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Abstract

In the face of growing demand for marine nutrition and restrictions on wild fish capture,
mariculture offers significant potential to enhance marine food production. The natu-
ral environment directly influences the growth of marine organisms, but socio-economic
conditions are equally critical for sustainable and efficient development. This study in-
vestigated the multifaceted factors shaping mariculture in China, Vietnam, and India. We
analyzed the natural environment and social economy qualitatively and quantitatively by
adopting zonal statistics, chart analysis, and correlation analysis. Results show that all
three countries generally possess suitable marine environments for the growth of cultured
species. Meanwhile, China and Vietnam demonstrate how robust socio-economic systems
and strategic policy support drive successful mariculture development, whereas India’s
comparatively underdeveloped socio-economic foundation appears to constrain its sectoral
advancement. These analyses suggest a principle: the natural environment is the necessary
condition and the social economy serves as the sufficient condition, together determining
the state of mariculture. Our study highlights the joint role of environmental suitability,
socio-economic readiness, and policy frameworks, providing valuable insights for identi-
fying potential mariculture sites and informing policy strategies to promote sustainable
marine aquaculture globally.

Keywords: mariculture; natural environment; social economy; policy; correlation analysis

1. Introduction

With the global population growing and living standards improving, the demand for
food—particularly high-nutrient food—is increasing significantly [1]. While land-based
food production faces constraints from water scarcity and limited arable land [2], the
ocean offers immense potential for meeting future food demands [3,4]. Marine-derived
food, sourced from both wild capture fisheries and mariculture, currently supplies 17%
of the global meat consumption [5,6]. Regions differ in their reliance on capture fisheries
versus aquaculture, but together these sectors sustain local seafood demands. Notably, in
2022, global aquaculture production accounted for 51% of total fishery output, surpassing
capture fisheries for the first time [7]. Though capture fishery production is twice that of
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aquaculture in marine areas, it has shown a relatively stagnant trend [7,8]. It is foreseeable
that there will be more and more edible marine production coming from mariculture [1].
However, expectations of where and how quickly mariculture will expand are fraught
with uncertainty [9,10]. Thus, identifying the factors that constrain or promote mariculture
expansion is essential for guiding regional development, ensuring food security, and
addressing global nutrition needs.

The future of mariculture is closely tied to its site selection, which has been a key
research focus: where is suitable for mariculture development [11]? These studies primarily
examine environmental constraints such as temperature, salinity, dissolved oxygen, and sea
water velocity, which are necessary conditions for successful mariculture [8,12-14]. While
environmental factors dominate current site selection research, socio-economic benefits
afforded by mariculture have gained increasing attention [15,16]. In addition, documented
studies also suggest that the broader socio-economic conditions of a region or nation
influence both the direction and success of mariculture expansion. On a macro level, gov-
ernments play a critical role in shaping the trajectory of the mariculture industry through
policies and national strategies [17,18]. For example, in Canada, national legislation on
aquaculture is considered urgently needed to leverage its potential role in the blue economy
strategy. When it comes down to the individual, people’s preferences and acceptability
of fish as a food [19], as well as concerns about the potential negative impacts of mar-
iculture [20], significantly shape the industry’s success. The planning for aquaculture
development also ought to meet the needs and priorities of stakeholders [21,22]. Moreover,
the evaluation of green development in Chinese oyster mariculture shows that low regional
economic income has a passive effect [23]. In fact, economic, social, and environmental
outcomes are considered to be mutually reinforced in global aquaculture systems [24].

A global spatial distribution of offshore surface mariculture published by Liu et al. [25]
demonstrates the spatial heterogeneity of mariculture distribution and deepens the under-
standing of the uneven development of this sector. Such disparities are evident not only
globally but also within Asia. In 2023, China alone accounted for approximately 73% of
Asia’s mariculture output, while countries such as Indonesia, the Philippines, and Vietnam
also acted as active producers [7]. By contrast, the output from nations including India and
Iran remained minimal. From a supply—demand perspective, densely populated Asian
countries theoretically possess a stronger impetus to develop mariculture. Although fresh-
water aquaculture in several countries serves as a substantial source of aquatic products—
meeting domestic demand while also augmenting global supply—sustained demographic
growth underscores the necessity of adopting an integrated perspective on terrestrial and
marine food systems [26]. Investigating the multifaceted factors that influence mariculture
development may open novel pathways for enhancing food production in nations where it
is currently underutilized.

Here, we explore various factors shaping the state of mariculture, ranging from natural
environmental conditions to socio-economic dimensions. We examine mariculture in China,
Vietnam, and India—three countries with distinct developmental trajectories—to derive
comparative insights; a more detailed explanation is provided in Section 2.1. Mariculture
here is construed broadly to encompass all forms of marine-based cultivation of aquatic
foods, without distinction among species. Our analysis begins by assessing the marine
environments of these countries to determine whether natural conditions constrain the
emergence of mariculture. Then, we investigate the role of socio-economic factors in
driving mariculture expansion, using time-series data. Specifically, we combine qualitative
and quantitative analysis by employing zonal statistics, chart analysis, and correlation
analysis. Additionally, we investigate the influence of policy frameworks on mariculture
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development. Overall, we demonstrate the necessary and sufficient conditions for the
development of mariculture, providing actionable insights for its sustainable growth.

