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Marine fisheries are social-ecological systems important for human health and
livelihoods. However, research approaches that consider human-nature interactions
within as well as between adjacent and distant fisheries are scarce. As such,
we measured and modeled marine fisheries catches at local and regional scales
over 65 years (1950-2014), assessed cross-scalar interactions among fishing types
(artisanal, subsistence, industrial, recreational), and predicted future catches using the
metacoupling framework, a new approach for evaluating human-nature interactions
within and across adjacent and distant fisheries (metacouplings). Across taxa examined
(mahi-mahi [Coryphaena hippurus], Atlantic bluefin tuna [Thunnus thynnus], cods
[Gadidae]), 75% of catches (8.5 million metric tons [MMT]) were made by nations
in their own exclusive economic zones (EEZs; Type 1 fishing). However, catches in
adjacent EEZs (Type 2 fishing, 1.0 MMT) and distant EEZs and the high seas (Type
3 fishing, 1.9 MMT) increased substantially for all taxa at certain times, becoming
consistently important for tuna and cods after 1980. Moreover, Types 1-3 fishing
interacted in ways that affect humans differentially across fisheries. For instance, tuna
artisanal and subsistence catches (Type 1) decreased with increasing Type 2 and Type
3 industrial fishing, respectively. Cod subsistence catches declined with increasing Type
2/3 industrial fishing and Type 1 artisanal fishing, whereas fishing-type interactions were
largely positive for mahi-mahi, causing catches to increase across sectors. Overall,
metacouplings affect humans in positive and negative ways that vary across scales and
fisheries systems, galvanizing the need for metacoupling-informed fisheries research,
policy, and management programs.

Keywords: fisheries, metacoupling, metacoupling framework, social-ecological systems, sustainability, mahi-
mahi, Atlantic bluefin tuna, cods

INTRODUCTION

The world faces enormous social-ecological challenges, including climate change, food and
nutrition insecurity, biodiversity loss, and water scarcity (Walther et al., 2002; Godfray et al., 2010;
Cardinale et al., 2012; Mekonnen and Hoekstra, 2016). On one hand, these challenges reflect human
population growth and resource consumption, placing us beyond planetary safe operating spaces
for climate change, biosphere integrity, biogeochemical flows, and land-system change (Steffen
etal., 2015). On the other hand, it is increasingly possible, amid rapid and long-distance movements
of goods, services, information, money, and people throughout the world, to conceptualize and
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address social-ecological challenges at the speeds and
spatiotemporal scales at which they occur. For instance, the
telecoupling framework is a new approach for sustainable
management of social-ecological systems widely separated in
space (Liu et al., 2013). Telecoupling refers to socioeconomic and
environmental interactions between social-ecological systems
over long distances. For example, demand for soybeans in
China is a distal driver of Amazonian deforestation, much
like European and American biofuel mandates affect land,
food, water, and energy availability throughout the world
(Liu et al, 2013; Silva et al, 2017). Telecoupling research
has catalyzed scientific and policy advancements in diverse
realms such as land-use change, species invasion and migration,
tourism, and foreign direct investment (Hulina et al., 2017;
Sun et al., 2017). However, because many of humanity’s social-
ecological challenges are multiscalar—simultaneously involving
local, adjacent, and distant components—there is a need for
approaches that transcend telecoupling by accounting for
human-nature interactions both within and between adjacent
and distant social-ecological systems.

The metacoupling framework encompasses and advances the
telecoupling framework by explicitly accounting for multiscalar
human-nature linkages (Liu, 2017). Metacouplings are human-
nature interactions that occur within particular or local social-
ecological systems (intracouplings, hereafter Type 1 interactions)
as well as between adjacent systems (pericouplings, Type 2)
and between distant systems (telecouplings, Type 3; Figure 1).
By incorporating local, adjacent, and distant interactions, the
metacoupling framework allows researchers to assess cross-
scalar effects (e.g., impacts of Type 3 on Type 1 interactions),
feedbacks, and tradeoffs that may not be apparent when
focusing on particular scales or systems. In addition, by using
the metacoupling framework to evaluate three coupling levels
simultaneously, researchers can ascertain the relative importance
of each, which is important for determining possible ecological or
policy interventions. However, metacoupling research has been
largely qualitative to date (Carlson et al., 2018b; Schaffer-Smith
et al., 2018), creating a need for approaches to quantitatively
model metacouplings, cross-scalar interactions, the relative
importance of different couplings, and sustainability outcomes.

The metacoupling framework has scarcely been applied to
fisheries, which are prime examples of multiscalar human-
natural systems because they encompass local, regional, and
global flows of fish, fish products, money, information, and
people (Eriksson et al., 2015; Carlson et al., 2017). For instance,
policy and management decisions made by governments and
commercial fishing companies at global scales can affect regional
distribution of fishing effort and local abundance of fish stocks
important for subsistence and artisanal fishers and associated
markets (Crona et al., 2015; Carlson et al.,, 2018a). However,
despite growth in social-ecological fisheries research emphasizing
international connections among fisheries (Osterblom and Folke,
2015; Crona et al., 2016; Tapia-Lewin et al., 2017), multiscalar
studies focusing on local, adjacent, and distant interactions
among biophysical and socioeconomic issues are scarce. This
dearth of metacoupling research is significant because fisheries
support food provisioning, food/nutrition security, employment,
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FIGURE 1 | Diagram illustrating metacoupling: human-nature interactions
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and livelihoods for billions of people throughout the world. For
instance, fish is an important source of inexpensive, accessible
protein, micronutrients, and omega-3 fatty acids as well as
income and livelihoods for some of the world’s poorest, most
food-insecure people (Roos et al., 2003; Bennett et al., 2018).
Globally, fish consumption has grown from 9.0 kg/capita in 1961
to 20.5 kg/capita today, with 4.5 billion people relying of fish
for at least 15 percent of their animal-derived protein (Béné
et al.,, 2015; Food and Agriculture Organization [FAO], 2018).
Moreover, depending on who fishes and when and where fishing
occurs, multiscalar linkages between local norms and laws and
international conventions will have different regulatory feedbacks
on fisher behavior, stock sustainability, fish marketability, and
hence income and profits. As such, metacoupling research
exploring multiscalar human-nature interactions in fisheries
has the potential to benefit human health and well-being and
ecosystem conservation alike.

