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Overfishing has severe social, economic, and environmental ramifications. Eliminating global
overfishing is one of the United Nations’ Sustainable Development Goals (SDGs). The SDGs require
effective policy and progress monitoring. However, current indicators are issue-specific and cannot

be utilized to measure fisheries efficacy holistically. This study develops a comprehensive index that
takes into account the inputs, outputs, and ecological implications of fisheries. These components are
then merged to form a single composite fishing index that evaluates both total fishing pressure on
the ecosystem and historical patterns. The global fishing intensity grew by a factor of eleven between
1950 and 2017, and geographical differences emerged. The fishing intensity of developed countries
peaked in 1997 and has since fallen due to management, but developing countries’ fishing intensity
has increased continuously over the whole research period, with quasi-linear growth after 1980. Africa
has experienced the most rapid expansion in fishing activity and now has the highest fishing intensity.
This index takes a more comprehensive and objective look at fisheries. Its worldwide spatial-temporal
comparison enables the identification of similar temporal trends across countries or regions, as well as
areas of uneven development and hotspot sites for targeted policy action.

Fisheries play a vital role in global food security, nutrition, livelihoods, and economies, generating 214 million
tonnes of fish and employing 58.5 million people’, but they also have a significant impact on habitats, biodiversity,
and aquatic ecosystem function?. Fisheries sustainability is threatened by overfishing and habitat deterioration”.
How can fisheries meet the growing need for nutritious seafood for a growing global population, rising consump-
tion levels, and dietary shifts while minimizing impacts to ecosystems? The United Nations” Sustainable Devel-
opment Goals (SDGs*) established a goal for fisheries conservation and restoration to rehabilitate all overfished
stocks to maximum sustainable yield (MSY) levels.

Unfortunately, despite some positive developments in nations such as Australia and the United States, the
world’s fisheries are drifting more and further away from the SDG target®. Joint efforts at the national, regional,
and global levels will be necessary to attain the SDG Targets, with each responsible institution developing con-
crete policy paths and executing measures tailored to its own circumstances. These policies and strategies must
address the primary drivers of fisheries and their impacts on ecosystems in order to be effective, and relevant
indicators must be developed to aid in assessing policy and program effectiveness, as well as tracking progress
toward the set goal of fishery sustainability.

Indicators are commonly used to inform decision making®. They have evolved into a vital tool for monitoring
and public communication by simplifying a complicated picture through the key elements of an issue. Simplified
and aggregated indices can be used to (i) aid in policymaking and the design of effective actions, used as policy
decision criteria, i.e. reference points, (ii) enable measurement of performance and calibrating progress toward
set goals, (iii) facilitate systematic comparisons to identify areas of uneven development and policy attention,
and (iv) provide useful tools for communicating the accomplishments and requirements of policy reforms and
practical action plans’.

Indicators are not new to fisheries and they are frequently used for revealing problems, identifying trends,
activating regulations, and contributing to the process of priority setting, policy development and progress
tracking®. For example, most fisheries management uses the MSY-based B/BMSY and F/FMSY indicators’, and
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the European Scientific, Technical, and Economic Committee assesses the Common Fishery Policy’s success by
estimating fish stocks with F>FMSY or spawning stock biomass less than BMSY®. The MSY-based stock status is
also widely used as a criterion for defining fishery sustainability in international instruments such as UNCLOS!,
the Fish Stocks Agreement'’, and the Sustainable Development Goals*.

Yet MSY-based reference points are frequently concentrated on a particular, single fish species, with the
broader ecosystem context and implications being largely disregarded'?. Stock-based management has a number
of serious ecosystem drawbacks. To begin with, managing all species at MSY levels would result in severe eco-
system overfishing, as a multispecies MSY is smaller than the sum of individual species’ MSYs (about 75%)'*4.
Second, achieving MSY for all species in an ecosystem at the same time is impossible!>'¢, because each species
has its own gear selection and effort level that can result in MSY. Third, many tropical fisheries are multi-gear
and multispecies that can interact—intentionally or incidentally—with hundreds of taxa representing a range of
species groups (e.g. elasmobranch, reptiles, teleosts) with vastly differing life histories and susceptibility to capture
by these gears'”. Hence, accurately monitoring and assessing all impacted taxa can be difficult, if not impossible,
and cost-prohibitive, thus establishing fishery management measures that avoid excessive catch restrictions
while protecting especially vulnerable species is a significant challenge!®. Finally, single-stock assessments fail
to account for the temporal dynamics of individual stocks’ carrying capacity, which are frequently assumed to
be constant over time but are influenced by stock interactions and ecosystem dynamics, especially in the face of
climate change and species displacement and replacement caused by a variety of factors".

The technical issues and operational limitations of single stock-based evaluation and management have been
recognized since the 1980s, and the ecosystem approach has been championed as a solution®. Yet ecosystem
approaches have proved to be slow and difficult to adopt, largely because of general lack of suitable management
frameworks that can accommodate ecosystem elements, in particular scientifically defensible reference points
that can be used to monitor and manage fishery impacts. To further explore ecosystem approaches, this study
considers fisheries as a production system and creates three indicators based on inputs (I*) and outputs (I) from
fisheries, as well as the effects of fishing on ecosystems (I), to quantify fishing pressure within an ecosystem.
Input (I*) is measured by fishing effort, output intensity (I°) is defined as the ratio of catch to primary productivity
in an EEZ, and ecosystem impact indicator (I) tracks changes in mean catch trophic levels. The three indica-
tors are then aggregated to provide a single composite fishing index (FI) that assesses overall fishery ecosystem
performance and tracks historical trends without the need for substantial ecological modeling. The fishing
index takes into account these three major dimensions of fishing, giving a more complete picture of fisheries.
When combined with the three-dimensional indicators, the fishing index can be used to track both overall and
specific aspects of fisheries performance, thus improving policy effectiveness, management efficacy, and public
communication. It can also be used to rank countries, allowing for reporting and tracking of their fishing per-
formance and changes, and therefore boosting accountability for improvement. Finally, a linear transformation
function of the fishing index can be used to calculate the SDG Indictor 14.4.1—the fraction of fish stocks fished
at biologically sustainable levels—and evaluate its progress.

Results

Global fishing pressure. Between 1950 and 2017, the global fishing index (FI) increased by 11 times
(Fig. 1). It increased linearly throughout the study period, with periodic declines from 1967 to 1997 and 1998
to 2017. Among the three component indicators, the input index I* has increased exponentially from 0.001 to
3.474 kWd/km? over the entire period (Fig. 1). The output index I, on the other hand, was 0.11%o in 1950, rose
to 1.05%o until 1996, and then fell back slightly to 0.91%o in 2017. The ecosystem fishing impact (I) peaked at 7%
in 1997 when compared to 1970, then fell to 5.9% in 2017 (Fig. 1). It was at its lowest in 1950-55 (- 10% relative
to 1970). In contrast to the input index, which continued to increase, both the output and impact indicators fell
slightly after their peaks.

Rankings of fishing intensity by ecosystem. Composite indices, which integrate multiple performance
indicators into a single overall metric, are increasingly being used to rank systems based on their performance,
allowing for the tracking of changes and the discovery of hot spots for targeted policy and management solu-
tions. The 130 EEZ zones were ranked using the FI values in1955 and 2017. The EEZs with the highest fishing
pressures in 1955 were predominantly from the developed world (18 out of the top 20 with FI>15), which were
mostly European countries and the United States (Fig. 2). Fisheries in developing countries were underdevel-
oped, 18 out of the last 20 EEZs (FI<5) being in developing countries (Fig. 2). This situation has altered over
time, and in 2017 it was totally reversed. All of the top 20 EEZs with the highest fishing intensity (FI>75) are in
developing economies, whereas only 8 out of the last 20 EEZs with the lowest fishing intensity (FI < 35; compared
to 18 in 1955) are in the developing world (Fig. 2).