2. Materials and Methods
2.1. Study Area

The research focused on three neighboring Asian countries: China, Vietnam and India
(Figure 1). Liu et al. [25] counted the area of mariculture and showed that China ranked
first in terms of overall offshore surface seawater mariculture area and Vietnam ranked
sixth, accounting for 2.32% of the total. By comparison, there was almost no mariculture
in India. These three countries can effectively characterize the high, medium, and low
development levels of mariculture.
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Figure 1. Distribution of the study areas and partition of the buffer zone. The buffers of China,
Vietnam and India were divided into 13, 8 and 16 zones respectively, and the serial numbers of each
zone are shown in the figure.

China (3°52/-53°34' N, 73°33/-135°05’ E) has a long coastline and vast sea area, with di-
verse climate changes from north to south. It shares a border with Vietnam (8°10'-23°24" N,
102°09'-109°30" E), and their sea areas are connected. Vietnam and India (8°24'-37°36’ N,
68°7'-97°25' E) share a significant latitude overlap and exhibit a comparable climate, belong-
ing to the tropical monsoon climate. The geographical analogy among the three countries
is of great value. Moreover, China, Vietham and India are all coastal continental coun-
tries with abundant land resources and diverse industries and cultures in Asia, which
makes their socio-economic conditions comparable. The similarity and diversity allow for
a comparative analysis of the multiple factors influencing mariculture among the above
three countries. Figure 1 shows the distribution of the three countries.
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2.2. Data and Preprocessing

This study mainly unfolded in two distinct stages, as illustrated in Figure 2.
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Figure 2. Flowchart for the multi-factor analysis of the development of mariculture.

Initially, we explored whether the natural factors constrained the development of
mariculture without distinguishing between specific mariculture species, as we sought
to derive broader conclusions. Investigating previous studies [12,13,16,27], we finally
chose six natural indicators that may affect the growth of marine organisms: water depth,
temperature, dissolved oxygen, salinity, sea water velocity and chlorophyll concentration
(Table 1). The cost of mariculture increases with the depth of water [28], and adequate water
depth is an essential factor when selecting sites for mariculture [8]. The physiological health
of farmed species is affected by temperature; therefore, optimal temperature determination
is an important practice in mariculture [29]. Dissolved oxygen plays a significant role in
mariculture: if the oxygen concentration is reduced far enough, it can cause reduction in
fitness and even death [30]. Salinity influences the growth of ocean species [31], which can
be cultivated better in a suitable range. Appropriate water currents contribute to water
circulation and are beneficial to the supply of dissolved oxygen and food particles and
the dissipation of waste products [32]. Phytoplankton concentration is positive for the
feeding and growth of bivalves [33], whereas excessively high or low values may impair
their health. Thus, chlorophyll concentration is equally important for mariculture. Water
depth data was derived from GEBCO_2023 Grid, which provides elevation data on a
15 arc-second interval grid. Other environmental data could not be used directly and we
did some preprocessing.
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Table 1. Data summarization. The sector relates to the field of data.
Sector Factor Format Year  Sources
Raster
Water depth (15 arcsec) 2023  https://www.gebco.net
. .. Vector .
Temperature, dissolved oxygen, salinity (Point) 2023  https://www.ncei.noaa.gov
Nature
. netCDF-4 ) . .
Sea water velocity (1/12 deg) 2022 https://doi.org/10.48670/moi-00016
Chlorophyll concentration 2?:;?13_4 2020  https://oceancolor.gsfc.nasa.gov/
GDP per capita (perGDP)
Population density (PopDensity)
Share of population in extreme poverty (EP)
Medium- and high-tech exports (MHEs)
Agriculture, forestry, and fishing value Statistical data 2020  https://data.worldbank.org
added (% of GDP) (AAF)
Social economy  Difference between exports and imports of
goods and service (EID)

Prevalence of undernourishment (PU)

Share of energy supply from fish and

Statistical data 2020  https://www.fao.org

Fishery

seafood (ES)

Gross tonnage of active vessels (GTActive)  Statistical data 2020  https://metadata.imas.utas.edu.au
OSSM (offsho.re surface Vector 2000 [25]

seawater mariculture) (Polygon)

Fishery production (capture fisheries
and aquaculture)

Statistical data 2020  https://www.fao.org

The temperature, salinity and dissolved oxygen data utilized in our study were
obtained from the World Ocean Atlas (WOA), which were produced based on profile data
from the World Ocean Database (WOD). The salinity indicator here was unitless. Every
data point includes ocean information at different depths ranging from the sea surface to
1500 m underwater. To facilitate subsequent analysis, we adopted the aforementioned data
at the depth of 5 m and interpolated it using Inverse Distance Weighting methods [34].
Thus, the vector point data was converted to raster data with a resolution of 15 arc seconds
(the same as occurrence rasterized data).

Copernicus Marine Service provides free and open-access marine data and services to
enable scientific innovation, and Global Ocean Physics Analysis and Forecast production
delivers a special dataset for surface current which also includes wave and tidal drift, which
is called SMOC (Surface Merged Ocean Current). The sea water velocity data (netCDF-4
format) was obtained from it. Eastward sea water velocity and northward sea water velocity
are two types of variables included in the data. We calculated the vector sum of the two
variables to produce the actual sea water velocity, making no distinction between directions.
Utilizing the package netCDF4 provided by Python 3.12, the netCDF-4 data was converted
to raster format.

The Ocean Biology Processing Group (OBPG) of NASA supported our analysis by
providing chlorophyll concentrations. We chose the production of concentrations generated
based on the Aqua-MODIS instrument, and the format was netCDF4. Similarly, the data
was converted to raster format.