The purpose of this study was to use the metacoupling
framework to characterize—and develop a modeling approach
to understand—marine fisheries catches and associated local,
adjacent, and distant interactions for taxa whose numbers
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are increasing, decreasing, and stable, with the goal of better
managing and governing fisheries as multiscalar social-ecological
systems. Fishes of interest included mahi-mahi (Coryphaena
hippurus, increasing catches), Atlantic bluefin tuna (Thunnus
thynnus, decreasing catches), and cods (family Gadidae, stable
catches overall; Collette et al., 2011, 2015; International Union
for Conservation of Nature [IUCN], 2019; Pauly et al., 2020).
Our first objective was to use the metacoupling framework to
evaluate fisheries catches classified as Type 1 (by nations in their
own EEZs), Type 2 (in adjacent EEZs), and Type 3 (in distant
EEZs and the high seas) in 1950-2014. Our second objective
was to develop metacoupling time-series models to understand
multiscalar interactions among fishing types (Type 1 artisanal,
subsistence, industrial, recreational; Type 2 industrial; Type 3
industrial) and predict future catches. Such an analysis allowed us
to test the prediction that metacouplings exhibit social-ecological
variability—for instance, distant-water industrial fishing may
negatively affect local artisanal and subsistence catches for
some, but not all, taxa. Our third objective was to assess how
extinction risks and total catches are related to the magnitude
and direction of fishing-type interactions for each taxon. Our
final objective was to use models to characterize and compare
metacouplings in different fisheries and identify pathways for
multiscalar, social-ecological fisheries governance that optimizes
spatially heterogeneous fisheries services such as food supply,
employment, livelihoods, and biodiversity.

MATERIALS AND METHODS

Metacoupling Framework

The metacoupling framework is related to but advances concepts
of teleconnections (environmental interactions between natural
systems over distances; Bjerknes, 1969) and globalization
(socioeconomic interactions between human systems over
distances; Dreher et al., 2008) by simultaneously considering
local, adjacent, and distant human-nature interactions. Similarly,
the metacoupling framework advances a precursor paradigm
(the telecoupling framework; Liu et al, 2013) by assessing
social-ecological linkages at multiple spatial scales, rather than
long distances only (Type 3 interactions). In the metacoupling
framework, all couplings (metacouplings and Types 1, 2,
and 3 interactions) are characterized by systems, flows,
agents, causes, and effects (Figure 1). Coupled human-natural
systems are classified according to their association with
flows (movements of fish, fish products, money, information,
etc.) as “sending” (systems where flows arise), “receiving”
(systems that receive flows), or “spillover” (systems that affect,
or are affected by, sending-receiving system interactions).
Because fisheries metacouplings involve different types of fishing
(artisanal, subsistence, industrial, recreational) with unique flows
distributed across distinct spatial areas, a particular coupled
human-natural system may be classified in multiple ways
(sending, receiving, spillover) with respect to different fishing
types. Agents are the autonomous decision-making entities such
as individuals, organizations, and governments that facilitate or
hinder couplings directly or indirectly through feedbacks, either

transparent or hidden (Liu et al., 2013; Liu, 2017). By comparison,
causes are environmental, socioeconomic, political, and cultural
reasons why couplings occur, and effects are the social-ecological
outcomes of couplings.

Three types of fishing were considered in this study: Type 1—
fishing by nations within their own EEZs, including territories,
collectivities, etc.; Type 2—fishing in EEZs of adjacent nations
(those sharing land/maritime borders); and Type 3—fishing
in EEZs of distant nations (those not sharing land/maritime
borders) and the high seas. Types 2 and 3 fishing were exclusively
industrial, so six fishing types were analyzed: Type 1 artisanal,
subsistence, industrial, and recreational; Type 2 industrial; Type
3 industrial. For each taxon, catches of the six fishing types
summed across the world were treated as quantitative indices
of metacouplings.

Metacouplings were characterized and modeled using catches
of mahi-mahi, Atlantic bluefin tuna (hereafter tuna), and cods
in the world’s 280 EEZs every year from 1950 to 2014. These
taxa were chosen because they represent broad population trends,
and associated International Union for the Conservation of
Nature (IUCN) statuses, exhibited by fish stocks throughout
the world; mahi-mahi are generally increasing globally (IUCN
Least Concern), tuna are decreasing (Endangered), and cods
are relatively stable (Least Concern/Near Threatened/Vulnerable;
Collette et al., 2011, 2015; International Union for Conservation
of Nature [IUCN], 2019). These taxa were also chosen due to their
broad importance throughout the world in terms of biodiversity,
food supply, food/nutrition security and livelihoods (i.e., mahi-
mahi in developing-country contexts), employment, recreation,
and culture (Palko et al., 1982; Cohen et al., 1990; Collette, 1999).

Data

Fisheries catch data were obtained from the Sea Around Us'
(Pauly et al., 2020). This database was created in response to
the widely recognized problem of catch underestimation in
fisheries data annually submitted to and distributed by the United
Nations Food and Agriculture Organization (FAO), a problem
that FAO acknowledges (Pauly and Zeller, 2016). For instance,
FAO data routinely underestimate artisanal, subsistence, and
recreational catches as well as discards (bycatch) and illegally
caught fish. The Sea Around Us helps ameliorate this problem
by supplementing FAO data with EEZ-specific data sources (e.g.,
peer-reviewed research, fisheries agency documents, independent
research reports) to reconstruct industrial, artisanal, subsistence,
and recreational catches in the world’s 280 EEZs every year in
1950-2014 (Pauly et al., 2020). It is preferable to account for
artisanal, subsistence, recreational, discarded, and illegal catches
that are known to occur—and which are quantified in EEZ-
specific, non-FAO data sources—rather than treat these fishing
types as “zeroes” (Pauly and Zeller, 2016), as other fisheries
data sources tend to do. Overall, the Sea Around Us is a useful,
peer-reviewed, regularly updated resource for quantifying and
modeling fisheries catches amid widely known limitations of
typical marine fisheries data.

'http://www.seaaroundus.org/
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The Sea Around Us is structured so that catch (landing
and discard) data can be downloaded in spreadsheet form
and organized by nations that fished in particular EEZs in
particular years. As such, spreadsheets for each taxon were
used to identify Types 1-3 fishing by comparing the geographic
proximity between fishing nations and EEZs where fishing took
place in 1950-2014. Catch data were also subdivided by fishing
sector (artisanal, subsistence, industrial, recreational), which
enabled assessment of sectorial metacoupling relationships such
as effects of Type 3 industrial fishing on Type 1 subsistence
fishing. Although we used the Sea Around Us because it included
the multiscalar catch data necessary to address our objectives,
national and international databases such as FAOSTAT? and
UN Comtrade’ are also conducive for evaluating metacouplings
across international trade networks and food systems. For
instance, these databases could be used to classify local, regional,
and global flows of wheat, soybeans, rice, and other foodstuffs
as Type 1, 2, or 3, allowing researchers to compare food-system
metacouplings in different areas of the world and generate
policy-relevant insights for enhancing food provisioning and
safeguarding food/nutrition security.