Fishing in different geopolitical regions. For statistical and political objectives, as well as the formu-
lation and evaluation of policies, global concerns are analysed by continent. For each continent, we looked at
the fishing pressure index and its component indicators. The six continents are divided into two groups by the
fishing index. Europe, North America, and Oceania are examples of the first type, having grown in a hockey-
stick pattern, initially expanding and then stabilizing at a specific level with oscillations (Fig. 3). The second
category, which includes Africa, Asia, and Latin America, has continued to grow throughout the study period,
with a notable dip in Latin America in the 1970s. In 2017, Africa had the highest FI score (90.8), followed by
Asia (84.5), North America (72.0), Latin America (65.9), Oceania (65.3) and Europe (55.0) (Fig. 3). As a result,
Africa not only has the highest average fishing pressure (1.7 times that of Europe), but it is also expanding at the
fastest rate.
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Figure 1. The global fishing index and three component indicators of fisheries from 1950 to 2017. The lines are
geometric means weighted by EEZ’s average annual catches over the study period (Eq. 6) and the shadows are
95% confidence intervals. FI=the global index of fishing intensity; I =fishing effort per unit of area (kilowatt
days/km? per year); I’=ratio (%) of catch to primary productivity; and I'=change in mean trophic level
(percent) relative to 1970.

A thorough examination of the three component indicators reveals significant disparities in fisheries per-
spectives across continents (Fig. 3). While having the highest input intensity and fastest increase prior to 1980,
Europe is the only region that has effectively controlled input pressure (SI; which measures fishing effort per
unit area) since 2003, though a bounce back seems clear over last two years. Over the course of the study, all
other continents grew steadily, with Africa, Asia, and Latin America exhibiting exponential increase. In 2017,
Europe had the lowest input intensity (82.9), followed by North America (89.1), and then the other continents
(97.6-99.2) (Fig. 3).

SI?, which assesses the ratio of catch to primary productivity in an EEZ, exhibited three significant trends
(Fig. 3). The first was a sustained rise in Africa and Asia, while the second was a decline in Latin America, North
America, and Oceania following a peak in the 1990s or 1980s. Europe had peaked in the 1970s, dropped to a low
in 1990, and then steadily rebounded with some turbulence. In 2017, Africa had the highest production intensity
of 86.2 points, more than doubling that of Latin America (36.0), with Asia (74.8), Europe (72.4), North America
(51.8), and Oceania (39) falling in between (Fig. 3).

Three patterns have emerged from the impact indicator (SI°), which monitors changes in mean catch trophic
levels. Over time, both Africa and North America continued an upward trajectory, but this upward trend has
slowed significantly since the 1970s (Fig. 3). While Oceania’s decrease was small and uncertain, Europe and
Oceania had both seen declines over the past two decades. After a period of significant increase, Asia and Latin
America have remained largely constant since the 1980s and 1960s, respectively. In 2017, Africa had an FI 87.7,
60% higher than that of Europe (54.9), followed by Asia (81.9), North America (81.0), Latin America (79.9),
and Oceania (72.6) (Fig. 3).

The fishing index is grouped into two groups for a better understanding of their social and economic conse-
quences: developed and developing countries. The difference between these two groups of countries was com-
pared in Fig. 4. From 1950 to 1990, fishing pressure (FI) grew linearly in developed economies, reaching 73.5 in
1997 and then declined to 62.9 by 2017. In contrast, the FI in developing countries started at lower levels in the
1950s, increased slowly in the 1960s, dropped a small amount in the 1970s, but began to rise linearly afterward
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Figure 2. Comparison of fishing index estimations by EEZ-Areas in 1955 (left panel) and 2017 (right panel).
Countries in black and brown are developed and developing nations, respectively. Vertical lines denote a EEZ’s
mean of fishing index (FI), while bars indicate 95% confidence intervals.

and shows no signs of slowing down. By 2017, the FI of developing economies has risen to 88.0, 22% higher than

the developed world’s (Fig. 4).
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Figure 3. The estimated fishing index and three component indicators by continent. FI=the global index
of fishing intensity; SI* = standardized (see Eq. 6) input indicator; SI= standardized output indicator; and
SI‘=standardized fishing impact indicator. Shaded areas indicate 95% confidence bands.

The input indicator (SI*) revealed a significant disparity between the two groups. SI* in developed countries
rose linearly until 2000, then stabilized, only with a resurgence in last two years (Fig. 4). Conversely SI” in the
developing world remained low until 1990 and has since exponentially expanded. The output indicators (SI?)
for the two groups of EEZs, unlike the input indicator, have followed a similar developmental trend across time,
growing and plateauing, but with a clear reduction after 2000 in the developed nations. While the developing
world’s impact indicator (SI°) has remained stable since 1990, the developed world’s has been falling downward
since 2000 after an increase phase followed by a plateau (Fig. 4).

Validity of the fishing index. A composite index’s ultimate evaluation is based on how well it measures
what it purports to measure. However, because fisheries have multiple dimensions and the composite fishing
index is not directly visible, verifying the validity of a composite index is particularly difficult. Most existing
indices?' are meant to quantify only one aspect of a complicated process, and hence are not totally comparable
to the composite fishing index. To see if the fishing index is viable as a measure of fishing pressure, we com-
pared it to two existing indicators on fishery resources: the fish stocks indicator!!! and the fraction of overfished
ecosystems??. Because the fishing index’s operationalization procedure has no effect on these two indicators, this
is an external validation, making it more objective and meaningful®.
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Figure 4. The estimated fishing index and three component indicators for the developed and developing
countries. FI=the global index of fishing intensity; SI=standardized input indicator; SI’ = standardized output
indicator; and SIF=standardized impact indicator; Shaded areas indicate 95% confidence intervals.

The fishing stocks indicator (FSI) calculates the fraction of fish stocks with abundance equal to or greater
than the maximum sustainable yield (MSY). To calculate this indicator, about 445 stocks around the world were
assessed biannually using a tiered approach that includes formal model-based stock evaluation, data-limited
approaches based on catch rates, trends, or surrogate measures of biomass, and expert judgment“. Fish stock is
classified as biologically sustainable if its abundance is equal to or greater than the amount required to generate
the maximum sustainable yield. When abundance falls below the MSY level, however, the stock is considered bio-
logically unsustainable. The indicator was published biannually in the State of World Fisheries and Aquaculture!
and used to track progress toward the United Nations’ SDG Target 14.4—successfully regulating harvesting and
halting overfishing to restore fish populations to levels that can deliver MSY in the shortest period possible®.

The FSI measures the proportion of fish stocks fished at biologically sustainable levels'. In contrast, the fishing
index (FI) measures the fishing intensity in a given area. A higher fishing index indicates a greater likelihood of
overfishing. Thus, FSI and FI quantify two diametrically opposed phenomena: likelihood of vs risk to sustain-
ability. If both indices are accurate measures of the critical features of fisheries, FSI should logically increase as
FI decreases. A statistical model FSI=117.2-0.8FI with FSI<100 was fit to show the relationship between the
two. The model accounts for 89% of the variation in FSI observed (Figs. 5, S1, Table S1).

Ecosystem overfishing is widely acknowledged as the most significant issue to be addressed for the sustain-
able management of marine resources*>?°. However, its precise definition remains elusive. The Ryther index,
Fogarty index, and Friedland index are three measures proposed by Link and Watson®* to determine the occur-
rence of ecosystem overfishing. Due to data availability, we compared the FI with the Fogarty index (the ratio
of total catches to total primary production in an ecosystem that exceeds 1%o to evaluate the FI's reliability in

40 50 60 70
Fl
Figure 5. The relationship between the sustainability of fish stocks (FSI) and the fishing index (FI) from 1950 to

2017. The dots indicate data points, while the line is a linear model fit to the data with the shadows representing
95% confidence intervals.
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Figure 6. The relationship between the percentage of overfished EEZs and the fishing index (FI). The dots
indicate data points, while the line is an exponential model fit to the data and the shadows represent 95%
confidence intervals.

assessing whether an ecosystem has reached an unsustainable level of fishing. This ratio was calculated for all
EEZs and the proportion of overfished EEZs (POE) was estimated for each year. The FI was found to be a good
predictor for POE with POE =19.9(1—e~ *%). The correlation between these two indices was statistically sig-
nificant (Table S1) and corresponds closely to the curvature of the data points (Figs. 6, S1).

