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Abstract.	This	study	examines	the	nitrogen	cycle	within	seaweed	(Kappaphycus	
alvarezii)	 farming	 systems	 in	 the	 coastal	 waters	 of	 Takalar,	 South	 Sulawesi,	
utilizing	a	combination	of	=ield	observations	and	dynamic	systems	modeling.	Field	
data	 were	 employed	 to	 construct	 a	 system	 dynamics	 model	 using	 STELLA	
Architect	13.1.	The	observed	data	on	nitrogen	and	seaweed	biomass	were	used	to	
validate	the	model.	The	model	successfully	replicated	the	observed	pattern	of	low	
ammonium	and	high	nitrate	levels	early	in	the	cycle,	which	declined	to	a	minimum	
mid-cycle	and	partially	recovered	before	harvest;	the	associated	biomass	response	
exhibited	rapid	early	growth,	a	mid-cycle	slowdown,	and	a	modest	late	increase.	
Reproducibility	was	notably	high	for	nitrate	(PBIAS	−13.3%)	and	biomass	(PBIAS	
+8.1%),	 while	 ammonium	 remained	 near	 detection	 limits	 and	 was	 assessed	
qualitatively.	 These	 =indings	 suggest	 that	 nitrate	 regeneration	 and	 availability	
within	 the	 cycle	 are	 critical	 controls	 on	 farm-scale	 biomass	 accumulation	 and	
provide	 a	 validated	 framework	 for	 analyzing	 nitrogen	 effects	 on	 K.	 alvarezii	
production	in	this	area.	

1.	Introduction	

Coastal	ecosystems	represent	dynamic	environments	in=luenced	by	both	natural	processes	
and	 anthropogenic	 activities.	 Alterations	 in	 nutrient	 cycling,	 primarily	 driven	 by	 agricultural	
runoff,	 domestic	 ef=luents,	 and	 aquaculture	 discharges,	 can	 disrupt	 the	 balance	 of	 dissolved	
nitrogen	in	nearshore	waters.	An	excess	of	nitrogen	frequently	leads	to	eutrophication,	which	is	
characterized	 by	 rapid	 algal	 proliferation,	 reduced	 dissolved	 oxygen	 levels,	 and	 a	 decline	 in	
biodiversity.	Conversely,	nitrogen	depletion	can	limit	primary	productivity	and	hinder	the	growth	
of	 marine	 primary	 producers	 (1–3).	 Therefore,	 a	 comprehensive	 understanding	 of	 nitrogen	
dynamics	is	crucial	for	maintaining	ecological	balance	and	supporting	sustainable	aquaculture	in	
coastal	zonesSee	the	separate	guidelines	document	for	further	information.	

https://creativecommons.org/licenses/by/4.0/
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Seaweed	 farming	 provides	 an	 ecosystem-based	 pathway	 to	 mitigate	 nutrient	
disturbances.	Kappaphycus	alvarezii	can	assimilate	dissolved	inorganic	nitrogen	from	the	water	
column	 and	 thereby	 function	 as	 a	 natural	 bio=ilter	 while	 supporting	 coastal	 livelihoods	 (4).	
Indonesia,	particularly	South	Sulawesi,	is	among	the	world’s	leading	carrageenophyte	producers;	
the	 sector	delivers	 employment	 and	 income	 for	 coastal	 communities	 but	 remains	 sensitive	 to	
environmental	variability	(5,6).	Sustained	production	depends	on	nutrient	availability	together	
with	temperature,	hydrodynamics,	and	dissolved	oxygen,	all	of	which	=luctuate	across	sites	and	
seasons	(6).	

Takalar,	South	Sulawesi,	is	a	major	center	of	K.	alvarezii	cultivation	where	farmers	report	
strong	 links	 between	 within-cycle	 nitrogen	 supply,	 speci=ic	 growth	 rate,	 and	 =inal	 biomass.	
Adequate	nitrogen	supports	rapid	thallus	growth,	whereas	limitation	is	associated	with	reduced	
yields	 and	 elevated	 disease	 risk,	 including	 ice-ice	 (7,8).	 Yet	 the	 degree	 to	 which	 temporal	
=luctuations	 in	 nitrogen	 across	 a	 single	 cultivation	 cycle	 constrain	 growth	 and	 harvestable	
biomass	at	farm	scale	remains	weakly	quanti=ied.	

Nitrogen	 in	 farming	 areas	 arises	 from	 external	 inputs	 (e.g.,	 land-based	 sources)	 and	
internal	 processes	 in	 the	water	 column	 and	 sediments,	 including	 remineralization	 of	 organic	
matter.	 Uptake	 by	 seaweed	 is	 not	 constant;	 it	 varies	 with	 temperature,	 current	 velocity,	 and	
oxygen	 availability	 (6).	 At	 commercial	 scale,	 nitrogen	 variability	 during	 a	 harvest	 cycle	 can	
directly	 affect	 speci=ic	 growth	 rate	 and	 biomass	 yield,	 underscoring	 the	 need	 to	 evaluate	 the	
nitrogen	balance	over	a	full	cultivation	cycle	(2).	However,	direct	high-frequency	monitoring	of	
nitrogen	dynamics	is	challenging	due	to	the	complexity	and	coupling	of	processes.	

