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Preparation of this document
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Abstract

While diversified aquaculture could reduce both biological and financial risks, the private
sector may lack incentives to diversify the species composition of aquaculture production
because developing or adopting new species tends to be costly and risky. Conversely,
concentrating on the most efficient species can benefit from economies of scale in both
production and marketing. With ever-growing concerns over climate change, disease
outbreaks, market fluctuations and other uncertainties, species diversification has
become an increasingly prominent strategy for sustainable aquaculture development.
Policy and planning on species diversification require a holistic, sector-wide perspective
to assess the overall prospect of individually promising species that may not be entirely
successful when competing for limited resources and markets. The historical experiences
of species diversification in global aquaculture can provide guidance for the assessment.
This paper develops a benchmarking system to examine species diversification patterns
in around 200 countries for three decades to generate information and insights in support
of evidence-based policy and planning in aquaculture development. The system uses
“effective number of species” (ENS) as a diversity measure that is essentially equivalent
to, yet more intuitive than, the widely used Shannon Index. A statistical model is
established to estimate a benchmark ENS for each country and construct a benchmarking
species diversification index (BSDI) to compare a country’s species diversification with
global experiences. Key results are presented and discussed in the main text; and more
comprehensive results are documented in Appendix Il. The benchmarking system can
be used in foresight analyses to help design or refine future production targets (including
species composition) in policy and planning for aquaculture development; an example is
provided in Appendix | to help practitioners better understand and utilize the system.
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1. Introduction

Species diversification in aquaculture is a strategy favourable to many policy-makers
and practitioners who believe that species diversification would lead to more sustainable
aquaculture development; see, for example, the experiences in Mexico (Martinez-
Cordero, 2007), Egypt (Megahed and Mesalhy, 2009), the Mediterranean (Abellan and
Basurco, 1999), Africa (Brummett, 2007), Asia (Liao, 2000; Davy, 2017), Europe with a
focus on Norway and Spain (Fernandez-Polanco and Bjorndal, 2017), South America
with a focus on Brazil and Chile (Wurmann and Routledge, 2017), North America
(Cross, Flaherty and Byrne, 2017), and global aquaculture (Metian et al., 2020). With
ever-growing concerns over climate change, disease outbreaks, market fluctuations
and other uncertainties, the popularity of aquaculture species diversification tends to
increase (Harvey et al., 2017).

Species diversification in aquaculture is under the influence of many factors that
have both pros and cons (Le Francois et al., 2010; Harvey et al., 2017). In places
where consumers have high preferences for various aquatic foods (e.g. Eastern and
South-eastern Asia) and are willing to pay for variety, aquaculturists have incentives
to try out new species in order to gain competitive advantage and expand the
market. Additionally, diversified aquaculture could also enhance production efficiency
(e.g. through polyculture or farming different species according to seasonality) and
reduce both biological risks (e.g. diseases) and financial risks (e.g. price variations)
(Wilson and Archer, 2010).

It has been observed, however, that the private sector generally lacks incentives
to diversify the species composition of aquaculture production (Harvey et al., 2017)
because concentrating on the most efficient species can derive benefits from economies
of scale in both production and marketing, whereas developing or adopting new
species tends to be costly and risky and may dilute resources and effort in research and
development (New, 1999). The public sector is keener to pursue species diversification
in aquaculture, yet many public efforts in developing new species to be farmed have
been primarily driven by research interests, and few have become commercially viable
(Wurmann and Routledge, 2017). Additionally, including more species in aquaculture
could cause more widespread impacts on biodiversity through escapees and the use of
wild seed resources (Bilio, 2008).

As developing new species to be farmed tends to be time consuming and financially
costly, it is essential for policy-makers and planners to assess the prospects of successful
commercialization of new species. While individual proposals or projects focus on the
technical and market prospects of selected species based on various selection methods
or criteria (Leung, Lee and O’Bryen, 2007; Le Francois et al., 2010; Suquet, 2010;
Alvarez-Lajonchere and Ibarra-Castro, 2013), policy-makers and planners need to
assess the overall prospect of potential species from a sector-wide perspective. The
historical experiences of species diversification in global aquaculture could provide
useful information and guidance to address this challenging task.

