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In brief

Mariculture, or farming seafood in the
ocean, is an increasingly important part of
global food production. One way that the
mariculture industry innovates and
expands is through the domestication of
new species that can be successfully
farmed in multiple countries. Examining
which countries lead the way on new
species innovation and the
characteristics that these countries have
in common sheds light on the patterns of
mariculture’s path into the future.
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SCIENCE FORSOCIETY As the global human population grows and climate change accelerates, increasing
pressure is placed on our food systems. Achieving resilient, equitable, and sustainable food production re-
quires continued research, development, and widespread uptake of new innovations. Mariculture (the
farming of seafood in the ocean) has received attention for its potential to expand to meet growing demand,
in some cases with low environmental impacts. Developing new mariculture species is important for diver-
sifying production and helping the industry expand sustainably into new geographies. Our research focuses
on understanding which countries are global leaders for new species development and for spreading culti-
vated species, and how country characteristics (e.g., strong governance) may facilitate innovation. Building
on this foundation, future work could provide more specific guidance on how to foster innovation and
spread in mariculture or for other types of food production.

SUMMARY

Mariculture—the farming of marine species—is a growing industry that could support and diversify food
systems, but its sustainable expansion requires innovations to improve yields, profitability, resilience, and
environmental performance. However, there is limited knowledge regarding where and why industry innova-
tions spread. Here, we examine one key aspect of innovation, the development of new mariculture species,
and evaluate a global network of countries developing, spreading, and adopting new farmed species. We
found that countries with long histories of aquaculture innovation (e.g., Japan, France) have had success
developing widely produced species. Network analysis revealed that other countries (e.g., Singapore) may
play an important role in the subsequent spread of new species. Strong governance and economic condi-
tions seem to play small but significant roles in facilitating the development and spread of mariculture
species. Better understanding pathbreaking countries and characteristics of innovation can foster a
sustainable trajectory for this burgeoning industry.

INTRODUCTION can also have considerable environmental concerns, including

sustainability of feeds, pollution, spread of invasive species, and

The development and expansion of marine aquaculture, or mari-
culture, has implications for food systems, environmental health,
and economic development. As such, there is an increasing focus
on the role of mariculture production in current and future food
systems and the potential for sustainable development of maricul-
ture to increase and diversify food supplies, while reducing the
environmental burdens of food production.’ This is because
mariculture can be very space efficient® and relatively low in
resource use and pollution production.”® However, mariculture
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impacts on native biodiversity.® This combination of mariculture’s
existing environmental challenges alongside its economic and
environmental promises creates an urgent need to explore its
future potential and pathways for improvement. And yet, despite
the growing attention on mariculture expansion, there is a dearth
of information about the factors that drive innovation, growth and
diversification of the sector.

Mariculture has been practiced at a small scale for at
least hundreds of years but has only been a significant and
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widespread commercial activity since the middle of the 20*" cen-
tury. Recently, the industry has been growing rapidly; over the
past 30 years, the production of mariculture has increased nearly
5-fold, with recent annual production of more than 30 million
metric tons.'® Despite its relative newness, the mariculture in-
dustry is diverse, with approximately 249 different species
farmed. While more than 90% of terrestrial meat production
comes from just pigs, poultry, and cattle,”’ the top 18 farmed
marine species would be required to account for a similar frac-
tion of mariculture production. Mariculture species range from
fish, such as salmon, to invertebrates like mussels and shrimp,
to algae such as kelp. Although there is currently active commer-
cial mariculture production in 102 countries and on every conti-
nent except Antarctica, it is heavily concentrated in a smaller
number of countries, with China alone accounting for more
than one-third of all production.

Research and development of rearing techniques for new spe-
cies suitable for mariculture is ongoing in areas throughout the
world and is one important way that the industry innovates and
expands.'? Certain species have become particularly successful
and are farmed in multiple countries; for example, the most
widely farmed marine species, the Pacific cupped oyster (Cras-
sostrea gigas), has been farmed in 27 countries.'® How widely
species are cultivated, particularly the extent to which cultivation
spreads beyond the originating country, has important repercus-
sions for the spatial distribution of mariculture along with the
economic and social effects of this production. An example
from freshwater aquaculture is the development and spread of
genetically improved farmed tilapia (GIFT), a farmed type with
a significantly higher growth rate, that resulted from selective
breeding of a genetically diverse base population with broodfish
from Africa and Asia.'® The GIFT breed was developed in the
Philippines in the mid-1990s and has subsequently been spread
substantially across Asia, Africa, and Central and South Amer-
ica.' Although tilapia is a high-value species for domestic urban
markets (e.g., Brazil, Egypt), it is also a popular subsistence crop
in many developing countries. The spread of the GIFT breed,
which has contributed to increased growth rates and improved
disease resistance, offers both economic and social benefits to
these areas.'*'> However the farming of new or altered species
presents inherent risks, such as invasive species introduction or
genetic pollution of wild populations, that need to be carefully
managed.'®"” Indeed, in this case the risks to native populations
have limited the utility of this new technology in Africa, the region
where tilapia were first farmed.'*

For the case of marine aquaculture, continued development
and adoption of new marine species has significant implications
for the ability of the industry to continue innovating and adapting
in the face of changing environmental, social and market condi-
tions.'® Growing more species can add resilience to a country’s
seafood portfolio, and greater investment in species innovation
increases the chances that a country will farm a species that
could become important economically and/or for food
production.

Several studies have provided insight into the social, eco-
nomic, and political forces that may influence mariculture
development and innovation within a country or region.'%2?
Collectively, this work has shown that institutional support,
strong economic and governance conditions, and existing infra-
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structure can help facilitate the growth and expansion of maricul-
ture in an area. Furthermore, research and management institu-
tions that integrate different sectors and span regions,
stakeholders, and disciplinary perspectives can help advance
aquaculture innovation and sustainability.>*>~° In addition, there
is evidence that in some instances, declining fishery catches can
lead to increased reliance on farmed seafood, including expan-
sion of marine aquaculture.?® Looking more broadly at food
systems, research on freshwater aquaculture and agriculture
also provide a deeper understanding of the conditions that can
support innovation development and adoption®’~2°; for example,
nodes of innovation for agriculture have provided a foundation
for the spread of more environmentally friendly farming
methods.*® Indeed, the institutions, frameworks, and incentives
developed by both governments and private industry have been
shown to have an important impact on the type and volume of
agricultural research and development that occurs within a
country.”’