Dynamic	 system	 modeling	 offers	 a	 tractable	 approach	 to	 integrate	 these	 processes	 and	
quantify	how	nitrogen	cycling	in=luences	growth	and	productivity.	Such	models	have	advanced	
understanding	 in	aquatic	ecology	and	aquaculture	by	representing	uptake,	storage,	and	use	of	
nutrients,	 and	 have	 been	 applied	 in	 several	 studies	 in	 related	 coastal	 systems	 (e.g.,	 nutrient	
budgets	around	arti=icial	timber	reefs)	(9,10).	Here,	we	develop	and	validate	a	system-dynamics	
model	of	the	nitrogen	balance	for	a	single	cultivation	cycle	of	K.	alvarezii	in	Takalar.	We	integrate	
=ield	observations	of	nitrogen	types,	seaweed	biomass,	and	environmental	drivers	to	(i)	quantify	
how	temporal	nitrogen	variability	affects	growth	and	yield	and	(ii)	explore	scenarios	to	maintain	
productivity	under	variable	nutrient	supply.	The	results	aim	to	support	evidence-based	decisions	
for	ef=icient	and	sustainable	seaweed	farming	in	Indonesian	coastal	waters.	

2.	Methods		

The	study	covered	a	single	40-day	cultivation	cycle	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).	 A	 10	 ×	 15	 m	 plot	 of	 Kappaphycus	 alvarezii	 and	 the	
immediately	 surrounding	waters	were	 observed,	with	 nearby	 non-farming	waters	 used	 as	 an	
open-water	control.	Regional	hydrography	is	shaped	by	semidiurnal	tides	and	coastal	circulation	
in=luenced	by	the	Jeneberang	River	plume.	

Weekly	 =ield	 observations	were	 combined	with	 a	 dynamic	 systems	model	 to	 quantify	
nitrogen	cycling	and	its	effects	on	seaweed	growth.	On	each	visit	=ive	stations	were	sampled:	three	
within	the	farm	plot	to	capture	within-farm	variability	and	two	in	adjacent	open	waters	outside	
the	cultivation	footprint.	Sampling	was	conducted	on	Days	0,	8,	16,	24,	32,	and	40,	spanning	one	
complete	cultivation	cycle.	

At	 each	 station,	 near-surface	 seawater	 (≈30	 cm	 depth)	 was	 collected	 into	 500	 mL	 acid-
washed,	dark	HDPE	bottles,	stored	in	an	insulated	cool	box,	and	transported	to	the	laboratory	for	
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analysis	within	24	h.	Subsamples	(25–50	mL)	were	=iltered	for	nutrient	determinations	using	0.45	
µm	membrane	=ilters	(Millipore)	for	ammonium	(NH₄⁺)	and	Whatman	No.	42	ashless	cellulose	
=ilters	 for	 nitrate	 (NO₃⁻).	 Ammonium	was	measured	 spectrophotometrically	 by	 the	 phenate–
nitroprusside	method	with	absorbance	at	640	nm;	nitrate	was	determined	colorimetrically	via	
the	 brucine–H₂SO₄	 method	 with	 absorbance	 at	 410	 nm	 on	 a	 benchtop	 spectrophotometer.	
Concentrations	are	reported	as	mg	m⁻³;	internal	checks	used	the	conversion	1	mg	L⁻¹	=	1000	mg	
m⁻³	with	laboratory	calibration	curves.	

In	situ	physicochemical	variables	comprised	temperature	(°C),	pH,	and	dissolved	oxygen	
(DO,	mg	L⁻¹)	measured	with	 a	 portable	multiparameter	meter	 (Toa	DKK	WQC-24),	 calibrated	
daily.	Salinity	(ppt)	was	recorded	from	the	meter’s	conductivity	probe.	Near-surface	current	speed	
(m	s⁻¹)	was	estimated	with	the	=loating	method.	All	variables	were	measured	on	site	during	each	
weekly	visit.	

Within	the	10	×	15	m	plot,	wet	weight	(WW)	of	K.	alvarezii	was	recorded	at	Day	0	and	at	
7-day	intervals	using	a	=ield	scale.	Each	week,	17	tagged	samples	(thalli/ties)	were	weighed	to	
derive	plot-level	growth	trends,	and	at	harvest	(≈Day	40)	the	full	plot	biomass	was	weighed	to	
estimate	total	production.		

The	model	resolves	three	coupled	stocks—ammonium	(NH₄⁺),	nitrate	(NO₃⁻),	and	seaweed	
biomass	 (g	WW	m⁻³)—linked	 by	 mass-balanced	 =lows	 and	 driven	 by	 environmental	 limiters	
(light,	temperature,	nutrients)	and	management	pulses	(seeding	and	harvest).		

