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ARTICLE INFO ABSTRACT

Avrticle History:

Received: May 30, 2025 The cultivation of seaweed, particularly the red macroalga Kappaphycus
Accepted: July 7, 2025 spp., has gained traction as an effective nature-based solution to mitigate
Online: July 16, 2025 climate change through its role in sequestering atmospheric carbon dioxide.

This study explores how the interaction between strain type and cultivation
depth can be optimized to enhance the specific growth rate (SGR), biomass
yield, and carbon uptake efficiency of Kappaphycus spp., thereby supporting
the advancement of sustainable aquaculture and blue carbon strategies.
Fieldwork was conducted in the coastal waters of Bantaeng, South Sulawesi,
Indonesia, using a factorial experimental design involving two strains (green
and brown), grown at three depths (20, 70, and 120cm). Over a 45-day period,
SGR, biomass accumulation, and the production-to-biomass (P/B) ratio were
systematically evaluated. The study also incorporated environmental
assessments and qualitative insights from local seaweed farmers. Although
not all differences were statistically significant, discernible biological trends
emerged. The brown strain at 20cm and the green strain at 70cm demonstrated
the highest growth rates, revealing the influence of depth—strain
compatibility. The green strain cultivated at 120cm exhibited the greatest
biomass yield, indicating that deeper environments may buffer thermal and
photic stress. Notably, the green strain at 70cm achieved the highest P/B ratio,
suggesting that this depth offers optimal conditions for productive efficiency.
These findings highlight the critical role of matching strain characteristics
with suitable depth conditions to maximize seaweed cultivation outcomes. By
combining ecological knowledge, physiological insights, and local practices,
this research offers valuable guidance for implementing climate-resilient
aquaculture systems in tropical coastal regions.

Keywords:
Kappaphycus spp.
Seaweed cultivation,
Carbon sequestration,
Specific growth rate,
Biomass productivity,
Tropical aquaculture,
Depth strain interaction

Indexedin (SC€OPUS {il LSEVIER “IUCAT



mailto:akma004@brin.go.id

808
Akmal et al., 2025

INTRODUCTION

Seaweed cultivation has increasingly been recognized as a strategic component in
mitigating global climate change, owing to its ability to absorb atmospheric carbon dioxide
(CO2) via photosynthesis (Chen & Xu, 2020; Pessarrodona et al., 2023). As marine
macroalgae, seaweeds take up dissolved CO: from seawater and convert it into biomass,
effectively reducing greenhouse gas levels and bolstering carbon sinks in ocean
ecosystems. This natural carbon capture process is especially relevant in coastal and marine
settings where large-scale seaweed farming is both feasible and sustainable (Wernberg et
al., 2024). Among the many genera of seaweed, Kappaphycus spp. stands out for its rapid
growth, adaptability, and high economic value.

Cultivated extensively in tropical areas like Southeast Asia, Kappaphycus spp. offers
multiple ecological advantages. In addition to capturing carbon, it helps absorb excess
nutrients such as nitrogen and phosphorus, thereby curbing eutrophication and enhancing
water quality (Radiarta et al., 2022). Economically, this red alga is the primary source of
carrageenan, a versatile polysaccharide widely used in food, pharmaceutical, and cosmetic
industries. With global demand for carrageenan on the rise, the cultivation of Kappaphycus
spp. has become increasingly important, offering both environmental and socio economic
benefits for coastal communities (Erlania et al., 2013).

However, despite its promise, the cultivation success of Kappaphycus spp. depends
heavily on environmental conditions most notably, the availability of light. Cultivation
depth is a key controllable factor that influences light penetration, which is essential for
photosynthesis and carbon assimilation. While shallow waters allow for high light intensity
and rapid growth, they also expose seaweed to higher temperatures and fouling risks.
Deeper cultivation may reduce light availability but offers more stable conditions and
protection from surface disturbances.