This paper examines the status and trends of species diversification in global
aquaculture and establishes a benchmarking system to facilitate the comparison of
species diversification patterns across countries (including non-sovereign territories).
The benchmarking results can provide points of reference to facilitate evidence-
based policy and planning in sustainable aquaculture development. Section 2 uses

1 For narrative convenience, in this document the term country includes non-sovereign territory.
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“effective number of species” as a diversity measure that is essentially equivalent to yet
more intuitive than the more widely used Shannon-Wiener-Weaver (entropy) index
(Shannon index in short). Section 3 uses the diversity measure to provide an overview
of species diversification in global aquaculture covering around 200 countries over a
period of three decades (1988-2018). Based on global experiences, Section 4 examines
the correlation between aquaculture production and species diversity and develops a
statistical model to estimate the relationship between aquaculture species diversity and
multiple factors. Using a modified version of the statistical model, Section 5 constructs
two benchmarking indicators to compare a country’s species diversification with global
experiences. Section 6 concludes the paper with a summary of the key results and
discussion on how the methods and results can be used for evidence-based policy and
planning in aquaculture development. A numerical example is provided in Appendix |
to help practitioners better understand and utilize the benchmarking indicators, and
comprehensive results for individual countries are presented in Appendix Il.



2. Measuring species diversity In
aguaculture

2.1 DATA ON AQUACULTURE PRODUCTION

This paper uses aquaculture production data from the Food and Agriculture
Organization of the United Nations (FAO) Global Aquaculture Production Statistics
1950-2018 (FAO, 2020a), which is the only global aquaculture production database
readily available. Reporting entities in the database are denoted as countries, which
include non-sovereign territories. While the database reports aquaculture production
for mainland Tanzania and Zanzibar as separate reporting entities, they are aggregated
into the United Republic of Tanzania to facilitate the statistical analyses in Section 4 and
Section 5.2 The scope of other countries in the database is adopted in this document;
e.g. China refers to mainland China.

All ASFIS (Aquatic Sciences and Fisheries Information System) species items
recorded in the database are covered, including eight ISSCAAP 2 divisions (i.e. marine
fishes, freshwater fishes, diadromous fishes, crustaceans, molluscs, miscellaneous
aguatic animals, miscellaneous aquatic animal products and aquatic plants). These
species items could refer to either individual species, hybrids or groups of related
species (e.g. families) when identification to species was not recorded (FAO, 2020b;
Metian et al., 2020).

2.2 TOTAL NUMBER OF SPECIES

The total number of ASFIS species items recorded in FAO statistics on global
aquaculture increased from 73 in 1950 to 438 in 2018; the upward trend appeared to
level off in the 2010s (Figure 1). It is important to note that an increase in the number of
ASFIS species items in FAO statistics could reflect data improvement (e.g. an aggregate

FIGURE 1
Total number of species versus effective number of species in world aquaculture, 1950-2018

46 51 45 a7
30 36 33 35
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Total number of species Effective number o fspecies (ENS)

2 Time series of population data, which are needed for the statistical analyses, are available in the United
Nations population database (United Nations, 2019) for the United Republic of Tanzania, but not
separately for mainland Tanzania or Zanzibar.

3 ISSCAAP = International Standard Statistical Classification of Aquatic Animals and Plants.
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“not elsewhere included” [nei] item being separated into individual species). On the
other hand, as the production of new aquaculture species may be included in nei items
because of their relatively small magnitude, ASFIS species items recorded in FAO
statistics tend to underestimate the number of new species introduced in aquaculture.
For example, while it was reported that over 200 aquaculture species were farmed in
China (FAO, 2017), only 89 ASFIS species items were recorded in FAO statistics on
aquaculture production in China (FAO, 2020a). More discussion on data imperfections
and their implications can be found in the last section.

2.3 EFFECTIVE NUMBER OF SPECIES

There are different dimensions and measures of species diversity (Purvis and Hector,
2000). In this study, species diversity is measured by the “effective number of species”
(ENS) defined as

ENS= e_zinzlsiln(si) , (1)

where n denotes the total number of species, and S; represents the share of species i in
the production of all species. This indicator is essentially equivalent to the Shannon
index, which is defined as — - L, 5In(s) , i.e. the summation term in equation (1). The
Shannon index is a widely used measure of species diversity, and it has been used in a
recent study to map species diversity in global aquaculture (Metian et al., 2020).

While the total number of species (n) measures the richness of species composition,
the ENS defined in equation (1) captures both richness and evenness. Ranging
between 1 and n, the ENS would be equal to n when the production is evenly
distributed across all species, whereas it would be closer towards 1 as the lower bound
when the distribution of production across species becomes more concentrated. This
property makes the ENS a more intuitive diversity measure than the Shannon index
(Hill, 1973). For example, when aquaculture production is evenly distributed between
two species, the effective number of species would be 2, which is equal to the total
number of species. When aquaculture production is dominated by one species with a
trivial contribution from the other species, the effective number of species would be
close to 1, which reflects that the production is effectively contributed by one species.