The	stock	=low	nitrogen	enters	from	external	sources	(domestic	ef=luents,	river	runoff)	and	
from	 internal	 regeneration	 associated	with	 biomass	 losses	 (natural	mortality	 and	 sloughing).	
Within	 the	 water	 column,	 NH₄⁺	 is	 oxidized	 to	 NO₃⁻	 by	 nitri=ication;	 NO₃⁻	 is	 removed	 by	
denitri=ication.	 Seaweed	 takes	 up	 nitrogen	 from	 both	 substrates;	 the	 total	 uptake	 equals	 the	

 

Figure	 1.	 Stock–Hlow	 diagram	 of	 the	 nitrogen–biomass	 model.	 Modules:	 (A)	 light	 limiter;	 (B)	
temperature	limiter;	(C)	nutrient	limiter	with	NH₄⁺	priority	and	NH₄⁺	inhibition	of	NO₃⁻	uptake;	(D)	
seeding/harvest	 pulses	 and	 plot	 geometry;	 (E)	 external	 nutrient	 inputs	 (domestic	 efHluents,	 river	
runoff)	and	internal	regeneration	from	sloughing	and	natural	mortality;	central	nitrogen	boxes	for	(F)	
NH₄⁺	with	nitriHication	to	NO₃⁻	and	(G)	NO₃⁻	with	denitriHication;	(H)	seaweed	biomass	with	growth	
and	loss	processes.	Arrows	show	causality;	double	arrows	indicate	stock–Hlow	connections.	
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nitrogen	required	to	support	realized	growth,	so	nitrogen	withdrawn	from	the	water	column	is	
exactly	accounted	for	in	biomass	gain.	Planting	is	represented	as	a	pulse	at	Day	0	and	harvest	as	
a	pulse	at	Day	40.	All	concentrations	are	in	mg	m⁻³	and	biomass	in	g	WW	m⁻³,	with	explicit	plot-
volume	 conversions.	 The	 mass	 balances	 follow	 the	 stock–=low	 structure	 and	 are	 written	 as	
ordinary	differential	equations.	For	ammonium	(NH4)	and	nitrate	(NO3):	

𝑑	𝑁𝐻4
𝑑𝑡

	= 	𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙	 + 	𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙	 − 	𝑈𝑝𝑡𝑎𝑘𝑒_𝑁𝐻4	 − 	𝑘_𝑛𝑖𝑡𝑟𝑖	 · 	𝑁𝐻4	
𝑑	𝑁𝑂3
𝑑𝑡

	= 	𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙	 + 	𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙	 + 	𝑘_𝑛𝑖𝑡𝑟𝑖	 · 	𝑁𝐻4	 − 	𝑈𝑝𝑡𝑎𝑘𝑒_𝑁𝑂3	 − 	𝑘_𝑑𝑒𝑛𝑖𝑡𝑟𝑖	 · 	𝑁𝑂3	

	
Seaweed	biomass	changes	through	planting,	growth,	background	mortality,	sloughing,	and	

harvest:	
𝑑	𝑆𝑒𝑎𝑤𝑒𝑒𝑑

𝑑𝑡
	= 	𝑃𝑙𝑎𝑛𝑡𝑖𝑛𝑔	 + 	𝑆𝑒𝑎𝑤𝑒𝑒𝑑_𝑔𝑟𝑜𝑤𝑡ℎ	 − 	𝑀_𝑟𝑎𝑡𝑒	 · 	𝑆𝑒𝑎𝑤𝑒𝑒𝑑	 − 	𝑆_𝑟𝑎𝑡𝑒(𝑡) 	 · 	𝑆𝑒𝑎𝑤𝑒𝑒𝑑	

− 	𝐻𝑎𝑟𝑣𝑒𝑠𝑡_40	
Realized	growth	is	limited	by	light,	temperature,	and	nutrients:	

𝑆𝑒𝑎𝑤𝑒𝑒𝑑_𝑔𝑟𝑜𝑤𝑡ℎ	 = 	𝜇	 · 	𝐹_𝐼	 · 	𝐹_𝑇	 · 	𝐹_𝑁	 · 	𝑆𝑒𝑎𝑤𝑒𝑒𝑑	
Limiter	functions:	

𝐹_𝐼	 = 	𝐼	/	(𝐾_𝐼	 + 	𝐼)	
𝐹_𝑇	 = 	𝑚𝑎𝑥(	0, 1	 −	(𝑇	 − 	𝑇_𝑜𝑝𝑡)^2	/	𝑇_𝑟𝑎𝑛𝑔𝑒^2	)	

𝐹_𝑁	 = 	𝑚𝑎𝑥(	𝐹_𝑁𝐻4	, 𝐹_𝑁𝑂3	)	
Substrate-speci=ic	nutrient	limitation,	with	NH4	priority	and	inhibition	on	NO3	uptake:	