In the second part of the study, we sought to answer whether fishery production was
related to social and economic development; several macro-level indicators were considered.
A country’s economic development can be demonstrated through factors such as gross
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domestic product, industrial structure, and the proportion of high-tech industries. From
the perspective of supply and demand, residents’ dietary habits will affect the production
of marine food. Related facility resources also have an impact on mariculture. In addition,
referring to the assessment of the sustainable development of aquaculture [24,35], we
adopted some socio-economic indicators. The period of socio-economic analysis in this
paper was from 1990 to the present.

In conclusion, we combined global offshore surface seawater mariculture data
(OSSM) [25] and ocean environmental data to research the influence of geographical
environment, and based on long-term statistics data from the Food and Agriculture Orga-
nization (FAO) of the United Nations, the socio-economic impact was explored. The data
employed in this study is summarized in Table 1.

2.3. Zonal Statistics of Natural Factors

The comparative analyses here proceed from the premise that the mere presence of
mariculture in a region implies that its natural conditions are suitable for the cultured
species. Given that observed mariculture in India is negligible, we primarily compared
India with the reference countries of China and Vietnam to investigate whether the marine
environment along the Indian coast is unsuitable for the establishment of mariculture
farms. Past research shows that more than 90% of China’s mariculture area is located in the
marine area within 20 km of the coastline [36]. Given the rationality and computational
complexity of the analysis, we focused our study within a 50 km offshore marine zone.
Only mainland areas of the three countries were considered, with the buffer zone defined
using the continental shoreline as the baseline. The geographical characteristics of the three
countries necessitated a refined division of the study area. China spans a wide range of
latitudes, while India covers a broad longitude range. To facilitate a precise comparison
of the natural environments across regions, we divided the study area. Specifically, we
first established a 50 km buffer zone along the coastline towards the ocean (“CHN_buffer”,
“VNM_buffer” and “IND_buffer” in Figure 1) and created 2° x 2° fishing nets covering
the entire study area. Then we overlaid the fishing nets with the buffer zone, retained
the intersecting parts and merged adjacent fishing nets at the same latitude. Next, the
processed fishing nets were used to segment the buffer zone, completing the smaller-scale
division of the buffer zone (small zone). Finally, we employed the zonal statistics tool to
calculate the indicator values of each small zone and draw statistical charts based on these
zone units. The above analyses were performed using ArcGIS 10.2. Figure 1 shows the
partition results of the buffer zone. There were 13 zones generated in China, 8 zones in
Vietnam and 16 zones in India.

2.4. Correlation Analysis of Socio-Economic Factors

The FAO categorizes fishery production into aquaculture and capture fisheries, further
dividing aquaculture into marine aquaculture, brackish water aquaculture, and freshwater
aquaculture. This classification provides a long-term time series of data, capturing changes
over time. We sequentially used canonical correlation analysis and partial correlation anal-
ysis to explore the correlation between fishery production and socio-economic indicators in
long time series. Both analyses were performed using the R 4.2.2.

Canonical correlation analysis (CCA) is one of the multivariate statistical analyses,
which studies the correlation between two or more groups of random variables [37]. This
method is essentially an application of Principal Component Analysis to each of the
two groups in a way that maximizes the correlation between its components [38]. In this
study, we selected four fishery variables, marine aquaculture, brackish water aquaculture,
freshwater aquaculture and capture fisheries, and four socio-economic indicators, perGDP
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(GDP per capita), PopDensity (population density), MHE (medium- and high-tech exports)
and AAF (agriculture, forestry, and fishing value added). The correlation between fishery
variables and socio-economic indicators was tested by canonical correlation analysis. Ad-
ditionally, subsets of socio-economic indicators (containing at least two variables) were
analyzed to assess how different combinations influenced the correlation between fishery
production and socio-economic factors.

Partial correlation analysis is a method to measure the degree of linear correlation
between two variables among multiple variables under the premise of controlling the
influence of other variables. The correlation coefficient ranges from 0 to 1: the larger the
absolute value is, the higher the degree of correlation between the variables is [39]. This
method was applied to examine three groups of variables: (1) fishery production (sum
of aquaculture and capture fisheries), perGDP, PopDensity, MHE and AFF; (2) marine
aquaculture, brackish water aquaculture, freshwater aquaculture and capture fisheries;
(3) marine aquaculture, capture fisheries and GTActive (gross tonnage of active vessels).

By employing these two complementary statistical techniques, the study uncovered
insights into the relationships between fishery production and socio-economic factors under
different variable combinations and scenarios.

3. Results
3.1. Comparison of Natural Environment

The results align closely with the study’s aims of assessing the natural environmental
factors influencing mariculture across China, Vietnam, and India at multiple scales (holistic,
local, temporal, and spatial). Using zonal statistics and monthly variability assessments, we
evaluated key natural indicators—water depth, temperature, dissolved oxygen, salinity, sea
water velocity and chlorophyll concentration—to uncover spatial and temporal patterns
influencing mariculture potential. Specifically, we firstly mapped the natural indicators
within a 50 km buffer zone to show the annual averages of indicators (Figure 3). Afterwards,
the overall monthly changes in each country were calculated (Figure 4). In more detail, we
displayed the monthly changes in each zone for each indicator by boxplot chart (Figure 5).
The following is what we found.