The ENS in world aquaculture increased from 16 to 47 between 1950 and 2018; the
upward trend was much flatter than that of the total number of species (Figure 1). The
two indicators mostly moved in the same direction with a few exceptions. For example,
while the total number of species increased from 424 to 442 between 2010 and 2015, the
ENS nevertheless declined from 51 to 45 (Figure 1).



3. Overview of species
diversification in global aquaculture

In this section, ENS is used to examine species diversification patterns in around
200 countries during recent decades (1988-2018). The overview lays a foundation for
more in-depth analysis of species diversification in Section 4.

3.1 INCREASING YET DECELERATING SPECIES DIVERSIFICATION IN GLOBAL
AQUACULTURE

World aquaculture production increased from 16 million tonnes to 115 million tonnes
between 1988 and 2018 with a clear pattern of species diversification — 158 countries
(accounting for 83.4 percent of world production) had an increased ENS between 1988
and 2018 compared with only 34 countries where ENS declined (Table 1).

TABLE 1
Aquaculture species diversification patterns, 1988-2018

Effective number of species (ENS) in aquaculture
Increased Declined Unchanged
period Share of world Share of world Share of world
Number of aquaculture uTlSer G aquaculture Nl @ aquaculture
. production during . production during . production
countries . countries . countries : .
the period the period during the period
(%) (%) (%)
1988-2018 158 83.4 34 16.6 5 0.0067
1988-1998 113 91.9 40 8.0 17 0.0217
1998-2008 126 79.0 57 21.0 5 0.0014
2008-2018 111 20.3 82 79.7 4 0.0001

A similar pattern also occurred in the first two sub-decades (1988-1998 and
1998-2008), yet with a decelerating rate of species diversification (Table 1). During
the last sub-decade (2008-2018), 111 countries had an increased ENS compared with
82 countries with a declined ENS. The 82 countries accounted for 79.7 percent of world
production (Table 1) because the ENS of China (accounting for around 60 percent of
world production) had reduced slightly from 28.2 to 27.7 between 2008 and 2018. *

Box and whisker plots were used to compare ENS over time (Figure 2) and across
regions (Figure 3); see notes in Figure 2 on how to interpret the plots. Globally,
almost all the four quartile ENS increased between 1988 and 2018 as well as within
the three sub-periods (Figure 2-a), which indicates a clear pattern of increased species
diversification in global aquaculture.

4 The total number of ASFIS species items in China’s aquaculture production during 2008-2018 remains
stable in FAO statistics (around 85). Therefore, the decrease in the ENS of China between 2008 and 2018
reflects a slight decline in the evenness of the distribution of China’s aquaculture production among the
recorded species items. As the total number of ASFIS species items understates the richness of species
composition in China’s aquaculture production (see discussion in Section 2.2), the ENS variation may
not adequately capture the appearance of new species in China’s aquaculture.
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FIGURE 2
Box and whisker plots of ENS at global and regional levels, 1988-2018

(a) World (b) Asia (c) Europe
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Notes: The five numerical labels in each bar from bottom to top represent, respectively, the minimum, the first quartile (25 percent), the median
(50 percent), the third quartile (75 percent) and the “maximum” effective number of species (ENS) excluding the “outliers”. Such outliers are
extraordinarily large ENS with distance from the third quartile greater than 1.5 times of the height of the box (i.e. distance between the third
quartile and the first quartile). The outliers are not shown in the chart for clarity but presented in Table 2. In the legends, numbers in the
parentheses represent the number of countries in each region (including outliers).

FIGURE 3
Box and whisker plots of ENS across regions, 2018

13.39
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237

1.40

1.00
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Notes: This is a compilation of the box and whisker plots for 2018 in Figure 2. ENS = effective number of species.