Although innovation is clearly important to the success and
expansion of mariculture, there is limited research documenting
patterns of mariculture innovation worldwide. Here, we investi-
gate one key component of mariculture innovation, focusing
specifically on new species development and the subsequent
geographic expansion of their cultivation. Developing a new spe-
cies for successful culture can be time and resource intensive
and may require considerable technical expertise in areas such
as breeding and husbandry, nutrition, genetics, animal health,
and economics.>’"*> The appearance of a new species in
production data is thus evidence of an underlying suite of inno-
vations, and the spread of a species to new countries shows
that the innovations have been disseminated across space.
Given the relatively recent appearance of mariculture as a global
commodity, it is particularly well suited to this type of analysis.
Indeed, widely available annual data can be used to track which
species have been farmed in each country over time,'® making
species development a particularly measurable proxy of
mariculture innovation and knowledge transfer.

Here, we use several analyses to better understand nodes of
innovation and spread in marine aquaculture development (see
experimental procedures). We identify which countries most
often develop new species and which countries are particularly
central in the subsequent spread of new species. We focus the
majority of our analysis on 54 marine species that are widely
farmed (produced in at least four countries), taking the spread
of these species as examples of successful innovation. Further-
more, we examine the characteristics of innovating countries to
see if there are certain geographic, economic, industrial, cultural,
and governance characteristics that are associated with devel-
oping and producing widely farmed mariculture species. We
also use network analysis, examining countries that produce
the same mariculture species, to investigate if there are certain
countries that feature prominently in the dispersion of new
species across the world. Our findings demonstrate that certain
countries play outsized roles in the development and/or spread
of new aquaculture species, and that countries with strong
governance and economic conditions may be better able to
innovate and spread new species. Understanding the character-
istics of countries serving as nodes of innovation and uncovering
wider patterns of mariculture adoption are relevant to identifying
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Table 1. The taxonomy of the 54 widely produced species
included in this analysis

Number of widely farmed species

Taxonomic group (% of widely farmed species)

Crustaceans 6 (11%) (5 shrimp/prawn, 1 crab)
Mollusks 11 (20%) (all bivalves: 4 cockle/clam,
3 mussel, 2 oyster, 2 scallop)
Algae 7 (13%) (3 brown seaweeds; 4 red seaweeds)
Finfish 28 (52%) (see Table S1 for details)

Echinoderms 2 (4%) (2 sea cucumbers)

global mariculture hotspots and how innovation in one region
can affect production across the globe. By examining the net-
works through which mariculture develops and spreads, we
can help inform the industry’s growth and sustainable
development.

RESULTS

Patterns of mariculture adoption

Using Food and Agriculture Organization (FAO) global aquacul-
ture production data,’® we identified 249 mariculture species
that have been produced since 1950; 54 of these (~22%) have
been widely produced, which we define as farmed by four or
more countries. These widely produced species represent a
diverse collection: 6 species of crustaceans, 11 species of
mollusks, 2 species of echinoderms, 7 species of algae, and
28 species of finfish, including fish with a range of trophic levels
and economic values (Table 1; Table S1). A total of 102 different
countries have farmed any mariculture species, with 95 having
farmed at least one widely produced species, according to our
definition (Table S2).

We found that certain countries frequently developed new
species (i.e., are “first producers”), whereas other countries
tended to adopt a species only after it had been produced else-
where. Specifically, Japan, Tonga, Hong Kong, the Cook
Islands, and New Zealand have farmed multiple mariculture spe-
cies and are first producers of the species they farm at least 75%
of the time (Figure 1). Conversely, ltaly, Saudi Arabia, and
Namibia have each farmed at least six mariculture species but
were not the first producer of any of these species (Figure 1).
Spain is notable for the sheer number of species farmed —46 to-
tal species, including 24 widely produced species—and that
nation features prominently as both a first producer (19 total spe-
cies; 4 widely produced species) and a subsequent adopter of
species that have been developed elsewhere.

Of countries that first produced a mariculture species, some
have disproportionate success in developing species that go
on to become widely produced. For example, Japan and France
have developed the highest number of species that became
widely produced (seven and six species, respectively). Both
countries have had particular success developing low trophic
level species; between the two countries, they have been first
producers for nine widely produced mollusk and algae species.
By contrast, Canada has been most successful at developing
widely produced finfish species (four total). At least two-thirds
of all species first produced in Norway, France, Cyprus, and
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Canada go on to be widely produced, whereas South Korea
and Singapore are more likely to develop new species than to
spread them. The latter two countries were both first producers
on more than 20 mariculture species but have had less than 20%
of these species go on to become widely produced (Table S2).

Looking in more depth at widely produced species, we found
that the time it took for new species to spread beyond the first
country varied substantially, both by species and by adopting
country. Specifically, we found that the mean elapsed time be-
tween first production (by another country) and subsequent
adoption (by the named country) ranged from a low of 3 years
for Madagascar up to 57 years for Senegal (Figure 2). We also
examined the mean interval between first production and subse-
quent adoption broken down by four major species groupings —
crustaceans, mollusks, fish, and algae —and found that the mean
interval between first production and significant spread (defined
as being produced in four countries) was significantly higher
(p < 0.01) for algae (26.1 years) than for crustaceans, mollusks,
or fish (12.4, 10.1, and 11.8 years, respectively).

Using network analysis, we mapped connections between
countries on the basis of each widely produced species each
pair of countries farms in common (Figure 3). Overall, we found
that Singapore, followed by Ecuador and Taiwan, are most cen-
tral to the network (as measured by betweenness centrality). In
terms of breadth of connections, Singapore, Spain, and the
United Arab Emirates are all connected to at least 60 other coun-
tries by farming the same widely produced species. Spain,
France, and the United Kingdom have the most total connec-
tions (if two countries farm more than one of the same species,
they will have multiple connections) with a total of 230, 203,
and 167 connections, respectively. Spain and France have the
greatest number of connections, as the two countries farm 14
of the same widely produced species. The network analysis
also revealed the clustering of countries from the same conti-
nents, suggesting countries within the same continent often
farm the same widely produced species. Finally, the countries
with the highest centrality scores may be important links
between regions, as they are often connected to countries
outside of their continent (Figure 3; Table S3).