3.1.1. Water Depth

In terms of water depth, the gradient changes in India were more pronounced than
the other two countries in the direction of 50 km towards the sea along the coastline
(Figure 3a). In addition, we counted the cells with water depth between —4 and —30 m,
which was mostly considered the suitable water depth for mariculture [16,40] across the
three countries:

e  China: 65.86% of the buffer zone had a water depth within the suitable range, support-
ing significant mariculture activity.

e  Vietnam: 50.17% of the buffer zone had a water depth within the suitable range, not
much more than India.

e India: 42.43% of the water depth was suitable, yet mariculture remains underdevel-
oped compared to Vietnam. Although suitable water depth does not account for a
large proportion in India, development in Vietnam highlights that water depth is not
inherently limiting for India.
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Figure 3. Mapping of natural environment indicators within a 50 km buffer zone. The raster value
represents the annual average. (a) Seawater depth; (b) seawater temperature; (c) oxygen level in
seawater; (d) salinity of seawater; (e) chlorophyll concentration; (f) sea water velocity.

3.1.2. Temperature

Latitude is an important factor affecting climate [41], and most of the temperature
differences among the three countries also stem from latitude differences. As shown in
Figure 3b, the annual average temperature in China varied significantly from north to
south, while the temperatures in Vietnam and India were both high. And more detailed
findings include:

e  China: The temperature in zones C1-C3 (23.81-30.20 °C) was comparable to Vietnam
and India (Figure 5a).

e  Vietnam and India: Both exhibited stable and high temperatures (20-25 °C) year-round
(Figure 4a), with no anomalies observed that might hinder mariculture (Figure 5a).
Overall, temperature was not a limiting factor in any of the three countries. When the

temperature is extremely high or low, some marine species may not be suitable for cultiva-

tion, while generally there was no abnormal phenomenon in India’s seawater temperature.
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(c) salinity of seawater; (d) chlorophyll concentration; (e) sea water velocity.

3.1.3. Dissolved Oxygen

The analysis revealed:

e  China: The highest annual dissolved oxygen concentrations, especially in the north,

corresponded to dense mariculture zones (Figure 3c). Monthly values fluctuated

significantly compared to the stable changes in Vietnam and India (Figure 4b).

e Vietnam: Intermediate values which included outliers (e.g., V4) where mariculture

still thrived (Figure 5b).

e India: Generally lower concentrations with several significant outliers (I3-16: 5.06-5.92 mg/L)

indicating localized challenges (Figure 5b).

The extremely high outliers in Vietnam and India, which were even higher than
China’s dissolved oxygen concentration, were not considered unsuitable for marine aqua-

culture. Despite localized low values, dissolved oxygen does not broadly constrain mari-

culture expansion in India.
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nets corresponding to Figure 1. (a) Seawater temperature; (b) oxygen level in seawater; (c) salinity of
seawater; (d) chlorophyll concentration; (e) sea water velocity.

3.1.4. Salinity

As shown in Figure 3d, the annual averages of salinity were different not only among
countries but also within countries. The more detailed analysis showed distinct patterns
among and within countries:

e  China: Salinity increased from north to south and imposed no discernible constraint
on mariculture development.

e  Vietnam: Zones with extremely low outliers (V3, V7, and V8: ~29-32) still supported
mariculture activity (Figure 5c¢).

e India: Higher salinity variability from east to west, with monthly ranges spanning
28.27-36.84 (Figure 4c). Zones I1-17 had higher values (34.64-36.84), while zones
I8-116 exhibited levels comparable to China and Vietnam (Figure 5c).

Thus, although India exhibited greater salinity variability, this factor is not uniformly
prohibitive for mariculture.

3.1.5. Chlorophyll Concentration

For chlorophyll concentration, the average annual values across the three countries
were predominantly low (<5 nug/L), with sporadic high values observed in the fjords
(Figure 3e), which resulted in the large shaded area in Figure 4d.

e  China: The highest annual and monthly average chlorophyll concentration among
three countries (Figure 4d).

e Vietnam and India: Some extremely high outliers appeared in Figure 5d, but the
changes in different zones did not show significant differences from China. The outlier
in zone 16 (10.06 ng/L) was still lower than the outlier in zone C8 (10.76 ug/L).

On the whole, though outliers in zones were commonly present, chlorophyll concen-
tration does not pose a constraint in the development of mariculture in India.

3.1.6. Sea Water Velocity

Figure 3f shows that the annual average sea water velocity in southern China, southern
Vietnam, and western India was relatively high. The monthly average changes in sea water
velocity in the three countries were similar, and the difference between the maximum and
minimum values for each month was substantial (Figure 4e).
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e  China: The differences among zones were relatively less pronounced compared to
Vietnam and India (Figure 5e).

e  Vietnam: Zone V4 and V5 had significant variability (0.15-0.79 m/s and 0.13-0.71 m/s),
supporting mariculture despite pronounced fluctuations (Figure 5e).

e India: Zones had extremely high outliers (I5: 0.34 m/s, 16: 0.28 m/s, 17: 0.30 m/s,
I13: 0.52 m/s, and I14: 0.51 m/s) that were still lower than Vietnam’s peak (Figure 5e).

Patterns similar to Vietnam indicate that the abnormal velocity is not considered a
major obstacle to the expansion of mariculture in India.

3.2. Socio-Economic Analysis

The development of socio economy is a long-term process, with the current state
playing a pivotal role in both continuing past trends and laying the foundation for future
progress. Meanwhile, various industries are interrelated and jointly contribute to the
progress of the country. From the perspective of fishery production, we conducted a
qualitative analysis of the socio-economic development of the three countries by employing
statistical charts. This multi-faceted analysis highlights the interplay between fishery
production, industrial development, trade, and nutrition.