𝐹_𝑁𝐻4	 = 	𝑁𝐻4	/	(𝐾_𝑁𝐻4	 + 	𝑁𝐻4)	
𝐹_𝑁𝑂3	 = 	 [	𝑁𝑂3	/	(𝐾_𝑁𝑂3	 + 	𝑁𝑂3	)	] 	 · 	 [	1	/	(	1	 + 	𝑁𝐻4	/	𝐾_𝐼, 𝑖𝑛ℎ𝑖𝑏	)	]	

Planting	and	harvest	are	represented	as	 =inite	pulses	over	 the	40-day	cycle.	Temperature,	
dissolved	oxygen,	and	sloughing	rate	follow	observed	weekly	schedules	as	time-varying	forcings;	
numerical	integration	uses	a	daily	step	with	Runge–Kutta.	

Nitrogen	demand	and	substrate	partitioning:	
𝑁_𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑_𝑓𝑜𝑟_𝑔𝑟𝑜𝑤𝑡ℎ	 = 	𝑁_𝑝𝑒𝑟_𝑔𝑟𝑎𝑚_𝑏𝑖𝑜𝑚𝑎𝑠𝑠	 · 	𝑆𝑒𝑎𝑤𝑒𝑒𝑑_𝑔𝑟𝑜𝑤𝑡ℎ	

𝑈𝑝𝑡𝑎𝑘𝑒_𝑁𝐻4	 = 	𝑆ℎ𝑎𝑟𝑒_𝑁𝐻4	 · 	𝑁_𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑_𝑓𝑜𝑟_𝑔𝑟𝑜𝑤𝑡ℎ	
𝑈𝑝𝑡𝑎𝑘𝑒_𝑁𝑂3	 = 	 (1	 − 	𝑆ℎ𝑎𝑟𝑒_𝑁𝐻4)	 · 	𝑁_𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑_𝑓𝑜𝑟_𝑔𝑟𝑜𝑤𝑡ℎ	

Substrate	share	(piecewise):	
𝑆ℎ𝑎𝑟𝑒_𝑁𝐻4	 = 	𝐹_𝑁𝐻4	/	(𝐹_𝑁𝐻4	 + 	𝐹_𝑁𝑂3)					𝑖𝑓		𝐹_𝑁𝐻4	 + 	𝐹_𝑁𝑂3	 > 	0	

𝑆ℎ𝑎𝑟𝑒_𝑁𝐻4	 = 	1	𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒	
	
Table	1	 compiles	 the	model	parameters	 (symbols,	 units,	 base	values,	 roles)	 and	 indicates	

whether	each	term	is	=ixed,	calibrated,	derived,	or	prescribed	as	a	forcing;	literature-based	starts	
were	re=ined	during	calibration.		

Table	 1.	 Input	 parameters	 and	 derived	 terms	 for	 the	 Takalar	 seaweed	 farm	model,	 with	 SI	 units	 and	
parameter	roles	(Hixed,	calibrated,	derived,	forcing).	

Symbol	 De/inition	 Units	 Value	 Source/Notes	 Role	

NH4	 Initial	ammonium	concentration	 mg	m⁻³	 1	 Set	from	model	start	 Initial	
condition	

NO3	 Initial	nitrate	concentration	 mg	m⁻³	 20	 Set	from	model	start	 Initial	
condition	

μ_max	 Maximum	speciBic	growth	rate	 d⁻¹	 0.5	 (11–13)	 Calibrated	

K_I	 Half-saturation	for	light	(FI)	 arb.	light	units	 50	 Tuning	 Fixed	
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Symbol	 De/inition	 Units	 Value	 Source/Notes	 Role	

I	 Incident	light	(constant	in	base	
run)	 arb.	light	units	 200	 Tuning	 Forcing	

F_T	 Temperature	limitation	function	 dimensionless	 —	 FT	=	max(0,	1	−	
(T−Topt)²/Trange²)	 Derived	

T_opt	 Optimal	temperature	 °C	 28	 (12)	 Fixed	

T_range	 Thermal	breadth	parameter	 °C	 6	 (12)	 Fixed	

F_NH4	 NH₄⁺	Monod	term	 dimensionless	 —	 NH4/(K_NH4+NH4)	 Derived	

F_NO3	 NO₃⁻	Monod	term	with	NH₄⁺	
inhibition	 dimensionless	 —	 NO3/(K_NO3+NO3)	·	

1/(1+NH4/K_I_Inhibitor)	 Derived	

K_NH4	 Half-saturation	for	NH₄⁺	uptake	 mg	N	m⁻³	 2	 Model	constant	(Monod)	 Fixed	

K_NO3	 Half-saturation	for	NO₃⁻	uptake	 mg	N	m⁻³	 5	 (4)	 Fixed	

K_I_Inhibitor	 NH₄⁺	inhibition	constant	on	NO₃⁻	
uptake	 mg	N	m⁻³	 5	 Tuning	 Fixed	