Scientific observations confirm that optimal growth depths vary by species and
environmental context, influencing traits such as pigment concentration and enzyme
activity, which in turn affect biomass production (Pessarrodona et al., 2023). Factors like
water clarity, temperature, and current velocity further influence growth outcomes, often
necessitating site-specific strategies to achieve optimal results.

Indonesia, a key global player in seaweed production, still lacks studies specifically
aimed at enhancing carbon sequestration through improved cultivation methods. Most
existing research has focused on maximizing biomass and carrageenan content, with
relatively little attention given to environmental co-benefits such as carbon capture.
Bantaeng Regency in South Sulawesi, with its favorable environmental conditions and
established aquaculture infrastructure, provides an ideal setting for this type of applied
research.

This study aimed to address that gap by examining how variations in cultivation
depth and strain type affect the growth and carbon uptake of Kappaphycus spp. Using a
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factorial experimental design, the research measures specific growth rate (SGR), biomass
accumulation, and carbon uptake of two widely farmed strains—green and brown—at three
different depths: 20, 70, and 120cm. The ultimate aim was to identify the optimal
combinations of strain and depth that maximize both productivity and carbon sequestration.

The choice to focus on green and brown strains is based on their distinct
physiological characteristics. Green strains typically have higher chlorophyll content and
excel under well lit conditions, whereas brown strains contain more phycobiliproteins and
are better suited to lower light environments (Rajapaksha et al., 2024). In a comparative
study, Zakaria et al. (2019) found that green strains achieved a growth rate of 4.14% per
day, outperforming brown and yellowish green variants. Additionally, green strains often
demonstrate higher effective quantum yields (®PSII), indicating more efficient light
energy use (Schmidt et al., 2010; Fernandes et al., 2012).

Matching the right strain with an appropriate cultivation depth could therefore lead
to significant improvements in both biomass yield and carbon capture. For instance, green
strains may be better suited to mid level depths where light is sufficient but thermal stress
is minimized, while brown strains might thrive in shallower, light intense waters. These
synergies could contribute to more productive and resilient aquaculture systems.

Beyond physiological considerations, seaweed farming in Indonesia and Southeast
Asia offers broad ecological and economic advantages. Environmentally, it supports
marine biodiversity, reduces coastal erosion, and helps improve water quality (Rimmer et
al. 2021). From a socio economic standpoint, seaweed cultivation supports local
livelihoods by generating income and employment. Its low operational cost and fast
cultivation cycle (30-45 days) make it especially accessible for small scale farmers
(Rimmer et al., 2021).

Previous studies have explored various environmental factors affecting seaweed
productivity. Wafi et al. (2019) highlighted the importance of light intensity. On the other
hand, Chen (2019) showed that ideal water temperatures combined with adequate sunlight
can significantly boost biomass and carbon fixation. However, when temperatures rise
beyond optimal levels, seaweed physiology can be adversely affected (Anita et al., 2024).
Similarly, Narvarte et al. (2023) emphasized how nutrient rich environments can enhance
the growth and nutrient uptake of Kappaphycus alvarezii.

Despite such findings, there remains much to learn about how environmental and
biological factors interact to deliver broader ecosystem benefits. For example, while
nutrient uptake is often measured, the role of seaweed in nutrient cycling and its potential
in coastal bioremediation is still underexplored (Xiao et al., 2017; Roleda & Hurd, 2019).
Ecological frameworks that incorporate biodiversity's role in nutrient assimilation could
further enhance our understanding of seaweed’s ecosystem services (Xiao et al., 2019).

Similarly, socio-economic aspects of large scale seaweed farming, such as
integration with sustainable practices like polyculture, need more empirical validation
(Xiao et al., 2017). The long-term resilience of aquaculture systems in the face of climate
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change and their continued role in carbon sequestration also merit deeper investigation
(Harley et al., 2012).

This study contributes to closing these gaps by empirically assessing how the
interaction of strain type and cultivation depth influences the growth and carbon
sequestration potential of Kappaphycus spp. It brings together physiological insights and
environmental gradients in a rigorous factorial design. The working hypothesis suggests
that optimized combinations of strain and depth significantly improve productivity and
carbon uptake.