Characteristics of innovative mariculture countries

We hypothesized several factors that could be related to a coun-
try’s proclivity to develop, spread, or adopt widely produced
species, including indicators relevant to governance, eco-
nomics, business environment, and seafood production
(Tables S4 and S5). Many of our proposed indicators were highly
correlated, representing different ways of measuring gover-
nance or economic conditions in the country (e.g., regulatory
quality and business dynamism). Therefore, we used principal-
component analysis to combine these eight highly correlated
indicators into two composite variables. Although both compos-
ite variables contain information from all the indicators, PC axis 1
(PC1) pulls more evenly from across the variables so can be seen
as a more general indication of governance and economic
climate, and PC axis 2 (PC2) is influenced most strongly by the
“starting a business” and “trading across borders” indicators,
and therefore could be seen as reflecting business facilitation
(see Table S6; experimental procedures). Our base models
examined how these two composite variables affected different
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Figure 1. The proportion of mariculture species produced in each country that were first produced domestically
Countries that produce fewer than two species are shaded gray, and countries shaded white do not produce any mariculture species or have no production data.

aspects of innovation spread (centrality, number of countries
connected, total connections, and new species produced). The
remaining seven variables were added to these base models
(see methods), and we found that log-transformed gross domes-
tic product (GDP) improved upon the fit of all four base models.
The other variables, including freshwater aquaculture produc-
tion, wild fishery stock status, and per capita seafood consump-
tion, generally did not add additional explanatory value, either in
isolation (Table S7) or with GDP (Table S8).

Overall, we found that strong economic conditions and gover-
nance were associated with a country’s tendency to innovate
and spread mariculture species. Specifically, linear regressions
revealed that the number of species first produced in a country
was positively and significantly associated with PC1 (p < 0.05)
and was positively associated with log(GDP) (p < 0.01) (Table
2). Similarly, our network analysis revealed that countries scoring
higher on our primary governance and economic climate index
(PC1) and those with higher economic activity (GDP) had more
species-country connections (p < 0.01 for both PC1 and log
[GDP]) and were connected to more countries (p < 0.05 and
p < 0.01 for PC1 and log[GDP], respectively). The adjusted
R? value for these regression models were similar, ranging be-
tween 0.26 and 0.28. Neither PC1 nor PC2 had a significant rela-
tionship with the centrality of a country in the network, and
although log(GDP) was significantly associated with centrality
(p < 0.05), the relationship had little explanatory power (adjusted
R2 = 0.03). PC2 was not significant in any of our models.

DISCUSSION
Patterns of mariculture adoption

Mariculture innovation occurs heterogeneously across the
globe, as is evident from patterns in the cultivation of new spe-

cies and the spread of these species to new countries. We
found that certain countries, including Japan and France, serve
as centers of mariculture innovation, repeatedly developing
species that become widely produced across the globe. Addi-
tional countries play an important role in the spread of innova-
tion by adopting new species quickly after development (e.g.,
Madagascar and the Bahamas) and/or by farming many widely
produced species (e.g., Spain). Perhaps surprisingly, countries
that are innovators (i.e., first producers) for the most species do
not mirror the highest producing mariculture countries in terms
of seafood volume; for example, the top five mariculture
producing countries (China, Indonesia, South Korea, the
Philippines, and Norway) account for nearly 90% of total mari-
culture by weight but have been first producers for only 16% of
total species. Conversely, Japan and France alone have been
first producers for more than 20% of species that went on to
be widely produced and yet only contribute to 2% of total mari-
culture production. Although this analysis does not focus on
diversity of production per se, these results may reflect that
some higher producing countries, such as Norway and Chile,
have increased efficiency by optimizing production of a single
or select few species rather than by developing numerous
new species,®® which can be an expensive and time-
consuming process. This mismatch between countries that
have been most successful at species innovation and those
that have been most successful at producing those species
at the highest levels suggests that factors such as production
optimization, technological advances, market development,
and the industry’s regulatory environment are also important
in understanding levels of production. Our finding that
advances in species adoption and production volume often
happen in different countries has implications for how innova-
tion is incentivized in a global context.
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Figure 2. Mean elapsed years between adoption of
mariculture species by a country and the first year
that species had been produced elsewhere

This plot includes countries that have produced at least two
widely adopted species that were first produced elsewhere
and excludes species first produced in the country. The
number of widely produced species farmed in each country
is noted in parentheses following the country name. Error
bars indicate +1 standard error.
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The countries identified as the most successful innovators
cultivating new species commonly have a history of successful
aquaculture research and development. For example, France
and Japan—two of the countries that we found to be most suc-
cessful in domesticating new species for mariculture—have
been farming in the oceans for hundreds of years and have
long histories of aquaculture innovation. Japan began cultivating
algae as far back at the 17th century and was a leader in devel-
oping intensive aquaculture of marine fish in the 1930s. France
pioneered closing sea bass and seabream life cycles in the
1970s** and has a history of investment in aquaculture research,
having built a strong network of research institutes and univer-
sities that are involved in many aspects of aquaculture science
and husbandry.®**® France has explicitly prioritized research
partnerships with industry and has strong aquaculture industry
organizations that engage with research and innovation. We sug-
gest that long-term investment and prioritization has been a key
element for countries that have succeeded with mariculture
innovation, but further work is necessary for a more thorough
understanding of the role of specific research and development
initiatives so that these successes can be replicated more
widely.

Although this study does not examine all components of
innovation, it does elucidate which countries have been most
successful at cultivating new species, including species that
become produced in multiple countries around the world, which
are critical aspects of mariculture innovation. Identifying these
nodes of innovation is important given the role that innovation
and supporting research can play in developing a sustainable
and resilient industry. For example, evidence from agriculture

¢ CellP’ress

Figure 3. Graphical illustration of the
network of countries linked by the produc-
tion of the same widely produced species
For readability, only countries that are linked by at
least four species are shown. The distance between
countries indicates the weight of the connection
(i.e., shorter distance indicates more species in
common). Countries from the same continent are
shaded as follows: Asia in aqua, Oceania in yellow,
Europe in purple, North and South America in red,
and Africa in blue. A key for country name abbre-
viations can be found in Table S9.

suggests that the benefits of research
are significant, averaging an 81% return
per year for dollars spent on research
and extension studies.®” Furthermore,
research specifically in areas such as
domestication and selective breeding is
likely to be increasingly important as we
look toward a future of changing oceans
and more unpredictable weather pat-
terns.®®* In general, research and devel-
opment in mariculture has played a key
role in helping mariculture move toward
sustainable practices,®'® and a continued
emphasis on fostering innovation will be
essential into the future.