3.2 REGIONAL DIFFERENCES IN AQUACULTURE SPECIES DIVERSIFICATION
Regionally, only Asia (Figure 2-b) and Europe (Figure 2-c) had a relatively clear pattern
of increased quartile ENS during 1988-2018, whereas there were no obvious patterns
for the Americas (Figure 2d), Africa (Figure 2-e) or Oceania (Figure 2-f). The box
and whisker plots in Figure 3 indicate a clear regional variation in aquaculture species
diversity: the highest was in Asia, followed by Europe, the Americas and Africa, and
the lowest was in Oceania.
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In 2018, ENS in a quarter of the total 197 countries (i.e. the first quartile) was no
more than 1.4; ENS in half of these countries (i.e. the second quartile or median) was no
more than 2.37; and ENS in three quarters of these countries (i.e. the third quartile) was
no more than 3.82 (Figure 3). The 2018 median ENS in Asia (the largest aquaculture
region accounting for over 90 percent of world production) was 4.61 (nearly twice as
much as the world median). The 2018 median ENS in Europe was also higher than the
world median, whereas in the Americas, Africa and Oceania it was lower (Figure 3).

3.3 COUNTRIES/TERRITORIES WITH EXTRAORDINARILY LARGE EFFECTIVE
NUMBER OF SPECIES

Table 2 presents 17 extraordinarily large ENS (called “outliers” for narrative
convenience), including 11 outliers at the global level and nine at the regional level,
among which China in Asia and Portugal and the Russian Federation in Europe
were both global and regional outliers (Table 2 compared with Figure 3). Among
the 17 global and/or regional outliers, only China and Bangladesh had aquaculture
production higher than 1 percent of the world total, yet six countries had a population
greater than 1 percent of the world total, namely China, Bangladesh, Japan, the Russian
Federation, the United States of America and Nigeria (Table 2).

TABLE 2
Extraordinarily large (i.e. outlier) ENS in global and regional aquaculture, 2018

Total b Effective number share of world

Country/territory Outlier category 00? S;g;?eser of(sE?\lesc)ies :?)C:ggzlégg;e Pop(LlJ)zti -
(%)

Asia
China Global and regional 85 27.67 57.756 18.71
Bangladesh Global 31 13.39 2.101 2.1
Taiwan Province of China Global 45 11.13 0.248 0.31
Lao People’s Democratic Republic Global 14 10.47 0.094 0.09
Singapore Global 44 10.45 0.005 0.08
Japan Global 28 8.69 0.902 1.67
Malaysia Global 47 8.67 0.342 0.41
Cambodia Global 25 7.91 0.222 0.21
China, Hong Kong SAR Global 16 7.62 0.004 0.10
Europe
Portugal Global and regional 20 8.16 0.010 0.13
Russian Federation Global and regional 28 7.58 0.178 1.91
Americas
Dominican Republic Regional 1 6.96 0.002 0.14
United States of America Regional 28 6.42 0.409 4.29
Africa
Nigeria Regional 16 5.54 0.254 2.57
Morocco Regional 7 5.52 0.001 0.47
South Africa Regional 29 5.35 0.007 0.76
Oceania
Australia ‘ Regional ‘ 19 ‘ 4.21 ‘ 0.085 ‘ 0.33

Notes: See the notes in Figure 2 on the criterion used to designate extraordinarily large ENS (called “outlier” for narrative

convenience).

3.4 COUNTRIES/TERRITORIES WITH LARGE AQUACULTURE PRODUCTION

ENS trends in the top 38 countries/territories with the largest aquaculture production
in 2018 (no less than 100 000 tonnes) are presented in Figure 4. Most of these
38 countries/territories increased their aquaculture production during the period,
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with Japan (ranked 12), the Democratic People’s Republic of Korea (14), Taiwan
Province of China (23) and France (29) being the only four exceptions. Most of the
38 countries/territories increased their ENS during the period, except for 11 cases of a
lower ENS in 2018 than in 1988, namely Indonesia (2), the Philippines (6), Norway (9),

FIGURE 4
ENS trends in large aquaculture countries/territories, 1988-2018

Notes: Including the top 38 countries/territories with the greatest aquaculture production in 2018 (no less than 100 000 tonnes; they are indexed
according to production in descending order). A solid line depicts the trend of effective number of species (ENS, left y-axis) between 1988 and 2018
(x-axis); the corresponding bars show the trend of aquaculture production (right y-axis, million tonnes).
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Thailand (13), the Democratic People’s Republic of Korea (14), Ecuador (16), Taiwan
Province of China (23), Mexico (25), the United Kingdom of Great Britain and
Northern Ireland (27), Canada (28) and Uganda (37).

Only seven countries — China (1), Viet Nam (4), Bangladesh (5), Myanmar (11),
the United States of America (17), the Russian Federation (26) and France (29) — had
an outright upward ENS trend for the entire period, whereas Canada was the only
country with an outright downward ENS trend during the period (Figure 4).