Despite their inherent differences and the fact that they measure subtly different aspects of fishing, the FI's
strong relationship with percentages of overfished ecosystems (POE) and fish stocks sustainability (FSI) justifies
its design and demonstrates its validity and reliability in measuring fishing pressure that is linked to the overfished
status of fisheries, providing compelling conceptual and empirical evidence for the indicator’s dependability and
feasibility as a performance index of fisheries.

Discussion

We present a unique methodology for creating a composite fishing index from three component indicators of
fisheries, which can be used to measure performance and track progress toward policy and management goals.
Our findings demonstrate that worldwide fishing intensity increased eleven times between 1950 and 2017 (Fig. 1).
Divergent trends have emerged among geopolitical groups. The fishing intensity of developed nations peaked in
1997 and has since declined due to management, but the fishing intensity of developing countries has increased
constantly during the whole research period, with quasi-linear increases after 1980 (Fig. 3). In the 1950s, the
EEZs under the most severe fishing pressure were mostly in the developed world, but by 2017, the situation had
completely flipped, with all of the 20 EEZs under the most severe fishing pressure being in developing economies
(Fig. 2). Africa has had the greatest increase in fishing activity and today has the highest fishing intensity (Fig. 3).
The historical and geopolitical trends and changes demonstrate varied levels of management achievement and
suggest that developing countries have become priority areas for policy enhancement and action plans.

Fishing pressure vs fishery performance. A fishery establishes a connection between ecosystems and
society, with the primary objective of supplying food and providing social and economic services to humanity.
Truly sustainable fisheries must be founded on three pillars: social, economic, and environmental sustainabil-
ity. Each pillar should include indicators for monitoring the status and progress of fishery development?. This
research focuses on fishing pressure on fishery ecosystems.

Fisheries are made up of various components. These components work together to determine the efficiency
and environmental impact of fishing. Because of their simplicity, focus, and actionability, fisheries management
tends to assess and control individual components of a fishery such as the number of vessels and total catch, and
their performance is typically evaluated using component indicators linked with management objectives like
F> Fysy and B> Byg,’. Despite the fact that numerous indicators have been used to quantify fishing in relation
to management goals, none are currently employed at the global level to consistently evaluate nations in order
to report on their fishing pressure and track changes**’.

This study developed a composite fishing index that integrates proxy information on three dimensions of
fishery production: input, output, and ecological repercussions, in contrast to single-facet indices. It evaluated an
ecosystem’s overall fishing effects and can help with the implementation of a whole-system approach to fisheries
management. Its straightforward, standardized results can also aid communication with the public and deci-
sion makers, as well as facilitate comparisons between regions and countries in order to identify priority areas
requiring policy attention and strategic action®*. When used to rank countries, the fishing index can shed light
on management efficacy, track progress over time, and promote accountability®'.

The fishing index is a realistic attempt to measure and monitor the fishing state of national or even smaller-
scaled fisheries, as it is easily estimable based on generally available data such as catch, fishing effort, and
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well-understood and accepted net primary production. Although the estimation and compilation of these key
data required sophisticated computations and a large deal of labor, they have been made public and are constantly
updated (see “Materials and methods”). With the proven effectiveness (Figs. 5 and 6), countries with limited
data and capacity can use the availability of such data to develop the fishing index and its component indica-
tors. This could help to address the world’s fisheries’ deteriorating sustainability, particularly in the majority of
developing countries, which lack the essential data, technological competence, and resources for formal stock
assessments®>**. It is worth noting that high variability in data quality and inter-country variation in indicator
values may result in wider confidence intervals of regional estimates of indices, such as those shown in Fig. 3 for
North America, which includes Bermuda, Canada, Greenland, Saint Pierre and Miquelon, and the United States.

As a dimensionless, quantitative metric, the fishing index enables comparisons of fishing pressure over time
and across countries™. Its global spatial-temporal view permits the discovery of temporal trends across countries
or regions (Fig. 2), as well as the identification of areas of uneven development and hotspot sites for focused
policy intervention®. FI can serve as a variable of a function to estimate other indicators, as shown in Figs. 5
and 6, which require more expensive and technically demanding data collection. FI can also be combined with
other indicators quantifying various aspects of fisheries, such as governance and compliance, to create an index
evaluating the performance or sustainability of fisheries.

Comparison with existing indicators. Despite the fact that there are numerous indicators that are perti-
nent to fisheries, none of them effectively reflect the multifaceted nature of sustainable fisheries and nor can they
be used on a global basis. For instance, the size spectrum slope®, the primary production required by fisheries
(PPRF)%, the Fishing in Balance Index (FiB)%, the percentage of primary production needed to sustain fisher-
ies and the average trophic level of catch (percent PPR-TLc)*, the trophic spectrum®, the L-index*, and the
likelihood that an ecosystem will be fished sustainably (Psust)* are all indicators that only apply to the fishing
impact or output components of the three dimensions examined in this study and are primarily concerned only
with ecological perspectives on fisheries resources or the impact of fishing on ecosystems (Fig. 7). Second, these
indicators require complicated data and are therefore difficult to use at the national level, especially in develop-
ing nations. Third, these indicators are inappropriate for assessing fisheries performance as a whole because they
only measure specific aspects of fisheries. In contrast, the fishing index takes into account three components of
fisheries: fishing activity (input), catch removals (output), and fishing-induced changes in ecosystems. These
three factors are then combined to provide a comprehensive overall picture of fishing. Finally, the fishing index
benefits from the use of openly accessible data and a simple computation, making it more approachable to
nations with limited access to data and technical infrastructure.

Due to the global availability of common data and the notion of parsimony*}, each of the fishing index’s three-
dimensional indicators is composed of a single individual indicator. With the collection of additional data, each
dimensional indicator in the current framework can be expanded to accommodate more individual indicators,
allowing for improved measurement of multidimensional phenomena. Incorporating some of the indications
described previously may further elucidate the indicator on ecological effects (i.e. impacts) of fishing.

Contributing to the sustainable development goals.  The United Nations’ SDGs seek to end overfish-
ing by 2030, as shown by the percentage of fish stocks exploited at biological sustainable levels (Indicator 14.4.1).
Despite the fact that a country is the basic unit of fishery management and regulations, this SDG indicator has
only been analyzed at the global and regional levels*? due to technical and operational limitations. The validity
of the composite index framework developed in this study is shown by the statistically significant relationships
between the fishing index (FI) and the proportion of sustainable fish stocks (FSI). This relationship offers the
possibility of estimating Indicator 14.4.1 from the FI, allowing for county-level assessments and assisting with
SDG implementation.

Changes in ecosystem properties
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Figure 7. A diagram depicting a fishing system that includes inputs, outputs, and changes in the ecosystem’s
features, as well as various control techniques extensively used in fishery management.
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Although the FSI is the most authoritative and widely accepted index among a number of existing indicators
that attempt to monitor fishery sustainability*’, it does not take into account any impacts other than those on a
fish stock. As previously discussed, stock-focused indicators have technical limitations and confront operational
challenges in multispecies fisheries, which are nearly the norm in practice. FI, on the other hand, assesses mul-
tiple dimensions of fishing pressure on ecosystems and is therefore thought to more accurately represent fishing
impacts. The relationship between FI and the proportion of overfished ecosystems (Fig. 6) offers a method for
estimating ecosystem overfishing based on fishing pressure. Although many indices have been devised to assess
the effects of fishing on ecosystems, their specific data requirements have limited their global applicability. The
use of publicly available data in the estimation of FI may facilitate its practical application and accelerate progress
toward the Sustainable Development Goals by facilitating its estimation.

