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ABSTRACT

This review examines breakthrough technological developments in shrimp aquaculture, emphasizing key
advances, remaining barriers, and policy implications for sustainable sector growth. Major technological
innovations include biotechnology-driven improvements such as genetic selection, MAS and emerging
CRISPR applications for disease-resistant stocks. Al-based monitoring and automation systems that optimize
feeding and environmental control in real time, microbial approaches including probiotics and biofloc
technology that enhance water quality and pond stability. Novel feeds incorporating insect, microbial and
other alternative proteins to reduce dependence on fishmeal. These advances collectively improve
productivity, animal health and environmental performance. However, adoption is hindered by high capital
costs, technical complexity and limited farmer training. More so, uneven access to digital and genomic
tools, particularly among small-scale producers. Addressing these barriers requires supportive policies
that promote inclusive technology transfer, investment incentives, capacity building and regulatory
frameworks for safe use of biotechnologies and data-driven systems. Overall, the review highlights how
integrated biotechnological and Al-enabled innovations can transform shrimp aquaculture, provided that

Indonesian Aquaculture Journal, 20 (2), 2025, 157-172

Morfow Nkeze Paul”, Nor Azman Kasan’, Benedicta Oshuware Mbu Oben™, and Friday Elijah Osho™

7 Higher Institution Centre of Excellent (HICOE), Institute of Tropical Aquaculture and Fisheries, Universiti Malaysia

enabling policies ensure equitable, responsible and sustainable implementation.
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INTRODUCTION

Shrimp farming, which began more than a century
ago in Southeast Asia, initially relied on simple pond-
based practices (Quach, 2018). By the early 2000s, over
85% of global farmed shrimp originated from Asia, led
by Thailand, China, Indonesia and India (FAO, 2020),
and production has continued to expand toward a
projected 5 million metric tonnes. The industry to-
day operates through extensive, semi-intensive and
intensive systems, each exerting different environ-
mental pressures. Extensive systems, dependent on
natural productivity, can degrade surrounding ecosys-
tems (Schuur et al.,, 2020), while semi-intensive sys-
tems introduce moderate inputs that may contribute
to pollution, habitat loss and fishmeal demand de-
spite the use of biofilters and treatment units (Xiao
et al., 2019; Tom et al., 2021). Intensive systems now
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account for roughly 55% of global output, supported
by lined ponds, tanks and greenhouse-based opera-
tions that maintain high stocking densities (FAO,
2024).

Technological advances have significantly reduced
reliance on wild seed resources. Modern hatcheries
equipped with RAS, biofloc systems and genetic se-
lection techniques now produce billions of robust
post-larvae under controlled conditions (Hai et al.,
2015; Ahmed & Turchini, 2021). Between 2017 and
2019, global market expansion reached 7.5%, domi-
nated by P vannamei and P monodon, which repre-
sented 80% and 15% of production, respectively (FAQ,
2020; Dao, 2019). Innovations in feed formulation
including insect- and microbial-based proteins have
also reduced dependence on fishmeal (Roccatello et
al., 2024).

Despite this progress, the sector faces persis-
tent challenges: disease outbreaks, resource ineffi-
ciency, rising production costs, and increasing pres-
sure to meet sustainability standards. Emerging tools
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such as artificial intelligence, machine learning, pre-
cision feeding systems, and automated water-quality
monitoring are increasingly essential for improving
efficiency and reducing waste (Mustapha et al., 2021;
Lim, 2024). These pressures and technological shifts
create a clear need for an updated review that syn-
thesizes recent advances, identifies the remaining
barriers to adoption, and assesses how innovation
can support a more resilient and sustainable shrimp
aquaculture industry.

METHODOLOGY

This review adopted a rigorous systematic meth-
odology to comprehensively analyze technological
advancements in shrimp aquaculture, ensuring trans-
parency, reproducibility and academic rigor. The pro-
cess followed the PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) guidelines
to structure the literature search, selection and syn-
thesis. To identify relevant studies, searches were
conducted across multiple academic databases, includ-
ing Scopus, Web of Science, PubMed and Google
Scholar, ensuring broad coverage of interdisciplinary
research. The search strategy employed a combina-

(Paul et al.)

tion of keywords such as “shrimp aquaculture,
“biofloc technology,” “Al in aquaculture,” “CRISPR
shrimp breeding,” and “sustainable shrimp farming,”
along with Boolean operators (AND, OR) to refine
results. The initial search yielded 1,015 articles, which
were then deduplicated, leaving 730 unigue records
for further screening.

Inclusion and exclusion criteria were strictly ap-
plied to maintain relevance and quality. Studies were
included if they (1) focused on technological innova-
tions in shrimp aquaculture, (2) were published be-
tween 2015-2024 to prioritize recent advancements,
(3) provided empirical data or verifiable case studies,
and (4) were peer-reviewed journal articles, confer-
ence proceedings or authoritative reports (e.g., FAO
publications). Excluded studies were those that ad-
dressed non-penaeid shrimp species, lacked techni-
cal depth, or were opinion-based without support-
ing data.

