right panel is the Theil–Sen regression of Kendall’s τ for marine NPP CEWI and distance from
shore.

reduced (Feng et al., 2021). Understanding causes of resilience
reduction is a critical challenge for the future, for which
analysing EWIs may provide a potentially useful methodolog-
ical basis.

This study identifies areas of significantly reduced marine
ecosystem resilience in China’s EEZ based on EWIs. The re-
sults indicate a non-linear relationship between the risk of
significant reduction in marine ecosystem resilience and fish-
ing activities in China’s EEZ. The risk of significant reduction
in marine ecosystem resilience increase with increasing fish-
ing activity when fishing activities exceed a certain threshold.
Holbrook et al., (2022) also point out that overfishing reduces
the resilience of marine ecosystems to climate change. Ramírez
et al., (2018) found that the combination of ocean warming
and fishing pressure synergistically affects fish stocks. Kovac
et al., (2020) also indicated that high zooplankton exploita-
tion may decrease the resilience of the pelagic system.

In addition, chronic anthropogenic nutrient loads caused
by high-intensity human activities such as sewage discharge
or agricultural runoff form a clear spatial trend with distance
from shore as they become gradually diluted. This trend co-
varied with resilience reduction negatively. Nearshore marine
ecosystems may therefore be at a high risk of experiencing a
shift in the composition of phytoplankton, which can cause
abrupt changes in marine ecosystems (Cael et al., 2021), fur-
ther leading to a decrease in resilience.

A positive relationship was similarly found with SST. Ma
et al., (2021) suggest that dramatic increases in SST and small
fluctuations in the corresponding thresholds can trigger crit-

ical transitions, further leading to resilience decrease in ma-
rine ecosystems. In addition to chronic slow ocean warm-
ing, short-term extreme warming events in the ocean, such
as ocean heat waves, are becoming more widespread and
frequent. Hakspiel-Segura et al., (2022) also revealed that
anomalous changes in marine temperature can induce decreas-
ing resilience of marine ecosystems.

Fisheries may affect marine ecosystem resilience

Marine fisheries reduce the resilience of marine ecosystems
through greenhouse gas emissions, lost gear and marine litter,
and changes in food web structure that disrupt marine ecosys-
tems. For instance, overfishing of cod in the 1990s caused
changes in marine ecosystems that weakened the biological
pump in the North Atlantic (Hammerschlag et al., 2019), fur-
ther reducing ocean carbon sink functions; fishing activities
on Caribbean reefs have led to a reduction in fish-mediated
trophic capacity, further leading to a reduction in primary
productivity (Allgeier et al., 2016); and overfishing herbivo-
rous fish in Jamaica combined with climate change has led
to a shift from highly productive coral-dominated habitats
to lower productive algae-dominated habitats in some areas
(Levin and Möllmann, 2015).

Most previous studies have used SST as a stressor to as-
sess impacts on marine ecosystems, but this study also focuses
on the non-linear effects of fishing activities. Harvesting ma-
rine fish at the beginning will potentially induce an increase in
phytoplankton growth and further increase carbon sequestra-
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Figure 5. Coefficients from the GLM linking with resilience reduction. SST = sea surface temperature; FE = fishing effort (fishing days); SST2 = square
of SST; FE2 = square of fishing days. Dots represent mean model coefficients; and whiskers show the 95% credible intervals.

tion. However, as fishing activities and phytoplankton growth
meet a certain threshold, complex trophic cascade effects, as
well as eutrophication and competition interactions come into
play (Van Denderen et al., 2018). Weakening of the biologi-
cal pump through fishing (Hammerschlag et al., 2019) can re-
duce growth rates and even show a decreasing trend in marine
NPP. A study in the Bohai Sea of China noted that the trophic
cascade effect caused by fishing led to a shift in the Bohai Sea
ecosystem, with the loss of large fish causing an increase in fish
and jellyfish. This further reduced the biomass of herbivorous
zooplankton, which was followed by an increase in zooplank-
ton biomass as small fish were also depleted by fishing. As a
result, phytoplankton were suppressed and primary produc-
tion declined (Liang and Pauly, 2020).