3.2.1. Fishery Production and Structure

Figure 6 shows that China’s aquaculture and capture fishery production was higher
than that of Vietnam and India. In terms of aquaculture structure, China’s marine aqua-
culture and freshwater aquaculture occupied a dominant position (about 97% of the total),
with very little brackish water aquaculture. Both freshwater and brackish water aqua-
culture in Vietham were more developed than marine aquaculture, while mariculture
had been growing steadily. Freshwater aquaculture was flourishing in India, about nine
times that of brackish water aquaculture, and the production of marine aquaculture was
negligible. Although India lagged behind Vietnam in mariculture production, its capture
fishery production was higher than that of Vietnam, and the total fishery production was
nearly twice that of Vietnam. It can be observed that fishery production from different
sources compete within the overall fishery structure of a country, leading to a zero-sum
dynamic, which means that when there are multiple sources of aquatic species, promoting
the development of one may suppress the others.

3.2.2. Economic Development

As shown in Figure 7, the study highlights substantial disparities in economic progress
among the three countries since the 1990s. China has made the most significant advance-
ments in poverty reduction, reducing the proportion of people living in extreme poverty
(below $2.15/day) to zero by 2017. Vietnam also achieved substantial progress, with
poverty rates falling below 1%. In comparison, India continues to face a higher poverty
rate of approximately 12%. These differences correspond to variations in per capita GDP,
with China’s per capita GDP being about three times that of Vietnam, while India’s GDP
per capita is less than two-thirds that of Vietnam (Figure 7a).
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Figure 6. Aquaculture and capture fishery production. (a) Aquaculture production of China;
(b) aquaculture production of Vietnam; (c) aquaculture production of India; (d) capture fishery
production of the three countries.
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Figure 7. Economic and industrial development. (a) Share of population in extreme poverty and
GDP per capita; (b) share of medium- and high-tech manufactured exports in total manufactured
exports; (c) agriculture, forestry, and fishing value added of GDP; (d) difference in the proportion of
exports and imports of goods and services of GDP.

Industrial composition further illustrates these economic disparities. Medium- and
high-tech manufactured exports (Figure 7b) account for more than 50% of total exports in
both China and Vietnam, reflecting significant investments in high-value-added industries.
By contrast, India lags behind, with medium- and high-tech exports contributing less
than 40% of its total exports. The share of primary industry in GDP (Figure 7c) also
indicates that China and Vietnam have made greater progress in developing secondary and
tertiary industries with higher added value, whereas India remains more reliant on primary
industries. Trade balance, obtained by the difference in the proportion of exports and
imports of goods and services of GDP, as shown in Figure 7d, reinforces these trends. Both
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China and Vietnam exhibit trade surpluses, where exports consistently exceed imports [42].
While the two are experiencing booming foreign economies, the relatively high perGDP
and MHE and low EP and AAF also promote a stable and positive development of their
domestic economies. Overall, the economic development of China and Vietnam is more
robust than that of India.

3.2.3. Nutritional Status and Dietary Energy Supply

We also studied nutritional structure, which is shown in Figure 8. People in under-
nourishment are those whose habitual food consumption is insufficient to provide the
dietary energy levels that are required to maintain a normal active and healthy life, which
can result from not eating enough or eating a diet that lacks nutrients. The prevalence of un-
dernourishment in China has dropped to 2.5% (or even below 2.5%) and it has continued to
decline in Vietnam, while India has shown an upward trend in recent years (Figure 8a). As
shown in Figure 8b, Vietnam has the highest energy contribution from seafood in the daily
diet compared to China and India, underscoring its role in improving national nutritional
intake. Fish consumption provides bioavailable micronutrients and essential fatty acids
that are often not readily available in terrestrial foods [43,44]. As a result, increasing fish
production and consumption in Vietnam has significant nutritional benefits, while China
maintains a moderate contribution and India is lagging behind. Overall, the dietary energy
and nutrition supply in China and Vietnam are more abundant than in India, reinforcing
the broader socio-economic findings.

(a) 25 CHN (b) Energy supply (%)
VNM 2010
20 IND 2022 25 2011
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a 2021 5 2012
'19-_' 15 1
Q 0.5
g 2020 : 2013
& 10 03
= 2019 2014
5
2018 2015
3 2017 2016
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Figure 8. Nutritional structure. (a) Prevalence of undernourishment; (b) share of energy from fish
and seafood in total food energy (actual consumption).

3.3. Correlation Between Fishery and Social Economy

In Table 2, we present the canonical correlation coefficients between fishery and social
economy in the three countries under different combinations of socio-economic indicators.
The calculation results combining the data of the three countries were represented as the
CVLI. All correlation coefficients exceeded 0.95 and passed the significance test (using the
F-approximations of Shapiro-Wilk’s test statistics), indicating that the interaction of various
factors in the economic development of a country played a crucial role in fishery production.
Partial correlation analysis was applied to further explore the correlation. Table 3 shows the
partial correlation coefficients of each factor. Given the redundancy in the full results, we
focused on significant correlations that were consistent across all three countries to identify
common patterns. Notably, some of the correlation coefficients were 1, which led to NaNs
produced in significance tests. Results of partial correlation analysis show that perGDP
and PopDensity were most strongly correlated with fishery production, followed by MHE.
These findings emphasize the links between fishery production and key aspects of national
economy, population density, and industrial structure, particularly the development of
medium- and high-tech industries.
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Table 2. Canonical correlation coefficients between fishery and social economy.
G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G11
CHN 0.999 0.999 0.998 0.999 0.999 0.976 0.999 0.999 0.997 0.998 0.999
VNM  0.999 0.998 0.995 0.999 0.999 0.992 0.988 0.998 0.995 0.991 0.999
IND 0.994 0.991 0.992 0.994 0.993 0.980 0.990 0.986 0.990 0.992 0.992
CVI 0.986 0.972 0.983 0.983 0.985 0.963 0.961 0.966 0.974 0.983 0.980

Note: G1: perGDP, PopDensity, MHE, and AFF; G2: PopDensity, MHE, and AFF; G3: perGDP, MHE, and AFF;
G4: perGDP, PopDensity, and AFF; G5: perGDP, PopDensity, and MHE; G6: MHE and AFF; G7: PopDensity and
AFF; G8: PopDensity and MHE; G9: perGDP and AFF; G10: perGDP and MHE; G11: perGDP and PopDensity; p
values were all less than 0.001.