Implications for policy. Global fishing intensity has steadily increased over time, which is consistent with
the Food and Agriculture Organization’s estimate of fish stock status declinel!l. The various trends across geo-
graphic regions indicate that Europe, North America, and Oceania have made headway in regulating fishing and
its impacts on ecosystems, whereas Latin America, Asia, and Africa have been less effective (Fig. 3). Particularly
in Africa, the exponential expansion of fishing creates a strong sense of urgency to manage its fisheries more
sustainably. If fishing intensity is not lowered, fisheries production and economic and social efficiency would
suffer. This will have a negative impact on the fisheries’ long-term development. Thus, policy responses that are
purposely developed for local situations and swift actions are essential in Latin America, Asia, and Africa. The
shift in the EEZs with the highest fishing pressure may suggest that developing nations are a priority for policy
reform and strategic planning.

Data collection, stock evaluation, regulations, fisheries management, and governance are all inextricably
linked to social development. Regional disparities in fishery sustainability are primarily caused by economic
and social development disparities. Most developing countries lack the infrastructure and technical expertise
required to maintain an organized data collection system, conduct formal stock assessments, and develop and
implement science-based management policies***. Developing countries must face these challenges on their
own, but the international community must also help through global collaborations, initiatives, and other social
and economic channels®?, particularly those operating in developing countries*’. We posit that the FI proposed
here will help focus and simplify such efforts.

Uncertainties, constraints, and future directions. Global indices, such as the FI, seek to quantify
temporal advancement over time as well as regional heterogeneity. As a result, the indicators must be comparable
both temporally and laterally across ecosystems. To that aim, a balance must be achieved between the functional-
ity of an index and the availability of data to generate the index. Developing countries have only rudimentary,
easily gathered fishing statistics, but they account for roughly 80% of global catches. To be inclusive, as recom-
mended by the SDGs, this article proposes to construct indicators that use publicly available data rather than
requiring large investments to collect newly purpose-designed data. Such an approach is bound to have limita-
tions and ambiguities, which should be addressed here.

The output indicator is calculated by dividing the total catch by net primary production (Eq. 2). Primary
productivity varies widely amongst ecosystems, typically by a factor of ten or more, therefore catch size alone
is not a fair indicator of the impact of catch removals on an ecosystem, especially when comparing the most
productive upwelling waters to the least productive open oceanic areas because ecological impacts of the same
amount of catch removals differ greatly between the two types of ecosystems. The relationship between catch and
NPP is frequently described as follows*, however with variations in detail in different studies

1\ Tleg
C=a x NPP x | —
TE

where C denotes catch, NPP denotes net primary production, and TE represents average transfer efficiency and
TLeq is the equivalent trophic level of an ecosystem’s catch. The C/NPP ratio has been used as a proxy measure of
the ecological impact of fish removals in numerous studies?>*”* or to estimate fishery production potentials*”*®
and other ecosystem related studies?’. The ratio was employed as an index of fishing stress on the environment
in this article.

However, the relationship between capture and primary productivity is confounded by uncertainty in the
assessment of NPP, catches, fishing effort, and marine food web dynamics. Satellite remote sensing techniques
are frequently used to generate NPP data®. Such information is available from a variety of public sources. It is
worth mentioning that NPP estimations from different sources may differ slightly. To avoid bias, a study should
use the same data sources for all countries. The NPP data utilized in this analysis is from the Sea Around Us
project (https://www.seaaroundus.org/), and it changes with EEZ but is not time-dependent (Eq. 2).

It was estimated that approximately 20% of all catches were unreported globally™. To avoid underestimating
the impact of fishing on the marine environment, complete extractions from the ecosystem, including illicit,
unreported, and unregulated (IUU) catches, must be used®!. The overall catch estimates used in this study are
from Watson® and are not just landings recorded publicly. The Sea Around Us project® generated similar figures,
which may differ somewhat. There is no preferred option here. It is critical to use a single dataset consistently
throughout a study to ensure that results are comparable. If landings were employed instead of total catches, the
resulting output index (1) may be 20% lower on average. This underestimation will be greater in underdeveloped
nations due to their higher IUU catches™.
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The catch per unit effort (CPUE) statistic is widely used in fisheries and conservation biology. CPUE fluctua-
tions are assumed to represent changes in the target species’ abundance®. It has proven to be useful in fisheries.
However, CPUE is not used in this study because: (1) CPUE monitors primarily abundance, as opposed to the
component indicators in this study that measure fishing pressure and thus does not fit in the design principles
(see “Materials and methods” for details); (2) CPUE will diverge and move in a direction opposite to the fishing
pressure indicators when fishing intensifies, making it difficult to aggregate into the FI index’’; and (3) In general,
CPUE data cannot provide the necessary information to analyze and manage communities or ecosystems®*. To
avoid misinterpretation, it is vital to distinguish between fishing pressure indicators and CPUE, which is not a
simple derivative of the input (Eq. 1) and output (Eq. 2) indicators.

Fisheries managers may wish to establish whether the amount of FI is safe or causes concern for long-term
sustainability. The action is fishing, and the consequence is sustainability. Both are made up of several compo-
nents. FI summarizes the action side, but the outcome labeled as sustainability has yet to be summarized in a
common fashion. The United Nations SDGs*, for example, utilize a proportion of biologically sustainable stocks
as a gauge of sustainability, whilst others focus on avoiding ecosystem overfishing. After selecting a performance
metric, the relevant FI reference value can be calculated. If the percentage of sustainable fish stocks is a concern,
FI=21.5 can be derived as the criterion using extrapolation, which generally includes significant uncertainty
(Fig. 5). That is, all stocks are sustainable as long as FI is less than 21.5, but any further expansion will reduce
the sustainability of fish stocks linearly. At FI=70 in 2017, 65% of fish populations are biologically sustainable
(Fig. 5). This example indicates that only after determining the effect of concern can a reference value of FI be
calculated. There is presently no agreement on the metrics that can adequately describe fishery sustainability, and
the objective of this study is not to establish a benchmark for FI in terms of sustainability, which will undoubt-
edly be a topic of future research.

The findings reported here should be considered with some caution due to some limitations. Indicator I
tracks changes in the mean trophic level (MTL) of fisheries catches rather than the whole species in a marine
ecosystem® to monitor the effects of fishing on an ensemble of exploited species. Many indicators***’~** have been
developed to monitor fishing impacts. Recently developed length-based indicators*®’, which demonstrate how
stocks shrink on average as fishing pressure increases, can be beneficial in assessing fishing impact. Unfortunately,
the bulk of these indicators are unreachable at the global scales and time series durations that we are attempting
to achieve, and not all of them have universally relevant directionality with uniform interpretation. More work
is required to systemically collect data that can support a more accurate assessment of fishing footprint, and the
inclusion of such new data would increase the dependability and usage of these indicators, which can again be
easily incorporated into FI.

The composite index FI integrates complicated, multi-dimensional fishing issues into a single aggregate num-
ber that can be used to help decision making, rank countries’ performance, and highlight developmental patterns
and hotspots for improvement™®. Its simplicity can encourage public participation, raise public and stakeholder
interest in the topics measured, and be used for policy advocacy. However, the integration process may result
in the loss of essential information, and the building of a composite index involves subjective judgment in a
number of processes such as aggregation, weights, and the filling of missing values. If a single composite index is
not used correctly, it may be misinterpreted and lead to misleading policy messages to decision makers and the
public, particularly if difficult-to-measure performance dimensions are ignored and the construction process is
opaque and/or lacks sound statistical or conceptual principles®. In this study, the composite index is presented
together with component indicators as a workaround.

Materials and methods

A fishery is a sort of production system that uses fishing gear to catch fish in natural habitats. A production sys-
tem’s performance is frequently measured in terms of input intensity, output intensity, and system-level impacts®.
In the fishing industry, inputs include vessels, gear, human labor, and so on, and outputs include catch, bycatch,
and so on. Between the inputs and outputs is a series of fishing operations or activities that interact with and
can modify fish stocks and the ecosystems that support them. As a result, it is critical to investigate the multidi-
mensional character of the system and quantify three key components when measuring fishery performance: (i)
system inputs, (ii) system outputs, and (iii) fishing-induced changes in the ecosystem’s properties.