Hypotheses

Industrial fishing is known to reduce artisanal and subsistence
catches, alter species composition, and force fishers to migrate
to new fishing locations (Pauly, 2006; Belhabib et al., 2014), so
it was hypothesized that Types 2 and 3 industrial fishing would
negatively affect Type 1 artisanal and subsistence fishing. This
effect was predicted to be highly negative for Atlantic bluefin
tuna, a species whose catches have declined substantially over
65 years (Pauly et al., 2020) and is thus vulnerable to fishing-type
competition, and somewhat negative or neutral for mahi-mahi
(increased catches) and cods (stable catches). In addition, Type
2/3 industrial fishing and Type 1 industrial fishing were predicted
to negatively affect each other given that these fisheries operate
using similar methods and fishing locations and hence potentially
compete for the same fish. Type 2/3 industrial fishing was not
expected to affect Type 1 recreational catches given the latter
sector’s relatively small size, spatial extent, and typical operation
in coastal areas away from industrial vessels (Cooke and Cowx,
2004; Arlinghaus and Cowx, 2008).

It was hypothesized that Type 1 fisheries (other than
industrial) would generally not affect Type 2/3 industrial
catches given the considerably larger size, fishing capacity, and
geographic distribution of the latter sectors (Kroodsma et al,
2018). Type 1 artisanal and subsistence fishing were predicted to
have neutral or positive effects on each other, except if declining
catches promoted Type 1 fishing competition, as seems likely
for tuna (Pauly et al., 2020). Type 1 artisanal and subsistence
fishing were predicted to have neutral or positive effects on Type
1 industrial and recreational catches, especially for mahi-mahi, a
species whose catches have increased considerably over 65 years
(Pauly et al., 2020) and hence would be expected to have neutral,
if not positive, interactions among fishing types. Moreover, it was

Zhttp://www.fao.org/faostat/en/#home
3https://comtrade.un.org/

hypothesized that Type 1 industrial fishing would have neutral
or positive effects on other intranational, Type 1 fisheries, as
it is generally not in the interest of nations to fish industrially
in ways that impair their other fisheries, although exceptions
exist (Carlson et al., 2018a). Type 1 recreational fishing was
not expected to affect other Type 1 fisheries given the sector’s
relatively small size and different fishing methods and locations
relative to artisanal/subsistence/industrial fishing. Finally, it was
hypothesized that total catches would increase across taxa as
fishing-type interactions became stronger and more positive, the
number of positive interactions increased, and the number of
negative interactions decreased.

Analyses

Catch trends were initially evaluated by plotting total catches
(metacouplings) as well as Types 1, 2, and 3 catches in 1950-
2014 for each taxon. In addition, flows of fish within and
between fishing nations and world regions were visualized by
constructing Sankey diagrams, wherein catches flow from left to
right (sending to receiving systems) in proportion to tonnage
(line width). Sankey diagrams depicting Types 1-3 fish flows
were constructed using world-region definitions from the United
Nations Statistics Division Geoscheme (United Nations Statistics
Division [UNSD], 2020).

The above graphical approaches laid a foundation for
mathematical modeling of metacoupling interactions among
Types 1-3 fishing using time series analysis, particularly
autoregressive integrated moving average (ARIMA) models.
ARIMA modeling is a widely used approach for time series
analysis (Hyndman and Athanasopoulos, 2018) that reliably
predicts diverse phenomena such as fisheries catches (Tsitsika
et al., 2007), vehicular traffic flow (Williams and Hoel, 2003),
and wind speed (Kavasseri and Seetharaman, 2009). In addition,
ARIMA modeling of fisheries metacouplings complements
recent time series analysis of multiscalar interactions in trade
of soybeans, wheat, and corn (Herzberger et al., 2019), helping
advance the nascent field of metacoupling research in a
manner relevant for biologists, managers, policy makers, and
other stakeholders. Moreover, metrics for objectively evaluating
ARIMA model performance, including mean absolute scaled
error (MASE) and normalized root mean squared error (NRMSE;
RMSE/standard deviation), are readily available (Hyndman
and Athanasopoulos, 2018). High-performance ARIMA models
that capture much of the variation in empirical data have
NRMSE and MASE values close to zero, moderate-performance
models have values around 1, and low-performance models have
values greater than 1.

In the present study, ARIMA models were constructed to
assess previous (1950-2014) and predict future (2015-2030)
catch trends of mahi-mabhi, tuna, and cods for each of six fishing
types. These models were also used to evaluate effects of Types 1-
3 fishing on each other for each taxon. The ARIMA approach uses
underlying properties of time series data, particularly dependent
variables’ lagged values and prediction errors, as predictors for
modeling and ultimately forecasting future values of dependent
variables. In combination with data differencing—calculating
differences between current and previous values of dependent
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variables to stationarize time series—autoregression and moving
average approaches in an ARIMA framework tend to enhance
model fit relative to either approach independently (Hamilton,
1994; Hyndman and Athanasopoulos, 2018).

ARIMA models contain autoregressive parameters [AR(p)]
and moving averages [MA(q)] as well as integrated [I(d)]
terms, which stationarize time series by subtracting current
values of dependent variables from previous values d times.
Although standard ARIMA models do not explicitly account
for major factors influencing dependent variables (e.g., effects
of gross domestic product and population size/growth on
global agricultural trade), they use observed data to capture
time-series patterns by accounting for non-stationarity,
seasonality, and auto-correlation, which endogenizes effects
of major drivers. As such, standard ARIMA models provide
an overall picture of time series trends by broadly accounting
for major drivers of dependent variables (rather than isolating
their effects), unless drivers represent time series themselves.
In this case, major drivers can be added to ARIMA models
as external regressors (Hamilton, 1994; Hyndman and
Athanasopoulos, 2018), as they were in the present study. In
fisheries catch models developed herein, the AR(p) term involved
modeling natural-log-transformed catches based on their
lagged values:

P
Yigr =8+ Z Piy(t—igf T Ergf (1)

i=1

where Yy is catch at time ¢ for taxon ¢ (i.e., group) and fishing
type f (Type 1 artisanal, subsistence, industrial, and recreational;
Type 2 industrial; Type 3 industrial), § is a constant, p is the
AR polynomial order, ¢; terms are AR parameters, y(;_;)or terms
are lagged values of catch for taxon g and type f, and ¢ is an
error term for taxon g and type f. The I(d) model term involved
subtracting current catches from previous catches d times to
stationarize time series:

yigr = Yigr — Ye—1)gf (2)
p
Yigr =08+ Z Piyd(—igf + Ergf (3)

i=1

where ydyr is yir differenced d times and other terms are
the same as above. The MA(q) model term involved modeling
fisheries catches based on errors between predicted and observed
catches over time:

q
Yigr =38+ ZGis(t_,')gf + €igf (4)

i=1

where Yo is catch at time ¢ for taxon g and fishing type f, 3
is a constant, g is the MA polynomial order, 6; terms are MA
parameters, €(;_;), terms are prediction errors for taxon g and
type f,and g4 is an error term for taxon g and type f. Collectively,
these model terms constituted ARIMA models of the form:

p q
Yigr =8+ Z (I)i)’d(tfi)gf + Z 0ie(t—iygf + Ergf (5)

i=1 i=1

This model structure was modified by adding external regressors
to determine how catches of particular fishing types were affected
by other fishing types for each taxon:

p q
Yigr =A+ z diyd(—iygfr + Z Oi€(t—iygf + Erof (6)

i=1 i=1

where Y, is catch at time ¢ for taxon ¢ and fishing type f, A is
a matrix containing other fishing types for taxon g as external
regressors, and other terms are the same as above.

