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ABSTRACT: This study evaluated dissolved inorganic nitrogen concentrations in Galesong Waters,
Takalar Regency, South Sulawesi, Indonesia, in relation to aquaculture water-quality criteria and
described the horizontal distribution of ammonium (NH,*) and nitrate (NO;™). Sampling was
conducted from 23 April to 25 May 2025 at five purposively selected stations representing nearshore,
farming-area, and offshore conditions. Surface seawater samples were analyzed
spectrophotometrically for NH,* and NO3~, while temperature, pH, dissolved oxygen, and salinity
were measured in situ. Spatial distribution was visualized using ArcMap 10.3. Measured
environmental conditions were generally suitable for seaweed cultivation, with temperature ranging
from 29.6 to 29.9 °C, pH from 7.92 to 7.95, dissolved oxygen from 4.66 to 4.95 mg L™, and salinity
from 28.32 to 28.98 ppt. Ammonium remained below the analytical detection limit at all stations
throughout the six-week observation period. Nitrate was consistently detected, with mean
concentrations ranging from 0.017 + 0.012 to 0.023 + 0.015 mg L™, and declined from week 1 to
week 6. Spatially, nitrate was highest at the nearshore station and lowest within active seaweed
farming plots. These findings indicate low dissolved inorganic nitrogen availability rather than evident
nitrogen enrichment and suggest that nitrogen limitation may constrain seaweed productivity if
cultivation intensity increases without adequate nutrient replenishment.
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INTRODUCTION

Nutrients are essential resources that support metabolism and growth of aquatic organisms.
In the water, nutrients are commonly grouped into macronutrients and micronutrients; among
macronutrients, nitrogen (N), phosphorus (P), and potassium (K) play central roles in regulating
productivity (Meirinawati et al., 2021). In the nitrogen pool, ammonium (NH,*) and nitrate (NO3™) are
key dissolved inorganic forms. Nitrate is a highly soluble, oxidized species that often dominates
natural waters, whereas aquatic primary producers and many heterotrophs readily take up
ammonium (Prakash & Khanam, 2021).

Nitrogen enters coastal ecosystems via natural processes, weathering and decomposition of
organic matter and through land-based inputs associated with agriculture, livestock, and domestic
wastewater (Muhaemin et al., 2023). Atmospheric exchange and runoff-derived organic matter also
contribute external loads (Howarth et al., 2021). Microbial mineralization of organic inputs supplies
dissolved nutrients, notably NO;~ and phosphate, that fuel phytoplankton growth. Because
phytoplankton respond rapidly to nutrient availability, their biomass and composition are widely used
as indicators of trophic status and water quality (Liu et al., 2021; Marsela et al., 2021).

Ammonium (NH,") and nitrate (NOs~) are fundamental substrates for protein synthesis and
cellular metabolism, thereby supporting the productivity of autotrophs such as phytoplankton and
benthic algae. Balanced nitrogen availability enhances primary production, which forms the base of
aquatic food webs and directly supports the sustainability of fish resources in coastal areas
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(Trommer et al., 2020). However, excessive nitrogen enrichment can trigger eutrophication, leading
to phytoplankton blooms whose decomposition consumes dissolved oxygen and creates hypoxic
conditions (Liu et al. 2021). These conditions can lead to mass fish mortality and shifts in fish
community structure, ultimately reducing fisheries productivity (Zamora-Lopez et al., 2025).
Conversely, nitrogen limitation suppresses primary production and reduce food availability for higher
trophic levels (Howarth et al., 2021). Therefore, effective management requires site-specific
understanding of nitrogen sources, concentrations, and distribution in relation to water quality and
coastal fisheries sustainability.

Galesong Waters, located on the western coast of Takalar Regency and directly bordering the
Makassar Strait, receive multiple nutrient inputs from small coastal streams, surface runoff, and
intensive coastal use, including fish and shrimp farming. Dense coastal settlements add domestic
waste loads that may alter local biogeochemistry. The area is a major center for seaweed cultivation
particularly Kappaphycus alvarezii and Eucheuma denticulatum which has expanded markedly over
the past decade (Akmal et al., 2017; Prajogo et al., 2023) In this context, fluctuations in nitrogen
concentrations play a critical role, as they not only influence water biogeochemistry but also directly
determine nutrient assimilation efficiency, growth, and overall harvest success of cultivated
seaweeds. Consequently, variability in nitrogen availability can drive spatial and temporal differences
in growth performance and harvest quality, ultimately affecting production outcomes in coastal
aquaculture systems (Barillé et al., 2025; Oort et al., 2025).