By exploring these dynamics in Bantaeng waters, this research aimed to inform
sustainable aquaculture practices and contribute to blue carbon initiatives. The findings are
expected to provide valuable guidance for policymakers, marine ecologists, and
practitioners seeking to harmonize economic development with environmental stewardship
in tropical marine settings.

MATERIALS & METHODS
1. Study site and period

This study was conducted in the coastal waters of Bantaeng Regency, South
Sulawesi, Indonesia, an area with well established seaweed aquaculture practices and
conducive environmental conditions. Salinity in the area ranged between 28 and 34 ppt,
and water temperatures remain relatively stable between 27 and 30°C. The research was
carried out from July to September 2024, coinciding with the dry season, thereby
minimizing the impact of confounding factors such as rainfall, turbidity, and fluctuating
nutrient levels. These seasonal controls were crucial for accurately evaluating seaweed
growth dynamics and carbon uptake, minimizing external disturbances (Radiarta et al.,
2022; Luo et al., 2023).

2. Experimental design

A completely randomized 2 x three factorial design was employed to examine the
interactive effects of two variables: strain type (green and brown) and cultivation depth
(20, 70, and 120cm). This structure generated six treatment combinations, each replicated
three times for a total of 18 experimental units. Factorial designs are widely recognized for
evaluating environmental and genetic interactions in aquaculture trials, allowing for precise
identification of synergistic and antagonistic effects (Xiao et al., 2017; Herliany et al.,
2018). Randomization minimized bias and enhanced the robustness of the experimental
results.

3. Research procedure

Healthy fragments of green and brown Kappaphycus spp., each weighing 100g, were
obtained from local cultivators. The fragments were attached to 2mm polyethylene ropes
using the looping method and suspended on horizontal longline systems at designated
depths of 20, 70, and 120cm below the water surface. Maintenance procedures, including
the removal of epiphytes and fouling organisms, were conducted weekly to reduce growth
impediments. The experiment was conducted over a period of 45 days. Environmental
parameters, including temperature, salinity, pH, dissolved oxygen, nitrate, and phosphate
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concentrations, were measured every 15 days using multiparameter meters and
spectrophotometry following APHA (2017) protocols.

4. Parameters measured

Growth performance was quantified using a Specific Growth Rate (SGR), calculated
using the following formula:

SGR (%) = ((In(Wt) — In(WO0)) / t) x 100

Where, Wo and W: are the initial and final wet weights, respectively, and t is the
duration of the experiment in days (Kim et al., 2017). Biomass productivity was assessed
via wet and dry weight measurements at harvest. Samples were oven dried at 60°C to
constant weight for accurate dry biomass data.

Productivity efficiency was evaluated through the Production to Biomass (P/B) ratio.
Standing stock was measured in grams per square meter (g/m?). CO: uptake was estimated
based on the following formula:

CO: uptake = Biomass x 0.1 x 0.3 x 3.67

Here, 0.1 indicates dry matter content in fresh biomass, 0.3 represents the carbon
content in dry biomass, and 3.67 is the conversion factor from Carbon to CO. (Mongin et
al., 2016). These calculations are consistent with standard protocols in macroalgal carbon
sequestration studies.

5. Data analysis

Quantitative data were analyzed using two-way ANOVA to examine the main and
interaction effects of strain type and cultivation depth on SGR, biomass, and CO- uptake.
Post hoc analysis was conducted using Tukey's Honestly Significant Difference (HSD) test
at a significance level of P< 0.05. Effect sizes were calculated using partial eta squared
(n2) to assess the strength of the treatment effects. Statistical analyses were performed
using IBM SPSS Statistics version 26.

To complement the experimental data, qualitative information was collected through
semi-structured interviews with local seaweed farmers. These interviews aimed to gain
insights into practical farming conditions, challenges, and perceptions. Thematic content
analysis was conducted using NVivo software to interpret the data systematically. This
mixed methods approach aligns with best practices in ecological aquaculture research,
enabling the integration of stakeholder knowledge into scientific findings (Schultze &
Avital, 2011; Nurhabib et al., 2024).