Table 3. Partial correlation coefficients between fishery and social economy.

Country  Independent Variable Control Variable Estimate Significance
PopDensity perGDP -1 e
per GDP MHE —1 %%

CHN perGDP AAF -1 .
PopDensity AAF -1 e
MHE AAF 0.378 *
PopDensity perGDP -1 e
perGDP MHE 0.995 ok

VNM perGDP AAF 0.981 i
PopDensity AAF -1 o
MHE AAF 0.587 -
PopDensity perGDP 0.852 e
perGDP MHE 0.832 ok

IND perGDP AAF 0.952 e
PopDensity AAF 0.987 ok
MHE AAF 0.871 ok

Note: The dependent variable was fishery production; *, and *** denote significance at 5%, and 0.1% respectively.

The correlation among different fishery production sectors was quantitatively explored,
and the results are shown in Figure 9. In China, mariculture and freshwater aquaculture—
which dominate fishery production—exhibited a strong correlation. They respectively
harness terrestrial and marine resources, exhibiting comparable trends of development
despite disparities in their current levels of advancement. There was a significant correlation
between marine aquaculture and capture fisheries in Vietnam, which might be related to
the high proportion of energy supply from fish and seafood in the daily diet of Vietnamese
people (Figure 8b). The two together contributed to the production of marine species in
the country. India displayed correlations between freshwater aquaculture and the other
three fishery production sectors, with the highest correlation observed between freshwater
and brackish water aquaculture. Referring to Figure 6, freshwater aquaculture in India led
to the development of other sectors of fishery production to meet the demand of aquatic
products. Various fishery production sectors showed different correlations due to different
national conditions, jointly contributing to the country’s food supply.
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Figure 9. Partial correlation coefficients among different fishery production sectors. “x” indicates

insignificant correlation.

As a key tool needed for mariculture and capture fisheries, vessels influenced the
development of both sectors. As shown in Figure 10, we studied the partial correlation
among mariculture, capture and GTActive. In China, GTActive exhibited the highest
correlation with marine aquaculture, followed by capture. The main source of China’s
marine species production was marine aquaculture, which was consistent with the result
shown in Figure 6. Mariculture and capture showed a high correlation in Vietnam (similarly
to the result of Figure 9b). GTActive had a positive partial correlation with capture and a
negative partial correlation with marine aquaculture. As shown in Figure 6, the mariculture
production was less than one fifth of capture production, indicating that domestic vessels
were more employed for the latter. When the focus of production is placed on capture,
marine aquaculture receives less attention. Mariculture was scarce in India, and there was a
significant partial correlation between GTActive and capture. Due to the different priorities
of national fishery production, the application priorities of fishing vessels were different.
The production of marine food and vessels were interdependent and correlated.
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Figure 10. Partial correlation coefficients among mariculture, capture and gross tonnage of active

vessels. “x” indicates insignificant correlation.

4. Discussion

This study aimed to enhance understanding of the complex factors shaping maricul-
ture development in China, Vietnam and India. By integrating comparative analyses of
natural environments, socio-economic indicators, and fishery production systems, this
research contributes valuable insights into the determinants of mariculture development.

https://doi.org/10.3390/su18031621


https://doi.org/10.3390/su18031621

Sustainability 2026, 18, 1621

17 of 23

4.1. Necessary Conditions for Mariculture

Darwin’s theory of biological evolution emphasizes that natural selection is the key
mechanism of evolution, and organisms that adapt to nature can survive better [45]. The
vigorous development of marine aquaculture relies on a suitable natural environment,
including water depth, temperature, salinity, dissolved oxygen, etc., which are considered
to be the necessary conditions for it. We conducted a comparative analysis of the natural
environment within 50 km offshore marine areas of China, Vietnam, and India, attempting
to determine whether India lacks the necessary conditions for mariculture.

Taking China as the reference, India and Vietnam shared similarities in temperature
and seawater depth. Vietnam’s medium-level mariculture development ruled out inhibitory
effects of these factors, suggesting that India also possesses suitable temperature and
seawater depth for mariculture. Extremely low outliers of dissolved oxygen were observed
in India, the minimum value of which was 5.06 mg/L. Ninety percent of the experiments
conducted in a study reported median sublethal oxygen concentrations below 5 mg/L,
which could cause declines in feeding and growth [46]. Water quality standard for fisheries
published by the National Environmental Protection Administration of China states that
the dissolved oxygen concentration in the aquaculture water area needs to be greater than
5 mg/L for more than 16 h in a continuous 24 h period. Obviously, the dissolved oxygen
concentration in India was above the threshold, and thus marine aquaculture should not be
restricted by this factor. Salinity levels presented regional variability. Some zones in India
had high salinity values (>35), which were considered to affect the growth and survival
of marine species [47,48]. Nonetheless, zones 18-116 in India exhibited salinity within
the suitable range, suggesting that these regions could still support mariculture. On the
one hand, primary productivity indicated by chlorophyll is a food source for mollusks.
On the other hand, high concentration values signify eutrophication of the water body;,
which is detrimental to the health of fish. For cage/pen fish culture in brackish water
estuaries, a suitable level of chlorophyll concentration is lower than 25 pg/L [8]. The
optimal chlorophyll concentrations for shellfish [14] and Pacific oyster [16] aquaculture are
>2 ng/L and 1-55 ug/L, respectively. The chlorophyll concentration in India was within an
appropriate range and was unlikely to inhibit the development of marine aquaculture. Sea
water velocity also demonstrated no discernible patterns in China and Vietnam, regions
with advanced and moderately developed mariculture, respectively. A water current value
higher than 0.1 m/s and lower than 2 m/s may be suitable for the growth of farmed
species [16]. Although there was an outlier in zone I16 of India, it remained within the
appropriate range.