The three aspects of a fishery production system are represented in Fig. 7, together with illustrative but not
exhaustive major features and associated fishery regulating approaches. Although the three metrics, input, out-
put, and fishing-induced changes, have historically been fundamental to traditional fishery management, fishery
regulation is frequently centred on a single aspect, such as catch®, bycatch®!, or species of conservation concern®
(output), vessel number, season length, effort, and accessible areas *° (input), catch per unit effort®® (change in
stock abundance), or habitat destruction (alteration to ecosystem)®. In contrast, this study examines the total
performance of the three dimensions of fisheries.

The majority of existing fishery indicators are single-issue focused, such as the percentage of overfished stocks
in a country or globally >, the net primary production required to sustain the current catch?, the marine
trophic index®, or the fishing in balance index®. They simply reflect one part of fisheries’ diverse nature, limiting
their relevance in shapping policymaking and management methods®. This research generates several indica-
tors of key fishing features and then integrates them in a systematic manner to produce a composite index for a
holistic evaluation of a fishery production system”.

Three indicators tracking inputs, outputs, and ecological effects. To design a comprehensive
framework capable of quantitatively characterizing the performance of a fishing system, we must first determine
the most influential elements affecting fisheries and their ecosystems. Catch, fishing effort’, target trophic level”,
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primary production’?, water temperature”, and ecosystem type are all significant drivers of fisheries, according
to Ye and Carroci’. These drivers are linked to the three dimensions of the fishery production system, except
for the last two environmental components, which are uncontrollable (Fig. 7). The amount of input is defined
by fishing effort (i.e., energy to capture fish over units of time), the scale of fishery output is measured by catch
compared to primary production, and the trophic level indicates fishing-induced ecosystem changes. As a result,
we use these key drivers to generate indicators of input intensity, output size, and ecosystem changes, which we
then integrate into a single composite index assessing a fishery ecosystem’s total fishing intensity.

In this study, an ecosystem as defined as the intersection of two geographic domains: flag states” exclusive
economic zones and the FAO’s Major Fishing Areas for Statistical Purposes as by Ye and Carocci’. This is due
to the fact that the state or its EEZ is the fundamental unit for collecting fishery data, developing policies, and
enforcing management regulations, whereas FAO areas are defined by international fishery agencies based on a
variety of factors such as statistical data collection, ecological differences, and jurisdictional purposes. The use
of EEZ-Area intersections excludes catches caught in waters beyond EEZs that are mainly comprised of highly
migratory species and meets the requirements for collecting data quickly, recognizing differences in the eco-
logical characteristics of different drivers, and using analytical results to guide policy and management actions.

Vessels, gear, labor, and fishing time are all examples of anthropogenic fishing inputs (Fig. 7). In fisheries
science, these inputs are usually standardized on their selectivity and efficiency to define input intensity. This is
known as effective fishing effort, which is calculated by multiplying the quantity of engine power of fleets by the
effective operational time”>7¢. The larger the fishing effort, the greater the fishing intensity, which subsequently
influences catch, habitats and environmental repercussions. To make fishing intensity comparable across ecosys-
tems, however, fishing efforts must be standardized by ecosystem area as well. Following Ye and Carocci’™, this
paper defines input intensity (I?) as the amount of fishing effort (F; kilowatt-days per year) expended per area of
ecosystem (A; square kilometre) i during year ¢:

I = Fi/A; (1)

A fishery’s primary output is catch, which includes all species, including targeted, unintentionally caught
or discarded (Fig. 7). The catch-to-biomass ratio is used in stock assessment to quantify fishing intensity at the
output end’. However, because biomass accessible to fishing is difficult to estimate, net primary production is
used instead, and the ratio (also known as the Fogarty ratio?) of total catches (C) to total net primary productivity
(P) in an ecosystem? is defined as an indicator that measures the output intensity (I°) of ecosystem i at year :

15 = Cy/P; )

Fishing alters the species composition, predator—prey relationships, fish habitats, and the ecosystem’s struc-
ture and function (Fig. 7). Changes in the environment and climate may have an effect on the species caught by
fisheries. All of these changes are complicated and difficult to quantify, but they will affect both the mean trophic
level of the catch and the environment. As a result, trophic changes have been frequently employed to evaluate
the effects of fishing on aquatic ecosystems and the resulting changes in biodiversity’"””. We use changes in the
mean trophic level (L) of fish species caught relative to mean trophic level in 1970 as a proxy indicator of fishing
impacts (I°) on ecosystem i at year ¢ in this paper

If =1—Lit/Liroyo (3)

The mean trophic level is a complicated statistic that is influenced by a variety of factors, including changes
in species composition caused by the environment, as well as interspecific predation and competition*>’®. The
trophic level of captures may temporarily increase if fishing fleets extend to deeper waters where species with high
trophic levels are less fished and if technological advancements make high-trophic-level species more catchable”.
In this study, the region-based mean trophic level®®, which can correct for such bias, was used.

There are numerous potential indicators of ecosystem pressure in literature?>*’-*. However, the majority of
them necessitate extensive modeling, observations, or data, and the majority of those may be irrelevant to the
vast majority of marine ecosystems. Despite the fact that it does not fully reflect changes in all trophic levels of a
marine ecosystem in response to fishing influence, mean trophic level has been a popular proxy indicator used
to examine fishing impacts on aquatic ecosystems and the resulting changes in biodiversity?>*"%2, We believe
that, despite the imperfect nature of the data, we should begin addressing real-world policy concerns with the
best available information and continue to enhance it as technology and knowledge evolve.

The three indicators assess three different aspects of fishing. I measures fishing by the amount of effort
expended on a unit area, I quantifies the amount of removed catches in relation to primary productivity, and I
is concerned with changes in mean catch trophic levels—a proxy indicator of fishing-induced ecosystem changes.
Any indicator with a higher value means a greater impact on the ecosystem. As a result, the three indicators
collectively assess the overall intensity or pressure of fishing in each area.

The three indicators use different scales and units of measurement. Normalization is required when multiple
indicators are utilized to create a composite indicator in order for them to be comparable and represented in the
same units. This study employs the min-max normalization method****% as shown below:

T, — min (I)

. 2 (Smax! — Smin) (4)
max (Iiy) — min/ (Ijr)

SE, = Smin +

where Slﬂt is the Standardized Indicator j for Ecosystem i at Year ¢, maxJ (I;;) and miw (I;;) are the maximum and
minimum values;Smax’ and Smiw/ are the maximum and minimum standardized values of Indicator j, which
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can be set according to the needs of the specific study®***. They were chosen for clarity in this study so that all
SIs are on a scale of 1 (Smin) to 100 (Smax) and thus comparable across indicators.

I* and I are heavily skewed downward, with many small values and few large ones. As a result, arithmetic
means are insufficient to describe the “central tendency;,” and we instead use the geometric mean. In contrast,
because I has a more normal distribution, arithmetic means are used. When it comes to calculating global trends,
another unique aspect of global research is the enormous variation in the scale of fisheries between countries.
The average catch of an EEZ over the study period was used to calculate its weight, ensuring that each country
is represented in proportion to the size of its fishery®>. As a result, in this study, weighted geometric means are
used for I and I° and weighted arithmetic means for I, as shown bellow:

>iny Wiln <I{t)

forj =aandj=1b 5
ST j j 5)

n
SIJt = HI{t Wi =exp
i=1

with standard deviation

j 5ty wi{1n (1) <o (3;))2

0; = exp (6)
' Z?:] Wi
and
. n WI]
SP = ==L " Nitfori = ¢ (7)
' ?:1 Wi /
with standard deviation
; " Wi — sPy
of = 2=l in( it — SIY) 8)
i Wi
where
W= Ci
i= =
> G

where C;is the annual average of fish landings over the study period, indicating the size of fisheries in ecosystem i.
After normalization, we derived a composite fishing index (FI) using their geometric mean

1/3

c
FI, = H St 9)
j=a

and its standard deviation®® is

Ot = exp \/Z;zuazi + Z Zj#kCov (ln(I{.), ln(If)) /9 (10)
j

In FI, geometric aggregation is used to address concerns about interaction and compensability. It considers the
disparities in achievement across multiple indicators®”*. Any indicator’s poor performance is directly reflected,
although not fully compensated for, in the composite index value®®%.