To minimize bias, two independent reviewers
conducted the screening and full-text assessment.
Discrepancies were resolved through consensus. This
double-screening procedure ensured consistency and
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Figure 1. PRISMA flow diagram has been generated to visually summarize the identification, screening,

eligibility and inclusion steps.
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reduced selection bias. After title and abstract screen-
ing, 410 irrelevant studies were removed, and 320
full-text articles were assessed for eligibility. A fur-
ther 172 studies were excluded due to insufficient
methodological detail, outdated findings or irrel-
evance, resulting in a final selection of 148 high-qual-
ity studies for in-depth review.

A PRISMA flow diagram has been generated to
visually summarize the identification, screening, eli-
gibility and inclusion steps (Figure 1). Regarding geo-
graphic coverage, the review included studies from
all shrimp-producing regions globally, including Asia,
Latin America, the Middle East and Africa. Only En-
glish-language publications were included due to da-
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tabase limitations and to maintain consistency in
methodological appraisal; non-English papers were
therefore excluded.

ADVANCED TECHNOLOGY IN SHRIMP
AQUACULTURE

Technological advances drive shrimp aquaculture
growth (Figure 2). For instance, shrimp hatchery pro-
duced seed has contributed to the improvement of
Shrimp aquaculture production worldwide (Figure 3).
Despite a significant drop in marine farmed shrimp
in 2020 (i.e., 15% lower than in 2019) due to the covid
19 pandemic, the global shrimp industry experienced
a growth increase of 8.9% between 2020 to 2021,
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Figure 2. Global range of shrimp aquaculture production from 2010 to 2024.
Data Source: Adapted from Jory, 2023 (Mt, million metric ton).
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Figure 3.
Data Source FAO (2022).

Shrimp aquaculture production by world region 2010-2022 with projections into 2023 and 2024.

Note* Other Americas include: Mexico, Honduras, Peru, Venezuela, Brazil, Guatemala, Nicaragua, Colombia, Costa Rica, Cuba,

Panama,

Note* Other Asia includeBangladesh, Myanmar, Brunei, Japan, South Korea, Taiwan, Philippines, Malaysia, Saudi Arabia and Iran.
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with an additional 5% predicted for 2022 (FAO, 2022).
The increase observed is due to the proliferation of
modern infrastructures for intensive production that
has placed farmed production higher above wild catch.
Due to advancement in technology, the production
of farmed shrimp is projected at 5.88 million metric
tons, which constitutes the most valuable traded sea-
food commodity globally (Jory, 2023).

In addition, advanced technology systems of pro-
duction are designed to increase profitability
grounded on the advances in production techniques
such as feed quality, skillful farm management, dis-
eases management, etc. (Engle et al., 2017). More-
over, it enhances better environmental outcomes as
farms strive to become more intensive and competi-
tive while ensuring safe operating costs and environ-
mental impacts.

Some of the technological advancements that have
revolutionized shrimp aquaculture industries are dis-
cussed below:

(Paul et al.)

Biotechnology

Shrimp aquaculture continues to experience re-
current disease outbreaks, which drive high antibi-
otic use and substantial economic losses. Bhassu et
al. (2024) reported that disease pressure remains one
of the main constraints on production, with outbreaks
frequently disrupting farm operations. Among these
diseases, white spot syndrome virus (WSSV) is iden-
tified as one of the most destructive. Duc et al. (2015)
documented severe mortality events in black tiger
shrimp linked to WSSV, while Schuur et al. (2020)
highlighted its rapid transmission and major produc-
tion losses in Peninsular Malaysia. Searchinger et al.
(2019) estimated cumulative global losses from WSSV
at approximately US$45 billion, underscoring its criti-
cal impact on the sector. Other pathogens including
AHPND, EMS, TSV, and various Vibrio spp. were con-
sistently identified across studies as major contribu-
tors to production decline (Table 1). Early manage-
ment approaches reported in the literature largely

Table 1. Common Shrimp Diseases identified in the literature

Disease Causative Agent

Symptoms Authors

Acute hepatopancreatic
necrosis disease (AHPND)
Enterocytozoon (EHP)

Vibrio parahaemolyticus

Microsporidian parasite

White Spot Syndrome
Virus (WSSV)

White Spot Syndrome
Virus (WSSV)

Early Mortality Syndrome
(EMS)

Taura Syndrome Virus
(TSV)

Infectious Hypodermal
and Hematopoietic
Necrosis Virus (IHHNV)
Vibrio parahaemolyticus
Infection

Vibrio anguillarum
Infection
Hematopoietic Necrosis
Virus (HNV)

Multiple pathogens,
mainly Vibrio spp.
Taura Syndrome Virus
(TSV)
Infectious Hypodermal
and Hematopoietic
Necrosis Virus (IHHNV)
Vibrio parahaemolyticus