Recent studies in Indonesian coastal systems reveal pronounced spatial variability in dissolved
inorganic nitrogen and water-quality parameters related to coastal activities, providing baseline
information for evaluating aquaculture related impacts (Hendrayana et al., 2022; Akbar et al., 2023).
Other investigations underscore the value of nitrogen-based assessments for siting and managing
coastal farming zones (Gainaugasiray et al., 2024; Pariakan et al., 2019). This is further supported
by findings from Wafi et al. (2021), who demonstrated that spatial variation in dissolved inorganic
nitrogen strongly influences the suitability of sites for seaweed cultivation. In addition, Cahyadi et al.
(2025) reported that seasonal fluctuations in ammonium and nitrate significantly affect chlorophyll-a
dynamics, highlighting the critical role of dissolved inorganic nitrogen in sustaining the photosynthetic
capacity and overall productivity of Kappaphycus. In addition, nutrient limitation has been reported
as a practical constraint in seaweed-farming areas of South Sulawesi, indicating that nutrient
assessment is necessary not only from an environmental perspective but also for improving
aquaculture management and production efficiency (Alam et al., 2025). However, limited studies
have specifically assessed nitrogen concentrations and their spatial distribution in Galesong Waters
in relation to aquaculture water-quality standards. This highlights the need for site-specific evaluation
of dissolved inorganic nitrogen (NH,*, NO;3;™) to support sustainable seaweed aquaculture
management in the region.

This study aims to: (i) evaluate nitrogen concentrations in Galesong Waters against
Indonesia’s water-quality criteria for aquaculture as specified in Government Regulation No. 22 of
2021; and (ii) describe the horizontal distribution of dissolved inorganic nitrogen (NH,*, NO3™). The
findings are intended to inform sustainable water-quality management and support the
environmental suitability of seaweed aquaculture in the region.

MATERIALS AND METHODS

The study was conducted from 23 April to 25 May 2025 in coastal waters off Aeng Batu-Batu
Village, North Galesong Subdistrict, Takalar Regency, South Sulawesi, Indonesia (5°14'10" S,
119°22'53" E). Site selection followed a purposive approach to represent nearshore areas potentially
influenced by land-based activities and offshore waters less affected by coastal inputs. Five stations
were established based on local hydrogeomorphic characteristics (Figure 1). Station 1 was in the
intertidal zone adjacent to residential housing, approximately 30 m from shore. Stations 2—4 were
located within active seaweed farming plots, with ~5 m spacing between stations. Station 5 was
positioned ~120 m southwest of the shoreline.
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Figure 1. Map Sampling Locations in Galesong Waters

Surface seawater samples were collected at each station between 07:00 and 10:00 WITA at a
depth of 0.5 m below the surface. Samples were stored in 500 mL bottles in an insulated cool box
and transported to the laboratory for nutrient analysis. In situ measurements of dissolved oxygen,
pH, and temperature were obtained using a portable multiparameter meter (Toa DKK WQC-24,
Japan). Nitrogen analyses were performed at the Water Quality Laboratory, Faculty of Marine
Science and Fisheries, Hasanuddin University. Ammonium (NH,*) and nitrate (NO3™) concentrations
were measured spectrophotometrically (model DREL 2800). Prior to analysis, 25-50 mL aliquots
were filtered: 0.45 ym membrane filters (Millipore) for NH,* and Whatman No. 42 ashless cellulose
filters for NOs™. For NH,*, 5 mL of 5 % phenol solution and 5 mL sodium nitroprusside catalyst were
added to the sample, followed by 3 mL alkaline oxidizing reagent. After 60 min color development,
absorbance was read at 640 nm. For NO5~, 5 mL of filtered sample was mixed with 0.5 mL brucine
solution, allowed to stand for 2—4 min, then 5 mL concentrated H,SO, was added, the mixture was
homogenized, cooled to room temperature, and measured at 410 nm. Results are reported as mg L™".