Share_NH4	 Partition	of	N	uptake	to	NH₄⁺	 dimensionless	 —	 F_NH4/(F_NH4+F_NO3)	 Derived	

N_per_gram_biomass	 Nitrogen	per	gram	of	seaweed	
(WW)	 mg	N	g⁻¹	WW	 3.57	 (14)		 Fixed	

N_required_for_growth	 Nitrogen	demand	supporting	
growth	 mg	N	m⁻³	d⁻¹	 —	 N_per_gram_biomass	×	

Seaweed_growth	 Derived	

kwnitri	 NitriBication	rate	(water	column)	 d⁻¹	 7	 (15)		 Fixed	

kwdenitri	 DenitriBication	rate	(water	column)	 d⁻¹	 0.05	 Tuning	 Fixed	

kownitri	 O₂	half-saturation	for	nitriBication	
(if	applied)	 mg	L⁻¹	 1	 (16)	 Optional	

Domestic_efBluents	 External	nutrient	input	proxy	 mg	N	m⁻³	d⁻¹	
(equiv.)	 0.7	 Represents	domestic	

load	 Forcing	

River_runoff	 Riverine	nutrient	input	proxy	 mg	N	m⁻³	d⁻¹	
(equiv.)	 0	 Represents	river	load	

(Bield	observation)	 Forcing	

M_rate	 Background	natural	mortality	 d⁻¹	 0.001	 Biomass	loss	 Fixed	

S_rate(t)	 Time-varying	sloughing	rate	 d⁻¹	 0.02–0.04	 Tuning	 Forcing	

H_rate	 Harvest	fraction	at	day	40	 fraction	 1	 Full	harvest	pulse	 Management	

Seaweed_0	 Initial	planting	density	(per	
volume)	 g	WW	m⁻³	 computed	

From	seed_per_tie,	
ties_per_m,	
line_length_m,	
lines_per_plot,	
plot_volume	

Derived	

seed_per_tie	 Seed	mass	per	tie	 g	WW	tie⁻¹	 22	 Farm	practice	 Fixed	

ties_per_m	 Number	of	ties	per	meter	 ties	m⁻¹	 5	 Farm	practice	 Fixed	

line_length_m	 Line	length	per	rope	 m	 1	 Farm	practice	 Fixed	

lines_per_plot	 Number	of	lines	in	10×15	m	plot	 —	 10	 Farm	layout	 Fixed	

plot_volume	 Active	water	volume	over	plot	 m³	 15×10×0.5	 Geometry	×	depth	 Fixed	

DO(t)	 Dissolved	oxygen	schedule	 mg	L⁻¹	 3.7–5.1	 Field	data	 Forcing	

T(t)	 Temperature	schedule	 °C	 29.7–30.8	 Field	data	 Forcing	

The	 numerical	 model	 was	 developed	 using	 STELLA	 Architect	 v1.6.0	
(https://www.iseesystems.com).	We	 ran	 the	model	 for	 40	 days	 with	 a	 time	 step	 of	 1/4.	 The	
calculations	 were	 performed	 using	 the	 fourth-order	 Runge–Kutta	 method.	 The	 outputs	 were	
compared	with	the	values	obtained	from	weekly	=ield	observations	and	the	accuracy	of	validation	
was	evaluated	with	the	percent	bias	(PBIAS).	PBIAS	is	a	measure	of	over-	and	under-estimation	
of	 bias	 for	 predicted	 and	 measured	 values,	 and	 is	 expressed	 as	 a	 percentage	 (17).	 The	
performance	rating	in	=itting	of	the	model	output	to	the	observed	value	was	evaluated	with	the	
following	criteria	[32]:	very	good	(<	±25%),	good	(±25	PBIAS	<	±40),	satisfactory	(±40	PBIAS	<	
±70),	and	non-satisfactory	(≥	±71).		

	

https://www.iseesystems.com/


The 6th International Conference on Fisheries and Marine Research (ICoFMR 2025)
IOP Conf. Series: Earth and Environmental Science 1642 (2026) 012003

IOP Publishing
doi:10.1088/1755-1315/1642/1/012003

6

3.	Results	and	discussion	

3.1	Example	subsection	heading	
The	 calculated	 concentrations	 of	 ammonium	 (NH₄⁺)	 and	 nitrate	 (NO₃⁻)	 over	 the	 40-day	

cultivation	cycle	are	shown	alongside	observations	in	Fig.	2	(left	and	right	panels,	respectively).	

Overall,	 the	 nitrate	 dynamics	 governed	 the	 nitrogen	 supply	 to	 the	 cultivation:	 concentrations	
started	 high,	 declined	 sharply	 mid-cycle,	 and	 partially	 recovered	 before	 harvest.	 In	 contrast,	
ammonium	remained	at	or	near	the	detection	limit	in	the	=ield	samples	throughout	the	cycle.	The	
model	reproduced	the	qualitative	features	of	both	nitrogen,	low	NH₄⁺	and	a	pronounced	mid-cycle	
NO₃⁻	decline,	while	revealing	speci=ic	intervals	of	bias	that	help	diagnose	missing	processes.	