Participatory Action Research (PAR) principles were incorporated to enhance
collaboration between researchers and practitioners. This inclusive approach facilitated
knowledge co-production and ensured the contextual relevance of the study outcomes (Eze
et al., 2020; Nashrullah et al., 2021). Iterative validation through focus group discussions
strengthened the findings and their applicability to local aquaculture systems (Nabila et
al., 2022).
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RESULTS

Specific growth rate (SGR)

The specific growth rate (SGR) of Kappaphycus spp. demonstrated variability
across treatments, with descriptive statistics revealing biologically relevant differences
despite the absence of statistically significant effects. Two way ANOVA showed no
significant main effect for strain type (F(1, 12) = 2.480, P= 0.141), cultivation depth (F(2,
12) =0.325, P=0.728), or their interaction (F(2, 12) = 1.605, P=0.241). Nonetheless, these
results do not preclude the presence of meaningful biological patterns, particularly when
evaluating effect sizes and descriptive means. The brown strain cultivated at 20 cm depth
recorded the highest mean SGR at 7.44% + 2.68, followed by the green strain at 70 cm
with a mean SGR of 6.19% + 1.50. Conversely, the green strain at 20cm depth recorded
the lowest SGR of 3.97% £ 0.43.

Effect size analysis indicated a moderate contribution from the strain factor (n2 =
0.171) and the interaction term (2 = 0.211), whereas the depth factor alone accounted for
only a small proportion of the variance (n2 = 0.051). These findings are aligned with prior
literature, which suggests that strain-specific physiological traits and their interaction with
depth-mediated light availability can substantially influence growth outcomes (Zakaria et
al., 2019; Rajapaksha et al., 2024).

Studies have previously shown that SGR of Kappaphycus spp. may range from 3
to 15% per day, depending on nutrient availability, water conditions, and light exposure
(Schmidt et al., 2010; Carvalho et al., 2024). Particularly, optimal SGR values have been
observed in nutrient-rich or effluent supported systems, highlighting the importance of
environmental factors in determining growth performance. Cultivation at shallow depths
generally results in improved light penetration and, subsequently, higher specific growth
rates (SGR). However, this is sometimes counteracted by thermal stress or biofouling in
open systems (Herliany et al., 2018).

Table 1. Descriptive statistics of specific growth rate (SGR) across treatments

Treatment Mean SGR (%) SD SEM

Brown - 20 cm 7.44 2.68 1.54
Brown - 70 cm 6.75 221 1.28
Brown - 120 cm 5.77 1.75 1.01
Green-20cm 3.97 043 0.25
Green-70cm 6.19 1.50 0.87
Green - 120 cm 5.78 1.43 0.82

Biomass accumulation

The analysis of biomass accumulation, measured in dry weight after a 45-day
cultivation period, revealed no statistically significant main or interaction effects. Strain
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type (F(1, 12) = 0.230, P=0.640), depth (F(2, 12) = 2.191, P=0.155), and their interaction
(F(2, 12) = 0.521, P= 0.607) did not show significant influences. However, notable
biological variations were observed in the descriptive data. The green strain at 120 cm
recorded the highest mean biomass (32.07g), followed by the brown strain at the same
depth (31.67g) and the green strain at 70cm (30.32g). The lowest mean biomass was
observed in the green strain at 20cm (27.879).

Depth accounted for a moderate effect size (n2= 0.267), whereas strain and
interaction contributed marginally (n2= 0.019 and 0.080, respectively). These patterns
suggest a potential benefit of deeper water cultivation, particularly for the green strains,
likely due to the mitigating effects of thermal stress and biofouling commonly associated
with surface-level aquaculture.