Absorbance values were converted to concentrations in Microsoft Excel using laboratory
calibration curves, and station coordinates with corresponding NH,* and NO;™ values were imported
into ArcMap 10.3 for spatial analysis (Puspitasari et al. 2021). Nitrogen concentrations were
evaluated descriptively against Indonesia’s aquaculture water-quality standards in Government
Regulation No. 22/2021, alongside contemporaneous oceanographic conditions in Galesong
Waters.

RESULTS AND DISCUSSION
Measured environmental parameters for the five stations are summarized in Table 1.

Seawater temperature ranged from 29.6-29.9 °C, meeting the aquaculture water-quality criterion of
26-32 °C under Government Regulation No. 22/2021 and falling within the commonly reported
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optimal range for Kappaphycus alvarezii cultivation of 20-30 °C (Astriana et al., 2024). Within this
near-optimal window, photosynthetic activity and protein synthesis in seaweeds are generally
sustained, which can increase cellular nitrogen demand and facilitate more efficient uptake of
dissolved inorganic nitrogen by photosynthetic organisms. This interpretation is consistent with
Nikhlani & Kusumaningrum (2021), who noted that optimal temperatures enhance photosynthesis
and nutrient absorption in K. alvarezii. Conversely, departures from the optimal range can lead to
thallus discoloration (pale yellowing) and may depress growth and survival when temperatures are
excessively high or low (Afifah et al., 2025).

Measured pH ranged from 7.92-7.95, within the Government Regulation No. 22/2021 criterion
of 7.0-8.5 and suitable for seaweed growth. Consistent with Zakariah et al. (2023), slightly alkaline
conditions (> 7) favor Kappaphycus cultivation. Deviations toward more acidic or highly alkaline
waters can induce physiological stress in seaweeds (Nikhlani & Kusumaningrum, 2021). In coastal
systems, pH reflects the balance of photosynthesis, respiration, and organic-matter decomposition;
the relatively higher pH observed in farming plots likely reflects seaweed photosynthesis lowering
CO, and elevating pH (Alamrousi et al. 2022).

Dissolved oxygen (DO) concentrations were 4.66—4.95 mg L™', meeting the Government
Regulation No. 22/2021 (4-8 mg L™"). These values are generally sufficient for aquatic metabolism
and support nitrification of NH,* to NO;~. Wafi et al. (2021) reported that DO of ~4—6 mg L™ is
adequate for biochemical processes and the nitrogen cycle, whereas DO < 4 mg L™ can indicate
thermal stress, elevated community respiration, or organic loading. Potential drivers of low DO
include high temperature, weak currents, and decomposition of organic matter none appeared
limiting at the time of sampling. (Mahaffey et al. 2020).

Salinity ranged from 28.32-28.98 ppt (mean ~28-29 ppt). This range aligns with seaweed
farming guidance (28-34 ppt; Muliyadi, 2024) but is slightly below the salinity criterion in Government
Regulation No. 22/2021, which sets an acceptable range of 33—34 ppt. The modest depression in
salinity likely reflects tidal mixing with freshwater from nearby small streams (Azhikodan et al., 2021).
Large departures from the optimal salinity window can disrupt cellular osmoregulation and impede

Table 1. In-situ environmental parameters at five stations in Galesong Waters. Values are reported
as mean = SD

Parameters Sampling Point Quality Reference
1 2 3 4 5 standards
Government
o 299+ 299+ 296+ 299+ 298+ R Regulation No. 22
Temperature (°C) 1685 0769 1.031 0784 0649 20730°C r5021: Astriana
et al., 2023
Government
H 792+ 794+ 795+ 795+ 794+ H7.0-85 Regulation No. 22
P 0.074 0.057 0.023 0.042 0.119 P77/ " of 2021; Zakariah
et al., 2023
Government
Dissolved Oxygen 4.81+ 495+ 493+ 471+ 466+ 4 -8 mall Regulation No. 22
(mg/L) 0.823  1.441 1.327 1.252 0.982 9 of 2021; Wafi et
al., 2021
Government
. 28.32+ 28.90+ 28.62+ 28.92+ 28.90+ Regulation No. 22
Salinity (PP  “{77e 1218 1212 1358 146s 2834PPt FD

of 2021; Mulyadi,
2024

Note: () standard deviation; St 1 = near settlement; St 2-St 4 = seaweed farming area; St 5 = ~120

m southwest from shoreline.
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nutrient uptake, reducing Kappaphycus alvarezii growth (Aris et al., 2021). Thus, while salinity
remained broadly supportive of cultivation during the study, maintaining stable salinity conditions
would help sustain optimal productivity.