Most of the 38 countries/territories had fluctuated ENS during 1988-2018, with an
inverted U-shape being a common trend in Norway (9), Chile (10) and Colombia (32)
for the entire period and in many other countries/territories for part of the period. In
2018, most of the 38 countries/territories had a higher ENS than the world median
(2.37), except for eight countries with a lower ENS (Figure 5).

FIGURE 5
ENS in large aquaculture countries/territories, 2018

1. China (66.14 million tonnes)
5. Bangladesh (2.41 million tonnes) 13.39
23. Taiwan Province of China (0.28 million tonnes) 11.13
35. Lao People's Democratic Republic (0.11 million tonnes) 10.47
12. Japan (1.03 million tonnes) 8.69
19. Malaysia (0.39 million tonnes) 8.67

24. Cambodia (0.25 million tonnes)

26. Russian Federation (0.2 million tonnes)

4. Viet Nam (4.15 million tonnes)

7. Republic of Korea (2.28 million tonnes)

13. Thailand (0.89 million tonnes)

3. India (7.07 million tonnes)

17. United States of America (0.47 million tonnes)
11. Myanmar (1.13 million tonnes)

30. Pakistan (0.16 million tonnes)

22. Nigeria (0.29 million tonnes)

15. Brazil (0.61 million tonnes)

18. Iran (Islamic Republic of) (0.44 million tonnes)
29. France (0.19 million tonnes)

32. Colombia (0.13 million tonnes)

2. Indonesia (14.77 million tonnes)

31. Italy (0.14 million tonnes)

6. Philippines (2.3 million tonnes)

33. Greece (0.13 million tonnes)

28. Canada (0.19 million tonnes)

10. Chile (1.29 million tonnes)

38. Peru (0.1 million tonnes)

21. Turkey (0.31 million tonnes)

25. Mexico (0.25 million tonnes)

8. Egypt (1.56 million tonnes)

20. Spain (0.35 million tonnes)

37. Uganda (0.1 million tonnes)

27. United Kingdom (0.2 million tonnes)

34. United Republic of Tanzania (0.12 million tonnes)
36. New Zealand (0.1 million tonnes)

14. Democratic People's Republic of Korea (0.63 million tonnes)
16. Ecuador (0.54 million tonnes)

9. Norway (1.36 million tonnes)

Notes: Including the top 38 countries/territories with the greatest aquaculture production in 2018 (no less than 100 000 tonnes). The 2018
aquaculture production of each country/territory is shown in parenthesis, and the countries/territories are indexed according to production in

descending order. ENS = effective number of species.
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4. Factors affecting aquaculture
species diversification

4.1 EFFECTIVE NUMBER OF SPECIES (ENS) BY PRODUCTION CATEGORY

By catering to diverse consumer preferences and love of variety (Montagna, 2001),
species diversification is an important way to increase the demand for aquaculture
products. On the supply side, the utilization of diverse natural resources, farming
environments or farming systems and technologies tends to increase species diversity
together with aquaculture production. Therefore, large aquaculture production may be
associated with high species diversity.

This hypothesis is supported by the positive correlation between aquaculture
production and ENS (the Pearson correlation coefficient r = 0.5772, p-value = 0.0000),
revealed by the experiences of 211 countries during 1988-2018 (a total of 5 550 cases).®
The positive correlation is also manifested in the distribution of the median or mean
ENS across escalating production categories (Table 3). However, the relatively low
variabilities of the minimum ENS and maximum ENS across the production categories
(Table 3) indicate that low (or high) ENS can be associated with high (or low)
production; see Table 2 and Figure 5 for some examples.

TABLE 3
ENS by production category, 1988-2018

Annual aquaculture Number of | Number of Effective number of species
production (tonnes) countries cases VGG Median Mean e
< 100 103 1251 1.00 1.38 1.68 7.29
100-1 000 98 1054 1.00 2.00 2.27 7.72
1 000-10 000 107 1380 1.00 2.22 2.85 15.20
10 000-50 000 71 772 1.00 2.81 3.25 12.05
50 000-100 000 36 250 1.00 2.93 3.41 10.82
100 000-500 000 35 485 1.00 4.00 4.61 15.66
500 000-1 000 000 17 144 1.28 5.38 5.34 11.01
1 000 000-5 000 000 13 170 1.26 6.69 6.41 13.54
> 5000 000 3 44 4.35 14.61 16.55 29.41
All 211 5 550 1.00 2.18 2.99 29.41

Note: For a production range, the lower bound is inclusive, whereas the upper bound is exclusive. ENS = effective
number of species.