Previous research corroborates that Kappaphycus spp. exhibit variable biomass
yields depending on site and strain. Nurdin et al. (2023) reported yields ranging from 1,435
to 2,151g/ m2in South Sulawesi. Moreover, Guillén et al. (2022) identified K. alvarezii as
particularly effective in biomass accumulation. Furthermore, environmental stability,
including factors such as salinity and nutrient flux, can influence growth potential
(Parjikolaei et al., 2016; Podkuiko et al., 2020).

Table 2. Descriptive statistics of biomass accumulation (dry weight in grams) across
treatments

Treatment Mean Biomass (g) SD SEM

Brown - 20 cm 30.05 1.41 0.82
Brown - 70 cm 30.19 3.05 1.76
Brown - 120 cm 31.67 1.20 0.69
Green-20cm 27.87 1.40 0.81
Green-70cm 30.32 2.73 158
Green - 120 cm 32.07 3.58 2.06

Production/Biomass (P/B) Ratio

Analysis of the P/B ratio revealed statistically significant differences across strain
types, cultivation depths, and their interactions. Two-way ANOVA showed a significant
main effect of strain (F(1, 12) = 6.588, P= 0.025), depth (F(2, 12) = 29.660, P< 0.0001),
and interaction effect (F(2, 12) = 11.373, P=0.002). These findings illustrate that biomass
turnover is significantly affected by both genetic and environmental factors.

The green strain at 70cm exhibited the highest P/B ratio (Mean = 10.47), followed
by the green strain at 120cm (8.87) and the brown strain at 120cm (8.53). The lowest P/B
ratio was observed in the green strain at 20cm (7.13), suggesting that shallow cultivation
may limit turnover efficiency due to stress conditions or suboptimal light exposure.

Effect size estimates revealed that depth accounted for a substantial proportion of
variance (2= 0.8317), while interaction (n2= 0.6546) and strain (n2= 0.3544) also had
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considerable effects. These metrics underscore the significant role of optimized
environmental conditions and strain selection in enhancing productivity efficiency.

The P/B ratio serves as a vital indicator in aquaculture, reflecting the efficiency of
biomass renewal about the standing stock. The literature emphasizes that this metric is
influenced by nutrient availability, light intensity, temperature, and genetic differences
among strains (Herliany et al., 2018; Rimmer et al., 2021). Cultivation strategies,
including optimal spacing and depth, further modulate these dynamics, making the P/B
ratio a valuable proxy for assessing cultivation efficiency and guiding harvest schedules.

Table 3. Descriptive statistics of the P/B ratio across treatments

Treatment Mean P/Bratio SD SEM

Brown - 20 cm 7.73 0.13 0.08
Brown - 70 cm 8.52 0.17 0.10
Brown - 120 cm 8.53 0.61 0.35
Green - 20 cm 7.13 0.27 0.16
Green-70cm 10.47 0.84 0.48
Green - 120 cm 8.87 0.35 0.20

DISCUSSION

The findings from this study emphasize the importance of selecting suitable
cultivation depths and strain types to maximize the growth performance and carbon
sequestration capacity of Kappaphycus spp. While not all parameters showed statistically
significant differences in every aspect, the observable trends indicate practical relevance
for aquaculture practices, aligning with insights from previous ecological and physiological
studies on seaweed cultivation (Radiarta et al., 2022; Luo et al., 2023).

Depth-strain interactions and physiological adaptations in Kappaphycus spp.

The interaction between cultivation depth and strain selection plays a pivotal role in
shaping the physiological responses of Kappaphycus spp. to marine environments. Light
availability, temperature, and hydrodynamic conditions vary across depths, prompting
distinct physiological adaptations. Schmittmann et al. (2023) reported that K. alvarezii
exhibits optimal growth in shallow zones with high light intensity. On the other hand,
Tahiluddin and Terzi (2021) demonstrated that certain strains are capable of maintaining
productivity at greater depths through efficient light-harvesting mechanisms. These
adaptations include modifications in pigment composition and photosystem efficiencies,
which facilitate survival and growth under suboptimal light conditions.