Although mariculture production is disproportionately concen-
trated outside the developed world, with countries such as
China, Indonesia, and the Philippines among the top producers
by volume, many widely produced species, such as the Pacific
cupped oyster, European sea bass, and gilthead seabream
(the three most widely distributed species in terms of number
of countries cultivating), were first produced in the developed
world. This raises the issue of spillover, and how research and
innovation is valued when the innovation spreads beyond the
initial country. Recent research'® demonstrated that aquaculture
specific research and development in the developed world has
significant benefits beyond the borders of the innovating coun-
try. Considering all the benefits from investment in aquaculture
research occurring in the developed world, the vast majority,
about 80%, is captured by production outside the innovating
country."® This has implications in terms of how to target aqua-
culture research for maximum benefit, while exposing potential
drawbacks of country-specific research funding. For example,
if much of the benefit of innovation flows away from the country
that funded the research and development, there may be under-
investment in research given the overall benefits to the globe.'®
Furthermore, given that most production is in developing coun-
tries but much of the new species development research is in
the developed world, the substantial time lag between first
production of a species and subsequent production by other
(potentially higher producing) countries presents a challenge in
accelerating growth of the sector into the future.

While some countries are particularly adept at developing new
species, others seem to be important in driving further adoption
of new mariculture species across the world. For example,
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Table 2. Linear regression results for effects of governance and economic indicators on innovation and spread of new mariculture

species

Independent variable B SEB Significance
Regression 1: total number of new species produced (adjusted R? = 0.28, p < 0.001)

Intercept —-13.23 5.14 0.012
Governance and economic environment (PC1) 0.510 0.20 0.011
Governance and economic environment (PC 2) 0.61 0.50 0.229
log(GDP) 0.72 0.20 <0.001
Regression 2: centrality of a country in the network analysis (adjusted R? = 0.03, p = 0.159)

Intercept —147.22 86.77 0.094
Governance and economic environment (PC 1) -1.71 3.31 0.608
Governance and economic environment (PC 2) —2.40 8.43 0.776
log(GDP) 7.49 3.38 0.030
Regression 3: number of connections per country in the network analysis (adjusted R% = 0.27, p < 0.001)

Intercept —106.47 55.14 0.057
Governance and economic environment (PC 1) 6.35 2.10 0.004
Governance and economic environment (PC 2) 9.02 5.36 0.096
log(GDP) 6.37 2.15 0.004
Regression 4: number of other countries connected to a country in the network analysis (adjusted R? = 0.26, p < 0.001)

Intercept —39.49 18.50 0.036
Governance and economic environment (PC1) 1.43 0.71 0.047
Governance and economic environment (PC 2) 1.79 1.80 0.323
log(GDP) 2.73 0.72 <0.001

Noted in the table are the independent variables, their coefficients, standard errors, and significance values. Coefficients, standard errors, and
adjusted R? values are rounded to the nearest hundredth. Significance values are rounded to the nearest thousandth.

Singapore, despite its small size and its lack of a record of devel-
oping widely produced mariculture species, was the most cen-
tral country in the network analysis and shared species with
the highest number of countries. This suggests that Singapore
may play an important role as a key connector in spreading mari-
culture innovation, which aligns with Singapore’s prominence in
global trade and historical connections to both Asia and Europe.
However, this network analysis is limited to identifying connec-
tions between countries and is not able to parse out how the
innovation flowed across the network. For example, the third
country to farm a species could have acquired cultivation exper-
tise and technology from the first or second producing country,
from both countries, or from neither country. Additional research
to elucidate the connections and flow of knowledge between the
countries within each species network would be valuable in
understanding how to facilitate mariculture development and
uptake of new innovations. Furthermore, to better understand
the environmental impacts of the spread of farmed species,
additional analysis could consider how often widely produced
species are farmed outside of their native range and the associ-
ated effects on local biodiversity. Ultimately, identifying the most
important nodes of innovation transfer in mariculture, while
accounting for environmental impacts, could help more
efficiently target policies and development resources.

Characteristics of innovative mariculture countries

We found that high-quality governance and a strong economic
climate and business environment seem to support mariculture
innovation. Specifically, our primary governance and economic
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indicator (PC1), which was significantly related to a country’s
tendency to innovate and spread mariculture species, included
elements such as government effectiveness, regulatory quality,
and skills of the workforce, in addition to indicators of innovation
and ease of developing new business and trade connections.
The additional relationship between GDP and innovation sug-
gests that economic strength can also promote technology gen-
eration and adoption. This is in line with recent research that
identified economic growth as a strong predictor of national
food supply diversification. These conclusions are also sup-
ported by research that identifies strong and stable institutions
as particularly important for fostering innovation in aquacul-
ture.?®>*" Similarly, our results are consistent with an extensive
literature on agriculture innovation systems (AlS), which describe
the network of organizations, programs, policies and individuals
that advance the development and use of new innovations in
agriculture at a national scale.*? Research on AlS has empha-
sized that innovation is promoted by coordinated and strong
support for research, extension, and training; private sector
investment; mechanisms for collective action and knowledge
exchange; and incentives for business development and
entrepreneurship.*4*

Looking at other factors beyond governance and economic/
business climate variables, such as existing freshwater produc-
tion, wild fishery sustainability, and seafood consumption, did
not increase the ability of our models to explain a country’s mari-
culture innovation in terms of new species development and
spread. The breadth of variables included in the analysis (both
as part of the composite indicators and those evaluated
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individually) and the somewhat low R? value associated with our
models indicate there are complex interactions driving the inno-
vation of mariculture species and farming methods not easily
captured by global datasets. In fact, given these complex and
overlapping interactions between the many determinants of
new species development—governance, economics, business
environment, cultural context, freshwater aquaculture history,
and wild fishery status—it is noteworthy that our models were
able to explain a quarter of the variation in new species develop-
ment and spread.

Furthermore, the specific factors that have allowed successful
innovation are often local in character and may vary substantially
across locations.?® For example, local demand for a diversity
and abundance of seafood has been suggested as one of the
drivers for Japan’s successful and innovative hatchery opera-
tions.*® However, when we included variables related to local
seafood dynamics, specifically per capita seafood consumption
and total seafood supply, we did not find that they were signifi-
cantly associated with any of our dependent variables. Further-
more, although economic and governance indicators were
related to how many connections a country had in our network
analysis, they did not predict the centrality of a country in the
network. “Centrality” refers to how many paths in the network
pass through any given country, and high centrality can be inter-
preted as a country potentially playing an important linking role in
the spread of innovation. We suggest that other factors, such as
location, colonial history, language, and importance in trading
networks would likely be more important than the economic
and governance indicators that we were able to include in our
analysis. Subsequent research exploring these factors in more
detail would add significant contribution to our understanding
of innovation spread in mariculture.