The ENS distribution across production categories in Table 3 can be used to provide
guidance for policy and planning on aquaculture development. For example, when
planning to expand its aquaculture production to 50 000 tonnes, a country could use
the following evidence as benchmarks (i.e. points of reference): According to past
experiences in global aquaculture (772 cases from 71 countries), the average ENS
for aquaculture production between 10 000 tonnes and 50 000 tonnes was 3.25; half
of the cases had an ENS less than 2.81; and the minimum and maximum ENS were,
respectively, 1 and 12.05 (Table 3).

5 The number of countries here (i.e. 211) is for the period 1988-2018, which is different from the number
of countries for individual years (e.g. 197 for 2018).
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4.2 STATISTICAL ANALYSIS OF EFFECTIVE NUMBER OF SPECIES (ENS)
Besides the production level, many other factors can affect species diversity in
aquaculture production, such as climate conditions, natural resource endowments
(e.g. land and water), demographic characteristics (e.g. population and urbanization),
economic conditions (e.g. household income), dietary habits and consumer preferences,
among many others (Harvey et al., 2017). This section uses a statistical model to
examine the relationship between aquaculture species diversity and several key factors
with available data.

4.2.1 The statistical model
The following panel model is used to examine the effects of selected factors on ENS:

IN(ENS;t) = 5 BeIn(Xig, i) + Uj + €it, (2)

where i and t denote, respectively, different countries and time, whereas k denotes
different explanatory variables with coefficient [, measuring the impact of each
explanatory variable on ENS that is defined in equation (1).

Based on data availability and their potential impacts on aquaculture species
diversity, the following six explanatory variables are included in X : (i) aquaculture
production; (ii) population; (iii) the ratio of urban population to total population
(urban ratio in short); (iv) GDP per capita (as a proxy of household income); (v) fish
export (as a proxy of farmed fish export); and (vi) per capita fish consumption (as a
proxy of farmed fish consumption).

The intercept u; is a parameter that captures the impact of unspecified structural
factors (e.g. geolocation, climate conditions, resource endowments, dietary habits,
long-term government policies and business strategies, among others) on ENS. u; is
constant over time for each country yet varies across countries. It is assumed that
the average of u; across countries is zero. This zero-mean assumption allows us to
construct a benchmarking index in Section 5 to measure the deviation of a country’s
ENS from its benchmark level.

&it, which varies across countries and over time, is an independent and identically
distributed error term that captures transitory random shocks on ENS.

4.2.2 Estimated relationships between ENS and selected factors

The model in equation (2) was used to examine the relationships between the six
explanatory variables and ENS during three sub-decades (1988-1998, 1998-2008
and 2008-2018). A random-effects estimator (Wooldridge, 2020) is used to extract
information from the underlying data; the results are presented in Table 4 with the data
sources explained in the table notes.

Agquaculture production

The coefficient of aquaculture production is positive and statistically significant
(p-value < 0.05)° for all three periods, which is consistent with the positive correlation
between aquaculture production and ENS measured by Pearson’s r in Section 4.1.
Magnitude and species diversity are two dimensions of aquaculture production.
The positive Pearson’s r indicates that the two dimensions mostly moved in the
same direction, whereas the positive coefficient () for aquaculture production in
the statistical model (equation 2) indicates that the positive relationship between the
two dimensions persists when the effects of other explanatory variables on ENS are
controlled.

6 Unless specified otherwise, a relationship with p-value < 0.05 is deemed statistically significant, whereas
one with p-value > 0.05 is deemed not statistically significant.
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TABLE 4
Estimation results of the six-variable model
Dependent variable Period | Period Il Period IlI
(in log form): (1988-1998) (1998-2008) (2008-2018)
Effective number of species . . .
(ENS) 146 countries; 169 countries; 174 countries;
1 271 observations 1 640 observations 1 607 observations
Six explanatory variables
(in log form): Coefficient | p-value | Coefficient | p-value | Coefficient p-value
(i) Aquaculture production 0.0444 0.000 0.0276 0.001 0.0264 0.001
(ii) Population 0.0810 0.000 0.1172 0.000 0.1234 0.000
(iii) Per capita GDP 0.0831 0.041 0.1894 0.000 0.1302 0.000
(iv) Urban ratio -0.2478 0.009 -0.4800 0.000 -0.3475 0.000
(v) Fish export -0.0102 0.216 -0.0212 0.008 -0.0153 0.025
(vi) Per capita fish consumption 0.0586 0.019 0.0282 0.274 -0.0146 0.570