For	ammonium,	measured	concentrations	were	effectively	non-detectable	across	the	cycle,	
consistent	with	rapid	biological	demand	and	ef=icient	oxidation	 in	these	well-mixed	nearshore	
waters.	Ammonium	is	preferred	by	some	seaweed	species,	including	Kappaphycus,	as	it	requires	
less	energy	for	assimilation	compared	to	nitrate,	making	it	a	more	ef=icient	nitrogen	source	for	
growth	and	metabolism	(18,19).	The	model	maintained	NH₄⁺	as	a	small	but	=inite	pool	that	rose	
slowly	 from	~1.0	 to	~3.3	mg	m⁻³	by	Day	40.	This	gradual	 increase	emerges	 from	the	balance	
between	internal	regeneration	(sloughing	and	background	mortality	scaled	to	standing	biomass)	
and	removal	via	uptake	and	nitri=ication.	This	balance	 is	 in=luenced	by	various	environmental	
factors,	 including	 temperature,	 nutrient	 availability,	 and	 microbial	 activity,	 which	 collectively	
regulate	the	rates	of	regeneration	and	removal	processes	in	the	ecosystem	(20,21).	Because	=ield	
values	were	below	detection,	a	percent-based	bias	metric	is	not		tested;	we	therefore	do	not	report	
PBIAS	for	NH₄⁺	and	instead	evaluate	the	trajectory	qualitatively.	The	small	positive	model	values	
late	 in	the	cycle	 likely	re=lect	an	 immediate	routing	of	biomass	 losses	to	dissolved	pools	and	a	
constant	external	input	term	(domestic	ef=luents	proxy)	that	does	not	diminish	with	time.	

The	 nitrate	 time	 series	 presents	 a	 more	 distinct	 signal.	 Observed	 NO₃⁻	 concentrations	
remained	approximately	29–30	mg	m⁻³	until	Day	16,	decreased	to	around	5.9	mg	m⁻³	by	Day	24,	
and	subsequently	increased	to	approximately	10.2	mg	m⁻³	by	Day	32	and	9.2	mg	m⁻³	by	Day	40.	
The	model	accurately	captured	the	timing	and	magnitude	of	the	decline,	reaching	approximately	
5.5	mg	m⁻³	by	Day	24,	but	it	underestimated	the	recovery	in	the	later	phase,	maintaining	levels	
around	2.0–2.2	mg	m⁻³	near	Days	39–40.	Considering	only	the	dates	with	observations	(Days	0,	
8,	16,	24,	32,	and	40),	the	nitrate	PBIAS	was	calculated	to	be	−13.3%,	indicating	a	slight	overall	

Figure	2.	Dissolved	inorganic	nitrogen	during	the	40-day	cultivation	cycle.	(a)	Ammonium	(NH₄⁺)	and	
(b)	nitrate	(NO₃⁻)	in	the	cultivation	plot:	colored	lines	are	modelled	concentrations	(mg	m⁻³)	and	red	
points	are	weekly	observations	(mean;	standard	deviation	bars)	
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underestimation	and	categorizing	it	as	very	good	(PBIAS	<	25%).	The	negative	bias	is	primarily	
attributed	to	the	underestimation	during	the	rebound	phase.	

Mechanistically,	 the	model's	 behavior	 aligns	with	 our	 process	 assumptions.	 In	 the	 initial	
phase,	NO₃⁻	serves	as	the	primary	substrate	for	uptake,	while	NH₄⁺	remains	limited,	facilitating	
rapid	growth	with	minimal	change	in	NH₄⁺	levels.	As	biomass	accumulates,	internal	regeneration	
increases	NH₄⁺	availability,	and	the	model's	uptake	logic	prioritizes	NH₄⁺	while	inhibiting	NO₃⁻	
uptake	through	the	Monod	term.	This,	combined	with	denitri=ication,	shifts	the	burden	from	NO₃⁻	
and	accelerates	its	mid-cycle	reduction,	replicating	the	observed	trough.	The	late-cycle	rebound	
observed	in	the	data	likely	re=lects	episodic	resupply,	such	as	tidal	exchange	with	adjacent	waters,	
input	from	rainfall	(not	included	in	the	model	yet),	wind-driven	mixing,	or	minor	riverine	inputs,	
that	is	only	broadly	represented	by	the	constant	"external	input"	in	the	base	con=iguration.	