Our analyses were somewhat limited by data availability and
quality. Although our four dependent variables included 95 coun-
tries, missing data across our composite indicators and GDP
truncated the sample size for our final models down to 81
countries. Missing data further reduced our sample size for
more complex models (ranging from n = 61 to n = 78), and these
data limitations may have affected the regression results. Simi-
larly, many of the global datasets we used might have problems
with accuracy or coverage due to the nature of collecting data
from a wide variety of sources. Smaller scale or less valuable
production can be particularly challenging to capture in this
type of dataset and can often be excluded from global statis-
tics.*® Indeed, other research has suggested that aquaculture
data can be incomplete and fraught with errors.*” Furthermore,
many additional factors that may be relevant to innovation
spread, such as cultural context and corporate objectives, are
not easily quantifiable at the global scale.

Implications and conclusions

Species domestication and development is but one important
means of mariculture innovation. Innovation throughout the
farming practice, including genetic selection, feed formulation,
and growing methods, including those to reduce environ-
mental impacts, improve seafood quality, and ensure profit-
ability, are all essential in the achievement of a sustainable
mariculture industry.’® The development and spread of new
mariculture species can be tracked using widely available
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data and provides important insight into some of the condi-
tions that lead to innovation. However, whether a country pro-
duces a species is driven at least partially by the environment
and proximity to other countries, which may influence our
network in a way that is difficult to account for in this analysis.
Also, the initial development and adoption of innovations—
what we focus on here—likely captures only a subset of the in-
novations necessary for a farmed species to be produced suc-
cessfully at scale. Indeed, the trajectory from initial adoption of
marine aquaculture has been shown to take a wide range of
different paths, from exponential growth to almost no growth
at all."® Future research could investigate if the patterns we
identified hold for other types of mariculture innovation, such
as husbandry practices and farm design. It would also be use-
ful to look at these patterns on a sub-country or regional level,
as species development and subsequent production often
takes place locally, and thus such research could be more
relevant for understanding the earliest stages of species devel-
opment and expansion. We also suggest that further research
would be useful to more deeply explore the connection be-
tween innovation, diversity of production, and production
output across a variety of scales and time frames.

In summary, we are currently faced with a significant challenge
of how to sustainably produce food for a growing population in a
changing world. Ultimately, this challenge will need to be met
through innovation and cooperation across all food systems,
including the potential for seafood to play a significant and
growing role in meeting this challenge. For example, aquatic
foods—farmed and wild caught—can help address food insecu-
rity and malnutrition, in some cases with lower environmental im-
pacts than terrestrial alternatives.**®*° Mariculture in particular
is promising because of its significant scope for growth, diversity
of cultivated species, high nutritional quality of many farmed spe-
cies, some species and farming methods with low environmental
footprints, and the ability to produce food where human popula-
tions are concentrated. However, many sustainability challenges
remain, and continued innovation will be essential to building a
productive, sustainable, and resilient mariculture future. There-
fore, by taking a global view of mariculture species development
and spread across countries, we show the wider effects of inno-
vation and emphasize that a long-term and global lens needs to
be used to understand the benefits of aquaculture research.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information should be addressed to and will be provided by the lead
contact, Rebecca Gentry (rebecca.gentry@fsu.edu).

Materials availability

This study did not generate new unique materials.

Data and code availability

All data used in these analyses are publicly available from the following sour-
ces: the Food and Agriculture Organization of the United Nations,'®° the
World Bank,”'">% the World Economic Forum,** and published scientific pa-
pers.®>°® All code used in the analysis is available at: https://doi.org/10.
5281/zenodo.7443483.

Centers of mariculture innovation
We used marine (excluding brackish) aquaculture production data from 1950
to 2018 from the Food and Agriculture Organization of the United Nations.'°
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The first record of each species produced in each country was selected to
create lists of countries that produce each mariculture species and when
they first farmed the species. This allowed us to determine the first country
to produce each species (“first producer”) and to identify all subsequent
countries to farm each species (“subsequent adopters”). We excluded all
FAO species using the “nei” suffix, meaning “not elsewhere included” (e.g.,
“marine fishes nei”), as these do not represent single species but rather groups
of species. Furthermore, given some changing national boundaries over time
(e.g., the dissolution of Yugoslavia), we assigned historical production on the
basis of the borders of modern countries. In every case where a formerly uni-
fied country split into multiple countries it was possible to extrapolate where
pre-dissolution production most likely occurred, as production immediately
after dissolution was recorded for only one of the component countries. For
species being produced at the start of our dataset (1950), we assume 1950
to be the first year of production. However, when more than one country pro-
duced a species in 1950 (N = 6 species), we tried to ascertain the first country
that produced the species on the basis of evidence in the literature® and
designated the first year of production for the originating country as 1949.
We could not determine the first country that produced blood cockle, so in
that one case we designated all three countries that produced it in 1950 as first
producers.

For certain analyses we considered only species that have been produced in
at least four countries, which we term “widely produced” species (n = 54;
Tables 1 and S1). For all mariculture species and the subset that are widely
produced, we identified how many species each country produced and how
many times each country was a first producer of species. For widely produced
species, we also calculated the time that elapsed between a species first being
produced anywhere in the world and being produced in each specific country.
In addition, we calculated mean elapsed time across all adoptions for each
major taxonomic group included in our analysis: fish, mollusks, crustaceans,
and algae.

To assess the networks of countries that commonly produce the same suite
of species, we performed a network analysis.>” We made each country a node
and created an edge between each pair of countries that shared a mariculture
species. Each edge was multiplied by the number of species shared between
the two countries. Using this network, we calculated the betweenness central-
ity of each country to the overall network using the method described in
Brandes.”® Betweenness centrality detects the influence of each node over
the flow of information in a network and is based on the measurement of short-
est paths. We also calculated the overall number of connections for each
country and the number of different countries each country is connected to.