Notes: The dependent variable ENS is calculated from equation (1) based on aquaculture production data in the

FAO Fishery and Aquaculture Statistics — Global aquaculture production 1950-2018 (FAO, 2020a). The six explanatory
variables include: (i) aquaculture production volume from FAO (2020a); (ii) population data from the United Nations
World Population Prospects 1950-2100 (2019 Revision; United Nations, 2019); (iii) per capita GDP calculated from
total GDP (measured in international dollar adjusted for purchasing power parity, or “PPP dollar” in short) from the
International Monetary Fund World Economic Outlook (WEQ) Database 1980-2024 (IMF, 2019) divided by population
from United Nations (2019); (iv) urban ratio from the United Nations World Urbanization Prospects 1950-2030

(2018 revision; United Nations, 2018); (v) fish export volume from the FAO Fishery and Aquaculture Statistics — Global
fisheries commodities production and trade 1976-2018 (FAO, 2020c¢); and (vi) per capita fish consumption calculated
from total fish consumption from the FAO Fishery and Aquaculture Statistics — food balance sheets of fish and
fishery products 1961-2017 (FAO, 2020d) divided by population from United Nations (2019).

Intuitively, aquaculture production expansion can facilitate species diversification
through better infrastructure, material (e.g. feed and seed) supply, technical know-how
and supply-chain logistics, whereas species diversification can enlarge market demand
to facilitate production expansion. As the statistical model does not account for
simultaneity (i.e. two-way causality) between aquaculture production magnitude and
species diversity, the estimated coefficient for aquaculture production in equation (2)
may not accurately measure its impact on species diversity.

Population and per capita GDP
The coefficients of population and per capita GDP are also positive and statistically
significant for all three periods. The results are not surprising: A larger population
tends to have more diverse dietary habits, whereas wealthy consumers tend to demand
more variety in fish and seafood.

Urban ratio

The coefficient of urban ratio is negative and statistically significant for all three
periods. This interesting result is less intuitive yet could be interpreted from both
the supply- and demand-side perspectives. Aquaculture has traditionally been a rural
business dominated by small-scale operations. Facing more competition over natural
and human resources, aquaculture in a more urbanized economy may become more
industrialized with larger farm size and increasing global market access. This tends to
make economies of scale a more significant factor affecting the selection of aquaculture
species. With a more developed fish and seafood supply chain, more urbanized
economy can focus on culturing species on which it has the greatest comparative
advantage and satisfy consumer preference for variety through fish trade.

While urban ratio is highly correlated with per capita GDP (Pearson’s r > 0.7 for
all three periods), the issue of collinearity nevertheless does not affect the stability of
the estimated coefficients of the two variables. The negative sign of the coefficient for
urban ratio persists not only in all three periods but also in more refined estimations
(e.g. applying the model to developed and developing countries separately). While
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some preliminary interpretations of the negative coefficient were provided in earlier
text, more in-depth analysis is needed to fully understand the relationship.

Fish export

The coefficient of fish export is negative and statistically significant for Period 11
(1998-2008) and Period 111 (2008-2018) yet not significant for Period 1 (1988-1998),
reflecting that export-oriented aquaculture tends to have a less diverse species
composition. Compared with limited domestic demand, the large capacity of
international markets is more conducive to the realization of economies of scale derived
from concentrating on species with comparative advantage. The negative relationship
appeared to become significant in the last two periods with the rapid growth in global
fish trade. More discussion on species composition in export-oriented aquaculture can
be found in Section 5.4.2.

Per capita fish consumption

Contrary to the case of fish export, the coefficient of per capita fish consumption is
positive and statistically significant for Period | (1988-1998) yet not significant for
the next two periods. Consumers with high fish consumption tend to demand more
variety of fish and seafood, which can be satisfied either through domestic production
or international trade. The rapid growth in global fish trade may be a factor behind
the lack of a significant relationship between domestic aquaculture species diversity
and fish consumption in the latter two periods, which coincide with increasing global
seafood trade.

Technical notes

The main purpose of the statistical model in equation (2) is to estimate benchmarking
indicators that will be discussed in Section 5. Thus, the specification of the model is
solely to facilitate the benchmarking process and may not have taken full consideration
of some estimation technicalities (e.g. simultaneity between ENS and explanatory
variables and multicollinearity among explanatory variables) to ensure precise
estimation of individual coefficients. Therefore, interpretations of the estimated
coefficients in earlier text should be treated as preliminary and warranting further
study.
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5. Benchmarking species
diversification in global
aguaculture

While the relationship of each explanatory variable with ENS revealed by the statistical
model (i.e. equation 2) was discussed in the previous section, the ultimate goal of the
model is to develop benchmarking indicators to facilitate the comparison of countries’
experiences in species diversification for evidence-based policy and planning.