Vibrio anguillarum

Hematopoietic Necrosis
Virus (HNV)

Lethargy, anorexia, slow
growth
Hepatopancreatic
microsporidiosis
Lethargy, aggregation at
pond edges, white spots on
shell
High mortality in post-
larvae, poor growth
Lethargy, reduced feeding,
high mortality
Abnormal swimming, white
or pale body coloration

(Boyd et al., 2018)

(Duc et al., 2015)

(Prachumwat et al.,
2019)
(Fadilah & Fasya, 2021)

(Dewangan et al., 2017)

Softshell, dark discoloration,
high mortality
Red discoloration, tissue
Necrosis
Darkening of the body,
reduced feeding

(Navaneeth et al., 2020)
(Qiao etal., 2015)

(Tang & Lightner, 2021)

focused on the use of specific-pathogen-free
broodstock and strict biosecurity measures, yet these
strategies were shown to be insufficient as new
pathogens emerged (Duc et al., 2015). In response,
several studies documented a shift toward biotech-
nological innovations. Flegel et al. (2008) demon-
strated that genetic engineering applications can pro-
duce shrimp lines with improved tolerance to viral
diseases. Similarly, studies by Yue (2014) and Zenger

et al. (2019) reported that Marker-Assisted Selection
(MAS) and genomic selection significantly improved
breeding efficiency for disease resistance and growth
performance.

Advances in hatchery biotechnology were also
supported by empirical findings. Alfaro-Montoya et
al. (2019) showed that molecular diagnostic tools in-
creased the accuracy of early pathogen detection in
broodstock, reducing the probability of disease trans-
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mission. Qian et al. (2018) further demonstrated that
genetic techniques improved hatchery management
by enabling screening for subclinical infections. Bio-
technology-driven feed innovations were also evi-
dence-based. Gonzalez (2025) reported that alterna-
tive protein formulations reduced reliance on fishmeal
without compromising shrimp growth. Arnold et al.
(2016) and Fry et al. (2018) found that bioengineered
feed ingredients enhanced feed conversion efficiency
in controlled trials. Biofloc technology (BFT), de-
scribed by Emerenciano et al. (2017) and Abakari et
al. (2022), was shown to mitigate nutrient waste by
promoting microbial recycling, thereby improving
water quality and reducing discharge. Emerging tools
such as CRISPR remain mostly theoretical for shrimp,
but Ferdous et al. (2022) provided early evidence from
related aquaculture species showing potential for
enhancing disease resistance. Giap et al. (2010) em-
phasized that coordinated research efforts and sup-
portive policy frameworks are needed to scale such
biotechnological applications. Finally, Shang et al.
(1998) demonstrated that biotechnology adoption
improves production efficiency and lowers disease-
management costs, contributing to higher overall
profitability.

Artificial intelligence

Artificial Intelligence (Al) has become an impor-
tant tool in shrimp farming, mainly through its com-
bination with 10T sensors and machine-learning mod-
els. Reviewed studies consistently report two major
applications: disease prediction and feeding optimi-
zation. For disease prediction, studies show that Al
can identify abnormal water conditions and shrimp
behavior before clinical signs appear. Quach et al.
(2020) demonstrated that algorithms analyzing pH,
ammonia, dissolved oxygen, and behavioral patterns
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detected disease risks 7-10 days earlier than manual
farm monitoring. Mustapha et al. (2021) reported a
practical application of this approach through the
AquaCloud system in Vietnam, which achieved a 60%
reduction in Early Mortality Syndrome (EMS) across
42 commercial farms in the Mekong Delta. These find-
ings highlight that early-warning detection is not only
theoretical but functioning at scale under farm con-
ditions. In feeding management, Biswas et al. (2023)
documented that Ecuadorian farms using Al-based
automated feeders achieved a 25% reduction in feed
waste, attributed to real-time monitoring of con-
sumption and algorithm-guided feeding intervals.
Their study also noted improvements in consistency
of feeding events compared to manual feeding. 10T
applications covered in the reviewed literature em-
phasize real-time tracking of variables linked to pro-
duction efficiency. Yoo et al. (2020) found that loT-
enabled monitoring improved decisions on feed con-
version, harvest timing, and energy use, and that in-
tegrating robotics could further enhance these out-
comes as datasets expand. Lal et al. (2024) showed
that farms in Singapore, Japan, and the USA applying
robotic systems for feeding and harvesting experi-
enced reductions in labor demand and greater opera-
tional precision. Despite these benefits, most stud-
ies also highlighted persistent barriers to adoption.
Taneja et al. (2023) documented high initial invest-
ment costs typically US$50,000-100,000 for medium-
scale farms as a major constraint in low- and middle-
income countries. Mohale et al. (2024) and Rastegari
et al. (2023) reported that limited digital infrastruc-
ture and insufficient technical training frequently pre-
vent effective use of Al and loT systems. These chal-
lenges create uneven uptake, especially among small-
holder farmers. Table 2 summarizes the Al and loT
technologies reported across the reviewed studies.