Characteristics of innovating countries

We used a diversity of country-level data to assess whether innovating coun-
tries share certain similarities in terms of geography, economics, culture, and
governance. Specifically, we evaluated the business and governance condi-
tions in each country using component scores of three widely cited and
publicly available global indices: the World Bank Governance Indicators, the
World Bank Doing Business Data, and the World Economic Forum Global
Competitive Index.®°>°* We used only the elements of each index that we
hypothesized are most strongly related to developing and subsequently pro-
ducing new species (Table S4). As these indicators are strongly correlated
and describe related governance and economic aspects of a country, we per-
formed a principal-component analysis (PCA) to identify one or more compo-
nents that could be used as independent variables in regression analyses. The
first component (PC1) captured 69.2% of the variance (eigenvalue = 5.53) and
had factor loadings between 8.8% and 14.8% from every indicator. The sec-
ond factor (PC2) (eigenvalue = 0.89) had its highest loadings for “starting a
business” and “trading across borders,” the two components with the lowest
contributions to the first factor (Figure S1; Table S6). Together PC1 and PC2
captured 80.2% of total variance. Remaining factors had eigenvalues below
0.5 and were not included in subsequent analyses.

Using a series of linear regressions, we examined if these economic and
governance indicators (PC1 and PC2) are related to a country’s tendency to
develop or spread new mariculture species, focusing on four different depen-
dent variables: the total number of new species produced (“NewSpecies”), the
centrality of a country in the network analysis (“Centrality”), the number of
connections for each country in the network analysis (“Connections”), and
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the number of other countries each country is connected to in the network
(“Countries”). The regression equations took the following forms:

NewSpecies = By + By X Factor 1+, x Factor 2 (Equation 1)

Centrality = By + By X Factor 1+ B, x Factor 2 (Equation 2)

Connections = By + B4 X Factor 1+ B, X Factor 2 (Equation 3)

Countries = B, + B4 X Factor 1+ B, x Factor 2 (Equation 4)

In addition to the two PCA components, we also considered the
possible influence of additional social, economic, and fishery variables
(Table $5)."0:50:5%:55:56 These additional variables were selected on the ba-
sis of a literature review, our expert knowledge, and the availability of
global datasets. Using the same linear regression approach described
above, we evaluated the impact of these additional variables on the base
models. We tested each variable’s statistical contribution to the base
models individually by comparing adjusted R? values. Because the sample
sizes differed depending on which additional variable we were evaluating,
we could not use Akaike information criterion to compare models. We
found that log(GDP) contributed the greatest explanatory power to the
base models (with the exception of centrality) when tested individually,
so we also evaluated the performance of the other additional variables
within regressions that included the base models and log(GDP). The
following is an example of the regression equation for this portion of the
analysis:

NewSpecies = B, + By X Factor 1+, X Factor 2 + B3 x log(GDP)
+ B4 x [additional variable]
(Equation 5)

Given that the inclusion of additional variables in the above model generally
did not contribute greater explanatory power to the regression, we only -
retained log(GDP) in the final models. The few exceptions only captured
1%-5% more variance in the data and tended to be associated with smaller
sample sizes because of limited data for some countries (Table S8).

All analyses were performed in R version 3.6.1,°° and the following packages
were used: dplyr, tidyr, igraph, ggplot2, rworldmap, nnet, DescTools,
FactoMineR, Factoextra, foreign, reshape2, Hmisc, MuMiIn, and cor.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
oneear.2022.12.007.

ACKNOWLEDGMENTS

This work was funded by National Science Foundation grant 1759559 to
S.E.L., E.O.R,, and R.R.G.

AUTHOR CONTRIBUTIONS

R.R.G., A.R., and S.E.L. developed the research. R.R.G. and E.O.R. preformed
the analysis with input from S.E.L. and A.R. All authors interpreted the results.
R.R.G. wrote the manuscript with input from S.E.L., E.O.R., and A.R.

DECLARATION OF INTERESTS

The authors declare no competing interests.

INCLUSION AND DIVERSITY

We support inclusive, diverse, and equitable conduct of research.

Received: January 22, 2022
Revised: July 7, 2022
Accepted: December 22, 2022
Published: January 20, 2023


https://doi.org/10.1016/j.oneear.2022.12.007
https://doi.org/10.1016/j.oneear.2022.12.007

One Earth

REFERENCES

10.

11.

12.

13.

14,

15.
16.

17.

18.

19.

20.

21.

22.

. Willer, D.F., and Aldridge, D.C. (2020). Sustainable bivalve farming can

deliver food security in the tropics. Nat. Food 7, 384-388.

. Troell, M., Naylor, R.L., Metian, M., Beveridge, M., Tyedmers, P.H., Folke,

C., Arrow, K.J., Barrett, S., Crépin, A.S., Ehrlich, P.R., et al. (2014). Does
aquaculture add resilience to the global food system? Proc. Natl. Acad.
Sci. USA 111, 13257-13263.

. Golden, C.D., Seto, K.L., Dey, M.M., Chen, O.L., Gephart, J.A., Myers,

S.S., Smith, M., Vaitla, B., and Allison, E.H. (2017). Does aquaculture sup-
port the needs of nutritionally vulnerable nations? Front. Mar. Sci. 4, 1-7.

. Gephart, J.A., Henriksson, P.J.G., Parker, R.W.R., Shepon, A., Gorospe,

K.D., Bergman, K., Eshel, G., Golden, C.D., Halpern, B.S., Hornborg, S.,
et al. (2021). Environmental performance of blue foods. Nature 597,
360-365.

. Costello, C., Cao, L., Gelcich, S., Cisneros-Mata, M., Free, C.M.,

Froehlich, H.E., Golden, C.D., Ishimura, G., Maier, J., Macadam-Somer,
I., et al. (2020). The future of food from the sea. Nature 588, 95-100.

. Gentry, R.R., Froehlich, H.E., Grimm, D., Kareiva, P., Parke, M., Rust, M.,

Gaines, S.D., and Halpern, B.S. (2017). Mapping the global potential for
marine aquaculture. Nat. Ecol. Evol. 7, 1317-1324.

. Hilborn, R., Banobi, J., Hall, S.J., Pucylowski, T., and Walsworth, T.E.

(2018). The environmental cost of animal source foods. Front. Ecol.
Environ. 16, 329-335.

. Froehlich, H.E., Runge, C.A., Gentry, R.R., Gaines, S.D., and Halpern, B.S.