Assumptions of ARIMA modeling were assessed in fisheries
catch time series, including stationarity (via augmented Dickey-
Fuller tests) and lack of autocorrelation (via Box-Ljung
tests). Autocorrelation and partial autocorrelation functions
were also used to ensure accurate parameter estimation
via maximum-likelihood methods and information-theoretic
model selection (Tsitsika et al., 2007). In particular, different
constructions of each model—unique combinations of ARIMA
parameters [p, d, q] and external regressors—were compared
via Akaike’s Information Criterion (AIC) using the Arima
function and xreg (external regressor) argument in RStudio
Desktop version 1.2.5019 (RStudio, 2019). Measures were taken
to avoid including uninformative model parameters (those that
do not reduce model deviance). For instance, models with
AAIC < 2 and one additional parameter relative to top-
performing models were excluded from further consideration
to ensure that final, most-parsimonious models only included
informative parameters while receiving substantial AIC support
(Burnham and Anderson, 2002).

For each taxon and fishing type, the ARIMA model that
received the lowest AIC score and had random, independent
residuals as inferred from a Box-Ljung test was treated as the
final, most-parsimonious model. These models were used to
evaluate how catches of particular fishing types were affected
by other types, and to predict future catches for each fishing
type-taxon combination. Models were validated by calculating
MASE and NRMSE to compare model-predicted and observed
fisheries catches; models with MASE and NRMSE considerably
less than 1, indicating good to great performance, were used
further. After model validation, interactions among fishing
types were assessed for each taxon by referring to external
regressor p values and coefficients derived from the A matrix in
Equation 6. Only regressors with p-values < 0.05 were treated
as significant variables influencing catches of particular fishing
types. For each taxon, interactions among fishing types were
summarized in conceptual diagrams wherein arrows connecting
fishing types indicate significant catch relationships, and arrow
width and color are proportional to interaction magnitude and
direction (positive, negative). Relationships between total catches
(1950-2014) and metacoupling interaction structure were also
evaluated. For each taxon, interaction structure encompassed:
(1) the relative degree of fishing-type interaction (i.e., sum of
fishing-type ARIMA coeflicients across types); (2) the number of
positive interactions among fishing types; and, (3) the number
of negative interactions among fishing types. Relationships were
assessed using Pearson product-moment correlation coefficients.
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All analyses were performed in RStudio Desktop version 1.2.5019
(RStudio, 2019).

RESULTS

Catches Over Time

Mahi-mahi metacouplings (total catches) amounted to 7.0 x 10°
metric tons (MT) in 1950-2014, increasing by an order of
magnitude from 2.4 x 10% to 2.4 x 10° MT in this time
period (Figure 2A). Type 1 catches exhibited a similar pattern,
increasing from 2.3 x 10* to 2.0 x 10> MT and representing
a consistently large annual percentage of metacouplings (mean
84%, range 54-97%). Type 3 mahi-mahi catches were relatively
substantial in 1987 (39% of metacouplings), 1989 (43%), and 1991
(35%), whereas Type 2 catches were consistently small (mean
4.9 x 10* MT, range 1.4 x 102-2.3 x 10* MT), averaging 4% of
metacouplings (Figure 2A).

Tuna metacouplings totaled 2.8 x 10° MT in 1950-2014, but
2014 tonnage (1.8 x 10* MT) was little more than one third
of 1950 tonnage (5.2 x 10* MT; Figure 2B). Metacouplings
declined by 66% in 1955-1968 (7.8 x 10% to 2.7 x 10* MT),
followed by a general increase to 2007 (6.4 x 10* MT) and a
rapid fall to 2014. Type 1 tuna catches represented a large annual
percentage of metacouplings in 1950-2014 (mean 64%, range
39-80%), although Types 1 and 3 catches were nearly identical
in 1999 (40 and 39%, respectively; Figure 2B). Type 2 catches
were relatively small in 1950-2014 (mean 7.3 x 10*> MT, range
2.8 x 10°-1.8 x 10* MT), averaging 17% of metacouplings.

Cod metacouplings totaled 1.6 x 10°® MT in 1950-2014,
peaking at 5.6 x 10* MT in 1992 but remaining stable overall
from 1950 (2.4 x 10* MT) to 2014 (2.5 x 10* MT; Figure 2C).
Type 1 catches followed a similar pattern, representing a large
annual percentage of metacouplings (mean 63%, range 35-93%).
Although Type 3 cod catches were relatively small in 1950-
2014 (mean 7.1 x 10°> MT), they increased by a factor of eight
(44 x 10%-3.5 x 10* MT) from 1982 to 1992, when they
accounted for 61% of metacouplings (Figure 2C). Type 2 catches
were consistently small in 1950-2014 (mean 2.9 x 10* MT, range
9.6 x 10°-5.6 x 10°> MT), averaging 12% of metacouplings.

Local, Adjacent, and Distant Fish Flows

In 1950-2014, Type 1 catches and associated intranational flows
of mahi-mahi were largest in Eastern Asia (1.5 x 10° MT; China,
Taiwan, Japan, South Korea), South America (1.2 x 10° MT;
primarily Peru and Brazil), and South-central Asia (1.1 x 10°
MT; primarily Pakistan and India; Figure 3). Regions where
Types 2 and 3 flows were largest included the high seas
(42 x 10° MT), Oceania (2.8 x 10° MT), Central America
(3.8 x 10* MT), and Southeast Asia (3.7 x 10* MT). In the
high seas, the largest-tonnage mahi-mahi fishers were from
South America (1.8 x 10° MT; primarily Venezuela), Northern
America (1.3 x 10° MT; United States), and Eastern Asia
(7.4 x 10* MT; primarily Taiwan and Japan; Figure 3). Similarly,
the United States, Taiwan, and Japan were the largest-tonnage
fishers for Type 2/3 mahi-mahi in Oceania, Central America,
and Southeast Asia. Overall, the USAs Type 2/3 catches of
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FIGURE 2 | Fisheries catches in 1950-2014 for (A) mahi-mahi, (B) Atlantic
bluefin tuna, and (C) cods (family Gadidae). Catch types are metacouplings
(total catch in all exclusive economic zones [EEZs] and the high seas), Type 1
(catches by nations in their own EEZs), Type 2 (catches in adjacent EEZs), and
Type 3 (catches in distant EEZs and the high seas).