Table 2. Various Al and loT technologies currently used in shrimp aquaculture, including their applications

and potential benefits

Technology Application Potential Benefits Authors
Al-Based Feed Management Optimizing feed Improved feed efficiency and Biswas et al.
conversion rates reduced waste (2023)
loT Water Quality Real-time monitoring Early detection of issues and Tsai et al.
Monitoring of water parameters improved water management (2022)
Machine Learning for Predicting disease Reduced mortality rates and Quach et al.
Disease Prediction outbreaks in shrimp timely interventions (2020)
farms
Automated Feeding Systems  Automated delivery of Reduced labor costs and Reis et al.
feed improved feed distribution (2021)
Robotics for Harvesting Automated harvesting  Increased efficiency and reduced  de Avila et al.
processes operational costs (2021)

Data Analytics Platforms Analyzing large

datasets for insights

Improved management strategies
and operational efficiencies

Kajornkasirat
et al. (2021)
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Genetic applications

Genetic applications in shrimp farming have in-
creasingly been shaped by empirical research demon-
strating improvements in growth, disease resistance,
reproductive performance, and environmental toler-
ance. Zhang et al. (2019) reported that selective
breeding programs have successfully produced lines
with enhanced growth rates and resilience to pro-
duction stressors, supporting the shift toward more
intensive and genetically optimized farming systems.
Evidence from commercial breeding trials also shows
that genetically improved lines perform more effi-
ciently under controlled, high-density systems de-
signed for mechanization and automation. A substan-
tial body of research has examined reproductive ma-
nipulation techniques. Historically, eyestalk ablation
was widely used to stimulate ovarian maturation.
Experimental studies by Uawisetwathana et al. (2011)
and Alfaro-Montoya et al. (2019) demonstrated that
ablation induces physiological stress responses, dis-
rupts normal behavior, and adversely affects welfare.
These findings contributed to regulatory changes such
as the European Commission’s prohibition of abla-
tion in organic shrimp production (Lembo et al.,
2014). Comparative trials have further shown that non-
ablated broodstock exhibit longer reproductive
lifespans and require lower breeder replacement ra-
tios (Zacarias et al., 2019), providing evidence-based
support for the transition to non-ablated lines. Re-
search has also documented the effects of genetic
selection on product quality. Flegel (2019) and
Emerenciano et al. (2022) reported that selective
breeding contributes to observable variations in
shrimp coloration and meat quality across different
commercial lines. Industry statistics presented in
these studies indicate that the number of domesti-
cated broodstock used in breeding programs in-
creased from approximately 100,000 in 2003 to
800,000 in 2015, reflecting the measurable expansion
of genetically improved stocks.

Probiotics

Probiotics are beneficial microorganisms that
enhance shrimp immune response and improve wa-
ter quality by stabilizing microbial communities, as
demonstrated in multiple empirical studies. Lu et al.
(2019) showed that probiotic application significantly
increased immune-related enzyme activity in shrimp,
while also improving pond microbial balance. Envi-
ronmental degradation in shrimp systems is strongly
linked to pathogen dominance and toxin accumula-
tion, and Ma et al. (2019) reported that routine anti-
biotic use in such systems not only accumulates resi-
dues but also promotes antibiotic-resistant bacterial
strains. These findings highlight the need for alter-

(Paul et al.)

native strategies supported by evidence rather than
general practice. Several studies document measur-
able improvements in water quality and disease re-
duction when probiotics are applied. For instance, in
biofloc technology (BFT) systems, Emerenciano et
al. (2017) reported that Bacillus supplementation re-
duced toxic ammonia concentrations by 40-60% in
Brazilian shrimp farms. Similarly, Kumar et al. (2016)
recorded a 35% decline in Vibrio infections in Indian
farms when shrimp were fed probiotic-enriched di-
ets, confirming the disease-mitigating potential of
these microorganisms. However, Butt et al. (2021)
found that probiotic performance varied widely across
strains and farming conditions, indicating that strain-
specificity remains a major limitation for broad-scale
application. Mechanistically, the reviewed evidence
indicates that probiotics support shrimp health
through several pathways. Knipe et al. (2021) demon-
strated competitive exclusion of pathogens in con-
trolled trials, while Jamal et al. (2019) showed in-
creased production of immune-related molecules in
shrimp exposed to selected probiotic strains. Stud-
ies by Butt et al. (2021) and Muthu et al. (2024) fur-
ther confirmed that probiotics enhance nutrient ab-
sorption by breaking down complex feed components.
Kakade et al. (2023) provided additional evidence that
certain strains effectively detoxify ammonia and heavy
metals in aquaculture systems. Delivery methods vary,
with studies reporting positive results from both
feed-based and water-based applications (Butt et al.,
2021; Muthu et al., 2024). Recent work by Fenster et
al. (2019) and Westfall et al. (2021) highlights the po-
tential of automated dosing and precision strain for-
mulations to improve consistency in commercial
shrimp production.