Overall, India possesses the necessary conditions (suitable natural environment) for
mariculture. Even though some zones have excessively low dissolved oxygen and high
salinity values that are not conducive to the breeding of species, it is perplexing that
mariculture is scarce in the other suitable zones, highlighting the need to explore socio-
economic factors.

4.2. Sufficient Conditions of Mariculture

While natural conditions are necessary, socio-economic factors represent the sufficient
conditions for mariculture development. This refers to two theories in economics: one is
Mankiw’s Economic Principle 8, which states that a country’s standard of living depends
on its ability to produce goods and services [49]; the other is that the nature of demand is
to encourage industry mentioned in the book Inquiry into the Principles of Political Economy.
Seafood obtained from marine aquaculture as a commodity should also follow these two
patterns. Namely, the industry of mariculture will flourish only when a country has the
technology and capital to develop it, as well as the capacity to consume marine products.
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Combining qualitative and quantitative analysis, we explored the relation between
fishery production and social economy and analyzed the interrelationship between various
sectors within the fishery industry. China’s economic development has always been at
the forefront of the three countries, with Vietnam emerging as a latecomer and gradually
surpassing India around 2010, showing an increasingly positive economic outlook. In
comparison, India’s development lags behind, burdened by challenges of poverty and food
insecurity (Figures 7 and 8a). As shown in Table 4, we looked at the share of land used
for agriculture, with India having the highest proportion at 60.05%. The large share of
agriculture land represents India’s emphasis on food production. The country endeavors
to ensure adequate food sources to meet people’s basic needs. In this context, hunger
alleviation takes precedence over the pursuit of higher-nutrient foods [50,51] such as marine
products. Meanwhile, in terms of fishery production in India, freshwater aquaculture
accounts for the largest share, and the capture industry is also developing. The technological
and funding requirements of these two sectors are relatively rudimentary, allowing for the
same output with lower costs. Together, the lack of mariculture in India, which provides
high-nutrient food and requires a higher technical and economic base, is interpretable.

Table 4. Population and land area.

Country Population (Million)  Land Area (km?)  ALA (%) CZA (%)

CHN 1425.89 9,388,210 55.46 2.80
VNM 97.47 313,429 39.43 27.79
IND 1407.56 2,973,190 60.05 6.60

Note: Land area is a country’s total area, excluding area under inland water bodies, national claims to continental
shelf, and exclusive economic zones. ALA means the share of agriculture land to the total land. CZA means
the share of coastal zone to the total land. The 30 km position on the landside from the coastline is used as the
boundary dividing the coastal zone and the inland.

Further, marine product consumption in India is notably low. The energy supply
from fish and seafood in the Indian diet is minimal (Figure 8b), reflecting a reliance on
terrestrial food sources. The geographical connection between residents and the ocean
may influence their demand for marine food [52]. Coastal populations constitute 40% of
China’s total population [53,54], 80% of Vietnam’s [55] and 48% of India’s [56]. Meanwhile,
Vietnam'’s coastal zone area accounts for as much as 27.79% of the total area (Table 4); the
close cultural and economic connection to marine resources also explain why Vietnamese
people consume more marine products in their daily diet. India’s coastal population
and area proportion fall between those of China and Vietnam, suggesting demand for
marine products in theory. Nevertheless, there is a pronounced aquatic product trade
deficit in India, with domestically produced aquatic food being extensively exported
to global markets, forming an export-oriented production paradigm [57]. Under this
circumstance, constrained domestic availability redirects consumers toward alternative
protein sources, while comparatively low purchasing power further limits demand for
higher-priced aquatic products. Together, these factors suppress per capita consumption of
fish and seafood, thereby providing insufficient market stimulus to catalyze the expansion
of marine aquaculture.

In summary, India’s relatively underdeveloped economic foundation, combined with
low demand for marine products, represents a critical barrier to mariculture develop-
ment. Even if a suitable natural environment is necessary, the development of mariculture
in India has a long way to go due to the lack of socio-economic impetus, which is the
sufficient condition.
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4.3. Guiding Role of Policy

Policy plays a critical role in shaping the development of mariculture by aligning
environmental, economic, and social priorities. China is the world’s largest producer of
mariculture [7], whose vigorous development is inseparable from policy guidance and
support. The On Relaxing the Policy and Accelerating the Development of the Fishery Industry
policy enacted in 1985 formulated ten policy measures in terms of the decentralization of
management authority, economic incentives, and technology promotion. It clarified the
direction of national fishery development, ushering it into a fast-track growth phase. In
recent years, policy documents such as the Outline of Long-term Goals for 2035 have shifted
scale expansion to sustainable development, introducing mechanisms such as ecological
red line zoning (restricting aquaculture in ecologically sensitive areas), green certification
systems (linking eco-friendly practices to market access), and ecological compensation
funds (supporting farmers in converting to low-impact aquaculture models). These mech-
anisms collectively realize the transition from “industry” to environment, people, and
society in China’s mariculture governance and continue to ensure the steady progress of
the modernization of China’s mariculture industry.