Ammonium (NH,*) concentrations remained extremely low, consistently approaching zero or
falling below the analytical detection limit across all five stations throughout the six-week observation
period (Table 2 and Figure 2). These near-nondetectable values easily meet the Indonesian marine
water quality criterion for aquaculture (< 0.3 mg L™") under Government Regulation No. 22/2021,
indicating an absence of inorganic nitrogen pollution from anthropogenic organic waste.

Ecologically, this persistent depletion is driven by two main factors: rapid biological uptake and
active biogeochemical processing. As the most energetically favorable form of dissolved inorganic
nitrogen, NH,* is preferentially and rapidly assimilated by autotrophs, particularly the cultivated
Kappaphycus alvarezii (Muhaemin et al., 2023; Syamsuddin, 2024) Furthermore, any remaining
ammonium in the water column is likely subjected to efficient microbial nitrification, rapidly converting
it to nitrite (NO,™) and ultimately nitrate (NO3™) (Surya et al., 2024). Similar oligotrophic conditions
and rapid ammonium depletion have been documented in other tropical coastal aquaculture
systems, where the high biological demand of dense macroalgal cultivation outpaces the natural
supply of dissolved ammonium (Smart et al., 2022). While these low levels reflect excellent
environmental conditions in terms of pollution control, they fall below the optimal range of 0.01-3.50
mg L™ recommended for K. alvarezii growth (Abbas et al., 2021). Consequently, this sustained
scarcity implies that ammonium is a limiting nutrient in Galesong Waters, forcing the cultivated
seaweed to rely almost entirely on nitrate to sustain their protein synthesis and growth.

Nitrate (NOs™) concentrations exhibited a distinct temporal decline across all stations from
week 1 to week 6 (Figure 3). Initially, NO3;™ ranged from ~0.025 to 0.045 mg L™, but experienced a
sharp drop by week 4 (reaching ~0.005-0.015 mg L™") before stabilizing. This depletion aligns with
the exponential growth phase of Kappaphycus alvarezii, where thalli actively acquire nitrogen for
protein and photosynthetic pigment synthesis (Narvarte et al. 2022). Overall, the average NO;~
concentrations (0.017-0.022 mg L™") were well below the Indonesian marine quality threshold of <
0.06 mg L™ (Government Regulation No. 22/2021). While these levels indicate unpolluted
conditions, they fall slightly below the highly optimal range for K. alvarezii cultivation (> 0.04 mg L™";
Khasana et al., 2025). However, as demonstrated by Kasim et al. (2019) in other Indonesian coastal
waters, seaweeds can still maintain basal growth at concentrations of 0.02-0.04 mg L™, though
maximum productivity might be constrained.
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Figure 2. Average ammonium concentration in Galesong Waters
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Table 2. Average concentrations of dissolved inorganic nitrogen across five stations in Galesong
Waters during the six-week observation period

Sampling Point Quality
Parameters 1 2 3 4 5 standards
Nitrate (mg/L) 0.023 + 0.020 + 0.017 % 0.020 + 0.023 + 0.04 - 0.06
9 0.015 0.014 0.012 0.010 0.014 mg/L
Ammonium 0.01-3.50
(mg/L) ND ND ND ND ND ma/L

Note: (x) standard deviation; St 1 = near settlement; St 2—St 4 = seaweed farming area; St 5 =~120
m southwest from shoreline. ND = Not Detected (below the analytical limit of detection).
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Figure 3. Average nitrate concentrations in Galesong Waters