Furthermore, depth associated stressors may affect the biosynthesis of secondary
metabolites that support resistance to herbivory and microbial pathogens, though direct
evidence in K. alvarezii. remains limited. Nonetheless, the study's observation of a higher
SGR in the green strain at 70cm and the brown strain at 20cm illustrates strain specific
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adaptations to varying light intensities. Such findings highlight the importance of aligning
strain physiology with environmental depth conditions to optimize yield and ecological
performance.

Commercial and ecological relevance of seaweed productivity metrics

Productivity metrics, including specific growth rate (SGR), biomass yield, and the
Production to Biomass (P/B) ratio, serve as essential indicators for evaluating both
commercial feasibility and ecological impact of seaweed farming. High SGR values
suggest efficient biomass production, contributing to economic returns through shorter
cultivation cycles (Walls et al., 2018). Ecologically, a high P/B ratio indicates robust
nutrient uptake and carbon sequestration capabilities, which are crucial for supporting
marine biodiversity and mitigating eutrophication (Jiang et al., 2022).

These metrics also facilitate the development of economic models that predict
profitability and sustainability under various farming conditions. By incorporating these
indices, farmers can better design cultivation systems that are resilient to environmental
changes and economically viable. Thus, productivity metrics are integral not only for
improving aquaculture efficiency but also for informing coastal resource management
strategies.

Influence of cultivation strategies on biomass turnover and harvest timing

Optimizing cultivation strategies, such as depth, spacing, and strain selection, is
essential for enhancing biomass turnover and determining the ideal harvest intervals.
Shallower cultivation generally promotes higher growth rates due to enhanced light
exposure, whereas deeper cultivation offers protection against thermal stress and
biofouling (Miao, 2023). Appropriate spacing minimizes inter-thallus competition for
nutrients and light, thereby increasing overall biomass accumulation and shortening harvest
cycles (Zhang et al., 2022).

The green strain's superior P/B ratio at 70cm suggests that intermediate depths
provide the best balance between light availability and environmental stability. Strain
specific growth characteristics, as demonstrated in this study, must be matched with
environmental conditions to achieve high productivity. Moreover, such optimization can
improve nutrient removal efficiency, indirectly supporting surrounding marine ecosystems
by reducing excess nitrogen and phosphorus.

Optimizing seaweed farming for climate mitigation

Seaweed farming has emerged as a promising tool for climate change mitigation
due to its capacity for CO: sequestration and bioremediation. Strategies such as integrated
multi trophic aquaculture (IMTA) enhance the ecological functionality of seaweed farms
by recycling nutrients from co cultivated species like fish and mollusks (Oort et al., 2022).
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Genetic improvements, including strain selection for high nutrient uptake and growth
efficiency, can further bolster carbon sequestration potential (Msuya, 2020).

Effective nutrient management and spatial planning are equally critical.
Implementing cultivation protocols that limit nutrient discharge while maximizing growth
supports ecosystem balance and reduces the risk of eutrophication (Kelly et al., 2020).
Furthermore, establishing marine protected zones dedicated to seaweed farming may
enhance biodiversity and ecological resilience, amplifying the long-term climate benefits
of seaweed cultivation (Oort et al., 2022).

Performance of Kappaphycus spp. in Indonesian waters versus global contexts

Kappaphycus spp. cultivated in Indonesian waters have demonstrated high
productivity, with reported specific growth rate (SGR) values ranging from 8 to 14% per
day under optimal conditions (Cokrowati et al., 2024). This performance is comparable to
or exceeds that observed in other tropical aquaculture hubs, such as the Philippines, where
SGR values typically range from 8 to 12% (Msuya, 2020). The favorable environmental
conditions in Indonesia—including temperature, light penetration, and salinity—combined
with robust local knowledge and farming infrastructure, provide a conducive framework
for seaweed cultivation.

In contrast, regions such as Africa and parts of Southeast Asia often encounter
environmental variability that limits productivity. Despite these challenges, lessons from
Indonesian aquaculture practices are being adapted to improve yields and resilience in other
tropical regions, suggesting a model for trans-regional knowledge transfer in seaweed
farming (Msuya et al., 2022).