Similarly, the development of mariculture in Vietnam has also benefited from the
government’s management policies [58,59]. These policies adopt a mix of licensing and
resource-use regulation, community and cooperative support, and export promotion mea-
sures that have enabled rapid mariculture expansion while integrating it with rural liveli-
hoods and regional development.

Despite the lack of mariculture, India ranked the second for the total production of
aquatic animals, which was also supported by the government. For instance, the Coastal
Aquaculture Authority Act (2005) regulated the activities connected with coastal aquaculture
to protect the livelihood of various sections of people living in the coastal areas. Over the
past decade, the government of India has also introduced some initiatives to boost maricul-
ture research and development. The Draft National Mariculture Policy (NMP) prepared in
2018 proposed a spatial planning mechanism, introducing a multi-criteria decision-making
framework based on satellite remote sensing data and GIS to identify suitable mariculture
sites. The 2019 Pradhan Mantri Matsya Sampada Yojana (PMMSY) introduced financial and
technical support measures to make all available facilities accessible to fishermen through
various welfare schemes, which has played a significant role in promoting and supporting
sea cage farming. The Coastal Aquaculture Authority (Amendment) Bill (2023) amending the
Coastal Aquaculture Authority Act (2005) expands the scope of coastal aquaculture and leads
it to prioritize industry growth. It is anticipated that further support and guidance from
the government will facilitate the realization of India’s mariculture potential. Meanwhile,
scholars have conducted a series of studies on aquaculture, providing reference for govern-
ment management [60-62]. It is noteworthy that they frequently mentioned the significant
potential for the development of mariculture in India and expressed optimism regarding
its contribution to national food security [63—-65]. These recommendations merit greater
adoption and effective implementation.

The comparison of these policies reveals context-specific differences. China empha-
sizes top—down systematic planning driven by national strategies; Vietham adopts market-
oriented measures to link domestic production to global markets; and India focuses on
bottom-up capacity building to overcome foundational constraints. This confirms that effec-
tive mariculture policy relies not just on policy existence but also on the combination and
implementation of specific mechanisms (spatial planning and site selection, environmental
impact assessment and monitoring, targeted incentives, and financial support). If policy
frameworks can integrate explicit spatial planning and environmental protection measures
with sustained technical support and market linkages, the development of mariculture is
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more likely to be productive and sustainable, whereas deficiencies in policy implementa-
tion or supervision mean that relying solely on policy statements is insufficient to ensure
sustainable outcomes.

4.4. Limitations and Prospects

Through a multidimensional analysis of natural environmental, socio-economic and
policy factors, this study provides new insights into the development of mariculture. The
results indicate that mariculture is shaped jointly by natural environmental conditions
and socio-economic factors, both of which form the necessary and sufficient conditions
for its development. Moreover, national policies play a guiding role, which comprehen-
sively consider environmental, economic, and social aspects to enhance public well-being.
Nevertheless, several limitations remain in the current study, and future research could be
expanded and refined in the following aspects.

First, there are inherent limitations in the data used and factors considered. On
the data front, the relatively coarse granularity of temperature, dissolved oxygen, and
salinity data might introduce potential biases, despite interpolation processing being per-
formed. On the factor selection front, this study focused on several macro socio-economic
variables, yet it paid insufficient attention to fine-grained factors including governance,
economic subsidies, cultural customs, market structures and technological progress, which
have also been proven to influence the development of mariculture [20,66,67]. More re-
fined methods could be adopted to elucidate the correlations between these factors and
mariculture development.

Second, environmental suitability was analyzed without distinguishing among specific
species, despite substantial interspecific differences in environmental tolerance. Future stud-
ies could address this limitation by incorporating species-level analyses. In addition, some
important environmental constraints were not explicitly considered, including tropical
cyclones, storms, and harmful algal blooms. Even in regions where average environmental
conditions are suitable, these factors may undermine the stability of mariculture.

Third, future research could develop various scenarios, such as policy investment,
market demand, and climate change, to simulate the potential development trends of
mariculture and quantify the impacts of key uncertain factors, thereby providing more
targeted support for policy formulation. In such analyses, the negative environmental
impacts associated with its excessive expansion should not be overlooked, as they may in
turn constrain or undermine its long-term development.

5. Conclusions

This paper takes China, Vietnam, and India as cases to perform a multi-factor analysis
on the development of mariculture. Initiating our study from the natural environment
and combining the distribution of mariculture, we employed zonal statistics to examine
the spatiotemporal differences in the marine environment from a holistic to a local scale.
Incorporating time-series socio-economic data, we analyzed the correlation between mar-
iculture and socio-economic conditions. In addition, the role of policy was discussed.
Although parts of western India exhibit dissolved oxygen and salinity challenges, these do
not significantly limit mariculture expansion across other suitable zones. Instead, India’s
relatively lagging economic foundation and low demand for marine products constrain
its development, underscoring that favorable environmental conditions alone are insuf-
ficient. The experiences of China and Vietnam demonstrate that strategic policy support
and economic growth are critical for driving mariculture, ensuring its contributions to food
security and sustainable development. In summary, the necessary natural environment and
the sufficient social economy jointly influence the development of mariculture, wherein
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national policies exert a pivotal guiding influence. By aligning environmental suitability
with socio-economic development, countries can unlock mariculture’s substantial potential
to address food security and sustainability.
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