Spatial analysis further elucidated the environmental drivers of nitrogen distribution (Figure 4).
The weekly spatial maps reveal a pronounced nearshore-to-offshore gradient. Nitrate concentrations
were consistently highest at the nearshore site (Station 1), particularly during the first three weeks,
likely driven by terrestrial runoff and domestic wastewater discharge from coastal settlements in
Aeng Batu-Batu Village. Conversely, the active seaweed farming plots (Stations 2—4) exhibited the
lowest NO;™ levels, creating a localized zone of nutrient depletion. This spatial gradient confirms the
role of K. alvarezii as an effective . Station 5, located further offshore (~120 m), maintained
intermediate-to-high nitrate levels, reflecting reduced biological drawdown and the influence of
offshore hydrodynamic mixing. Similar spatial dynamics have been reported in other tropical coastal
systems in Indonesia (Hendrayana et al., 2022; Akbar et al., 2023), where intensive cultivation
significantly lowers ambient nutrients compared to uncultivated adjacent waters. By week 4,
corresponding with the sharp decline in overall concentration, the spatial distribution became
significantly more homogenous across the entire study area, indicating that localized seaweed
uptake is a powerful regulator of nitrate bioavailability during the critical growth period. However,
because hydrodynamic exchange, water residence time, and nutrient fluxes were not measured
directly in this study, the relative contribution of terrestrial input, uptake by seaweed, and physical
mixing cannot be separated quantitatively. The spatial pattern should therefore be interpreted as a
descriptive indication of local nitrogen variability rather than definitive proof of causation.
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Figure 4. Distribution of nitrate concentrations in Galesong Waters

From an ecological and fisheries management perspective, the persistently low ammonium
and nitrate levels in Galesong Waters underscore a critical implication. While the local water quality
is excellent and free from eutrophication risks, the system is fundamentally nitrogen-limited. The
environmental context (temperature 29.6-29.9 °C, pH 7.92-7.95, and salinity 28—-29 ppt) is highly
supportive of biogeochemical processing, but the absolute lack of dissolved inorganic nitrogen
means the carrying capacity for seaweed aquaculture in this specific coastal zone may be
approaching its upper limit. Unregulated expansion or increasing the density of seaweed longlines
could exacerbate nutrient competition, potentially leading to stunted growth, thallus discoloration,
and increased susceptibility to diseases due to nutritional stress. These findings also have broader
implications for coastal resource management. In seaweed-producing areas such as Galesong,
water quality assessment should not be limited to the detection of pollution thresholds alone but
should also consider whether nutrient availability is sufficient to support sustainable cultivation. The
present results suggest that farm expansion or excessive planting density may intensify nutrient
competition within the farming area, particularly during active growth phases when nitrogen demand
is high. Therefore, adaptive management measures such as maintaining adequate spacing between
farm plots, aligning planting schedules with periods of greater nutrient replenishment, and conducting
routine nutrient monitoring would be beneficial for sustaining productivity. Although this study did not
directly measure fishery response, maintaining balanced nutrient conditions in coastal waters
remains relevant not only for aquaculture performance but also for broader ecosystem productivity
and fisheries support, as nitrogen availability influences primary production at the base of the food
web.

CONCLUSION

This study indicates that, during the observation period, Galesong Waters generally met the
applicable marine water-quality criteria for aquaculture under Government Regulation No. 22 of
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2021, with temperature, pH, dissolved oxygen, and salinity remaining within or close to ranges
considered suitable for seaweed cultivation; however, dissolved inorganic nitrogen availability was
low, as shown by ammonium concentrations below the analytical detection limit and nitrate
concentrations of 0.017-0.023 mg L™, suggesting that the system was not experiencing evident
nitrogen enrichment but may be characterized by limited nitrogen availability for optimal seaweed
growth. The observed nitrate pattern, with relatively higher concentrations at the nearshore station
and lower concentrations within active farming plots, suggests the combined influence of land-based
inputs near the coast and biological drawdown in cultivated areas, although these mechanisms were
not directly quantified. Therefore, while the waters remain suitable for current seaweed farming, low
dissolved inorganic nitrogen availability may become a constraint if cultivation intensity increases
without adequate nutrient replenishment. This conclusion should be interpreted with caution because
the study was based on a limited sampling period, a small number of stations, and a restricted set
of measured variables, without direct assessment of hydrodynamics, nutrient fluxes, chlorophyll-a,
or seaweed growth response. Future studies should expand spatial and seasonal coverage and
integrate additional environmental and biological variables to better resolve nitrogen dynamics and
provide a stronger basis for evaluating aquaculture sustainability and carrying capacity in Galesong
Waters.
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