Two	targeted	re=inements	would	plausibly	reduce	the	residuals	without	over-=itting.	First,	
adding	a	simple	exchange	 term	(or	a	 two-box	 farm/open-water	module)	would	allow	NO₃⁻	 to	
recover	at	observed	 rates	after	 the	minimum,	avoiding	 the	need	 to	 in=late	background	 inputs.	
Second,	routing	a	fraction	of	biomass	losses	into	a	short-lived	organic-N	pool	that	remineralizes	
with	a	delay	would	temper	the	small	NH₄⁺	rise	late	in	the	cycle	while	preserving	internal	recycling.	
If	 desired,	 DO-modulated	 nitri=ication/denitri=ication	 can	 be	 included	 to	 constrain	
transformations	during	low-oxygen	episodes	documented	in	the	weekly	DO	forcing	(22).		

We	note	that	the	very	good	nitrate	PBIAS	(−13.3%)	provides	quantitative	support	for	using	
this	model	 to	explore	management	scenarios.	For	ammonium,	while	no	PBIAS	 is	reported,	 the	
qualitative	match—observed	near-zero	versus	modeled	small-but-non-zero—is	acceptable	given	
method	limits	and	aligns	with	expectations	for	a	system	where	rapid	assimilation	and	nitri=ication	
keep	 NH₄⁺	 scarce.	 Together,	 these	 results	 suggest	 the	 model	 reproduces	 the	 =irst-order	 DIN	
dynamics	 relevant	 to	 growth	 and	 provides	 a	 defensible	 foundation	 for	 scenario	 testing	 and	
sensitivity	analysis.	For	instance,	the	model	could	be	employed	to	evaluate	the	system's	response	
to	 varying	 nutrient	 input	 levels	 under	 different	 environmental	 conditions	 like	 other	 studies	
(23,24).		

Observed	seaweed	biomass	(g	m⁻³)	increased	throughout	the	40-day	cycle	but	with	distinct	
phases.	A	rapid	early	rise	was	recorded	from	23.18	(Day	0)	to	44.41	(Day	8)	and	66.47	(Day	16).	
Growth	then	slowed	markedly	around	the	middle	of	the	cycle,	with	biomass	near	69.41	(Day	24)	
and	74.24	(Day	32).	A	 late-cycle	recovery	 followed,	reaching	105.29	by	harvest	(Day	40).	This	
three-stage	pro=ile:	fast	increase,	mid-cycle	shoulder,	modest	end-phase	gain,	is	consistent	with	
transient	nutrient	limitation	punctuating	otherwise	favorable	conditions.	

The	 model	 reproduced	 the	 overall	 trajectory	 and	 in=lection	 points	 but	 showed	 phase-
dependent	 bias.	 It	 underestimated	 biomass	 during	 the	 early–mid	 phase	 (e.g.,	 Day	 8:	 31.54	 vs	
44.41;	Day	16:	49.57	vs	66.47	g	m⁻³),	tracked	observations	closely	near	the	mid-cycle	shoulder	
(Day	24:	73.44	vs	69.41	g	m⁻³),	and	overestimated	late	in	the	cycle	(Day	32:	100.19	vs	74.24;	Day	
40:	135.05	vs	105.29	g	m⁻³)(Figure	3.).	Despite	these	shifts,	 the	model	captured	the	dominant	
features	of	the	growth	curve	that	matter	for	production	planning.	

Reproducibility	evaluated	with	percent	bias	(PBIAS)	over	the	six	observed	dates	(Days	0,	8,	
16,	24,	32,	40)	was	+8.1%,	which	falls	in	the	very	good	category	(PBIAS	<	25%).	The	positive	sign	
indicates	a	small	overall	overestimation,	driven	primarily	by	the	late-cycle	points.	In	other	words,	
the	model	slightly	overshoots	harvest-time	biomass	while	remaining	close	to	observations	at	the	
mid-cycle	shoulder	and	only	modestly	low	during	the	earliest	interval.	



The 6th International Conference on Fisheries and Marine Research (ICoFMR 2025)
IOP Conf. Series: Earth and Environmental Science 1642 (2026) 012003

IOP Publishing
doi:10.1088/1755-1315/1642/1/012003

8

The	biomass	pattern	aligns	closely	with	 the	nitrogen	sequence	described	earlier.	The	 fast	
early	growth	coincides	with	high	NO₃⁻	 (~30	mg	m⁻³),	 the	mid-cycle	 slowdown	with	 the	NO₃⁻	
minimum	(~6	mg	m⁻³	around	Day	24),	and	the	late-cycle	recovery	with	the	partial	rebound	of	
NO₃⁻.	 This	DIN–growth	 coupling	 is	 also	 expressed	 in	 the	model’s	 limiter	 structure:	 as	 nitrate	
declines,	 limiter	 drops	 and	 growth	 slows;	 when	 nitrate	 recovers,	 limiter	 rises	 and	 growth	
resumes.	