Comparative Analysis of Technological
Advancements in Shrimp Aquaculture

The reviewed studies reveal clear quantitative
patterns in how key technologies influence shrimp
survival and feed efficiency across regions (Table 3).
Across all technologies, survival improvements range
from 15% to 50%, while FCR reductions range from
0.3 to 0.4 units, indicating a consistent positive di-
rectional effect despite regional and infrastructural
differences. When averaged across the reported stud-
ies, biofloc systems demonstrate a mean survival gain
of —~32%, RAS systems ~40%, and Al-assisted moni-
toring —20%, suggesting relatively higher effect sizes
for RAS where capital investment is feasible. Biofloc
technology (BFT) in Southeast Asia shows survival
improvements of 25-40%, which corresponds to a
relative increase of ~1.3x compared to traditional
systems (Emerenciano et al., 2017). Feed conversion
ratios improve from 1.2 to 0.9, a 25% reduction, rep-
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resenting one of the strongest FCR effect sizes among
the technologies reviewed (Avnimelech, 2015). How-
ever, studies consistently note high-energy consump-
tion as a limiting factor (Khanjani et al., 2020). Recir-
culating Aquaculture Systems (RAS) in North America
show the highest reported survival gains, 30-50%,
translating to a relative improvement of ~1.4-1.5x
(Xiao et al., 2019). FCR improvements from 1.1 to
0.8 represent a 27% enhancement, similar in magni-
tude to BFT effects (Ahmed & Turchini, 2021). Capi-
tal requirements are the most frequently cited con-
straint (Boyd et al., 2018), contributing to slower
adoption outside high-income regions. Latin Ameri-
can farms implementing Al-based monitoring systems
report survival gains of 15-25%, corresponding to a
relative improvement of —~1.2x (Mustapha et al.,
2021). FCR improves from 1.3 to 1.0—a 23% reduc-
tion (Biswas et al., 2023). Although the effect sizes
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are slightly lower than BFT and RAS, these systems
offer comparatively lower operational disruption.
Their main limitation is the need for skilled person-
nel and consistent sensor maintenance (Taneja et al.,
2023). Generally, the cross-regional synthesis indi-
cates that while RAS exhibits the strongest biologi-
cal performance effect sizes, adoption is limited by
high capital costs. Biofloc offers moderately high ef-
fect sizes with lower capital barriers but higher en-
ergy requirements, making it more suitable for re-
gions with reliable electricity. Al-assisted monitor-
ing yields moderate improvements and is most scal-
able for medium-resource farms. These quantitative
patterns reinforce the importance of matching tech-
nological complexity with regional infrastructure and
economic capacity (Engle et al., 2017; Giap et al.,
2010).

Table 3. Effectiveness of Key Technologies Across Regions

Technology Region Survival Rate FCR Improvement Key Limitations
Increase (%)
Biofloc Southeast Asia 25-40% 1.2 - 0.9 High energy costs
RAS North America 30-50% 1.1 —-0.8 Initial capital
Al Monitoring Latin America 15-25% 13 —-1.0 Technical training

APPLICATION OF ADVANCED TECHNOLOGY IN
SHRIMP AQUACULTURE

Lined ponds

Shrimp farming is widely practiced in coastal zones
where brackish water is available, but the physical
and chemical properties of local soils often constrain
pond performance. Organic soils tend to acidify over
time, lowering pH and stressing shrimp, while sandy
soils have poor water-retention capacity and desta-
bilize pond embankments (Schuur et al.,, 2020). In many
low-slope coastal areas, these conditions make drain-
age and pond drying difficult, favoring anaerobic zones
and increasing the risk of disease outbreaks such as
Early Mortality Syndrome (EMS) (Engle et al., 2017;

Nguyen et al., 2019). To mitigate these constraints,
lined ponds have been adopted as a practical techno-
logical improvement to stabilize pond conditions.
Plastic pond liners represent a significant advance-
ment because they limit water seepage, reduce soil-
water interactions, and help maintain consistent wa-
ter quality. Commonly used materials include high-
density polyethylene (HDPE), which offers high ten-
sile strength for large ponds, and ethylene propylene
diene monomer (EPDM), a flexible synthetic rubber
suited to smaller systems (Figure 4). Geomembrane
liners such as HDPE and PVC also provide strong UV
resistance and long-term durability (Nguyen et al.,
2019). Evidence from recent studies shows that well-
managed geomembrane-lined ponds can achieve up
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to a 20% increase in survival rates, largely due to im-
proved water stability and reduced exposure to sedi-
ment-associated pathogens (Hai et al.,, 2015). Lined
systems also facilitate more effective removal of or-
ganic residues, thereby lowering the prevalence of
bacterial infections, including Vibrio spp. (Nguyen et
al., 2019).