To ensure consistency and easy comparison with other global research, we developed these indicators for
each of the key 130 EEZ/FAO statistical area ecosystems, then aggregated them by continent and developed or
developing countries, following the customary approach of the international community®. This classification
of countries as developed or developing is based on the Human Development Index®’. This definition, however,
may not be universally accepted.

Data sources. The following time series data on catch, fishing effort, trophic level, and primary production
were compiled:

1. From 1950 to 2017, reported catch statistics were derived from the FAO’s global fishery production dataset®
and discards and Illegal, Unreported, and Unregulated (IUU) catches from Watson®2. The FAO catch statistics
are generally believed not to include catches that are discarded at sea and taken by IUU fishing. Watson*
developed various methods to estimate the IUU catches and discards based on a large number of informal
sources such as online, grey country reports, project studies and field surveys and represent the comprehen-
sive data available at the moment. The database®? was irregularly updated and publicly accessible at https://
doi.org/10.25959/5c522cadbea37).
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Data on fishing effort (kilowatt-days per year) by country from 1950 to 2019 were supplied by Rousseau
et al.”>. Data on fishing fleets were divided into three categories: unpowered-artisanal, powered-artisanal,
and industrial vessels. The fishing effort of unpowered artisanal vessels was evaluated using generic additive
models’?*%* based on their catches, daily operation hours, and season length. The effort data are estimates of
effective fishing effort standardized for countries, regions, sectors, gear, and years using a set of mathematical
models that were first fit to existing data and then extended to countries with missing data or insufficient
data to estimate their fishing effort. The technological creep produced by current add-on equipment, elec-
tronics, and accessories throughout time was also estimated. The University of Tasmania irregularly pub-
lished updates to the global effort data”®*>*,

The Sea Around Us Project® provided data on the mean trophic level (MTL) of the catch from 1950 to 2017.
The region-based MTL®! measures the mean trophic level of fishery captures from an ecosystem, corrected
for potential bias from geographic expansion of fishing, and tracks variations in the mean trophic level of
an ensemble of exploited species in response to fishing pressure.

The net primary production (PP) by ecosystem was downloaded from Sea Around Us®. The PP database are
based on a model described by Platt and Sathyendranath®. The means are calculated using monthly primary
production estimates for the ten-year period 1998-2007 with a spatial resolution of 9 km by the Institute for
Environment and Sustainability, EU Joint Research Centre (JRC), Ispra, Italy®>. The surface area data of each
ecosystem was from Ye and Carocci’™.

It should be mentioned that there is controversy regarding the accuracy of catch counts and estimates®’.

They remain the best data currently available on a worldwide basis®®**. The urgent need to build a set of indica-
tors to promote the sustainability of fisheries warrants beginning with the best available data and improving as
additional data becomes available.

Data availability

All data are available in the main text or the supplementary materials.”

Received: 13 February 2023; Accepted: 14 June 2023
Published online: 29 June 2023

References

1.

FAO. The State of World Fisheries and Aquaculture 2022: Towards Blue Transformation (FAO, 2022). https://doi.org/10.4060/cc046
len.

2. Jennings, S. & Kaiser, M. J. The effects of fishing on marine ecosystems. Adv. Mar. Biol. 34, 201-212 (1998).
3. Armstrong, C. & Falk-Petersen, J. Habitat—fisheries interactions: A missing link?. ICES J. Mar. Sci./J. du Cons. https://doi.org/10.
1093/ICESJMS/ESN092 (2008).
4. UN. Transforming our world: The 2030 Agenda for Sustainable Development. Department of Economic and Social Affairs. https://
sdgs.un.org/2030agenda (2015).
5. FAO. SOFIA 2018—State of Fisheries and Aquaculture in the world 2018. (2018).
6. Krajnc, D. & Glavi¢, P. Indicators of sustainable production. Clean Technol. Environ. Policy 5, 279-288. https://doi.org/10.1007/
$10098-003-0221-Z (2003).
7. UNDP. Indicators for Policy Management: A Practical Guide for Enhancing the Statistical Capacity of Policy-Makers for Effective
Monitoirng of the MDGs at the Country Leve (United Nations Development Group, 2005).
8. Angel, E., Edwards, D., Hawkshaw, S., Wor, C. & Parlee, C. An indicator framework to support comprehensive approaches to
sustainable fisheries management. Ecol. Soc. 24, (2019).
9. Hilborn, R. & Walters, C. J. Quantitative Fisheries Stock Assessment: Choice, Dynamics and Uncertainty (Springer Science & Busi-
ness Media, New York, 2013).
10. UN. Convention on the Law of the Sea. https://www.refworld.org/docid/3dd8fd1b4.html (1982).
11. UN. United Nations Conference on Straddling Fish Stocks and Highly Migratory Fish Stocks: Resolution/adopted by the General
Assembly. https://www.refworld.org/docid/3b00f30424.html (1993).
12. Trijoulet, V. et al. Turning reference points inside out: Comparing MSY reference points estimated inside and outside the assess-
ment model. ICES J. Mar. Sci. 79, 1232-1244. https://doi.org/10.1093/icesjms/fsac047 (2022).
13. Link, J. S. et al. Synthesizing lessons learned from comparing fisheries production in 13 northern hemisphere ecosystems: Emergent
fundamental features. Mar. Ecol. Prog. Ser. 459, 293-302 (2012).
14. Walters, C.J., Christensen, V., Martell, S. J. & Kitchell, J. F. Possible ecosystem impacts of applying MSY policies from single-species
assessment. ICES J. Mar. Sci. 62, 558-568 (2005).
15. Larkin, P. A. An epitaph for the concept of maximum sustained yield. Trans. Am. Fish. Soc. 106, 1-11 (2011).
16. Patrick, W. S. & Link, J. S. Myths that continue to impede progress in ecosystem-based fisheries management. Fisheries 40, 155-160
(2015).
17. Nagasaki, F & Chikuni, S. in Management of multispecies resources and multi-gear fisheries (FAO of the United Nations, 1989).
18. Fulton, E. A., Smith, A. D. M., Smith, D. C. & Johnson, P. An integrated approach is needed for ecosystem based fisheries manage-
ment: Insights from ecosystem-level management strategy evaluation. PLoS ONE 9, e84242, 1-16(2014).
19. Woodworth-Jefcoats, P. A., Polovina, J. ]. & Drazen, J. C. Climate change is projected to reduce carrying capacity and redistribute
species richness in North Pacific pelagic marine ecosystems. Glob. Chang Biol. 23, 1000-1008 (2017).
20. Garcia, S. M. & Cochrane, K. L. Ecosystem approach to fisheries: A review of implementation guidelinesl. ICES J. Mar. Sci. 62,
311-318 (2005).
21. Cafiero, C., Melgar-Quifonez, H. R., Ballard, T. J. & Kepple, A. W. Validity and reliability of food security measures. Ann. N. Y.
Acad. Sci. 1331, 230-248 (2014).
22. Link, J. S. & Watson, R. A. Global ecosystem overfishing: Clear delineation within real limits to production. Sci. Adv. https://doi.
org/10.1126/sciadv.aav0474 (2019).
23. Boal-San Miguel, I. & Herrero-Prieto, L. C. Reliability of creative composite indicators with territorial specification in the EU.
Sustainability 12, 3070 (2020).
24. FAO. Fisheries and Aquaculture—Latest publications—Review of the State of World Marine Fishery Resources (FAO, Italy, 2011).
25. Murawski, S. Definitions of overfishing from an ecosystem perspective. ICES J. Mar. Sci. 57, 649-658 (2000).
Scientific Reports|  (2023) 13:10571 | https://doi.org/10.1038/s41598-023-37048-6 nature portfolio


https://doi.org/10.4060/cc0461en
https://doi.org/10.4060/cc0461en
https://doi.org/10.1093/ICESJMS/FSN092
https://doi.org/10.1093/ICESJMS/FSN092
https://sdgs.un.org/2030agenda
https://sdgs.un.org/2030agenda
https://doi.org/10.1007/S10098-003-0221-Z
https://doi.org/10.1007/S10098-003-0221-Z
https://www.refworld.org/docid/3dd8fd1b4.html
https://www.refworld.org/docid/3b00f30424.html
https://doi.org/10.1093/icesjms/fsac047
https://doi.org/10.1126/sciadv.aav0474
https://doi.org/10.1126/sciadv.aav0474

www.nature.com/scientificreports/

26.
27.