The	model’s	late-phase	overestimation	is	plausibly	linked	to	internal	recycling	and	substrate	
preference.	As	standing	biomass	accumulates,	sloughing	and	natural	mortality	regenerate	NH₄⁺.	
Given	NH₄⁺	priority	and	inhibition	of	NO₃⁻	uptake	in	the	formulation,	even	a	modest	NH₄⁺	supply	
can	keep	 limiter	 value	 relatively	 elevated	 after	 the	nitrate	 trough,	 sustaining	modeled	 growth	
more	 than	 observed.	 In	 the	 =ield,	 the	 end-phase	 increase	 was	 more	 muted,	 suggesting	 non-
nutrient	constraints	(e.g.,	epiphytes,	diseases,	or	slightly	higher	effective	loss	rates)	that	are	only	
partially	represented	by	the	current	sloughing	and	mortality	terms	(25–27).	

Taken	together,	the	trend	agreement	and	very	good	PBIAS	indicate	that	the	model	captures	
the	=irst-order	controls	of	DIN	variability	on	biomass	accumulation	across	the	cultivation	cycle.	
For	management,	this	means	the	system	is	most	responsive	early—when	nitrate	is	abundant—
and	 most	 vulnerable	 mid-cycle,	 when	 nitrate	 dips.	 Monitoring	 NO₃⁻	 around	 Days	 20–30,	
staggering	planting	 to	 spread	peak	nitrogen	demand,	 and	modestly	 increasing	 late-phase	 loss	
terms	(or	introducing	a	short-lived	organic-N	pool)	are	supported	by	the	diagnostics	and	would	
likely	reduce	the	end-phase	bias	without	degrading	performance	earlier	in	the	cycle.	

The	model	 effectively	 demonstrates	 the	 growth	 of	 nitrogen	 and	 seaweed	 throughout	 the	
farming	cycle.	To	enhance	its	accuracy,	incorporating	factors	such	as	tides,	rain,	and	wind	could	
improve	predictions	of	nitrate	 levels	at	 the	cycle's	conclusion.	 Implementing	a	dual	system	for	
farm	and	open	water,	along	with	a	short-term	organic	nitrogen	pool,	might	enhance	the	model's	
representation	of	nutrient	cycling	and	biomass	growth.	In	essence,	the	40-day	data	indicates	that	
nitrate	is	crucial	for	farm	production:	early	nitrate	availability	promotes	rapid	growth,	a	mid-cycle	

	

Figure	3.	Time	series	of	Kappaphycus	alvarezii	biomass	during	a	40-day	cultivation	cycle	in	Takalar,	
South	Sulawesi.	The	green	line	shows	modelled	biomass	(g	m⁻³);	yellow	points	are	observed	weekly	
means	from	the	farm	plot	(n	=	17	thalli	per	week),	with	standard	deviation	bars.	
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decline	slows	growth,	and	some	nitrate	reappears	before	harvest,	while	ammonium	remains	a	
minor,	rapidly	=luctuating	component.	The	model	aligns	well	with	these	patterns	(nitrate	PBIAS	
−13.3%,	biomass	PBIAS	+8.1%),	providing	a	solid	foundation	for	management	and	testing.	The	
bias	checks	suggest	practical	model	improvements	by	incorporating	water	exchange	with	open	
water	and	including	other	nitrogen-utilizing	competitors,	such	as	phytoplankton	and	epiphytes.	

4.	Conclusion	

Integrating	weekly	=ield	measurements	with	a	mass	balanced	system	dynamics	model	shows	
that	 dissolved	 inorganic	 nitrogen	 variability,	 especially	 nitrate,	 is	 a	 =irst	 order	 control	 on	
Kappaphycus	alvarezii	biomass	accumulation	across	a	single	40	day	cultivation	cycle	in	Takalar.	
The	 model	 reproduces	 the	 key	 system	 behavior	 observed	 in	 the	 =ield:	 ammonium	 remains	
effectively	scarce	in	the	water	column,	while	nitrate	exhibits	a	pronounced	mid	cycle	drawdown	
that	coincides	with	a	clear	growth	slowdown,	followed	by	partial	recovery	before	harvest.	Model	
performance	 was	 very	 good	 for	 both	 nitrate	 (PBIAS	 −13.3%)	 and	 biomass	 (PBIAS	 +8.1%),	
indicating	that	the	model	captures	the	dominant	dynamics	at	the	cultivation	cycle	scale,	and	the	
remaining	 mismatches	 point	 to	 speci=ic	 processes	 that	 should	 be	 improved	 in	 future	 model	
versions.	In	particular,	the	underestimated	late	cycle	nitrate	rebound	and	the	tendency	to	over	
predict	late	biomass	suggest	that	exchange	and	additional	loss	or	competition	processes	are	not	
yet	 fully	 represented,	 rather	 than	 indicating	 a	weakness	 in	 the	 core	 nitrogen	 growth	 linkage.	
Overall,	the	validated	framework	can	be	used	for	further	scenario	analysis	and	sensitivity	testing.	
This	 establishes	 a	 cycle	 scale	 tool	 for	 diagnosing	 nitrogen	 limitation	 and	 quantifying	 its	
implications	for	harvestable	biomass	under	the	observed	conditions.	
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