(Paul et al.)

The main advantages and limitations of lined ponds,
particularly in relation to water management, pro-
duction performance, and operational constraints, are
summarised in Table 4.

Table 4. Merits and demerits associated with lined shrimp ponds

Merits

Demerits Authors

Soil and Water Stability

Prevents contact between pond water and
acidic soils, reducing low pH stress during rainy
seasons.

Limits soil-water interactions, reducing acidity
and preventing salinization from surrounding
areas.

Controls seepage of water in high-water-table
areas.

High purchase and installation
costs.

Requires high manual labour for
thorough cleaning.

Aeration failure
(mechanical/electrical) may cause

Schuur et al. (2020)

Nguyen et al. (2019)

Schuur et al. (2020);
Engle et al. (2017)

high mortality.

Improves water stability and reduces sediment- —

associated pathogens, increasing survival.
Operational Efficiency

Facilitates easy drainage of wastewater and
removal of solids through central drains.

Requires skilled technical
assistance for installation and

Hai et al. (2015);
Nguyen et al. (2019)

Hai et al. (2015);
Engle et al. (2017)

management.

Harvesting is easier, faster, and effective even —

during rainy seasons.

Prevents erosion of pond dikes.
Production Performance

Supports high stocking density, increasing
annual pond productivity and yield.

Schuur et al. (2020)

Schuur et al. (2020)

Nguyen et al. (2019)

Greenhouse technology

Greenhouse technology refers to shrimp produc-
tion carried out inside enclosed structures made of
plastic, metal, or glass. These enclosures typically
cover lined ponds or culture tanks and are increas-
ingly used in industrial shrimp operations in coastal
regions (Nguyen et al., 2019). The controlled envi-
ronment allows farmers to maintain temperature
within the optimal range for shrimp growth through-
out the year (Ma et al., 2013). This stability reduces
seasonal fluctuations that commonly limit productiv-
ity in outdoor systems. Greenhouses also provide
improved biosecurity by limiting exposure to exter-
nal pathogens and vectors, which helps lower dis-
ease incidence one of the major constraints in shrimp
aquaculture (Hine et al., 2010; de Almeida et al., 2021).
The enclosed setup facilitates more consistent moni-
toring of water quality and supports efficient waste
removal, contributing to stable culture conditions
(Orozco-Lugo et al., 2022). However, greenhouse sys-
tems require substantial initial investment for con-
struction and depend on a reliable energy supply to

maintain internal conditions (Samocha, 2010). These
cost and infrastructure demands remain barriers to
adoption, particularly in regions with limited access
to energy or financing. Despite these limitations,
greenhouse-based operations have shown higher
yields and improved disease management in coun-
tries such as Thailand, Vietnam, and India (Boyd et
al., 2018; Orozco-Lugo et al., 2022). Table 5 summa-
rizes the principal advantages and constraints associ-
ated with greenhouse farming systems.

Biofloc technology

Biofloc technology (BFT) is a microbial-based pro-
duction method in shrimp aquaculture that relies on
the formation of suspended aggregates composed
of bacteria, microalgae, diatoms, faecal particles, and
residual organic matter. These aggregates function
as an additional protein source, reducing the depen-
dence on formulated feeds because shrimp can di-
rectly consume the flocs. The system operates
through continuous aeration, which keeps solids in
suspension, supports aerobic microbial activity, and
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Table 5. Merits and demerits of greenhouse technology according to Orozco-Lugo et al. (2022)

Merits Demerits
e Allows for very high stocking density, with 45-60 e The initial investment cost is very
shrimps/m? at a depth of 1.2m, and 200-250 high, making it difficult for small
shrimps/m?2 at a depth of 1.4m. farmers to engage, despite the

economic and environmental
benefits being significant.

e Provides critical data on factors like temperature,
humidity, light exposure, and carbon dioxide,
which helps regulate HVAC and lighting for
optimal shrimp growth.

e Stable yield, producing about four to five times
greater than traditional intensive shrimp farming
models.

e Reduces the risk of disease outbreaks, as canvas
ponds inhibit pathogen generation in the soil,
making disease management easier during the
farming process.

e Enables year-round production, with the potential
for three to four harvests per year, unlike
traditional models with fewer cycles and shorter
farming durations.

e High-tech shrimp farming is independent of
seasons and weather conditions, especially in
areas prone to saline intrusion or heavy rain
affecting water sources.

Table 6. Merits and demerits of Biofloc technology according to Avnimelech (2015)

Merits Demerits
Biosecurity & Environmental Performance
= High biosecurity; no recorded outbreaks of white spot = Biofloc ponds require lining to prevent
syndrome virus (WSSV) in well-managed systems. soil contact, increasing installation costs.

= Zero water exchange reduces environmental impact and —

minimizes discharge into natural ecosystems.

Production Efficiency

= Carrying capacity is typically 5-10% higher than in —

conventional systems.