28.
29.

30.
31.
32.
33.
34.
35.
36.
. Pauly, D. & Christensen, V. Primary production required to sustain global fisheries. Nature 374, 255-257 (1995).
38.
39.

40.

41.
42.

43.
44.
45.
. Conti, L. & Scardi, M. Fisheries yield and primary productivity in large marine ecosystems. Mar. Ecol. Prog. Ser. 410, 233-244
47.

48.
. Coll, M. et al. Ecological indicators to capture the effects of fishing on biodiversity and conservation status of marine ecosystems.

50.
51.

52.

53.
54.

55.
. Kell, L. T, Minto, C. & Gerritsen, H. D. Evaluation of the skill of length-based indicators to identify stock status and trends. ICES

57.
58.
59.
60.
61.
62.
63.

64.

68.
69.

70.
71.

72.

Pauly, D., Christensen, V. & Walters, C. Ecopath, ecosim, and ecospace as tools for evaluating ecosystem impact of fisheries. ICES
J. Mar. Sci. 57, 697-706 (2000).

Rice, J. C. & Rochet, M.-]. A framework for selecting a suite of indicators for fisheries management. ICES J. Mar. Sci. 62, 516-527
(2005).

Gallic, B. Fisheries Sustainability Indicators: The OECD experience. (OECD, Brussels, 2022).

Palomares, M. L. D. et al. Estimating the biomass of commercially exploited fisheries stocks left in the ocean. https://open.library.
ubc.ca/soa/cIRcle/collections/facultyresearchandpublications/52383/items/1.0404487 (2021) https://doi.org/10.14288/1.0404487.
OECD, Union, E. & Commission, J. R. C.-E. Handbook on Constructing Composite Indicators: Methodology and User Guide (OECD
Publishing, 2008).

Zampetakis, L. A. & Moustakis, V. S. Quantifying uncertainty in ranking problems with composite indicators: A Bayesian approach.
J. Model. Manag. 5, 63-80 (2010).

Ye, Y. & Gutierrez, N. L. Ending fishery overexploitation by expanding from local successes to globalized solutions. Nat. Ecol. Evol.
1,1-5 (2017).

Cirera, X. & Maloney, W. E. The Innovation Paradox: Developing-Country Capabilities and the Unrealized Promise of Technological
Catch-Up (World Bank Publications, 2017).

Otoiu, A., Pareto, A., Grimaccia, E., Mazziotta, M. & Terzi, S. Open Issues in Composite Indicators. A Starting Point and a Reference
on Some State-of-the-Art Issues (Roma TrE-Press, 2021).

11 Choi, H. Assessment of aggregation frameworks for composite indicators in measuring flood vulnerability to climate change.
Sci. Rep. 9, 19371 (2019).

Sheldon, R. W,, Prakash, A. & Sutcliffe, W. H. The size distribution of particles in the ocean. Limnol. Oceanogr 17, 327-340 (1972).

Tudela, S., Coll, M. & Palomera, I. Developing an operational reference framework for fisheries management on the basis of a
two-dimensional index of ecosystem impact. ICES J. Mar. Sci. 62, 585-591 (2005).

Gascuel, D, Bozec, Y.-M., Chassot, E., Colomb, A. & Laurans, M. The trophic spectrum: Theory and application as an ecosystem
indicator. ICES J. Mar. Sci. 62, 443-452 (2005).

Libralato, S., Coll, M., Tudela, S., Palomera, I. & Pranovi, E. Novel index for quantification of ecosystem effects of fishing as removal
of secondary production. Mar. Ecol. Prog. Ser. 355, 107-129 (2008).

Mazziotta, M. & Pareto, A. Use and misuse of PCA for measuring well-being. Soc. Indic. Res. 142, 451-476 (2019).

Goal 14 Conserve and sustainably use the oceans, seas, and marine resources for sustainable development. In A New Era in Global
Health (ed. Rosa, W.) (Springer, 2017). https://doi.org/10.1891/9780826190123.0025.

Blasco, G., Ferraro, D., Cottrell, R., Halpern, B. & Froehlich, H. Substantial gaps in the current fisheries data landscape. Front. Mar.
Sci. 7, 612831 (2020).

Hilborn, R. et al. Effective fisheries management instrumental in improving fish stock status. PNAS 117, 2218-2224 (2020).
Stock, C. A. et al. Reconciling fisheries catch and ocean productivity. Proc. Natl. Acad. Sci. 114, E1441-E1449 (2017).

(2010).

Fogarty, M. J. et al. Fishery production potential of large marine ecosystems: A prototype analysis. Environ. Dev. 17, 211-219
(2016).

Chassot, E. et al. Global marine primary production constrains fisheries catches. Ecol. Lett. 13, 495-505 (2010).

Ecol. Ind. 60, 947-962 (2016).

Agnew, D. . et al. Estimating the worldwide extent of illegal fishing. PLoS ONE 4, e4570 (2009).

Ainsworth, C. H. & Pitcher, T. J. Estimating illegal, unreported and unregulated catch in British Columbia’s marine fisheries. Fish.
Res. 75, 40-55 (2005).

Watson, R. A. A database of global marine commercial, small-scale, illegal and unreported fisheries catch 1950-2014. Sci Data 4,
170039 (2017).

University of British Columbia. Sea Around Us—Fisheries, Ecosystems and Biodiversity. https://www.seaaroundus.org/ (2022).
Maunder, M. N. et al. Interpreting catch per unit effort data to assess the status of individual stocks and communities. ICES J. Mar.
Sci. 63, 1373-1385 (2006).

Branch, T. A. et al. The trophic fingerprint of marine fisheries. Nature 468, 431-435 (2010).

J. Mar. Sci. 79, 1202-1216 (2022).

Shephard, S., Davidson, I. C., Walker, A. M. & Gargan, P. G. Length-based indicators and reference points for assessing data-poor
stocks of diadromous trout Salmo trutta. Fish. Res. 199, 36-43 (2018).

Fernandez, E. & Ruiz Martos, M. Review of some statistical methods for constructing composite indicators. Stud. Appl. Econ. 38,
(2020).

Erb, K.-H. et al. A conceptual framework for analysing and measuring land-use intensity. Curr. Opin. Environ. Sustain. 5, 464-470
(2013).

Pfeiffer, L., Petesch, T. & Vasan, T. A safer catch? The role of fisheries management in fishing safety. Mar. Resour. Econ. 37, 1-33
(2022).

Hall, S. J. & Mainprize, B. M. Managing by-catch and discards: How much progress are we making and how can we do better?.
Fish Fish. 6, 134-155 (2005).

Roberson, L. A., Watson, R. A. & Klein, C. J. Over 90 endangered fish and invertebrates are caught in industrial fisheries. Nat.
Commun. 11, 4764 (2020).

Zeller, D. et al. Fishing effort and associated catch per unit effort for small-scale fisheries in the mozambique channel region:
1950-2016. Front. Mar. Sci. 8, 707999 (2021).

Fisheries and Oceans Canada. Policy for applying measures to offset adverse effects on fish and fish habitat under the Fisheries
Act. https://www.dfo-mpo.gc.ca/pnw-ppe/reviews-revues/policies-politiques-eng.html (2019).

. Sea Around Us. Stock Status in the Global Ocean. http://www.seaaroundus.org/data/#/global/stock-status (2022).
. Ye, Y. Assessment methodology. In Review of the State of World Marine Fishery Resources 327-334 (FAO, 2011).
. Pauly, D. & Watson, R. Background and interpretation of the ‘Marine Trophic Index’ as measure of biodiversity. Philos. Trans. R.