mahi-mahi totaled 4.0 x 10° MT in 1950-2014, 55% of which
was derived from Oceania, 32% from the high seas, and 9%
from Central America (Figure 3). Likewise, Eastern Asian
nations (China, Taiwan, Japan, South Korea) caught 41% and
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FIGURE 3 | Sankey diagram depicting flows of mahi-mahi (metric tons) within and between world regions from sending systems (left) to receiving systems (right) in
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Numbers to the right of the divider represent Type 2/3 fishing—total catches in each region by nations located outside the region. Numbers in the right margin are
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32% of Type 2/3 mahi-mahi in the high seas and Oceania, Type 1 catches and associated intranational flows of
respectively. In contrast, South American nations (Venezuela tuna in 1950-2014 were largest in Southern Europe
and Brazil) caught 99% of Type 2/3 mahi-mahi in the high (1.2 x 10° MT; primarily Spain and Italy), ~Northern  Africa
seas (Figure 3). (3.1 x 10° MT; primarily Morocco and Tunisia), Northern
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America (1.9 x 10° MT; primarily the United States), and
Northern Europe (1.3 x 10° MT; primarily Norway; Figure 4).
Regions where Type 2/3 flows were largest included Northern
Africa (2.3 x 10° MT), Southern Europe (2.0 x 10° MT),

and the high seas (1.6 x 10° MT). In Northern Africa, the
largest-tonnage tuna fishers were from Southern Europe
(1.5 x 10° MT; primarily Spain and Italy) and Western
Europe (5.8 x 10* MT; France and Germany; Figure 4). The
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largest-tonnage fishers in Southern Europe were from Western
Europe (7.7 x 10* MT; France and Germany) and Northern
Europe (6.7 x 10* MT; primarily Norway and Denmark). In the
high seas, the largest-tonnage tuna fishers were from Northern
America (6.3 x 10* MT; primarily the United States), Northern
Africa (3.6 x 10* MT; primarily Tunisia and Morocco), and
Western Europe (2.8 x 10* MT; France; Figure 4). The three
regions that caught the most Type 2/3 tuna in 1950-2014—
Western Europe (2.1 x 10° MT), Southern Europe (2.0 x 10°
MT), and Northern America (9.0 x 10* MT)—exhibited spatially
heterogeneous catch patterns. For instance, Western Europe
caught Type 2/3 tuna in multiple regions, including Southern
Europe (36% of tuna by tonnage), Northern Africa (27%), the
high seas (13%), Middle Africa (13%), and Western Africa
(8%; Figure 4). However, in Southern Europe, 74% of Type 2/3
tuna came from Northern Africa. Likewise, 70% of Northern
America’s Type 2/3 tuna came from the high seas.

In 1950-2014, Type 1 catches and associated intranational
flows of cods were largest at the EEZ level in Japan (main islands;
4.5 x 10° MT), France (Atlantic Coast; 2.4 x 10° MT), and
New Zealand (1.2 x 10° MT; Figure 5). In contrast, Type 2/3
flows were largest in New Zealand (3.3 x 10° MT, primarily
to Japan, South Korea, and Ukraine), the United Kingdom
(1.6 x 10° MT to France), Ireland (6.1 x 10* MT to France), and
Norway (2.6 x 10* MT to France). Type 2/3 catches exhibited
wide spatial variability in 1950-2014, as France caught Type 2/3
cods in 19 EEZs throughout Northern and Western Europe—
most notably the United Kingdom (50% of cods by tonnage),
Ireland (19%), and Norway (8%)—but South Korea and Japan
caught Type 2/3 cods in New Zealand alone (Figure 5).

Metacoupling Interactions and
Predictions

Interactions among fishing types occurred for all taxa but
often in different ways. For mahi-mahi, catches of various
fishing types were generally positively associated except for a
negative relationship between artisanal and recreational catches
(Figure 6A and Supplementary Table 1). Artisanal fishing
was positively associated with subsistence fishing as well as
Types 1-3 industrial fishing (p < 0.01). Similarly, mahi-mahi
subsistence catches increased with artisanal (p < 0.01) and
recreational (p = 0.02) catches; Type 1 industrial catches
increased with artisanal catches (p < 0.01); and recreational
catches increased with subsistence catches (p < 0.01; Figure 6A
and Supplementary Table 1). Fishing types also interacted across
spatial scales, as Type 2 industrial fishing was positively associated
with Type 1 artisanal fishing (p < 0.01). ARIMA models predicted
that future mahi-mahi catches will increase for all fishing types
to the year 2030 (Supplementary Figure 1), continuing the
increasing trends observed in 1950-2014 (Figure 2A).
Metacoupling interactions were more nuanced and negative
for tuna. Artisanal catches increased with subsistence catches but
decreased as Type 2 industrial catches grew (p < 0.01; Figure 6B
and Supplementary Table 2). Similarly, tuna subsistence catches
increased with artisanal catches but decreased as Type 3 industrial
catches grew (p < 0.01). In addition, Type 1 industrial fishing

was positively associated with artisanal fishing, but—as for
mahi-mahi—recreational catches decreased as artisanal catches
increased (p < 0.01; Figure 6B and Supplementary Table 2).
ARIMA models predicted that future tuna catches will generally
decline across fishing types relative to 1950 levels, and decline or
remain stable relative to 2014 levels (Supplementary Figure 2).

Similar to tuna, cods exhibited mixed positive and negative
metacoupling interactions. Artisanal catches increased with Type
1 industrial catches (p = 0.02) but decreased as subsistence
catches grew (p = 0.04; Figure 6C and Supplementary Table 3).
Notably, cod subsistence catches were negatively associated with
artisanal catches (p < 0.01) as well as Type 2 industrial (p = 0.03)
and Type 3 industrial (p = 0.04) catches. In contrast, Type 1
industrial catches increased with artisanal catches and Type 3
industrial catches (p < 0.01), much like Type 3 industrial catches
increased with Type 1 industrial catches (p < 0.01; Figure 6C
and Supplementary Table 3). Cod recreational fishing did not
affect, and was unaffected by, other fishing types. ARIMA models
predicted that future cod catches will decrease for subsistence
fishing but increase for artisanal and Type 1 industrial fishing
relative to 2014 (and 1950) levels (Supplementary Figure 3).
Recreational catches and Types 2 and 3 industrial catches were
projected to remain consistent near 2014 levels.

Across taxa, the structure of metacoupling interactions among
fishing types was related to extinction risk and total catches in
1950-2014. In particular, extinction risk decreased as fishing-type
interactions became more positive and less negative. For instance,
mahi-mahi, the taxon with the lowest extinction risk (TUCN
Least Concern), had four bidirectional positive interactions
and nine total positive interactions but only one negative
interaction (Figure 6A). In contrast, tuna had the greatest
extinction risk (Endangered) with only one bidirectional positive
interaction and three total positive interactions, along with
three negative interactions. Cod had intermediate extinction risk
(Least Concern/Near Threatened/Vulnerable) and intermediate
numbers of bidirectional positive interactions (two) and total
positive interactions (four) as well as four negative interactions
(Figure 6C). Across taxa, total catches in 1950-2014 increased
as fishing-type interactions became stronger and more positive
(r = 099, p = 0.001). However, total catches declined as
the number of negative metacoupling interactions increased
(r=—0.99, p = 0.04).