5.1 BENCHMARKING INDICATORS OF SPECIES DIVERSIFICATION IN
AQUACULTURE
Equation (2) can be transformed into

ENS;j; = ENSj; x BSDI; x eéit | 3)

where the first term on the right-hand side represents country i’s benchmark ENS in
time t defined as

ENS;, = e 2k PInCie ) | ()

The benchmark Wsit represents an average ENS given country i’s specific situation at
time t (reflected by X;;), and the average ENS is set against global experiences (captured
by the estimated coefficients [3).

The second term on the right-hand side of equation (3) represents a benchmarking
species diversification index (BSDI) defined as

BSDI; = eli , (5)

which measures the long-term, structural deviation of country i’s actual ENS from
the benchmark ENS during the examined period. As opposed to ENS;, being the
benchmark ENS for country i at a specific time t, BSDI is an index for country i
during the entire examined period. With zero-mean u; across countries, the average
BSDI across countries is 1. Therefore, a BSDI greater (or lower) than 1 indicates that
the country’s aquaculture tends to be structurally more (or less) diversified in terms of
species than its benchmark set according to global experiences.

The third term on the right-hand side of equation (3), € * measures the fluctuation
of ENS;; around the benchmark ENS;; caused by random shocks. For a specific
country i, j fluctuates over time with zero mean, i.e. E( i) =0. Therefore, according to
equation (3), country i’s expected ENS at a future time T is determined by its expected
benchmark ENS at time T and its BSDI, i.e.

E(ENS;r) = E(ENS;7) x BSDI, (6)

A numerical example is provided in Appendix | to help practitioners better understand
the benchmarking system and its utilization.
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5.2 MODEL SPECIFICATION FOR QUANTIFYING THE BENCHMARKING
INDICATORS

The model specification in Table 4 needs to be modified to facilitate the quantification
and application of the benchmarking indicators specified in Section 5.1. Only the first
four explanatory variables in Table 4 would be used, whereas the last two (i.e. fish export
and per capita fish consumption) are excluded, primarily because of data limitations.
There are readily available official statistics on projections of population, urban ratio
and per capita GDP (see notes in Table 4), and future aquaculture production can be
set as a policy target. However, it is usually difficult to specify future fish export and
per capita fish consumption in a non-arbitrary way for the estimation of future ENS
based on equation (6); they are hence excluded in the model specification. In addition,
fish export and per capita fish consumption are used as the proxies of farmed fish
export and farmed fish consumption, respectively; and unlike the first four explanatory
variables, fish export and per capita fish consumption do not have statistically
significant coefficients for all three periods examined (Table 4).

Based on the four-variable model specification, the most recent sub-period
(i.e. 2008-2018, when the data are generally more consistent and representative of
the current situation) is used to estimate the benchmark ENS and the BSDI based
on equations (4) and (5), respectively. The coefficients estimated in the four-variable
model (Table 5) do not differ much from those in the six-variable model (Table 4).

TABLE 5

Estimation results of the four-variable model for 2008-2018
Dependent variable Period IlI
(in log form): (2008-2018)

Effective number of species 180 countries

1 892 observations

E())(Pnlqai?atory variables (in fog Coefficient p-value 95 percent confidence interval
(i) Aquaculture production 0.0245 0.001 [0.0107, 0.0384]
(ii) Population 0.1117 0.000 [0.0762, 0.1472]
(iii) Per capita GDP 0.0934 0.001 [0.0390, 0.1477]
(iv) Urban ratio -0.2796 0.000 [-0.4243, -0.1350]

Notes: See the notes in Table 4 for data sources.

5.3 BENCHMARK EFFECTIVE NUMBER OF SPECIES

Based on the coefficients in Table 5, the estimated benchmark ENS for 171 countries
in 2018 ranges from 1 to 6.14 (with the median being 2.67), which is much smaller than
the range of the actual ENS from 1 to 27.67. The 2018 benchmark ENS was less than 2
in only 28 countries (Figure 6-a), with the actual 2018 ENS in 67 countries less than 2
(Figure 6-b). While the 2018 benchmark ENS in only two countries was greater than 5
(Figure 6-a), the actual 2018 ENS in 32 cou