= Faster growth rates with low FCR values (1.0-1.3). —

= Production costs are 15-20% lower than pond or raceway —

systems.

Operational Constraints

— = High energy demand due to continuous
aeration requirements.

— = Power outages—even brief ones—can
result in severe stock losses.

— = Requires skilled technical personnel for
consistent management.
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facilitates the removal of excess solids through si-
phoning. Effective operation typically requires main-
taining floc concentrations around 14 mg/L and regu-
lating the carbon-to-nitrogen ratio near 14:1 using
carbon sources such as molasses or grain-based in-
puts. Originally implemented in commercial settings
such as Belize Aquaculture Ltd., BFT has been associ-
ated with high production yields, including reports
of up to 13.5 metric tons per hectare (Avnimelech,
2015). The approach is also applied in super-inten-
sive configurations, where stocking densities can
exceed 9 kg/m3. Several studies report that BFT im-
proves water quality stability and reduces the inci-
dence of bacterial and viral outbreaks, including those
linked to white spot syndrome virus (WSSV) (Khanjani
et al., 2020). Farmers have adopted the system for
its potential to achieve low feed conversion ratios
(FCRs) and stable survival rates. Large-scale projects,
such as initiatives in Malaysia, illustrate ongoing in-
terest in applying BFT within intensive commercial
operations. Despite these advantages, BFT requires
substantial aeration capacity, contributing to high
energy demand and operational costs. Additional chal-
lenges include managing suspended solids, maintain-
ing appropriate microbial community structure, and
ensuring technical capacity for day-to-day monitor-
ing. Research efforts continue to focus on optimiz-
ing energy efficiency and improving microbial con-
trol to support wider adoption of the technology.
Table 6 summarizes the main benefits and constraints
associated with BFT.

(Paul et al.)

Recirculating Aquaculture Systems (RAS)

Recirculating Aquaculture Systems (RAS) are land-
based production systems that continuously treat and
reuse water through mechanical and biological filtra-
tion units (Xiao et al., 2019). In these systems, water
passes through sedimentation or mechanical filters
to remove suspended solids, after which a pump
transfers it to the biofilter for nitrification. Pump
capacity determines the flow rate entering the
biofilter, meaning that larger systems require higher-
horsepower pumps to maintain adequate water move-
ment. The biofilter is the central unit for ammonia
oxidation, converting toxic nitrogen compounds into
less harmful forms. After nitrification, water typically
moves through a gas exchange unit, where carbon
dioxide is removed and oxygen is replenished. De-
pending on system intensity, additional components
may be incorporated, including ultraviolet or ozone
disinfection units, pH regulation devices, tempera-
ture controls, and video monitoring systems for real-
time observation (Xiao et al., 2019). Culture tanks
used in RAS vary in size and shape but must be wa-
tertight and suitable for the intended biomass. Com-
mon construction materials include plastics, concrete,
and fiberglass. Plastic tanks offer low cost and ease
of cleaning; concrete tanks provide a durable, fixed
structure; and fiberglass tanks are highly durable but
generally more expensive. Smooth internal surfaces
are preferred because they reduce the risk of physi-
cal injury and subsequent infection in shrimp. Table 7
summarizes key advantages and limitations of RAS
across these design and operational elements.

Table 7 Merits and demerits of Recirculating Aquaculture Systems Xiao et al. (2019)

Merits

Demerits

Allows for high stocking density and very high

yield.

The farm can be set up in locations close to the

target market.

Reduces wastage of feed and improves
environmental control.

Enables year-round production and a regular

supply of fresh products to the market.
Easy to manage; water parameters can be

Very high cost of investment.

The system requires trained
professionals and technicians to
install and operate.

A breakage in power supply within a
few minutes could be catastrophic
due to depletion of oxygen supply
and increased ammonia levels.

controlled and monitored to provide an optimal
growing environment for the fish and maximize

profitability.

Requires less space and a low volume of water to

operate.
Can be operated anywhere land exists.
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SUSTAINABILITY OF TECHNOLOGY IN SHRIMP
AQUACULTURE

Growing global demand for seafood continues to
drive technological innovation in shrimp aquaculture.
Advanced production systems such as biofloc, recir-
culating aquaculture systems (RAS), lined ponds, and
automated monitoring offer improved traceability,
resource efficiency, and environmental performance
(Lu et al., 2020). However, the sustainability of these
technologies depends not only on their technical
benefits but also on their economic accessibility and
social feasibility (as seen in Figure 4).

Several technologies show strong potential for
smallholder adoption, particularly those that improve
water quality, reduce feed waste, and lower disease
risks without requiring large capital investment.
Biofloc systems, simple pond liners, and low-cost
aeration technologies fall into this category. They
allow farmers to improve productivity while main-
taining flexibility in operations. These systems also
enhance resilience by reducing reliance on external
water sources and minimizing environmental dis-
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charge. However, even these “lower-cost” technolo-
gies require a degree of technical understanding and
consistent management, which may limit uptake in
regions with limited extension support.