DISCUSSION

Despite growing recognition of the complex ways in which
fisheries’ social-ecological linkages span local to global scales
(Crona et al., 2015; Osterblom and Folke, 2015; Tapia-Lewin
et al., 2017), few studies have explored how these multiscalar
interactions affect more than one fishery over multidecadal time
scales, and no studies have modeled fisheries metacouplings.
We helped fill these knowledge gaps by illustrating how marine
fisheries are embedded in networks of local, adjacent, and distant
human-nature interactions. Our results show how metacouplings
are dynamic social-ecological linkages that vary widely within
and among taxa such as mahi-mahi, Atlantic bluefin tuna, and
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cods, whose catch trajectories are increasing, decreasing, and
relatively stable, respectively (Pauly et al., 2020), but whose
metacouplings have been masked until now. Type 1 fishing
predominanted by tonnage for all taxa in 1950-2014, which
is predictable as nations routinely fish in their own EEZs.

More interesting is that fact that Type 2/3 catches increased
substantially for all taxa at certain times, becoming consistently
important for tuna and cods after 1980. The latter period
coincided with opening of Japanese sushi-sashimi markets,
which dramatically increased profitability of tuna exploitation
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(Fromentin and Powers, 2005), and ongoing cod overexploitation
(Finlayson and McCay, 2000)—both of which promoted distant-
water fishing resulting in Type 2/3 catches.

Catch landscapes (networks of local, adjacent, and distant
fish flows; Figures 3-5) were similar for all taxa in that Type
1 fishing was distributed across many EEZs and world regions,
only a few of which had large Type 1 catches (> 2.0 x 10°
MT). However, taxa differed with respect to Types 2 and 3
catches, reflecting differences in geographic distributions, the
wide-ranging nations (with different fishing capacities) that catch
them, and distinct fisheries policies and regulations (Fromentin
and Powers, 2005; Aranda et al, 2012). For instance, Type
2/3 mahi-mabhi fishing was concentrated in regions overlapping
the species’ circumtropical and circumsubtropical distribution
(Oceania, high seas; Whoriskey et al., 2011) and carried out by

nations from three principal regions (Eastern Asia, Northern
America, South America). In contrast, Type 2/3 tuna fishing
primarily happened in, and was initiated by nations from,
six world regions throughout Africa, Europe, North America,
and the high seas. Type 2/3 cod fishing was relatively evenly
distributed in EEZs spanning nine world regions, reflecting the
wide geographic distribution of gadid fishes such as Atlantic
cod (Gadus morhua), Pacific cod (G. macrocephalus), and
haddock (Melanogrammus aeglefinus; International Union for
Conservation of Nature [IUCN], 2019; Pauly et al, 2020).
Even so, cod were primarily caught by France, Japan, and
South Korea, nations with vibrant, culturally important fisheries
for gadid fishes (Gwak and Nakayama, 2011; Makino, 2013;
Neat et al., 2014). The United States caught comparatively little
cod, but catches were exclusively intranational and no other
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countries fished for cod in the USA, reflecting relatively strict
cod harvest regulations designed to rebuild overfished stocks
(National Oceanic and Atmospheric Administration [NOAA],
2017). These taxonomic differences in spatial catch patterns,
reflecting unique biological and socio-political conditions
influencing each taxon studied herein, represent metacoupling
diversity relevant for fisheries management. By understanding
fisheries’ metacoupling similarities and differences, decision-
makers can design ecologically, socioeconomically appropriate
management and governance programs that optimize local,
adjacent, and distant human-nature interactions that are unique
to—and shared among—individual fisheries.

Adding social-ecological breadth and depth to fish population
analysis, the metacoupling framework and models shed light on
reasons for empirically observed catch patterns. For instance,
the largely positive relationships among Types 1-3 mahi-mahi
fishing—alongside the species’ broad geographic distribution
and fast growth (Whoriskey et al.,, 2011)—provide context for
understanding why catches of mahi-mahi were the largest of taxa
examined and increased substantially in 1950-2014. Not only
are mahi-mahi biologically equipped to produce large, widely
distributed populations, their r-selected life-history strategy
(short lifespan, early maturation, high reproductive capacity,
rapid growth; Winemiller and Rose, 1992) enables largely non-
inhibitory interactions among multiple fishing types and explains
the increasing 65-year catch trend and low extinction risk (IUCN
Least Concern). In comparison, tuna and cod mature later in
life and are less prolific, making them less biologically resilient
to fishing pressure and helping explain why catch trajectories
were stable/declining in 1950-2014, interactions among Types
1-3 fishing were more inhibitory, and extinction risks were
higher than for mahi-mahi. Metacouplings warrant further
investigation, as biological attributes of fishes interact with
socioeconomic, political, and cultural conditions of fisheries,
likely influencing the fishing-type relationships we observed.
Even so, metacoupling models developed herein represent a
methodological advancement for understanding how different
fisheries interact within and between adjacent and distant
coupled human-natural systems. Likewise, ARIMA models were
useful for predicting future catches across taxa and fishing types.
Although type-specific catch predictions generally paralleled
taxon-specific trends in total catch observed in 1950-2014,
important details emerged, including projected Type 1 catch
declines (e.g., cod subsistence, tuna artisanal) and increases (e.g.,
mahi-mahi subsistence and artisanal, cod artisanal) relative to
2014 and earlier catches.

Such trends have implications for food supply and
employment, particularly in nations where subsistence and
artisanal fishing are common practices and drivers of human
health and well-being. For instance, subsistence catches of cods
in Malta, South Korea, France, Canada, and the United States
totaled 1.2 x 10° MT in 1950-2014 (Supplementary Table 4),
supporting food supplies that are rich in protein, vitamins,
minerals, and omega-3 fatty acids (Gordon and Roberts, 1977;
dos Santos et al., 1993). Projected declines in cod subsistence
catches owing to stable Type 2/3 industrial catches may negatively
affect subsistence-oriented food supplies in these nations, but all

are developed countries where food availability is not a concern.
As such, if cod subsistence catches decline below established
food-supply goals, alternative food options will be readily
available. However, projected declines in tuna artisanal catches
owing to stable Type 2 industrial catches may negatively affect
income and employment of small-scale fishers in 29 nations
throughout Africa, Asia, Europe, and parts of the Caribbean,
North America, and South America that collectively caught
2.8 x 10° MT of tuna in 1950-2014 (Supplementary Table 4).