In the case of China, overfishing has led to a reduction in the
productivity of marine ecosystems and a decrease in marine
biomass. For example, economic fish species have declined in
the Bohai Sea and big T. albacores resources have collapsed
in the East China Sea (Fu et al., 2018). This study points out
that Trawlers are the dominant marine fishing gear type and
widely distributed in China’s EEZ. While extensive trawler
fishing pressure threatens the sustainability of offshore ecosys-
tem, bottom trawling can induce the release of substantial car-
bon stored in deep-sea sediments and affect the carbon storage
capacity (Paradis et al., 2021). Bottom trawling also further af-
fects carbon biogeochemical cycling by transferring dissolved
and particulate nutrients from benthic systems to pelagic sys-

tems (Lomartire et al., 2021). The impacts of trawlers on ma-
rine ecosystems are persistent; especially the destructive ex-
ploitation of sediment organic matter from deep-sea trawlers
takes a long time to recover (Paradis et al., 2021).

China ecosystem-based sustainable fisheries
management

The United Nations Sustainable Development Goal 14 “Life
under water” calls on the international community to “Con-
serve and sustainably use the oceans, seas and marine re-
sources for sustainable development. For sustainable devel-
opment.” (Ovando et al., 2021), but the limited data avail-
able constrains the assessment of the exploitation of marine
resources and marine ecosystems, especially marine fisheries.
With increasing remote sensing data, the inversion method of
human fisheries activity data based on the satellite data may
become more established. This would enable the observation
and detection of real-world fishing activities based on remote
sensing data, further tracking the marine fisheries footprint
and providing a realistic data basis for ecosystem-based fish-
eries management.

China’s marine fisheries management has begun to focus
on restoring coastal and fishery resources in the last decade to
achieve sustainable development of marine fisheries. China’s
Fisheries Law of the People’s Republic of China, revised af-
ter 2000, provides a quota fishing policy for China fisheries,
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and the Total Allowable Catch is the basic policy for marine
fisheries management in many international countries, aim-
ing to protect marine resources and maintain sustainable ex-
ploitation of fisheries. China announced the “Marine Ecolog-
ical Civilization Building Policy” in 2015 (Crona et al., 2020),
which focuses on marine ecology and sustainable develop-
ment of marine ecosystem, and promulgated “total resources
management”and “quota fishing management” in 2017 (Su et
al., 2021), aiming to implement the most severe fishing mora-
torium in history. Fishing moratoriums prohibit certain types
of gear fishing activities at given times and locations each year,
thereby mitigating the impacts of fishing activities on marine
fishery resources and marine ecosystems. China, also with a
tradition of marine conservation, has established marine na-
ture reserves that prohibit fishing; special marine protected ar-
eas that allow only sustainable fishing while establishing no-
take core areas; and AGRs, also known as fishery conserva-
tion zones, which aim to protect commercially valuable, rare,
or endangered fish species (Bohorquez et al., 2021) (Supple-
mentary Appendix Text S3). As the world’s largest consumer
of fisheries production, China is suffering from the combined
pressures of climate change and overfishing, yet the Chinese
government is increasingly focusing on environmental protec-
tion and ecological civilization (Cao et al., 2017). However,
there is still a trend of significant reduction in the resilience of
about 1/3 of China’s EEZ, and low resilience areas are often
under severe fishing activity. Therefore, China should continue
to search for new solutions for fisheries reform.

Conclusion

This study provides an assessment of the relationship between
fishing activities and marine ecosystem resilience indicators in
China’s EEZ. It is found that 36.29% of China’s EEZ showed
a trend of significant reduction in a resilience indicator, and
areas with a rapid reduction tended to also suffer from high-
intensity fishing activities. The interaction between human
activities and marine ecosystems warrants research, but cur-
rently more research appears focused on the interaction be-
tween climate change and the marine ecosystem. Human ac-
tivities are less often analysed perhaps due to a lack of spatial
data on human activities. Remote sensing has the potential to
reduce data limitations, as this study was founded on chloro-
phyll and SST data tracked from space as well as fishing ac-
tivity data tracked from AIS. Although the response of marine
ecosystems to human activities is complex, this study takes a
first step towards understanding resilience changes in marine
ecosystems under human influence.
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