In contrast, fully enclosed high-density systems,
advanced RAS installations, and sensor-driven auto-
mated monitoring platforms remain largely restricted
to commercial-scale operations. These systems de-
mand high upfront investments, specialized techni-
cal staff, and reliable energy infrastructure. Evidence
from Vietnam shows that farms adopting these in-
tensive high-tech approaches achieve substantially
higher yields and product quality than conventional
ponds (Engle et al., 2017). The case of Dang Thanh
Tan illustrates how transitioning to high-tech farm-
ing insulated production from weather-related vari-
ability and improved disease control. Yet, such tran-
sitions are rarely feasible for small farmers without
external financing or cooperative models. Thus, while
high-tech farms demonstrate economic and
biosecurity advantages, their scalability across the
wider production landscape remains limited.

« Aeration systems

= Recirculating aquaciiture
systems (RAS)

» Automated sensors and
digital monitoring

ECONOMIC
SUSTAINABILITY
« Upfront investment regirements

Conceptual Framework: Interactions Between Technology,
Sustainabillty, and Socioeconomics in Shrimp Aquaculture

TECHNOLOGY ENVIRONMENTAL
« Biofloc SUSTAINABILITY
» Pond liners > « Water quality and effluent

« Operating costs (energy, labor, [€————— service availability
maintenance) » Livelihood resilience
* Yield improvements and » Inclusion or exclusion of
survival rates smailholder farmers
L = Return on investment ) » Labor skill requirements

discharge
+ Feed conversion efficiency
» Disease risk and biosecurity
* Energy use and carbon
footprint

v

SOCIAL SUSTAINABILITY
 Technology accessibility
» Training and extension

Figure 4. Interactions between technology, sustainability, and socioeconomic factors in shrimp aquaculture.

The diffusion of technology in shrimp aquaculture
has created a dual production structure: highly capi-
talized farms pushing productivity frontiers and
smallholders struggling to maintain competitiveness.
This widening gap raises important sustainability
considerations. Technological intensification can re-
duce environmental impacts per unit of production,
but only if appropriate biosecurity, waste manage-

ment, and energy efficiency measures are imple-
mented. Moreover, unequal access to technology
risks undermining social sustainability by
marginalizing smallholders from high-value markets.
Strengthening extension services, reducing technol-
ogy costs, and promoting farmer cooperatives could
help democratize access and enhance long-term sec-
tor resilience.
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Several knowledge gaps remain. First, there is lim-
ited empirical evaluation of which technologies de-
liver the highest return on investment for
smallholders under varying local conditions. Second,
the long-term environmental performance of many
high-tech systems, particularly their energy demands
and waste output, requires more robust assessment.
Third, socio-economic analyses are needed to un-
derstand adoption barriers, financing models, and the
impacts of technological transitions on rural liveli-
hoods. Finally, there is a lack of integrated frame-
works that combine environmental, economic, and
social dimensions to guide technology selection for
different farm scales.

CONCLUSION

Shrimp aquaculture is expanding rapidly as global
demand for high-quality seafood continues to rise.
Ensuring the long-term sustainability of this growth
requires a transition from conventional, resource-
intensive practices toward more efficient, technol-
ogy-integrated production systems. Recent advances
including the use of probiotics and immunomodulators,
loT-based monitoring, automated control systems, and
biotechnology-enhanced biosecurity demonstrate
significant potential to improve production efficiency,
strengthen disease prevention, and reduce environ-
mental impacts. These tools collectively reinforce
the need for high-tech farming strategies capable of
supporting stable yields while minimizing ecological
pressures. Nevertheless, substantial research and
implementation gaps limit the equitable and effec-
tive adoption of these technologies. Current tech-
nological innovation is geographically uneven, with
most Al-driven applications concentrated in Asia and
limited empirical evidence available from Africa and
other emerging regions. Long-term ecological assess-
ments are scarce; only a small proportion of biofloc
and intensive system studies evaluate environmental
or ecosystem impacts beyond five years. Addition-
ally, cost-benefit analyses for systems such as RAS,
biofloc, and hybrid configurations remain limited in
developing nations, constraining informed decision-
making. Future research should therefore prioritize
long-term environmental monitoring, region-specific
economic evaluations, standardized welfare assess-
ment frameworks, and context-appropriate digital and
biotechnological tools that enhance both productiv-
ity and ecosystem resilience. Policymakers should
establish supportive regulatory frameworks and in-
centive mechanisms to encourage responsible tech-
nology adoption, while farmers should implement
scalable, data-informed practices suited to local eco-
logical and socio-economic conditions. By integrat-
ing technological innovation with evidence-based

(Paul et al.)

governance and targeted capacity building, shrimp
aquaculture can progress toward a more resilient,
climate-smart, and socially equitable production model
capable of meeting rising global demand sustainably.
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