Type 2/3 fishing can negatively affect food supply,
food/nutrition security, employment, and livelihoods through
illegal fishing—fishing within the EEZs of another country
without access permission (Pauly et al., 2020)—which decreases
subsistence and artisanal catches, changes species composition,
and forces fishers to migrate to new fishing locations (Belhabib
et al., 2014). Access agreements may or may not be written, as
some arrangements are tacitly based on historical rights to fish
in particular EEZs. As such, databases like the Sea Around Us
have limited illegal fishing data in most areas of the world, with
the exception of West Africa, where poaching is comparatively
common (Agnew et al., 2009). Between 1950 and 2010, 3.8 x 107
MT of fish (all taxa) were illegally caught via Type 2/3 fishing in
West African EEZs (Supplementary Table 5), more than three
times the combined catch of mahi-mahi, tuna, and cods. Given
the high profitability of poaching, it is estimated that fines for
illegal cod and haddock fishing need to be 38 times larger to
make the cost of illegal fishing equal to the gain; values for highly
valuable species such as Atlantic bluefin tuna are likely greater
(Sumaila et al., 2006). In 1950-2010, 72% of illegal catches in
West African EEZs (2.7 x 107 MT) was taken in Mauritania
by European nations (Italy, Lithuania, Netherlands, Romania,
Spain, Ukraine) and the Russian Federation (Supplementary
Table 5; Belhabib et al., 2012; Pauly et al., 2020). Illegal Type 2/3
catches were also relatively large in Senegal (3.9 x 10° MT taken
by China and the Russian Federation), Sierra Leone (1.7 x 10°
MT, fishers unspecified), Guinea (1.3 x 10° MT taken by China,
South Korea, and Senegal), and Liberia (1.3 x 10° MT taken by
China and Ghana; Supplementary Table 5). Worldwide, illegal
fishers annually catch an estimated 1.1-2.6 x 107 MT valued at
US$10-23.5 billion (Agnew et al., 2009), representing a global
governance problem involving metacouplings that negatively
affect subsistence and artisanal fishers, not to mention marine
ecosystem sustainability.

However, projected changes in fisheries catches may also exert
positive effects on human health and well-being. Species such
as mahi-mahi are important for human diets and livelihoods in
developing-country contexts because they are widely distributed
(circumtropical, circumsubtropical), mature early, and grow
fast, making them resilient to fishing mortality and capable
of maintaining productive fisheries (Whoriskey et al.,, 2011).
Predicted increases in mahi-mahi subsistence catches could
enhance food/nutrition security in 27 countries (Supplementary
Table 4), particularly developing countries where mahi-mahi
subsistence catches grew by tens to hundreds of times in
1950-2014 (Saint Kitts and Nevis: 122x; Mayotte: 58x; Samoa:
27x; Turks and Caicos: 13x). Likewise, predicted increases
in artisanal catches of mahi-mahi and cod may positively
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affect income and employment of artisanal fishers in 67
nations that collectively caught 2.9 x 10® MT of mahi-mahi
and 8.0 x 10* MT of cods in 1950-2014 (Supplementary
Table 4). In addition, projected increases in mahi-mahi artisanal
and Type 1 industrial catches may create win-win scenarios
for local income and employment due to the mutualistic
metacoupling interaction observed herein. However, larger
cod artisanal catches could contribute to reduced subsistence
catches due to the inhibitory metacoupling relationship between
these fishing types.

Sustainable fisheries management requires more than
biological understanding; it demands synthesis of biological,
economic, political, and cultural information involved in
metacouplings across spatial scales. For instance, negative effects
of Type 2/3 industrial fishing on artisanal and subsistence
catches, as exhibited for tuna and cods across EEZs herein, reflect
multiscalar human-nature interactions common to Canada, Italy,
Morocco, Liberia, and other nations across the world (Belhabib
et al,, 2013a,b,c,d,e; Trindade Santos et al., 2013; Piroddi et al,,
2014; Belhabib and Pauly, 2015a,b,c; Belhabib et al., 2015;
Divovich et al., 2015; Etim et al., 2015; Nunoo et al., 2015; Seto
etal., 2015). Likewise, metacoupling relationships among Type 1,
small-scale fisheries sectors (artisanal, subsistence, recreational)
warrant special consideration due to across-EEZ variability in
how these sectors interact as well as methodological differences
in how they are defined and quantified. For instance, declining
subsistence catches are often linked to increasing artisanal
catches due to economic developments and alternative income
options within nations over time that make it possible for fishers
to transition from subsistence to artisanal fishing, which has been
observed in China, Dominica, Morocco, Saint Kitts and Nevis,
and other countries (Belhabib et al., 2013b; Krumme et al., 2013;
Ramdeen et al., 2014; Pauly and Le Manach, 2015). In addition,
increasing artisanal catches can be associated with decreasing
subsistence catches due to nationwide human dietary shifts
reflecting cultural preferences for protein sources other than fish
(e.g., chicken), as in Peru (Mendo and Wosnitza-Mendo, 2014;
Carlson et al., 2018a).

Alternatively, artisanal and subsistence catches can be
positively related—as observed for mahi-mahi and tuna across
EEZs—when artisanal catches are used to estimate data-
limited subsistence catches. For example, the take-home portion
of artisanal catches—that which fishers bring home to feed
themselves and their families—is defined as subsistence-derived
fish in catch reconstructions for Guatemala, Malta, Spain, and
many other EEZs throughout the world (Coll et al, 2015;
Khalfallah et al., 2015; Lindop et al., 2015). Similarly, in Brazil
and Honduras, subsistence catches are estimated by multiplying
the number of artisanal fishers by their per capita catch of fish
for home consumption (Freire et al., 2014; Funes et al., 2015).
However, if artisanal catches grow to exceed legal limits, a process
that can be driven by cultural beliefs that poaching for food
is morally acceptable, resultant overfishing and misreporting
can lead to negative associations between artisanal catches
and subsistence harvest by fishers unaffiliated with artisanal
take-home operations (Divovich et al., 2015), as observed for
cods across EEZs.

Recreational fish harvest can also interact with subsistence
and artisanal catches. For instance, economic growth within
nations over time created job opportunities that enabled
fishers to shift from subsistence livelihoods to cash-economy
employment that provided disposable income and leisure time
for pursuits like recreational fishing (Pauly et al., 2020). Such
economic development contributed to subsistence-catch declines
and domestic recreational-catch increases in China, Morocco,
Saint Kitts and Nevis, and other countries (Belhabib et al.,
2013b; Ramdeen et al.,, 2014; Pauly and Le Manach, 2015). In
addition, some nations have tourism-based recreational fisheries,
but data on domestic and tourism-based recreational catches
are differentially available across EEZs. Hence, further research
is needed to identify mechanisms linking recreational and
subsistence catches as well as recreational and artisanal catches,
which tend to be negatively associated in nations like Brazil,
Peru, and the Cayman Islands (Begossi, 2006; Harper et al., 2009;
Mendo and Wosnitza-Mendo, 2014).