(2018). Comparative terrestrial feed and land use of an aquaculture-domi-
nant world. Proc. Natl. Acad. Sci. USA 115, 5295-5300.

. Naylor, R.L., Hardy, R.W., Buschmann, A.H., Bush, S.R., Cao, L., Klinger,

D.H., Little, D.C., Lubchenco, J., Shumway, S.E., and Troell, M. (2021). A
20-year retrospective review of global aquaculture. Nature 597, 551-563.
FAQ (2020). Global aquaculture production. www.fao.org/fishery/statistics/
global-aquaculture-production/en.

Ritchie, H., Rosado, P., and Roser, M. (2017). Meat and dairy production.
Our world data. https://ourworldindata.org/meat-production.

Sethi, S., and Panigrahi, A. (2011). Innovative aquaculture. Fish. Chimes
31, 57-58.

Bentsen, H.B., Gjerde, B., Eknath, A.E., de Vera, M.S.P., Velasco, R.R.,
Danting, J.C., Dionisio, E.E., Longalong, F.M., Reyes, R.A., Abella, T.A,,
et al. (2017). Genetic improvement of farmed tilapias: response to five gen-
erations of selection for increased body weight at harvest in Oreochromis
niloticus and the further impact of the project. Aquaculture 468, 206-217.
Ansah, Y., Frimpong, E., and Hallerman, E. (2014). Genetically-improved
tilapia strains in Africa: potential benefits and negative impacts.
Sustainability 6, 3697-3721.

FAO (2020). The State of World Fisheries and Aquaculture 2020.

Klinger, D., and Naylor, R. (2012). Searching for solutions in aquaculture:
charting a sustainable course. Annu. Rev. Environ. Resour. 37, 247-276.
Clavelle, T., Lester, S.E., Gentry, R., and Froehlich, H.E. (2019).
Interactions and management for the future of marine aquaculture and
capture fisheries. Fish Fish. 20, 368-388.

Kinnucan, H.W., Nguyen, L., and Das, A. (2020). Benefits of agricultural
R&D international spillovers: the case of aquaculture. Aquaculture 535,
736308.

Gentry, R.R., Ruff, E.O., and Lester, S.E. (2019). Temporal patterns of
adoption of mariculture innovation globally. Nat. Sustain. 2, 949-956.
Ruff, E.O., Gentry, R.R., Clavelle, T., Thomas, L.R., and Lester, S.E. (2019).
Governance and mariculture in the caribbean. Mar. Pol. 707, 103565.
Ruff, E.O., Gentry, R.R., and Lester, S.E. (2020). Understanding the role of
socioeconomic and governance conditions in country-level marine aqua-
culture production. Environ. Res. Lett. 75, 1040a8.

Lester, S.E., Gentry, R.R., Lemoine, H.R., Froehlich, H.E., Gardner, L.D.,
Rennick, M., Ruff, E.O., and Thompson, K.D. (2021). Diverse state- level

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42,

43.
44,

45.

¢? CellPress

marine aquaculture policy in the United States: opportunities and barriers
for industry development. Aquaculture 74, 890-906.

Doloreux, D., Isaksen, A., Aslesen, H.W., and Melangon, Y. (2009). A
comparative study of the aquaculture innovation systems in Quebec’s
coastal region and Norway. Eur. Plan. Stud. 77, 963-981.

Smith, M.D., Roheim, C.A., Crowder, L.B., Halpern, B.S., Turnipseed, M.,
Anderson, J.L., Asche, F., Bourilldn, L., Guttormsen, A.G., Khan, A., et al.
(2010). Sustainability and global seafood. Science 327, 784-786.

Joffre, O.M., Klerkx, L., Dickson, M., and Verdegem, M. (2017). How is
innovation in aquaculture conceptualized and managed? A systematic
literature review and reflection framework to inform analysis and action.
Aquaculture 470, 129-148.

Cottrell, R.S., Ferraro, D.M., Blasco, G.D., Halpern, B.S., and Froehlich,
H.E. (2021). The search for blue transitions in aquaculture-dominant coun-
tries. Fish Fish. 22, 1006-1023.

Pardey, P.G., Alston, J.M., and Ruttan, V.W. (2010). The Economics of
Innovation and Technical Change in Agriculture (Elsevier B.V.).

Padel, S. (2001). Conversion to organic farming: a typical example of the
diffusion of an innovation? Sociol. Ruralis 47, 40-61.

Knudson, W., Wysocki, A., Champagne, J., and Peterson, H.C. (2004).
Entrepreneurship and innovation in the agri-food system. Am. J. Agric.
Econ. 86, 1330-1336.

Diaz-José, J., Rendén-Medel, R., Govaerts, B., AguiIar—AviIa, J., and
Mufioz-Rodriguez, M. (2016). Innovation diffusion in conservation agricul-
ture: a network approach. Eur. J. Dev. Res. 28, 314-329.

Garcia-Ortega, A. (2009). Nutrition and feeding research in the spotted
rose snapper (Lutjanus guttatus) and bullseye puffer (Sphoeroides annula-
tus), new species for marine aquaculture. Fish Physiol. Biochem.
35, 69-80.

Dominguez-Godino, J.A., Slater, M.J., Hannon, C., and Gonzalez-
Wangtiiermert, M. (2015). A new species for sea cucumber ranching and
aquaculture: breeding and rearing of Holothuria arguinensis. Aquaculture
438, 122-128.

Metian, M., Troell, M., Christensen, V., Steenbeek, J., and Pouil, S. (2020).
Mapping diversity of species in global aquaculture. Rev. Aquacult. 712,
1090-1100.

FAO (2021). Fisheries and aquaculture fact sheets. https://www.fao.org/
fishery/en/home.

Ferlin, P. (2009). State of aquaculture in France. Bull. Acad. Vet. Fr. 162,
225-234.

Lane, A., Chatain, B., and Roque d’Orbcastel, E. (2018). Aquaculture in oc-
citanie, France. World Aquac 49, 12-17.

Alston, J.M., Chan-Kang, C., Marra, M.C., Pardey, P.G., and Wyatt, T.J.
(2000). A meta-analysis of rates of return to agricultural R and D. Ex
Pede Herculem? Res. Rep. 113, 1-148.

Tan, K., Zhang, H., and Zheng, H. (2020). Selective breeding of edible bi-
valves and its implication of global climate change. Rev. Aquacult. 72,
2559-2572.