Benefits of integrating precision aquaculture in coastal seaweed farming

Precision aquaculture, which utilizes real-time monitoring and automated systems,
presents an opportunity to enhance the ecological and economic performance of seaweed
farms. Technologies that enable the continuous assessment of environmental conditions
allow farmers to adjust their practices proactively, thereby improving nutrient uptake
efficiency and carbon storage (Duarte et al., 2017). In areas vulnerable to nutrient loading,
such precision systems can transform seaweed farms into effective bioremediation zones
by removing excess nitrogen and phosphorus (Xiao et al., 2017).

Operationally, precision aquaculture can improve yields and reduce costs by
minimizing resource wastage. The integration of sensor technologies and data analytics
enables better decision-making and scalability of seaweed farms (Broitman et al., 2017).
Additionally, advances in biorefinery technologies enable the diversification of seaweed
products, including applications in pharmaceuticals, biofuels, and functional foods, thereby
further enhancing economic sustainability (Schmid et al., 2023).
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Moreover, seaweed farms enhanced through precision techniques can provide
ecosystem services such as habitat formation and shoreline protection, reinforcing their
role in climate resilience and sustainable development (Molloy et al., 2011; Liu et al.,
2023).

Addressing gaps in genotype—environment interactions for carbon
sequestration

Despite growing evidence of the potential of seaweeds for climate mitigation,
significant gaps remain in understanding how genetic and environmental factors jointly
influence carbon sequestration. While environmental variables such as nutrient
concentration, temperature, and irradiance are known to affect photosynthetic carbon
assimilation, the role of genotype in modulating these effects is less clearly defined (Buck
etal., 2018).

Long-term studies are required to evaluate how various Kappaphycus spp. genotypes
respond to changing environmental conditions, particularly under stress scenarios. For
example, genotypes that maintain carbon uptake under nutrient-poor or thermally stressful
conditions could be prioritized in breeding programs (Stévant et al., 2017). Experimental
designs that simultaneously manipulate genotype and environmental parameters would
offer critical insights into these interactions.

Integrating genetic and ecological assessments into broader climate models may also
enhance predictive accuracy for ecosystem responses to global change. Collaborative
research across disciplines can foster innovations in selective breeding and farm
management that align productivity goals with carbon sequestration priorities
(Arantzamendi et al., 2023). Such approaches are crucial for advancing the scientific
foundation and operational effectiveness of climate-smart seaweed aquaculture.

CONCLUSION

This study highlights the critical influence of strain selection and cultivation depth
on the growth dynamics and carbon sequestration potential of Kappaphycus spp. cultivated
in the tropical waters of Bantaeng, South Sulawesi. Key findings indicate that the green
strain grown at a depth of 70cm achieved the highest productivity efficiency, while the
brown strain at 20cm and the green strain at 70cm exhibited superior specific growth rates.
Notably, the green strain at 120cm depth attained the highest biomass accumulation. This
outcome suggests that deeper water may offer favorable conditions by mitigating photic
and thermal stress—possibly supported by physiological adaptations that enable green
strains to maintain productivity under low light conditions.

These results emphasize the importance of aligning genotype-specific traits with
suitable cultivation depths to enhance both biological and environmental performance in
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seaweed farming. The observed performance of green strains at deeper depths—contrary
to the typical expectation of their preference for shallow environments—raises important
questions about adaptive responses in pigment composition and light-harvesting capacity.
Environmental factors such as seasonal water clarity may also play a significant role in
supporting productivity at greater depths.

The study contributes to existing knowledge by demonstrating how targeted
cultivation strategies can optimize both the ecological and commercial outputs of
Kappaphycus spp. farming. Future research should focus on exploring the long-term
resilience of various genotypes under fluctuating environmental stressors and evaluating
their full potential for carbon sequestration and bioremediation in integrated aquaculture
systems.
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