Overall, it is important to consider heterogeneous linkages
among fisheries sectors—particularly small-scale sectors—
explaining overall trends in metacoupling interactions
observed herein. Indeed, evaluation of mechanisms underlying
fishing-sector interactions is a compelling avenue for future
metacoupling research that can be facilitated by broader
adoption of statistically rigorous, transparent catch recording
and reporting systems and use of holistic multi-species, multi-
gear catch analysis and reconstruction methods in nations across
the world (Belhabib et al., 2013e; Piroddi et al., 2014; Ramdeen
et al,, 2014). In addition, amid widespread catch underreporting
(Divovich et al.,, 2015; Lindop et al., 2015; Pauly et al., 2020),
it is important to improve fisheries governance by enhancing
monitoring, regulations, and enforcement systems and fostering
better communication between fishers and fisheries management
organizations—tasks that encompass multiscalar human-
nature interactions and thus would benefit from continued
metacoupling research.

Despite the broad applicability of metacoupling models,
differential availability and quality of catch data across EEZs and
fisheries sectors are limitations of the present study. In general,
data are available only if nations regularly report catches to
the FAO or produce fisheries research publications containing
catch data. Even if catches are reported, underreporting and
underestimation are pervasive issues (Pauly and Zeller, 2016)
that create a need for catch reconstruction, which varies
methodologically across EEZs and sectors. Data on recreational
and subsistence catches are often least available and most prone to
biased estimation. Even so, rather than treating poorly quantified
catches as “zeroes,” it is important to account for them using the
best available data and robust estimation procedures, as in the Sea
Around Us, which estimates catches using data from an average of
35 publications per reconstruction (Pauly and Zeller, 2016).

CONCLUSION

Social-ecological fisheries research is increasingly abundant.
For instance, researchers have used social-ecological syndromes
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to understand local-global fisheries interactions (Crona et al.,
2015), linked overfishing to marine regime shifts (Osterblom
and Folke, 2015), and explored how global seafood trade
weakens ecosystem signals (Crona et al, 2016). How does
the metacoupling framework—particularly metacoupling models
like those developed herein—complement and advance previous
research? First, whereas most multiscalar fisheries research
approaches are social or ecological, and most social-ecological
approaches are mono-scalar (Hunt et al., 2013), the metacoupling
framework is both social-ecological and multiscalar. Second, the
metacoupling framework is a systematic tool for understanding
and synthesizing systems, flows, agents, causes, and effects, which
are often studied in isolation (Liu, 2017). Third, the metacoupling
framework promotes quantitative and qualitative assessments of
human-nature interactions, feedbacks, and tradeoffs that both
amplify and constrain fisheries ecosystem services, including
food, employment, recreation, and culture (Roos et al.,, 2003;
Bennett etal., 2018). Indeed, not all metacouplings are the same—
a point clarified by metacoupling models and one that should be
actively considered in fisheries policy and management. Finally,
the metacoupling framework and models are widely applicable
to social-ecological systems within and beyond fisheries, helping
decision-makers translate science into policy and management
approaches (Schaffer-Smith et al., 2018; Carlson et al., 2019).
For example, results from the present study could be used to
design decision-support tools to assist fisheries professionals in
developing locally and regionally appropriate management and
governance approaches that optimize fisheries’ contributions to
food supply, employment, and biodiversity conservation.
Overall, the metacoupling framework provides a methodology
for quantitatively understanding and predicting multiscalar
human-nature interactions in fisheries. Next steps toward
actionable metacoupling science include investigating largely
unexplored areas such as how metacouplings influence
national/international economies as well as food/nutrition
security and livelihoods in developing-country contexts,
and translating research to real-world fisheries management
situations. The metacoupling framework helps bridge science
and policy through the concept of metacoupling-informed
governance—holistic management of Types 1, 2, and 3
relationships within and among social-ecological systems rather
than specific places, issues, etc. (Liu, 2017; Carlson et al,
2018a). The goal of metacoupling-informed governance is social-
ecological synthesis across scales, policies, and governance
institutions; despite its local, on-the-ground applications (e.g.,
habitat improvement in one locale, stock enhancement in
another), metacoupling-informed governance is social-ecological
and multiscalar, distinguishing it from other governance
approaches. An essential step in metacoupling-informed
governance is identifying and evaluating local, adjacent, and
distant social-ecological linkages using the metacoupling
framework, as demonstrated herein. Then, metacoupling-
informed governance seeks to optimize human-nature
interactions by identifying leverage points—places in a system’s
structure where small shifts in one social-ecological factor
produce large across-system changes—to maximize desirable
and minimize undesirable metacouplings, to the extent possible

(Liu, 2017; Carlson et al., 2018a). For example, metacoupling-
informed cod governance involves designing policies and
management strategies that sustain subsistence catches amid
competing fishing types (e.g., Type 2/3 industrial) while
leveraging desirable interactions such as mutualism between
artisanal and Type 1 industrial fishing (Figure 6C). Until recently,
these tasks were only achievable in concept through qualitative
metacoupling research. Qualitative approaches are valuable
for initially investigating metacouplings, but advancements
in metacoupling-informed network analysis (Schaffer-Smith
et al., 2018) and time series modeling (Herzberger et al., 2019)
have helped quantitatively operationalize the metacoupling
framework. Our study expands the scope of quantitative
metacoupling research to include marine fisheries, thereby
broadening and deepening the evidence-based foundation for
metacoupling-informed governance of social-ecological systems
that previous studies have called for (Hulina et al., 2017; Liu,
2017; Carlson et al., 2018a, 2019).

In conclusion, the metacoupling framework and models are
important tools for understanding how multiscalar human-
nature interactions influence fisheries throughout the world.
Future research directions are numerous, given metacoupling’s
infancy and wide applicability across aquatic and terrestrial
social-ecological systems (Liu, 2017). In fisheries, metacoupling
models can be expanded to include other species (e.g., yellowfin
tuna [Thunnus albacares], bigeye tuna [Thunnus obesus]) and
broader aspects of marine fishing, including those relevant
for human health and well-being such as end use (direct
human consumption, fishmeal/fish oil, etc.) and food, nutrition,
and livelihood security in developing-country contexts. Trade
is another critical metacoupling research area, given that
35% of global fish production is traded internationally at a
value of US$143 billion (Food and Agriculture Organization
[FAQO], 2018). In addition, social-ecological modeling approaches
such as network analysis and agent-based modeling (Schaffer-
Smith et al, 2018; Dou et al, 2019) promise to deepen
understanding and management of fisheries metacouplings.
Finally, the metacoupling framework is valuable as a public
outreach tool for connecting people and ecosystems at local,
regional, and global scales (Carlson et al, 2019). After all,
individuals who understand metacouplings that ultimately put
fish on their plates are more likely to make sustainable dietary
choices than people without metacoupling knowledge. In such a
society, “metacoupling” would acquire new meaning, connecting
people across the planet in common pursuit of sustainability.
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