Sae-Lim, P., Kause, A., Mulder, H.A., and Olesen, |. (2017). Breeding and
genetics symposium: climate change and selective breeding in aquacul-
ture. J. Anim. Sci. 95, 1801-1812.

Choudhury, S., and Headey, D. (2017). What drives diversification of na-
tional food supplies? A cross-country analysis. Glob. Food Sec. 15, 85-93.
Costa-Pierce, B.A. (2008). Epilogue: aquaculture , innovation and social
transformation. In Aquaculture Innovation and Social Transformation, K.
Culver and D. Castle, eds., pp. 315-325.

World Bank (2007). Enhancing Agricultural Innovation (World Bank).
World Bank (2012). Agricultural Innovation Systems (World Bank).

Rajalahti, R. (2009). Promoting Agricultural Innovation Systems Approach:
The Way Forward (World Bank).

Ito, F. (2012). Course of the research for sustainavle aquaculture in Japan.
Bull. Japan Fish. Res. Educ. Agency 35, 1-5.

One Earth 6, 20-30, January 20, 2023 29



http://refhub.elsevier.com/S2590-3322(22)00635-2/sref1
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref1
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref2
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref2
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref2
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref2
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref3
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref3
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref3
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref4
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref4
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref4
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref4
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref5
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref5
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref5
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref6
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref6
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref6
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref7
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref7
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref7
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref8
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref8
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref8
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref9
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref9
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref9
http://www.fao.org/fishery/statistics/global-aquaculture-production/en
http://www.fao.org/fishery/statistics/global-aquaculture-production/en
https://ourworldindata.org/meat-production
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref12
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref12
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref13
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref13
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref13
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref13
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref13
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref14
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref14
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref14
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref15
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref16
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref16
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref17
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref17
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref17
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref18
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref18
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref18
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref19
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref19
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref20
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref20
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref21
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref21
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref21
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref22
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref22
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref22
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref22
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref23
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref23
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref23
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref24
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref24
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref24
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref25
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref25
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref25
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref25
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref26
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref26
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref26
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref27
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref27
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref28
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref28
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref29
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref29
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref29
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref30
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref30
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref30
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref31
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref31
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref31
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref31
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref32
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref32
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref32
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref32
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref32
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref33
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref33
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref33
https://www.fao.org/fishery/en/home
https://www.fao.org/fishery/en/home
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref35
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref35
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref36
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref36
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref37
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref37
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref37
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref38
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref38
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref38
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref39
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref39
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref39
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref40
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref40
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref41
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref41
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref41
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref42
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref43
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref44
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref44
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref45
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref45

¢? CellPress

46.

47.

48.

49.

50.

51.

52.
53.

Chopin, T., and Tacon, A.G.J. (2021). Importance of seaweeds and extrac-
tive species in global aquaculture production. Rev. Fish. Sci. Aquac. 29,
139-148.

Froehlich, H.E., Gentry, R.R., Lester, S.E., Rennick, M., Lemoine, H.R.,
Tapia-Lewin, S., and Gardner, L. (2022). Piecing together the data of the
U.S. marine aquaculture puzzle. J. Environ. Manage. 308, 114623.
Golden, C.D., Koehn, J.Z., Shepon, A., Passarelli, S., Free, C.M., Viana,
D.F., Matthey, H., Eurich, J.G., Gephart, J.A., Fluet-Chouinard, E., et al.
(2021). Aquatic foods to nourish nations. Nature 598, 315-320.

(2021). Harness the world’s aquatic ‘blue’ food systems to help end hun-
ger. Nature 597, 303.

FAO (1997). Total seafood supply. https://www.fao.org/faostat/en/
#data/SCL.

The World Bank (2020). Worldwide governance indicators. www.
govindicators.org.

The World Bank (2020). Doing business. http://www.doingbusiness.org/.
The World Bank (2022). World Bank open data. data.worldbank.org.

30 One Earth 6, 20-30, January 20, 2023

54.

55.

56.

57.

58.

59.

One Earth

Schwab, K. (2019). The Global Competitiveness Report K. Schwab (World
Economic Forum).

Worm, B., Barbier, E.B., Beaumont, N., Duffy, J.E., Folke, C., Halpern,
B.S., Jackson, J.B.C., Lotze, H.K., Micheli, F., Palumbi, S.R., et al.
(2006). Impacts of biodiversity loss on ocean ecosystem services.
Science 314, 787-790.

Costello, C., Ovando, D., Clavelle, T., Strauss, C.K., Hilborn, R.,
Melnychuk, M.C., Branch, T.A., Gaines, S.D., Szuwalski, C.S., Cabral,
R.B., et al. (2016). Global fishery prospects under contrasting manage-
ment regimes. Proc. Natl. Acad. Sci. USA 7113, 5125-5129.

Csardi, G., and Nepusz, T. (2006). The Igraph Software Package of
Complex Network Research. Inter. J. Complex Syst. 7695, 1-9.

Brandes, U. (2001). A faster algorithm for betweenness centrality. J. Math.
Sociol. 25, 163-177.

R Core Team (2021). R: A Language and Environment for Statstical
Computing.


http://refhub.elsevier.com/S2590-3322(22)00635-2/sref46
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref46
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref46
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref47
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref47
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref47
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref48
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref48
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref48
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref49
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref49
https://www.fao.org/faostat/en/#data/SCL
https://www.fao.org/faostat/en/#data/SCL
http://www.%20govindicators.org
http://www.%20govindicators.org
http://www.doingbusiness.org/
http://data.worldbank.org
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref54
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref54
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref55
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref55
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref55
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref55
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref56
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref56
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref56
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref56
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref57
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref57
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref58
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref58
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref59
http://refhub.elsevier.com/S2590-3322(22)00635-2/sref59

	Global pathways of innovation and spread of marine aquaculture species
	Introduction
	Results
	Patterns of mariculture adoption
	Characteristics of innovative mariculture countries

	Discussion
	Patterns of mariculture adoption
	Characteristics of innovative mariculture countries
	Implications and conclusions

	Experimental procedures
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Centers of mariculture innovation
	Characteristics of innovating countries

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Acknowledgments
	References