Soc. Lond. Ser. B Biol. Sci. 360, 415-423 (2005).

Bhathal, B. & Pauly, D. ‘Fishing down marine food webs’ and spatial expansion of coastal fisheries in India, 1950-2000. Fish. Res.
91, 26-34 (2008).

Bundy, A. et al. Editorial: Managing for the future: Challenges and approaches for disentangling the relative roles of environmental
change and fishing in marine ecosystems. Front. Mar. Sci. 8, 753459 (2021).

Chew, W. B. No-nonsense guide to measuring productivity. Harv. Bus. Rev. HBR 66, 110-118 (1988).

Shannon, L. et al. Trophic level-based indicators to track fishing impacts across marine ecosystems. Mar. Ecol. Prog. Ser. 512,
115-140 (2014).

Marshak, A. R. & Link, J. S. Primary production ultimately limits fisheries economic performance. Sci. Rep. 11, 12154 (2021).

Scientific Reports |

(2023) 13:10571 | https://doi.org/10.1038/s41598-023-37048-6 nature portfolio


https://open.library.ubc.ca/soa/cIRcle/collections/facultyresearchandpublications/52383/items/1.0404487
https://open.library.ubc.ca/soa/cIRcle/collections/facultyresearchandpublications/52383/items/1.0404487
https://doi.org/10.14288/1.0404487
https://doi.org/10.1891/9780826190123.0025
https://www.seaaroundus.org/
https://www.dfo-mpo.gc.ca/pnw-ppe/reviews-revues/policies-politiques-eng.html
http://www.seaaroundus.org/data/#/global/stock-status

www.nature.com/scientificreports/

73.

74.
75.

76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.

94.

95.
96.

97.
98.

99.

Rutterford, L. A., Simpson, S. D., Bogstad, B., Devine, J. A. & Genner, M. J. Sea temperature is the primary driver of recent and
predicted fish community structure across Northeast Atlantic shelf seas. Glob. Change Biol. 29, 2510-2521 (2023).

Ye, Y. & Carocci, F. Control mechanisms and ecosystem-based management of fishery production. Fish Fish. 20, 15-24 (2019).
Rousseau, Y., Watson, R. A., Blanchard, J. L. & Fulton, E. A. Evolution of global marine fishing fleets and the response of fished
resources. PNAS 116, 12238-12243 (2019).

Bell, J., Watson, R. & Ye, Y. Global fishing capacity and fishing effort from 1950 to 2012. Fish Fish. 18(3), 489-505. https://doi.org/
10.1111/FAE.12187 (2017).

Briton, F, Shannon, L., Barrier, N., Verley, P. & Shin, Y.-]. Reference levels of ecosystem indicators at multispecies maximum
sustainable yield. ICES J. Mar. Sci. 76, 2070-2081 (2019).

Essington, T. E., Beaudreau, A. H. & Wiedenmann, J. Fishing through marine food webs. Proc. Natl. Acad. Sci. 103, 3171-3175
(2006).

Kleisner, K. & Pauly, D. The marine trophic index (MTTI), the fishing in balance index (FiB) and the spatial expansion of fisheries.
Fish. Cent. Res. Rep. 19, 41-44 (2011).

Kleisner, K., Mansour, H. & Pauly, D. Region-based MTI: Resolving geographic expansion in the Marine Trophic Index. Mar. Ecol.
Prog. Ser. 512, 185-199 (2014).

Durante, L., Wing, S., Ingram, T., Sabadel, A. & Shima, J. Changes in trophic structure of an exploited fish community at the
centennial scale are linked to fisheries and climate forces. Sci. Rep. 12, 4309 (2022).

Su, L. et al. Decadal-scale variation in mean trophic level in Beibu gulf based on bottom-trawl survey data. Mar. Coast. Fish. 13,
174-182 (2021).

Kaiser, M., Chen, A.T.-Y. & Gluckman, P. Should policy makers trust composite indices? A commentary on the pitfalls of inap-
propriate indices for policy formation. Health Res. Policy Syst. 19, 40 (2021).

Xu, Z. et al. Assessing progress towards sustainable development over space and time. Nature 577, 74-78 (2020).

McNicoll, G. Population weights in the international order. Popul. Dev. Rev. 25, 411-442 (1999).

Jacobs, R., Smith, P. & Goddard, M. Measuring Performance: An Example of Composite Performance Indicators. vol. CHE Technical
Paper Series 29 (The University of York, 2004).

Tate, E. Social vulnerability indices: A comparative assessment using uncertainty and sensitivity analysis. Nat. Hazards 63, 325-347
(2012).

Talukder, B., Hipel, W. K. & van Loon, W. G. Developing composite indicators for agricultural sustainability assessment: Effect of
normalization and aggregation techniques. Resources 6, 66 (2017).

Mariani, F & Ciommi, M. Aggregating composite indicators through the geometric mean: A penalization approach. Computation
10, 64 (2022).

FAO. World Agriculture: Towards 2010 (FAO of the United Nations, 2010).

O’Sullivan, A., Sheffrin, S. M., Economics: Principles in Action. (Prentice Hall, New Jersey, 2003).

FAO. Fisheries and aquaculture software. FishStat]—Software for Fishery and Aquaculture Statistical Time Series. In FAO Fisheries
Division [online]. (2020).

Anticamara, J. A., Watson, R., Gelchu, A. & Pauly, D. Global fishing effort (1950-2010): Trends, gaps, and implications. Fish. Res.
107, 131-136 (2011).

Rousseau, Y., Watson, R. A., Blanchard, J. L. & Fulton, E. A. Evolution of global marine fishing fleets and the response of fished
resources. Proc. Natl. Acad. Sci. 116, 12238-12243 (2019).

Pauly, D., Zeller, D. & Palomares, M. L. D. Sea Around Us Concepts, Design and Data. WWW.SeaAroundUs.org (2020).

Platt, T. & Sathyendranath, S. Oceanic primary production: Estimation by remote sensing at local and regional scales. Science 241,
1613-1620 (1988).

Pauly, D. & Zeller, D. Comments on FAOs state of world fisheries and aquaculture (SOFIA 2016). Mar. Policy 77, 176-181 (2017).
Ye, Y. et al. FAO’s statistic data and sustainability of fisheries and aquaculture: Comments on Pauly and Zeller. Mar. Policy 81,
401-405 (2017).

Pauly, D. & Zeller, D. Agreeing with FAO: Comments on SOFIA 2018. Mar. Policy 100, 332-333 (2019).

Acknowledgements

Professor Reg Watson provided us with updated data on IUU catch and discards, and Dr. Yannick Rousseau
provided us with fishing effort data up to 2017. We are also grateful to the Sea Around Us project for assisting
us in obtaining mean trophic level data from EEZ catches.

Author contributions
The research was conceptualized by Y.Y. and J.S.L. The analysis was led by Y.Y,, and the article was written by
Y.Y. and J.S.L.

Funding

The authors acknowledge that they received no funding in support for this research.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-37048-6.

Correspondence and requests for materials should be addressed to Y.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023) 13:10571 | https://doi.org/10.1038/s41598-023-37048-6 nature portfolio


https://doi.org/10.1111/FAF.12187
https://doi.org/10.1111/FAF.12187
https://doi.org/10.1038/s41598-023-37048-6
https://doi.org/10.1038/s41598-023-37048-6
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023, corrected publication 2023

Scientific Reports|  (2023) 13:10571 | https://doi.org/10.1038/s41598-023-37048-6 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	A composite fishing index to support the monitoring and sustainable management of world fisheries
	Results
	Global fishing pressure. 
	Rankings of fishing intensity by ecosystem. 
	Fishing in different geopolitical regions. 
	Validity of the fishing index. 

	Discussion
	Fishing pressure vs fishery performance. 
	Comparison with existing indicators. 
	Contributing to the sustainable development goals. 
	Implications for policy. 
	Uncertainties, constraints, and future directions. 

	Materials and methods
	Three indicators tracking inputs, outputs, and ecological effects. 
	Data sources. 

	References
	Acknowledgements


